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ABSTRACT: Energy harvesting using galvanic cells in the gastro-
intestinal (GI) tract can provide supplementary power and prolong the
service life of ingestible devices. This paper explores the impact of
electrode type, dimension, and varying gastrointestinal (GI) conditions
on the performance of galvanic cells for powering ingestible devices. In
vitro experiments were conducted with varying cathode and anode
combinations in synthetic gastric fluid (SGF) under a load resistance
sweep to measure the voltage of the galvanic cell. Eighteen tests assessed
the peak power, energy capacity, and longevity of each electrode pair.
Galvanic cell performance was also evaluated under simulated GI
conditions, including varying pH, salt concentration, added foreign
substances, and simulated intestinal conditions. Pt and Pd cathodes
showed the highest peak power and energy capacity, while Mo was cost-
effective for transient applications. Mg was optimal for short-term use, while Zn or the AZ31B Mg alloy were preferred for long-term
applications. Energy generation decreased with increasing pH but improved with higher salt concentration. Large substances in
gastric fluid hindered performance, and energy generation in intestinal fluids was less efficient. Larger cathode-to-anode size ratios
increased efficiency, while larger anodes provided greater longevity. This study successfully characterized the effects of electrode
combinations, GI conditions, and dimensions on the performance of galvanic cells, offering insight into the design of supplementary
power sources for ingestible devices. These findings aid the development of galvanic cells for short-term and long-term applications
in ingestible devices.
KEYWORDS: energy harvesting, gastrointestinal fluid, ingestible devices, electrodes, gastrointestinal conditions

1. INTRODUCTION
The gastrointestinal (GI) system is essential for digestion,
nutrient absorption, and defense against pathogens. Extending
from the mouth to the anus, it involves coordinated muscle
activity, enzymes, and interactions with the immune and
nervous systems. Common disorders, such as Crohn’s disease,
celiac disease, polyposis syndrome, and gastric cancer, can
severely affect the quality of life, highlighting the need for
effective diagnostics and treatments. Recent advances in
minimally invasive technologies have led to wireless capsule
endoscopes (WCEs), pill-sized devices with cameras and
sensors that provide real-time imaging of the GI tract without
sedation or traditional endoscopy.1 WCEs have revolutionized
GI diagnostics, especially in hard-to-reach areas. Advancing
beyond passive imaging, gastric residency devices are
engineered to remain in the GI tract for extended periods,
enabling sustained monitoring, targeted therapy, or controlled
drug release.2 Featuring reconfigurable structures, responsive
materials, and wireless communication, these devices offer a
promising platform for personalized, long-term GI disease
management.

However, powering these devices throughout their opera-
tional lifespan remains a significant challenge, especially during
extended deployments. The power consumption of WCEs
depends on the application, but most draw between 5 and 30
mW of power over a duration of 8−12 h, the majority of the
power consumed by radiofrequency communications.3 Thus,
premature battery expiration affects roughly 16.5% of capsule
endoscopy studies, while capsule retention occurs in roughly
1.3% of capsule endoscopies.1 The risk of capsule retention
increases with certain gastric conditions, such as obstructions
within the GI tract.
Furthermore, gastric residency devices typically consume

less power than WCEs depending on the application (between
0.1 and 1 mW4) but require a long operating time (several
days or weeks). As these devices become more advanced and
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require greater power demand, energy harvesting techniques
that provide a supplementary power source need to be
investigated. Thus, energy harvesting methods, particularly
galvanic cells utilizing GI fluid as an electrolyte in WCEs
(Figure 1a) and gastric residency devices, present a promising
solution. GI fluid-utilizing galvanic cells have been of interest
as a supplemental power source owing to their biocompat-
ibility, high energy capacities, and capabilities for extending
longevity.5 When these cells are placed in GI fluid,
spontaneous reduction−oxidation reactions between the
cathode and anode result in electric power generation. Figure
1b shows a schematic of a GI fluid-utilizing galvanic cell. The
reactions of these galvanic cells (where M is an anodic metal
such as Zn or Mg) are as follows:

+
+

+ +

+

+

+ +

e
e

Cathode: 2H (aq) 2 H (g)
Anode: M(s) M (aq) 2
Overall: 2H (aq) M(s) H (g) M

2
2

2
2

(1)

Several publications have investigated the use of GI fluid-
utilizing galvanic cells to power ingestible devices. The first
galvanic cell for this purpose used gold (Au) and iron (Fe) as
cathode and anode, respectively.6 Since then, cathode−anode
pairs such as platinum (Pt)-zinc (Zn),7 palladium (Pd)-Zn,8

Au-magnesium (Mg),9 copper chloride (CuCl2)-Mg,10 and
magnesium chloride (MgCl2)-silver chloride (AgCl)

11−13 have
been shown to generate enough power to perform certain tasks
within the digestive tract. However, these studies are limited
due to the small sizes of the devices or the very short-term
intended uses (<1 h). Another study investigated circuitry for
storing the harvested power and boosting the voltage of a
galvanic cell (Pt−Mg) for use in ingestible devices.14 A follow-
up study used this combination to charge an ingestible
thermometer that lasted 24 h.15 However, the longevity and
power characteristics of the Pt/Mg combinations were not
reported. One study considered a setup with manganese oxide
(MnO2) and activated carbon was considered as the cathode/
anode pair, and it was found to generate a current in the range
of 5 to 20 mA in vitro for 5 h.16 Most relevant to this work is a
study that performed long-term characterization of two pairs of
electrodes, copper (Cu)-Zn and Cu−Mg.5 The key findings
most relevant to this work include the following:

• A 10 mm × 3 mm Mg anode generated power for 0.3
days, while a Zn anode generated power for 7 days in a
pH 4 buffer solution.

• Cu−Mg had a cell voltage 1.3 times higher and a peak
power density 6 times higher than Cu−Zn.

• Peak power generation was similar for varying sizes for
both electrodes.

• The Cu−Zn combination was used to power a wireless
endoscopic capsule in an in vivo porcine model for an
average of 6.1 days over eight trials.

• Peak power generated was 100 times higher in the
stomach than in the small intestine.

These results show promise for using galvanic cells to power
devices in the gastric tract but demonstrate a need for
systematic characterization of differing electrode pairs in
different GI conditions. Furthermore, these results seem to
account only for electrode performance for gastric residency
devices due to the long-term nature of the study. As seen in the
literature review, all of the previous studies only consider one
or two electrode pairs and focus on either short-term or long-
term applications. Currently, there is not an exhaustive
characterization of the best-performing electrode pairs for
both short- and long-term applications. Moreover, there is a
lack of characterization of the performance of these cells when
faced with differing gastrointestinal conditions, as well as if
there is an effect on performance if the cathode size differs
from the anode size. Thus, in this paper, we seek to
systematically characterize the cell performance of a multitude
of differing electrode combinations in varying conditions. The
contributions of this paper can be summarized as follows:

• We present and analyze the results of in vitro power
generation experiments involving six different cathode
choices and three different anode choices in synthetic
gastric fluid (SGF).

• We propose titanium (Ti), niobium (Nb), and
molybdenum (Mo) as potential cost-effective, biocom-
patible cathode choices and compare them to the
performance of Cu, Pt, and Pd. We also investigate the
AZ31B Mg alloy as an anode and compare its
performance to Zn and Mg.

• We assess the results of the different electrode
combinations in terms of parameters such as longevity
and energy capacity to determine their applicability to
short-term or long-term applications.

Figure 1. (a) Capsule endoscope model with a GI fluid-utilizing galvanic cell as a supplementary power source. (b) Schematic of a GI fluid-utilizing
galvanic cell.
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• We present the results of in vitro experiments to
characterize the performance of short-term and long-
term combinations in differing gastric conditions, such
as varying gastric pH, stomach bleeding, etc., as well as
the performance in the higher pH phosphate buffer
solution (pH = 7.4) to represent intestinal fluid.

• We assess the effect of varying anode size with respect to
cathode size on the effect of the cell performance.

The rest of the paper is organized as follows. Section 2
discusses the overall experimental setup and materials used in
this paper. Section 3 introduces the selected cathodes and
anodes and their characteristics, evaluates their performance in
SGF, and discusses their applicability for short- or long-term
applications. It also presents and evaluates the effect of
simulated intestinal conditions, varying gastric conditions, and
varying electrode sizes on cell performance. Section 4 provides
the summary, conclusions, and potential future impacts of this
work.

2. EXPERIMENTAL SECTION
2.1. Materials. 37% hydrochloric acid, sodium chloride, pepsin,

phosphate buffer solution, and the foils of zinc, magnesium, AZ31B,
copper, titanium, niobium, platinum, palladium, and molybdenum
were purchased from Sigma-Aldrich. Sugar and porcine blood were
purchased at a local market in Atlanta.
2.2. Synthesis of Synthetic Gastric Fluid. SGF was prepared as

described in a previous work.17 To prepare SGF, 0.16 g of sodium
chloride was added to 80 mL of deionized water, and then enough
37% hydrochloric acid was added so that the solution reached the
desired pH (1.2 in the experiments without any gastric conditions).
Finally, pepsin was added (0.256 g) before the experiments were to
begin.
2.3. Preparation of Electrodes. All of the electrodes investigated

in this paper were cut to have a volume of 15 × 3 × 0.25 mm3 in
contact with the solution, except for the AZ31 Mg alloy and Mo. The
AZ31 Mg alloy had twice the thickness compared to the other
electrode materials and was thus cut to match their volume at 15 ×

1.5 × 0.5 mm3. Mo was also thicker but was cut at 15 × 3 × 0.5 mm3

to maintain a comparable surface area to the other cathodes.
2.4. Measurement Setup. The experimental setup comprises the

cathode and anode electrodes, SGF solution or 1 M PBS, the
MCP41050-I/P voltage-controlled digital potentiometer (Pot),
Arduino Mega, and a Raspberry Pi (see Figure 2a,c). During the
experiments, the cathode and anode were dipped into SGF or PBS
and placed 1 cm apart to ensure that the Ohmic losses stemming from
the distance between the electrodes were held constant. The
electrodes were then connected to a digital potentiometer to
characterize the electrochemical cell’s performance. An Arduino
Mega controls the digital potentiometer to perform a load-sweep from
50 kΩ to 150 Ω in 255 linear steps, each step lasting 2 s, followed by a
64-s hold at 50 kΩ to reset electrodes. Arduino ADC measures the
load resistor voltage, while the Raspberry Pi records it via an I2C
interface. The digital potentiometer has a maximum integral
nonlinearity (INL) and differential nonlinearity (DNL) of ±1 LSB,
while the Arduino ADC has a maximum INL and DNL of ±0.5 and
±0.25 LSB, indicating minimal systematic error in the measurements.
The experiments in this article are conducted at room temperature
(25 °C). However, a practical implementation would have the
galvanic cell under human body temperature (37.5 °C). At body
temperature, the electrolyte conductivity and reaction kinetics would
increase, but the cell voltage would decrease (according to the Nernst
equation). Nonetheless, the effect of temperature on cell performance
is independent of the effects of electrode choice, differing electrolyte
conditions, and varying electrode size. Thus, the trends observed in
this work likely remain the same. The experiments are conducted over
several days to observe electrode performance over different load
conditions over a long period of time. By performing these
experiments and measuring the load voltages over time, we can
characterize the performance of the galvanic cell in terms of
parameters such as energy capacity, peak power rate, and longevity.
MATLAB was used to compute the power generation rate P(t) over
time using the measured voltage V(t) and load resistance R(t) with
the simple equation

=P
V
R

(t)
(t)
(t)

2

(2)

Figure 2. (a) Example experiment running to test the galvanic cell performance in SGF. (b) Electrodes are investigated in this paper. (c) Schematic
of the experimental setup.
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Then, the peak power over each load-sweep was computed,
normalized over the dissolved anode volume (to account for any
discrepancies in the sizes of the cut electrodes), and plotted over time.
The energy capacity of each galvanic cell E, or the total power
generated over the duration of the experiment τ, was computed over
the duration of the experiment as follows

=E P(t)dt
0 (3)

To account for any discrepancy in the sizes of the anodes (and
potentially account for devices that require different electrode
dimensions), the energy capacities were normalized over the anode
volume by dividing the amount of mass dissolved of the anode m and
multiplying by the density of the anode ρ, as shown in (4)

=E
P

m

(t)dt
normalized

0
(4)

Finally, the maximum peak power of all load sweeps was measured
and tabulated.

3. RESULTS AND DISCUSSION
3.1. Characterization of Different Electrodes. To

characterize each cathode and anode’s performances in SGF
and determine the ideal combination for short-term and long-
term applications, experiments were conducted for each
cathode (Pt, Pd, Cu, Ti, Nb, and Mo) and anode (Zn, Mg,
and AZ31B) pair, totaling 18 total experiments. The load-
sweep setup was used, as described in Section 2, and the
voltages of each cell over time were measured. MATLAB was

used to calculate and plot the normalized peak power over
each load-sweep over time, as well as the voltage over time.
The energy capacity of each cell was also computed and
normalized over anode volume to account for any discrepancy
in the sizes of the anodes. Finally, the longevity of each cell was
measured. The parameters were then analyzed to determine
the ideal cathode−anode pair for short-term and long-term
ingestible device applications.
3.1.1. Cathodes. In this paper, Pt, Pd, Cu, Ti, Nb, and Mo

are investigated as cathodes owing to their biocompatibility
and ability to perform reduction reactions in gastric conditions.
Pt, Pd, and Cu were investigated as cathodes for GI fluid-
utilizing galvanic cells in several previous studies,5,7,8 but their
long-term performance has not been evaluated. Ti, Nb, and
Mo have not been reported as cathodes in the literature but are
identified in this paper as potential cathode choices due to
their biocompatibility, low cost, and cathodic behavior in GI
fluid.18−20 Furthermore, Mo has been shown to be fully
biodegradable, affording applications for transient electronics
or devices that fully biodegrade after its operation.20 In
galvanic cells within GI fluid, cathode materials require
reduction potentials exceeding hydrogens to favorably undergo
the hydrogen evolution reaction (HER). Figure 3a illustrates
the mechanism of the HER on the cathode. Despite a cathode
material’s standard reaction potential possibly being less than
zero (such as in the case of Nb, Ti, or Mo), it may still function
as a cathode due to differing dissolved salt or acid
concentrations in GI fluid than standard conditions (298 K,

Figure 3. (a) Mechanism of H2 evolution on the cathode. (b) Bubble formation on the cathode (Pt) due to the reduction reaction and the anode
(Mg) due to the parasitic side reaction.
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1 atm, and 1 M concentrations of each solute). This is
illustrated by the following Nernst equation

=U U Q
RT
nF

ln ( )cell cell (5)

where Ucell is the reduction potential under the specific
reaction conditions, Ucell

θ is the standard reduction potential of
the overall galvanic cell reaction, R is the ideal gas constant, T
is the temperature, n is the number of electrons transferred per
reaction, F is Faraday’s constant, and Q is the reaction
quotient, which is dependent on the concentration of the
reactants and products (as well as the partial pressure of
products in the gas phase, such as H2). Passivation, or a coating
that a material may form when exposed to the environment,
preventing it from further corrosion, may also result in an
increase in the reduction potential, leading it to function as
cathode. However, the oxide layer can reduce the number of
active sites for the reduction reaction, thus potentially reducing
the efficiency. In ambient conditions, Cu, Nb, and Ti passivate,
so it is anticipated that passivation will reduce their
performance as cathodes. The overall hydrogen evolution
reaction is represented by the following chemical formula

++ e2H 2 H2 (6)

The principal mechanism of the HER is based on three
reactions.21 The first is Volmer’s reaction, where a hydrogen
ion is adsorbed from the cationic hydronium present in the
acidic solution onto the metal surface as follows

F+ ++ eH O H H O3 (ads) 2 (7)

The adsorbed hydrogen atom can then participate in two other
reactions where hydrogen gas is formed. In Tafel’s reaction,
two adsorbed hydrogens recombine to form hydrogen gas.

F2H H(ads) 2 (8)

In Heyrovsky’s reaction, the electrochemical desorption of the
adsorbed hydrogen occurs to form hydrogen gas.

F+ ++ eH H H(ads) 2 (9)

As the stability of transition states depends on the cathode
material chosen,22 the amount of energy required to complete
this process depends on the cathode material. According to the
results, the choice of cathode clearly plays a role in the peak
power generation rate and energy capacity when the anode
remains the same. The cathodes rank in terms of normalized
energy capacity and peak power as follows

> > >Pt Pd Mo Cu Ti Nb (10)

This correlates with the hydrogen activation overpotential of
each material, which quantifies a material’s ability to perform
the HER. The magnitude of the HER activation overpotential
for a material is largely determined by its electronic structure
and catalytic activity. Of all pure metals, Pt-group noble metals
such as Pt and Pd typically exhibit hydrogen binding energy
closest to optimal, where hydrogen is neither too strongly nor
too weakly adsorbed. If hydrogen is too strongly adsorbed, the
reactive site is blocked, preventing reaction, while if hydrogen
is weakly adsorbed, the transition state is unstable and the
reaction fails to occur.22 This principle is reflected in each
material’s activation overpotential. Of the cathodes chosen in
this study, Pd and Pt exhibit the lowest activation over-
potentials for the HER, Mo and Cu are in the midrange, and Ti

and Nb have the highest overpotentials (see Table 1).23

Interestingly, Pt outperforms Pd in terms of energy capacity in

the cases when Zn and Mg are anodes but slightly
underperforms when the AZ31 alloy is the anode. Pt and Pd
have similar hydrogen activation overpotentials (−0.09 V at
22.5 °C),23 so the small variance between the results of Pt and
Pd is likely negligible. In Table 3, Pt and Pd comparatively
achieved the highest energy capacities and peak powers. This
can be attributed to their noble and catalytic activity. Next, Mo
appears to underperform Pt and Pd but outperforms Cu
significantly. Finally, Cu outperforms Ti and Nb. The longevity
of the galvanic cell appears to vary on the choice of the
cathode, but the rankings of longevity for each cathode when
the anode remained the same were inconsistent. For example,
the longevity of the Cu−Zn combination was less than that of
most other cathode−Zn combinations, but the longevity of the
Cu−AZ31 combination was greater. There are likely other
factors that affect the longevity aside from cathode selection,
such as the choice of anode.
Since Pt and Pd exhibit the best energy capacity and peak

powering rate over time, Pt and Pd are the ideal selections for
cathodes in future applications when opting for superior
energy harvesting capabilities. However, as Pt and Pd are
relatively expensive, Mo may also be an optimal cathode choice
for devices when cost is a factor. Over recent years, Mo has
also shown promise for biodegradable electronic systems that
can dissolve without a trace after their function within the
body.20 Thus, Mo could potentially also be an ideal cathode
selection for a cell used to power fully transient ingestible
devices.
3.1.2. Anodes. Zn, Mg, and the AZ31B Mg alloy are chosen

as anodes owing to their biocompatibility, dietary value when
dissolved, high specific energy capacities, and highly negative
reduction potentials favoring the electrochemical reaction. The
Zn and Mg cations produced by the anodic reaction are well-
known for their role in the body as trace nutrients, and the rate
the ions are produced has been shown to be well below the US
Food and Nutrition Board upper limit.5 Zn and Mg have also
been investigated in prior works for GI fluid-utilizing galvanic
cells, but their performance has not been fully character-
ized.5,7,9 The AZ31 alloy has not been investigated in prior
works, but its alloyed components (Mg and other trace
elements) are fully biocompatible at the rate that the anode
degrades.23 During these experiments, we also attempted to
test Nb and Ti as anodes, as their specific reduction potential is
less than 0 V. However, Ti and Nb generated little to no
voltage as anodes and instead functioned as cathodes in the
simulated gastric conditions. An example oxidation reaction
taking place at an anode (Zn) for a GI fluid-utilizing galvanic
cell is as follows

++ eZn(s) Zn (aq) 22 (11)

Table 1. Comparison of Different Cathodes

material Cu Pd Pt Nb Ti Mo

hydrogen
activation
overpotential

mod. low low high high low−
mod.

standard
reduction
potential (V)

0.337 0.915 1.188 −1.099 −1.63 −0.2
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At the anode, material oxidation provides electrons for circuit
flow, impacting cell performance. Thus, the performance of the
cell is also contingent on the anode material. Material densities,
specific current capacities, and half-reaction reduction
potentials may determine the total current supplied to the
ingestible device and the cell potential, affecting both the
power supply and anode reaction rates, thus potentially
influencing cell longevity. While Mg theoretically surpasses
Zn in power capabilities due to higher specific capacity and
reduction potential,24 it undergoes an unfavorable side reaction
in aqueous solutions, which competes with the favorable
electrochemical reaction. Previous works have suggested that
this phenomenon hinders the performance of the galvanic cell
when Mg is the anode.5,10 The side reaction is as follows

+ +Mg(s) 2H O(l) Mg(OH) (s) H (g)2 2 2 (12)

In an acidic solution (such as SGF), the solid Mg(OH)2 then
reacts with the acid in a neutralization reaction

+ +Mg(OH) (s) 2HCl(aq) MgCl (aq) 2H O(l)2 2 2

(13)

To account for this, the performance of the Mg alloy AZ31
(Mg96−Al3−Zn1) is also investigated as an anode. Its alloying
of Al and Zn affords corrosion resistance through the
formation of protective oxide layers while maintaining
biocompatibility.25 Thus, the oxide layer should interfere
with the parasitic side reaction of Mg. Due to this, it is
anticipated that the AZ31 Mg alloy could perform better as an
anode than pure Mg.
In these experiments, Mg was observed to have a superior

peak powering rate compared to AZ31 and Zn when cathodes
with lower activation overpotentials (Mo, Pt, and Pd) were
used. However, AZ31 outperformed (or performed similarly
to) Mg and Zn when the high hydrogen activation over-
potential cathodes (Cu, Ti, and Nb) were used (see Table 3).
AZ31 has increased corrosion resistance due to its alloying
elements, which produce protective oxide layers (passivation).
These layers provide protection against Mg’s parasitic side
reaction and can also reduce the kinetics of the favorable
electrochemical reaction. Pure Mg, lacking these protective
elements, corrodes more rapidly and is more susceptible to
side reactions. As such, when cathodes with low activation
overpotentials are used, the kinetics of the HER will
significantly outweigh that of the side reaction, causing pure
Mg to outperform more corrosion-resistant AZ31. Conversely,
when materials with high activation overpotentials are used,
the kinetics of the HER becomes closer to that of the parasitic
side reaction. As AZ31 more readily resists the side reaction, it
generates a higher powering rate in comparison to pure Mg in
this case. Regardless of cathode selection, both AZ31 and pure
Mg exhibit significantly higher powering rates than Zn, due to
Mg’s significantly higher reduction potential (see Tables 2 and
3).

Despite Mg’s superior energy generation rate for the ideal
cathodes with lower hydrogen activation overpotential, Mg’s
susceptibility to the side reaction, as well as its higher
reduction potential and thus reaction kinetics, inhibits the
galvanic cell’s energy capacity and lifetime. Theoretically, Mg’s
higher specific capacity should afford a higher energy capacity
than Zn, but each cathode−Mg combination underperformed
each respective cathode−Zn combination in that regard, likely
due to the unfavorable side reaction of Mg. However, the
AZ31 alloy appears to exhibit comparable or superior energy
capacities than Zn and comparable or slightly lower lifetimes,
owing to its corrosion resistance and stability (Table 3).
For the cases with Zn and AZ31 as the anode, the power

plots (Figure 4a,d) are characterized by an initial steep hike in
power generation when the electrodes contact the solution,
which slowly dissipates over a few minutes (Figure 4b). This
phenomenon is explained by the ’bubble overpotential’, as the
formation of hydrogen gas bubbles on the cathode results in a
lesser surface area for hydrogen to be reduced (see Figure 3b).
After a few hours of electrode contact with the electrolyte, the
power slowly increases until it reaches a steady state. This
occurrence is explained by the presence of Zn and AZ31’s
protective oxide surface coating formed by passivation before
contact with the solution. Over the few hours after contact, the
oxide coating began to dissolve, exposing the surface area of
the pure metal to the electrolyte. Exposure of the surface area
of the pure metal leads to an increase in the power generation
rate, as well. Furthermore, as the Zn/AZ31 dissolves, its
surface area decreases, resulting in a small but noticeable
decrease in power generation over time (see Figure 4b). The
plot (see Figure 4c) of the Mg combinations is characterized
by a short stabilization (1 h) followed by a quick but gradual
decrease as the Mg anode dissolves rapidly due to the low
reduction potential and side reaction.
Supplementary tests were performed to determine the

internal resistance of the Pt−Zn, Pt−Mg, and Pt−AZ31
combinations (Supporting Information Table S4). Pt was
chosen due to its optimal performance as a cathode, as

Table 2. Comparison of Different Anodes

material Zn Mg

standard reduction potential (V) −0.76 −2.36
specific capacity (mAh g−1) 819.87 2205.42
density (g cm−3, 25 °C) 7.14 1.738
side reaction no yes

Table 3. Energy Parameters of Cathode−Anode
Combinations

combination
norm. peak

power
energy
capacity

norm. energy
capacity lifetime

(μW mm−3) (mWh) (μWh mm−3) (days)

Cu−Zn 3.84 1.29 123.42 4.85
Nb−Zn 0.94 0.77 54.26 4.85
Ti−Zn 2.62 1.18 88.48 5.19
Pd−Zn 72.66 9.95 914.30 6.12
Pt−Zn 101.34 11.27 1260.66 7.08
Mo−Zn 21.99 3.21 281.25 5.97
Cu−Mg 127.12 0.47 38.09 0.22
Nb−Mg 55.99 0.45 25.74 0.25
Ti−Mg 51.65 0.53 32.75 0.31
Pd−Mg 823.69 1.09 101.05 0.12
Pt−Mg 880.66 1.19 105.21 0.10
Mo−Mg 211.13 1.10 77.75 0.367
Cu−AZ31 121.48 8.44 604.34 5.06
Nb−AZ31 103.66 3.94 406.83 3.02
Ti−AZ31 84.40 3.83 386.73 3.21
Pd−AZ31 388.44 13.99 1184.82 4.48
Pt−AZ31 402.18 9.449 1062.58 3.98
Mo−AZ31 232.46 8.225 805.69 4.86
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discussed in Section 3.1.1. Pt−Mg was observed to have the
lowest internal resistance, followed by Pt−AZ31, then Pt−Zn.
Tests were also performed to characterize these combinations
under set load resistances of 47 Ω, 150 Ω, 247 Ω, 1 kΩ, and 10
kΩ (see Supporting Information Section Figure S2 and Tables
S5−S7). Pt−Zn and Pt−AZ31 had the highest energy
capacities at their internal resistance values, but Pt−Mg had
its highest energy capacity under a load of 10 kΩ, suggesting
that a higher load resistance may stabilize the Mg anode from
the side reaction.
As the properties of the anodes vary vastly, the optimal

anode selection depends on the application. Thus, for short-
term devices, which only remain in the gastric environment for
a maximum of 4 h, Mg may be the superior choice of anode, as
the power generation rate of these cells drops significantly after
entering the intestinal tract.5 Over this short period, Mg would
easily generate the most power when paired with an
appropriate cathode. In this case, energy storage mechanisms
would need to be employed to allow the energy harvested to
supplement the device’s power requirements within the
intestinal tract. However, the Pt−Mg and Pd−Mg pairings
generate roughly 8−10 mW at their peak power, which is
sufficient enough to power many WCEs.3 For long-term
devices, i.e., resident in the gastric environment for a long
period, AZ31 and Zn are more suitable choices, as they
experience superior longevity while maintaining a consistent
powering rate. Importantly, the peak power rate when Pt and
Pd were the cathode with these anodes could potentially be
high enough to power gastric residency devices alone.4

Nonetheless, if a long-term device requires immediate
powering needs or a higher energy demand over time, AZ31

is a more optimal choice. However, if the device requires a
higher battery longevity, then Zn may be a better choice.
3.2. Evaluation of Electrode Performance in Various

GI Conditions. 3.2.1. Influence of Differing pH Values. The
experiments done in Section 3.1 are performed under a pH of
1.2, which corresponds to the pH when the stomach is in the
’fasted-state’, or the postabsorptive state when any food or
drink has been fully digested. This pH value is suitable for
simulating the conditions undergone by WCEs since their
usage requires their patients to be in a fasted state. However,
the effect of different pH values becomes crucial in the cases of
long-term devices and the presence of GI disorders. Even in
the absence of GI disorders, the pH of gastric fluid fluctuates
over time due to food intake and the regulation of acid
secretion, with values typically ranging from 1 to 3. These
fluctuations have been shown to differ between men and
women, as well as by different age groups.26 Moreover,
conditions such as bile reflux, H. pylori bacterial infection,
chronic inflammation, gastric ulcers, and cancer have been
shown to cause hypoacidity or reduced acid concentration in
the gastric tract.27 Since the hydrogen ions are participants of
the cell reaction, changes in pH, and thus hydrogen ion
concentration, can affect the cell performance.
Therefore, a similar experimental setup as described in

Section 2 is undertaken to investigate the effect of pH on cell
performance. For these experiments, AZ31B is chosen as the
anode and Pt is chosen as the cathode. For the electrolyte, SGF
is synthesized as described previously, but varying amounts of
HCl are added to the solution to test different pH values. pH
values of 2 and 3 are tested alongside the pH of 1.2 as a
control, and the results are compared to the results of the pH

Figure 4. Peak power for each load-sweep over time under SGF conditions for different cathode−anode combinations: (a) cathode−Zn
combinations, (b) cathode−Zn combinations for the first 1.2 days, (c) cathode−Mg combinations, and (d) cathode−AZ31 combinations.
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1.2 or fasted-state experiment. Each experiment is run for 2.7
days to ensure that the results are not affected by growth in the
moist SGF environment.
Overall, the results show that the performance of the GI

fluid-utilizing galvanic cell is significantly affected by pH. As
pH increases from 1.2 to 3, the normalized power generation
rate, normalized peak power, and total energy generated over
the duration of the experiments decrease. As the pH increases,
the concentration of protons available to participate in the
cathode half-reaction decreases exponentially. In accordance
with chemical reaction kinetics, this fact thus decreases the rate
at which the galvanic cell reactions can occur and thus
contributes to the lowered energy parameters as pH increases
from 1 to 3. However, as the pH increased from 3 to 4, the
energy generated over 2.7 days increased. In the plots, the rate
at which the peak power generation rate over time decreased
correlated with decreasing pH. Thus, at roughly 1.7 days, the
power generation rate of the pH 4 case exceeded all other
cases, as it remained much more consistent over time. The less
harsh corrosive conditions of a higher pH electrolyte could
result in a more consistent power plot, potentially explaining
why the raw energy capacity of the pH 4 case exceeded that of
the pH 3 and the normalized energy capacity of the pH 4 case
exceeded all others. The energy capacity is negatively affected
by losing energy to the side reaction; therefore, reduced
kinetics of the side reaction may improve the overall energy
efficiency of the galvanic cell.
Even though the energy generation rate drops tremendously

with the increase in pH, the normalized total energy generated
increases as the pH increases. In the pH 1.2 case, the entirety
of the anode contacting the solution (20.48 mg) dissolved
within 2.9 days. However, in the pH 2 case, pH 3 case, and pH
4 case, only 5, 2.21, and 2.42 mg dissolved during the
aforementioned duration, respectively. As the pH of the
solution increases (at least from 1.2 to 4), the corrosive
environment becomes much less aggressive toward the
galvanic cell and limits the parasitic side reaction at the
anode, affording a greater energy efficiency.
As expected, when the pH increases and the galvanic

reaction rate decreases, the longevity of the galvanic cell should
increase as well. We observed this phenomenon for the pH 2
case, with it lasting over 7 days (see Supporting Information
Table S8 and Figure S4). Interestingly, the normalized energy
capacity for the pH 2 case greatly exceeded the pH 1.2 case.
However, the longevity of the pH 3 case could not be
measured in this way, as the stagnant, higher pH SGF can
attract mold, which not only induces contamination but also
results in a significant pH increase over time, which affects the
results.
Even though only one combination (Pt−AZ31) was tested

under the varying pH conditions, the trends observed in these
results should be expected for other electrode combinations; as
pH increases, the longevity and normalized energy capacity
should increase, while the energy generation rate should
decrease. The effect of the electrode properties on the
performance is independent of the effect of the solution.
Table 4 shows the computed energy parameters where the

Pt-AZ31 combination is placed in SGF of differing pH, and
Figure 5a shows the peak power plot for this case.
3.2.2. Influence of Differing Electrolyte Concentration. In

addition to acidity, factors such as dietary intake and metabolic
activity throughout the day also affect the concentrations of
electrolytes such as Na+, K+, and Cl− in the stomach.

Furthermore, the presence of gastric diseases and disorders is
also known to affect electrolyte concentration.28 Even though
H3O+ is the major electrolyte in the stomach that participates
in the cell reaction, nonparticipating ions in the stomach can
affect cell performance. The concentration of dissolved ions
directly correlates with the conductivity of the electrolyte. In
an electrochemical cell, an amount of potential is lost on the
way (thus, an overpotential) as current flows through the
electrolyte, known as an Ohmic drop. As the conductivity of
the electrolyte increases, the resistance decreases, resulting in a
smaller Ohmic drop. Thus, an increase in electrolyte
conductivity will likely increase the performance of these
galvanic cells. To determine the effect of differing electrolyte
concentration, the experimental setup described in Section 2 is
performed with two experiments doubling and tripling the
NaCl concentration, respectively, and one experiment
removing the NaCl altogether. Pt and AZ31 are used as the
cathode and anode, respectively.
Table 5 shows the computed energy parameters from the

experiments where the Pt−AZ31 combination is placed in SGF
of differing NaCl concentrations, and Figure 5b shows the peak
power plot for this case.
Increasing the concentration of NaCl results in a higher

normalized energy capacity, normalized peak power, and
normalized energy generation rate over time. As the dissolved
salt concentration increases, the solution’s ionic mobility and
conductivity increase, which lowers the internal resistance of
the galvanic cell and allows more power delivery. However, this
effect is less pronounced compared to the impact of varying
pH levels, except when no other salts are present besides the
acid (as the absence of salts drastically decreases the
conductivity of the solution). The impact of varying salt
concentrations on cell longevity is inconclusive but likely
negligible since the pH and anode choice remained constant
throughout the experiments.
3.2.3. Effect of Foreign Substances. With the previous two

sections in mind, the presence of foreign substances in the
gastric fluid, such as blood (due to bleeding) or food, may also
have an effect on cell performance. These foreign substances
can impact the acidity and electrolyte concentration, as
detailed previously. Furthermore, larger particles may obstruct
the reactive sites of the electrodes, potentially hindering the
cell performance. Finally, foreign substances may also contain
reducing or oxidizing agents of their own and thus participate
in the galvanic reaction.
A similar experimental setup, as found in Section 2, is

repeated with SGF, but with the addition of several foreign
substances to the SGF. The first experiment involves the
addition of 1 g of table sugar (sucrose). The second
experiment involves 1/4 of the SGF (20 mL) being replaced
with porcine blood. The third experiment involves food being

Table 4. Energy Parameters of the Pt−AZ31 Combination
in Differing pH Solutions

combination
peak
power

norm. peak
power

energy
generated

over 2.7 days

norm. energy
capacity over 2.7

days

(μW) (μW mm−3) (mWh) (μWh mm−3)

pH 1.2 5486.0 472.49 10.666 918.80
pH 2 977.75 349.31 4.712 1683.5
pH 3 244.44 196.08 2.585 2074.0
pH 4 213.43 159.00 3.349 2494.8
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inserted into the SGF. The pH of each solution after the
addition of each foreign substance is measured and recorded
before the experiment. Pt and Mg are used as the cathode and
anode, respectively.
Table 6 shows the computed energy parameters from the

experiments where the Pt−AZ31 combination under SGF with

different added substances, and Figure 5c shows the peak
power plot for this case.
The addition of sugar appears to not produce any significant

difference, as the normalized energy capacity for the addition
of sugar and the case where no extra substances were close,
while the peak power and longevity were similar. The overall
power generation rate looks to be higher in the sugar case than
in the normal case, but this could also be explained by the fact
that the anode size was slightly larger in that case. Sucrose does
not form ions in the solution and thus does not affect the
conductivity of the solution. Thus, simple sugars likely do not
participate in any capacity in galvanic cell reactions.
The introduction of blood to the SGF increased the pH to

3.03. Due to this, the power generation rate over time
decreased while the longevity increased substantially. Interest-
ingly, the energy capacity when blood was added significantly
dropped compared with the case where pure SGF at pH 3 was
used. After the experiment was completed, the cathode was
observed to be coated with substances from the blood,

potentially indicating the adsorption and coating of solid
materials to the electrode surface that interferes with the
reaction and inhibits its efficiency. The observed adsorption of
unwanted materials to the electrode surface could pose a major
problem in true in vivo applications, especially in long-term
gastric residency devices. Thus, future works using galvanic
cells as a supplementary energy source should take proper care
to shield the electrodes from the environment while allowing
the desired substances (protons) to come into contact by using
coatings such as Nafion, documented in works such as ref 8.
3.2.4. Performance Inside Intestinal Fluid. Endoscopic

capsules generally pass through the stomach to the small
intestine within 2 to 5 h. Thus, since a capsule using a galvanic
energy harvester will likely enter the intestinal tract, an
investigation into the harvester’s performance in this fluid is
also pertinent. Intestinal fluid (IF) has a widely different
composition than gastric fluid, with its drastically lower pH
(5.7 to 7.4) and differing salt concentrations. Indeed, a
previous study found that the peak power generation rate of
cells in intestinal fluid was 100 times less than in gastric fluid.5

As the IF is much less acidic than gastric fluid, the dominating
half-reaction at the cathode is instead:

+ + eO 2H O 4 4OH2 2 (14)

In addition to the peak power generation rate in IF, the effect
of IF on cell longevity and total energy capacity is investigated
by performing the experimental procedure described in Section
2 in PBS to represent the IF. Pt is used as the cathode, and Mg
is used as the anode. Table 7 shows the computed energy

parameters from the trial in which the Pt−AZ31 is under PBS,
and Figure 6a shows the peak power plot for this case. In both
the table and the plot, the results of the experiment under PBS
are compared to the experiment under SGF.
In the pH 7.4 PBS, the normalized energy generation rate

and normalized peak power of the galvanic cell appear to
decrease compared to the pH 1.2 SGF, while the longevity

Figure 5. Peak power for each load-sweep over time for galvanic cells under (a) differing pH values, (b) differing NaCl concentrations, and (c)
SGF with different foreign substances.

Table 5. Energy Parameters for the Pt−AZ31 Combination
under Differing NaCl Concentrations

combination
norm. peak

power
energy
capacity

norm. energy
capacity lifetime

(μW mm−3) (mWh) (μWh mm−3) (days)

[NaCl] 0× 423.66 7.873 614.66 3.12
[NaCl] 1× 472.49 10.67 919.14 2.69
[NaCl] 2× 509.20 10.13 981.98 2.79
[NaCl] 3× 555.23 12.95 1101.5 2.98

Table 6. Energy Parameters for the Pt−AZ31 Combination
with SGF and Differing Added Substances

combination
norm. peak

power
energy
capacity

norm. energy
capacity lifetime

(μW mm−3) (mWh) (μWh mm−3) (days)

normal 472.49 10.67 919.14 2.69
sugar added 473.78 11.25 931.46 3.19
blood added 279.88 8.56 513.89 12.44

Table 7. Energy Parameters for the Pt−AZ31 Combination
in SGF vs PBS

combination
norm. peak

power
energy
capacity

norm. energy
capacity lifetime

(μW mm−3) (mWh) (μWh mm−3) (days)

SGF 472.49 10.67 919.14 2.69
PBS 109.81 8.944 931.23 > 8
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increases significantly. The results follow the trend of the
previous results of differing pH values; the pH increase
correlates with a decreased energy generation rate. However,
the normalized energy capacity for the PBS case appears to
match that of the pH 1.2 SGF instead of the expected increase
with a pH increase. It is likely that the dominating reduction
reaction described in Section 3.2.1 for higher pH values occurs
at a very slow rate compared to that of the parasitic side
reaction, limiting the efficiency of the galvanic cell at this pH.
3.3. Varying Cathode and Anode Size Ratio. In

galvanic cell design for ingestible devices, the effect of varying
the size ratio between the cathode and the anode has been
unexplored. In a typical galvanic cell, the larger the cathode is
with respect to the anode, the more reduction can occur, and
thus, a greater current can be achieved.29 However, this
phenomenon has not been investigated for GI fluid-utilizing
galvanic cells. To examine this phenomenon, we test four
scenarios and compare them to the results in Section 3.1:

• Cathode size of 15 × 1.5 × 0.25 mm3 (cathode volume
halved), anode size remains the same.

• Cathode size of 15 × 6 × 0.25 mm3 (cathode volume
doubled), anode size remains the same.

• Anode size of 15 × 1.5 × 0.25 mm3 (anode volume
halved), cathode size remains the same.

• Anode size of 15 × 6 × 0.25 mm3 (anode volume
doubled), cathode size remains the same.

In this section, Pd is used as the cathode, and Mg is used as the
anode. The same general experimental procedure is used as in
Section 2 with SGF.
Table 8 shows the computed energy parameters from the

trials where the cathode/anode size is changed with respect to
the other anode, and Figure 6b shows the peak power plot for
these cases. In both the table and the plot, the results of the
experiments are compared to the experiment where the
cathode-to-anode size ratio is the same. According to the
results, as the ratio between the cathode size and the anode
size increases, the normalized peak power and normalized
energy generation rate increase. Increasing the surface area of
the cathode allows more hydrogen ions to be reduced
simultaneously, improving the overall reaction rate and
decreasing the internal resistance of the galvanic cell.29

Furthermore, as the anode surface area decreases, the amount
of active sites for the side reaction to occur is decreased as well,
allowing the favorable galvanic cell reaction to better dominate
the side reaction. However, increasing the anode’s dimensions

affords greater cell longevity. The greater the volume of the
anode, the more metal that can be reduced overall. Therefore,
when considering the dimensions of galvanic cells for ingestible
devices, one must choose a suitable cathode-to-anode size ratio
that sufficiently generates enough power over time while
ensuring that the anode is large enough to last the expected
battery duration.

4. CONCLUSIONS
In this work, the use of galvanic cells as a supplemental power
source for ingestible devices was systematically characterized in
vitro. Eighteen total experiments with six different cathodes
and three different anodes were performed in synthetic gastric
fluid, and the peak power generation over time, total energy
capacities, and longevities were measured for each cathode−
anode pair. It was observed that Pt and Pd are the superior
choices in cathodes due to their low hydrogen reduction
potential, but Mo is also a viable choice when considering
affordability and transient electronics applications. Mg is the
most suitable choice of the anode in short-term gastric devices,
while the anode choice in long-term gastric residency devices
depends on the application, with Zn or the AZ31B alloy being
the optimal choice.
Moreover, the effects of differing gastric conditions on

galvanic cell performance, as well as differing galvanic cell
dimensions, were also investigated. The energy generation rate
decreases with an increase in pH, but the power efficiency
usually increases. As the dissolved salt concentration increases,
the performance also increases. Large substances inside the
gastric fluid can inhibit the electrodes from performing

Figure 6. Peak power for each load-sweep over time for the galvanic cell under (a) PBS/simulated intestinal fluid and (b) SGF with varying
electrode size combinations.

Table 8. Energy Parameters for Differing Sizes of the Pd−
AZ31 Combination

combination
norm. peak

power
energy
capacity

norm. energy
capacity lifetime

(μW mm−3) (mWh) (μWh mm−3) (days)

Pd−AZ31 388.44 13.99 1184.82 4.48
cathode 2× 480.37 10.843 1084.3 3.84
cathode 0.5× 303.07 7.032 703.23 3.03
anode 2× 186.26 16.741 704.35 9.36
anode 0.5× 773.59 21.06 2970.21 3.34
cathode 2×,
anode 0.5×

676.00 6.28 947.67 1.99

cathode 0.5×,
anode 2×

174.60 13.43 703.26 8.18
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efficiently. The energy generation rate in intestinal fluids
rapidly drops compared to SGF and is overall less efficient.
Finally, an increased cathode-to-anode size ratio greatly
increases the powering efficiency, but larger anodes afford
greater longevities.
The results of the experiments provide key insight into the

effects of electrode choice, differing GI conditions, and
differing galvanic cell dimensions for powering gastric devices.
The conclusions in this paper will inform future work on the
optimal galvanic cell design for providing supplementary power
to ingestible devices.
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