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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 a 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 of microwatts 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).
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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 [1]. This is particularly the case
as the world population ages, which is increasing the rate of chronic ailments. The basic
principle of these devices is to use electrical currents to stimulate nerves [2], nerve bun-
dles [3], or muscle tissue [4]. Some devices integrate sensors [5] and/or have drug-release
systems [6]. 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 [7], cochlear implants [8],
deep brain stimulators [9], and functional neural modulators such as bladder control [10].
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 [11,12].

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
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total time) power requirements for these applications vary from approximately 10 uW for

cardiac pacemakers [13] to milliwatts for sensory prosthetics [14], as per Table 1 below and

illustrated in Figure 1.

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

Power Range

Lifetime with a

Lifetime with a
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Implant (LW) 10 mL Battery 1 mL Battery 50 uL Battery Refs.
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medicine years years months
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Figure 1. The concept of power provision for Active Implantable Medical Devices. (Left) How a
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conceptual fuel cell could replace the battery section of an existing implant. (Right) The range of
power requirements for different types of implants.

Batteries commonly used in cardiac pacemakers generally have a life expectancy of
7-10 years [17,18]. 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 [19]. This means that the lifetime of a rechargeable battery is signifi-
cantly shorter than that of a non-rechargeable battery of the same volume. Furthermore,
as part of 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 mm3 (uL) to tens of cm® (mL) and a capacity of ~1041 Wh L1
(Li/I, battery system) [19]. However, commercially available implantable and medical-
grade batteries typically have a lower capacity of approximately 750 Wh L~! [20]. Addi-
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tionally, there is an edge effect, as the battery must be encapsulated in its pressure chamber,
which increases its volume.

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

Various alternatives to lithium batteries have been explored and/or utilized to address
the energy demands of bioelectronics, such as thermal and mechanical energy scavenging
from the human body, fuel cells [21,22], nuclear batteries [23-25], or direct power trans-
fer [26], 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 [27]
and glucose [22].

In the human body, glucose undergoes a cascade of biocatalytic reactions until com-
plete 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 uti-
lize enzymes (enzymatic fuel cells), inorganic catalysts (abiotic fuel cells), or a combination
of both (hybrid fuel cells).

CeH1206 CeH1,0; H0 H,0

Anode Cathode

2e- 2e-

el 2

g---=-=-===-

Load

Figure 2. The chemical reaction facilitating the fuel cell. The red dashed arrow shows the direction of
electron flow, while the red solid arrow shows the direction of current flow.

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

Anode : C¢H1pO0g + HyO — CgH1pO7 +2H™T + 2e™ (1)
Cathode : %Oz +2H' +2¢~ = H,O )
Owerall : C6H1206 + %Oz — C6H17_O7 (3)

Few in vivo tests of enzymatic and hybrid systems have been reported, including
implantation in a living organism such as lobsters [28], clams [29], mice [30], and a female
Blaberus [31]. Nonetheless, the instability and short lifespan of enzymes seriously challenge
the use of enzymatic fuel cells in implantable applications and confine their use to short-
term applications, e.g., disposable sensor patches.

By contrast, 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 elec-
trode, which maximizes the exposed catalytic active sites per unit area. Typical nanos-
tructures used in abiotic glucose fuel cells include metals such as Au [32], Pt [33], and
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Pd [34] (pure or combined), as well as carbon-based and composite materials including
conductive polymers [35]. Particularly effective is the use of gold nanostructures. In 2020,
Gonzalez-Solino et al. [36] 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 2
(800 nW whole cell) at a glucose concentration of 6 mmol L1 in vitro.

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.
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Figure 3. Comparison of the power density of glucose enzymatic and abiotic fuel cells from past
literature. Blue dots show past glucose enzymatic fuel cell research, red dots show past glucose
abiotic fuel cell research. 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 [28,29,31,36—46]. Scenario 2 is the hypothetical real-world result,
i.e., 10 percent of Scenario 1, and Scenario 3 is the worst possible result, i.e., 1 percent of Scenario 1.

The data is grouped according to the range of power generated: (1) high, 200 n\W mm~—2;
(2) medium, 20 nW mm~2; and (3) low, 2 nW mm~2. As shown, enzymatic fuel cells
generate the highest power, given the high specificity of enzymes. It is worth noting
that several studies refer to impractically high glucose concentrations, which are up to
two orders of magnitude higher than the typical levels in physiological fluids.

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

In this study, COMSOL finite element modeling (FEM) was 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 consisted of shape, electrode dimensions, electrode
distance, unit dimensions, and unit diffusion cavity dimensions. The specific design
was considered as per Figure 4a—c. In this design process, only parameters such as unit
dimensions and diffusion cavity dimensions were adjusted within the specified range.
However, it should be noted that we envisage the fuel as per Figure 4, with a reaction
surface consisting of, perhaps, interdigitated anode (e.g., gold) and cathode (e.g., platinum)
in a nanostructured form as per Figure 4d to ensure catalysis [36].

(a) Harvester (b)

l Plate structure
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Figure 4. The structure of an abiotic fuel cell. (a) The global 3D architecture with multiple panels is
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 then considered the arrangement of these fuel cell units into 3D
structures, as shown in Figure 4a, including factors such as the number of units and the
separation between units.

In the modeling, the surface reaction rates were 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 5c.

Diffusion Diffusion
—_—

—

Surface reaction

AJepunog uonenuaduo)

Figure 5. (a) Schematic of a 4-unit abiotic fuel cell system with a central diffusion cavity. (b) Schematic
of a 4-unit abiotic fuel cell system without a diffusion cavity. (c) A 3D and 2D demonstration of
diffusion and surface reactions in separation in COMSOL. The 2D viewpoint shows the flow direction
and concentration gradient of glucose and oxygen in separation.
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COMSOL V6.0 with the Transport of Diluted Species Toolbox was used for the finite
element analysis modeling. We manually incorporated the equations used, summarized in
Table 2. The following hypotheses were used in the modeling:

Table 2. Chemical parameters used in the model.

Module Parameters Value Unit
Diffusion coefficient Goh)l((}:’c(;seer:l?;xxlgogg m?s~!
Boundary glucose concentration 5 mMol L~!
Boundary oxygen concentration 45 mMol L1
25 x107°
Basic surface reaction rate 25 x 1077 (mol) s~ 'm—?2
2.5 x 1078

1.  Blood glucose typically ranges between 3.9 and 6.9 mM, while diffusion into intersti-
tial fluid reduces availability by ~25-30%. Physiological dissolved oxygen in plasma
is low (~0.05-0.1 mM), with the majority carried bound to hemoglobin (~9 mM equiv-
alent). In highly vascularized regions, however, hemoglobin unloading continually
replenishes the dissolved fraction. Accordingly, we assumed half the arterial oxygen
content as an optimistic, perfusion-supported boundary condition to prevent arti-
ficial oxygen limitation and to focus on geometric effects. In less-perfused tissues,
absolute power would be reduced, but the identified structural trends (optimal spac-
ing, stacking, and geometry) remain valid. We, therefore, set fixed concentrations of
5 mMol L~! glucose and 4.5 mMol L~! oxygen at the boundaries of our simulation to
be consistent with typical tissue fluid conditions [47-50].

2. The fuel cells are operated at body temperature, 310.15 K.

The mesh grid was set to ‘extremely fine’.

4. The central diffusion cavities do not act as sources of glucose or oxygen but rather
serve solely as diffusion pathways.

@

5. Surface reaction rate (RR).

As shown in Figure 5a,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 Equation (4).

N|—

RR = k-[Glu]-[O,] 4)

[Glu] and [O5] are the ratios of the real-time concentrations of glucose and oxygen,
respectively, to their initial concentrations. At the cathode, O, and Hy combine to form H,O
as per the abiotic anode—cathode equations in Equation (2). As only 0.5 x O, molecules are
required per glucose molecule, in conjunction with the Rate Law (for the basic reaction in
which the reaction order is equal to its stoichiometric number), then [0,]'/? is defined in
the rate equation.

k from Equation (4) is the reaction constant. We can derive this by working backward
from the literature-reported power densities presented in Figure 3 and corresponding
voltage values. The final result of the fuel cells is a current density J;, which, per definition,
is given in Equation (5) below:

Ji= )

P
v
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where J; is current density, P is power density, and V is the operational voltage. We can
then define the electron generation rate by dividing the charge generation rate by the charge

constant (Equation (6)):
_ i

e

@, (6)

where @, is the electron generation rate per unit area and e is the electron charge constant.
From Equations (1) and (2), the glucose consumption rate equals half the electron generation
rate (Equation (7)):
D

(Dglu = 78 @)
where @, is the glucose consumption rate. Dividing this by Avogadro’s constant yields
the molar rate of glucose consumption, defined here as the reaction constant k, with units
of mol s~ 'm~2 (Equation (8)):

(Dglu B P 1

k = = —.
Ay V 2eA,

(®)

where A, is Avogadro’s constant. From Equation (8) above, it is possible to calculate k
for each scenario (S): [S1, S2, S3] = [200, 20, 2] nW mm 2. Thus, [k1, k2, k3] = [2.5 x 107°,
2.5 x 1077,2.5 x 1078] (mol s~ 'm~2) are calculated and inserted into Table 2.

6. Diffusion

At the boundaries of the simulation model, the concentrations of oxygen and glucose
are assumed to be fixed at physiological levels. And glucose and oxygen enter the fuel cell
only by diffusion to replenish concentrations. This diffusion model can be formulated as a
vector diffusion flu x | (mol s 'm—2) flowing over a unit area per unit time interval and
defined mathematically by Fick’s first law [51], as per Equation (9):

dg

J=-Dx ax )
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 dif-
fusion coefficients were obtained from research papers by Wei Xing et al. [52] and
Alexey N Bashkatov et al. [53] as D(glucose) = 0.96 x 1072 m?/s (=0.96 x 1073 mm?/s)
and D(oxygen) =3 x 1072 m?/s (=3 x 1073 mm?/s). These values have been provided
in Table 2.

At the unit surface, glucose and oxygen diffuse from the tissue fluid to the electrode,
where they are consumed by electrochemical reactions. As substrates are consumed at
the unit surface, local reactant concentrations decrease, leading to a reduced reaction rate
(Equation (4)). This depletion simultaneously increases the concentration difference with
tissue fluid, thereby driving diffusive flux toward the surface (Equation (9)). Because the
diffusion distance varies across the unit, an equilibrium between diffusion (supply) and
surface reaction (consumption) establishes a concentration gradient along the unit surface.

7.  Integral analysis

COMSOL simulation takes into account reaction equations, concentration, and diffu-
sion, 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 Equation (10):

Current = 2~q~Avff RR(x, y)dxdy (10)
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where ¢ is the charge constant (1.602 x 107! C) and A, is Avogadro’s constant
(6.02 x 10?2 mol~1). Finally, Equation (11) was used to calculate the power:

Power = Current - Voltage (11)

A previous study using nanoporous gold electrodes in abiotic glucose fuel cell reported
an operating voltage of ~0.4 V, which serves as the assumed value for the voltage in this
study [54]. Theoretically, the maximum voltage can reach ~1.2 V [55]. In practice, factors
such as the stability of the electrode nanostructure and internal resistance may reduce the
achievable power. Therefore, the final operating voltage typically fluctuates within £0.2V
of the assumed value, depending on the specific architecture design. Nonetheless, the
structural optimization identified here remains valid.

2.2. 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
of injectable devices. The first is the diameter range of commonly used intravenous
catheters. These range from 0.6 mm in diameter (26 gauge) to 2 mm in diameter
(14 gauge) [56]. Increasing in size are laparoscopic tools, which range from 2 mm to
12 mm in diameter (J) [57]. 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 &J x 16.5 mm long [58]. 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) [59], can be taken into account.
These have been summarized in Figure 6.

(b) PR @ pund,

'
4

Reaction
surface

Back side

(f)

Figure 6. (a). A dog radio frequency identification (RFID) tag. (b). Typical 12—16-gauge RFID
insertion syringe. (c). A catheter-delivered cardiac pacemaker unit (Medtronic Micra). (d). The
Neuralink control unit. (e). A 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 units of coin-shaped and pill-shaped fuel cells used for simulation. Their key parameters
are unit size and diffusion cavity size.
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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 23 mm
@ x 8 mm thick [60]. 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 to 6 mm, aligning with the smallest and largest
laparoscopic diameters. This approach compresses the simulation space while maintaining

realistic dimensions.

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 a diffusion cavity
Width W 6 mm
Length L 1.5,3,6,10,15 mm
Area A 9,18, 36, 60, 90 mm?
Cylinder with a diffusion cavity
Outer diameter D, 8.74 mm
Inner diameter (cavity) D; 1.994, 3.384,4.37,5.17 mm
Area A 57,51, 45, 39, mm?
Block with a diffusion cavity
Outer length Lo 10 mm
Inner length (cavity) L; 3,6,75,7 mm
Outer width Wo 6 mm
Inner width (cavity) W; 1,15,2,3 mm
Area A 57, 51,45, 39 mm?

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 diffusion cavity 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 cavities occupying 5%, 15%, 25%, and 35% of the total area
were considered. These dimensions are illustrated in Figure 6 and detailed in Table 3.

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
diffusion cavity sizes, in order to assess their impact on unit energy and stack energy.
The data obtained was organized 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
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this study identify the optimal parameter combination for the model, which will be easy
to manufacture.

Mesh points

Area (A)

Concentration
gradient

low

Integral
Value ﬁ

Collect, organize
into a heat map.

Separation

Area Power

High

(;ww)ease ajeld

Ideal RR=2.5% 10~%(mol) S-'m-2

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. The highlighted areas in the heatmap on the right show higher
power, while the line graph shows the trend of power in different areas (different colored lines) and
at different separations.

3.1. Individual-Unit Devices

Figures 8 and 9 (top) show the heat maps of output power vs. unit area and separation
distance for different reaction rates, i.e., [2.5 x 107, 2.5 x 1077, 2.5 x 10~8] (mol) s 'm—2
on the left-hand, center, and right-hand sides, respectively; (bottom) shows the line graphs
for the same data.

Single power generation panel

Realistic RR=2.5% 10~7(mol) S-Im-2 Worst RR=2.5% 10~8(mol) S-lm-2
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Figure 8. From left to right are the power of cylinder model single power unit when the reaction rate
is2.5 x 107%,2.5 x 1077, and 2.5 x 1078 (mol) s 'm~2. The highlighted areas in the heatmap at the
top of subfigures show higher power. The line graphs at the bottom of subfigures clearly show the
trend of single-unit power at different areas with different separations.

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

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 the separation is
small, as diffusion becomes more challenging.
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Single power generation panel
Ideal RR=2.5%x10~%(mol) S-Im-2 Realistic RR=2.5% 1077 (mol) S-m-2 Worst RR=2.5% 10~8(mol) S-lm-2
;_; _
o
o 60 10
3
=~ 36
3 s 3.16
3
> 9 [e) 1 2
AREA=9
-25 -5 r 0.5 AREA=18 %
o [ - F AREA=36 g
S 20 -4 0.4 AREA=60| | 0.31 3
5 L L L O AREA=90 a
~ r15 -3 0.3
£l B L 0.1
z
0.03
0.01

(;ww)ease ajeld

Ideal RR=2.5%10~%(mol) S-Im-2

1 0.01 0.1 1 0.01 0.1 1
Separation (mm)

Figure 9. From left to right are the power of rectangular unit model single power unit when the
reaction rate is 2.5 x 107%,2.5 x 1077, and 2.5 x 108 (mol) s~m~2. The highlighted areas in the
heatmap at the top of subfigures show higher power. The line graphs at the bottom of subfigures
clearly show the trend of single-unit power at different areas with different separations.

3.2. Multistack Units Without Diffusion Cavities

Figures 10 and 11 (top) show the heat maps of output power vs. unit area and separation
distance for different reaction rates, i.e., [2.5 x 107%,2.5 x 1077, 2.5 x 1078] (mol) s"'m~2 on
the left-hand, center, 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 trade-off between increased area with more units and decreased diffusion.

Multiple power generation panels
Number of plates

Realistic RR=2.5% 10~7(mol) S-'m-2 Worst RR=2.5% 10~8(mol) S-'m-2

40 8 72 4? 8l 72 40 8

100

Power(pWw)

Separation (mm)

Figure 10. From left to right are the total power of the cylinder model when the reaction rate is
2.5 x 107%,2.5 x 1077, and 2.5 x 1078 (mol) s 'm~2. The highlighted areas in the heatmap at the
top of subfigures show higher power. The line graphs at the bottom of subfigures clearly show the
trend of multi-unit power for different areas with different separations. The maximum power is

when the separation is close to 60 pm.

From the line graphs in Figures 10 and 11, it can be observed that when the separation
reaches approximately 60 pm, the total power of the stack reaches the maximum value,
which requires 50 units. (An individual unit thickness of 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 manufac-
turing and assembly challenges and ensure sufficient total power, perhaps an eight-layer
(with ~0.9 mm separation) system is optimal.
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Figure 11. From left to right are the total power of the rectangular unit model when the reaction
rateis 2.5 x 107, 2.5 x 10~7, and 2.5 x 10~8 (mol) s~'m~2. The red arrow points to the maximum
power. The highlighted areas in the heatmap at the top of subfigures show higher power. The line

graphs at the bottom of subfigures clearly show the trend of multi-unit power for different areas with
different separations. The maximum power occurs when the separation is approximately 60 um.

Figure 12 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.

Relationship between Total power and Size of generation panel
Area(mm?)

Power (W)

Length(mm) . Diameter(mm)

Figure 12. The relationship between total energy and size when the reaction rate is
2.5 x 107 (mol) s~ 'm~2, with the pill-type generator unit without diffusion cavities on the left and
the coin-type generator unit without cavities on the right. Total power and size are not linearly related.

4. The Effect of Adding Central Diffusion Cavities

Figures 13, S1 and S2A (top) show the heat maps of output power vs. unit area
and separation distance for both disc- and pill-shaped devices. The bottom row of the
figures provides line graphs for the same data. All data is shown for a reaction rate of
2.5 x 1077 (mol) s 'm~2. The presence of small cavities 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 reaction surfaces. However, the difference
is found to be relatively small, ~2.5%, but positive. This indicates that the inner centers of
the units do not have as frequent reactions due to concentration limitations. For smaller
reaction rates and larger separations, the differences are smaller, 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 cavities function solely
as diffusion pathways; if they also acted as additional concentration sources, the results
would differ substantially.
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Figure 13. The power generated by a single generating unit and multiple generating units when the
base rate is 2.5 x 1077, (mol) s"'m~2. The red arrows show the maximum power at each separation.
The highlighted areas in the heatmap at the top of subfigures show higher power. The line graphs at
the bottom of subfigures clearly show the trend of single-unit and multiple-unit power at different
areas with different separations. Below the red line (1 uW) is cannot work.

5. 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.

Compared to previous studies, as early as 1970, Drake et al. achieved ~22 nW mm™
(5720 nW whole cell) in dog implants using Pt-based electrodes [61]; with advances in
electrode nanomodification techniques, as shown in Figure 3, Sharma et al. (2011) achieved
~100 nW mm~2 (5000 nW whole cell) in acute pig implants using a Pt thin-film anode and
graphene cathode [38]. More recently, Gonzalez-Solino et al. (2020) [36] demonstrated
~143 nW mm 2 with a porous Au anode and Pt-Au cathode under 6 mM glucose concen-

2

tration, though the total power remained below the uW range. By contrast, as shown in
the line graph sections of Figures 10 and 11, under idealized conditions, these simulations
predict total outputs in the tens to hundreds of uW, substantially exceeding these reports.
This discrepancy arises from the mesoscale optimization of the 3D architecture, in which
multiple stacked plates provide a much larger surface area than in prior designs. Combined
with Figure 12, although the total power does not scale linearly with area, area remains a
key parameter in abiotic glucose fuel cell performance.
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As shown in Figure 3, under the same glucose concentration of 5 mM, Oncescu et al. (2011)
tested the distance between electrodes using a Pt-Ni alloy as the anode and Pt as the
cathode [44]. Among electrode distances of 50 pm, 100 um, 160 pm, and 260 pm, the power
density reached its maximum value (2 uW cm~2) at a distance of 160 pum [44]. In the same
year, Sharma et al. set the electrode separation at 25 pm but did not conduct further studies
on distance variations. In 2022, Mohammad et al. employed a novel bypass depletion
design utilizing Pt/rGO as the anode electrode and Fe-Co/KB as the cathode electrode,
achieving a maximum power density of 12.5 pW cm~2 in human serum [37]. However,
no further studies were conducted on electrode distance. In microscale research, electrode
distance plays a very important role. Previous studies have hypothesized that at the
microscale, fuel cell performance degradation results from the reaction products forming at
the anode failing to rapidly diffuse to the cathode. This accumulation on electrode surfaces
ultimately leads to active site blockage. However, robust published data or simulations to
prove this remain lacking at present. This paper treats individual reaction plates as units
with fixed characteristics, thus focusing on the separation between units at the mesoscale,
which differs from previous studies of electrode distance at the microscale. Research into
the distance between cathodes and anodes at the microscale will become the focus of the
next round of simulations.

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 Figures 14a,b giving more current or more voltage,
respectively. Given that each unit gives ~0.4 V, 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 14c is probably optimal. The 0.4 V assumption
represents an estimate based on prior research. In practice, performance is influenced by
electrode degradation, current density, and circuit-level losses. The present FEM framework
focuses on the mesoscale, e.g., diffusion and reaction kinetics, without explicit treatment
of ion/electron transport, electric fields, leakage, or loading. Future work will extend the
model to incorporate these factors.

We would hypothesize that, depending on the architecture, the voltage achievable
in practice may be +/— 0.2 V from our assumed value. Indeed, the maximum theoretical
voltage is 1.2 V [55]. Although these variations could be considered fluctuations in the
overall power supply, there is a further consideration. Useful electronics require voltages
of the order of 1 V and above. It is possible to use voltage converters to boost voltages, but
the minimum effective operation of these converters is around 0.4 V. Fuel cells can be put
in series to boost voltage, but it may be difficult to put more than two in series, given that
the surrounding fluid will be at a common voltage (see Figure 14).

An additional consideration is the trade-off between power output and manufactura-
bility. Separation spaces were simulated down to 0.01 mm; at 0.1 mm separation, glucose
and oxygen were rapidly depleted, generating steep diffusion gradients that limited individ-
ual electrode reaction rates. Nonetheless, stacking multiple fuel cells provides an effective
balance between total electrode area and diffusion efficiency. However, achieving this con-
figuration could require several tens of units, posing short-term manufacturing challenges.
Increased structural complexity also raises the probability of failure. At separations >2 mm,
glucose and oxygen are sufficiently replenished by diffusion, but the device volume is
underutilized, reducing total power output. This trade-off explains why an intermedi-
ate spacing (~0.9 mm, i.e., 8 units) maximizes power while maintaining manufacturing
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feasibility. Although an extremely narrow, elongated unit placed near the concentration
boundary could theoretically maximize diffusion, such a design is impractical. Similarly,
evaluating a central diffusion cavity offers negligible performance gains while introducing
significant manufacturing challenges and structural fragility, as materials tend to soften
and become fragile at the microscale. Within this range, power outputs of up to ~116 uW
for coin-type devices and ~57 uW for pill-shaped devices were achieved (Figure 15, Table 4).
This remains within the clinically relevant range for low-power implants and is relatively
easy to manufacture.

(a)

(b)

Z: (c)
F Z; |-
.
o)
2 Fuel Fuel
Cell Cell
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Zy o
' )
%7 o
i Fuel Fuel
Cell Cell
’ 3 A g
ODR |5 |+

Figure 14. (a). Viewing the fuel cell as a series connection of Thevenin equivalent circuit, i.e., a voltage
source with higher voltage but lower current, and Zt is Thevenin impedance. (b). Viewing the fuel
cell as a parallel connection of Norton equivalent circuit, i.e., a current source with higher current but
lower voltage, and Zy is Norton impedance. (c). A combination of the two, which is probably the
best choice.

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

Cathode(Pt)
B 6.18-17.48mm

Figure 15. A manufacturable ideal model. It represents that the broad pill-shaped unit’s size is
1.5-15 x 6 mm (with power ~9-57 uW), and the coin-shaped unit’s diameter is 6.18-17.48 mm (with
power ~28-116 uW), and there are 8 power-generating units. Their anode material is gold, and their
cathode material is platinum.
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Table 4. Parameters of the final model.

Module Parameters Value Unit

Separation 0.9 mm

Thickness of the generator unit 0.1 mm

Number of generation units 8
Basic surface reaction rate 2.5 x107° (mol) s~ 'm—?2

Pill-shaped device

Length 1.5-15 mm

Width 6 mm

Area 9-90 mm?

Total Power (range) ~9-57 uW
Disc-shaped device

Diameter 6.18-17.48 mm

Area 30-240 mm?

Total Power range ~28-116 uWw

Lithium batteries are stable and have a long regulatory history in medical implants [1].
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., Nashua, NH, USA) and plotted them in 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.
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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 is limited
due to the presence of factors such as encapsulation.

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 pA or less. It should be noted here that average
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power is not continuous power—it is the average over multiple sleep and power phases.
Usually, deep sleep phases are ~100 nA, and operation is perhaps 1-10 mA. Currently, most
medical-grade implantable lithium batteries have volumes of 500-6000 mm?, whereas the
abiotic glucose fuel cells studied here occupy <2000 mm3. Unlike lithium batteries, fuel cells
do not store finite energy but rather continuously harvest it from glucose in interstitial fluid.
Thus, for low-power implants, abiotic glucose fuel cells offer a clear advantage in sustained
power delivery and longevity. 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 [62].

6. 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 cells for implantable medical devices. By modeling 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 eight
with a spacing of about 0.9 mm balances manufacturability and optimal performance when
it is practically easy to fabricate.

While introducing central diffusion cavities 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 pyW—Dboth 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 modelling
framework lays the foundation for fabricating practical, long-lasting, and miniaturized
power sources for next-generation biomedical implants.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ prosthesis7060136/s1, Figure S1: Power of disc-shaped
devices with central cavities, Figure S2: Power of pill-shaped devices with central cavities.
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