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ABSTRACT Recent efforts have focused on wireless ingestible sensing capsules, but challenges remain
in miniaturization, sensor integration, and energy efficiency. This paper presents GISMO-A, an ingestible
capsule integrating a custom-designed application-specific integrated circuit (ASIC) for low-power biochem-
ical sensing. The ASIC enables pH and oxidation-reduction potential (ORP) measurements at an average
power consumption of 172 uW, representing a 70% reduction compared to the previously published GISMO
capsule. GISMO-A supports a 6-second measurement interval, resulting in a threefold increase in data density
relative to GISMO. Validated through in-vitro and in-vivo experiments, GISMO-A represents a significant
advancement in the design of energy-efficient, miniaturized GI Tract sensing systems.

INDEX TERMS  Application specific integrated circuit, biochemical sensing, low-power, gastrointestinal
tract, ingestible capsule, miniaturized, temporal resolution.

. INTRODUCTION

HE gastrointestinal (GI) tract plays a vital role in main-
Ttaining overall health, influencing digestion, immune
function, and nutrient absorption. Disruptions in its function
are often associated with a wide range of conditions, includ-
ing chronic inflammatory diseases, metabolic disorders, and
infections. As such, monitoring the GI tract is essential for
health management and disease diagnosis [1]. Conventional
diagnostic methods, such as endoscopy, are inherently invasive
and typically limited to punctual assessments. These proce-
dures often require clinical settings and sedation. They are also
unsuitable for capturing dynamic changes in the GI environ-
ment over extended periods of time [2].

In contrast, ingestible capsules offer a minimally invasive
alternative and collect data as they naturally transit through
the digestive system. This enables non-disruptive monitoring
under real-life conditions.

Camera-based ingestible capsules such as PillCam [3],
Endocapsule [4], and CapsoCam Plus [5] have focused on
providing less invasive optical imaging, delivering data for

diagnosing structural abnormalities in the GI tract. However,
a substantial proportion of GI disorders - particularly func-
tional GI disorders such as irritable bowel syndrome (IBS),
motility disorders, and functional dyspepsia - do not present
visible abnormalities and are therefore undetectable through
imaging alone. These conditions are highly prevalent and
account for approximately 40% of gastroenterology consul-
tations in the U.S. according to the International Foundation
for Gastrointestinal Disorders [6]. Moreover, visual inspection
alone is insufficient for assessing gut health and nutritional
status, both of which are essential for a comprehensive under-
standing of GI health [7].

Recent advances have therefore shifted focus toward wire-
less ingestible capsules for sensing [8], [9]. Table 1-A gives
an overview of relevant devices developed to date, highlight-
ing their sensing capabilities, size, and battery life. Despite
offering deeper insights into GI function and pathology, most
remain relatively large (often exceeding FDA size 000), have
limited integration of multiple sensing modalities, and have
limited operational lifespan.
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TABLE 1. Overview of ingestible capsules for sensing.

A. State of the art of ingestible sensing capsules B. This work
. Atmo gas .
;gg’l“ Pill,  ensing Sl‘;]‘;el‘llak”‘ Inda-Webb,  PillTrek Yang GISMO, | GISMO-A- GISMO-A-
capsule, ? 2023 [14] 2025 [15] 2025 [16] 2025 [17] Primary Rechargeable
[101,111] 2023 [13]
2018 [12]
Diameter 11.7 11 1 143 7 11 7.5 7.5 9.8
(mm)
Length
26.8 28 22 8.5 25 29 21 21 25.5
(mm)
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volume 2.5 2.3 1.7 1.4 ~1 2.5 0.8 0.8 1.7
(em’)
g;’ese“ FDA - §ize 000  >size000  >size000  NA ~size00  >size000  <size0 | <size0 size 000
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4 ) (6s interval) (3 min
harvesting)  interval) :
interval)
Motility, Gas (H2 Se:}rIZ)tonin
Measurement ~ ProSSUre 02, CO2, pH, ORP Ir_lﬂamA glucose, pH‘for drug  pH, ORP, | pH, ORP, pH, ORP,
pH, biomarkers ~ * delivery Temp Temp Temp
CH4) ions,
Temp
Temp
. . Bench (not .
Validation Human Human In-vitro Pig In-vitroand —In-vitoand g o final In-vitro and
rabbits ex-vivo . pig
encapsulation)

'in addition to 9 days in ultra-low-power mode with reduced functionality (only temperature)

GISMO (Gastrolntestinal Smart Module) [17] addressed
these limitations and is, to our knowledge, the first ingestible
sensing capsule developed and validated in humans with
a form factor smaller than FDA size 0. It integrates an
electrochemical reference electrode along with sensors for
pH, oxidation-reduction potential (ORP), and temperature.
The device was also successfully validated in human stud-
ies. In addition to 5 days of operation in full functionality
mode with a temporal measurement resolution of 20 sec-
onds, GISMO ensures 9 additional days of ultra-low-power
mode with reduced functionality (only temperature sensing)
to detect the excretion of the capsule.

During the development of the GISMO capsule, it was
observed that approximately 52% of its total energy consump-
tion was due to biochemical sensor acquisition. This insight
highlighted the need to optimize power usage during biochem-
ical sensing as a critical step toward improving overall energy
efficiency. To address this challenge, a custom-designed
ASIC was integrated into the system to enable low-power
biochemical sensing, resulting in the development of
GISMO-A.

This paper presents the design of GISMO-A with partic-
ular emphasis on the integration of the ASIC. The device’s
biochemical sensing capabilities are evaluated through both
in-vitro and in-vivo experiments. Its power efficiency is
demonstrated in a dedicated experimental setup, showing a
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threefold increase in the number of data points collected com-
pared to the GISMO capsule, using identical batteries.

Il. SYSTEM ARCHITECTURE

The proposed system architecture is illustrated in Fig. 1.
To enable power-efficient biochemical sensing, GISMO-A
integrates the custom-designed ASIC demonstrated in [18] for
a different application. This ASIC functions as a highly inte-
grated analog front-end with configurable biasing, specifically
tailored for interfacing with biochemical sensors. It enables
biasing and digitization of signals from the pH ISFET and
ORP sensors that were previously validated in GISMO.

The ASIC is connected to a microcontroller unit (MCU),
which is responsible for initiating configuration and measure-
ment commands. However, the ASIC autonomously manages
all low-level operations, including sensor biasing, signal set-
tling, and sampling. This allows the MCU to remain in a
low-power idle state during these time-consuming processes,
significantly reducing overall power consumption. Once the
measurement is complete, the MCU retrieves the data.

In addition to biochemical sensing, the system incorporates
digital sensors for temperature, acceleration, and magnetic
field measurements. All sensors are sampled periodically, and
the collected data is transmitted wirelessly to a wearable
receiver using an 868 MHz RF transceiver and a conformal
antenna.
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FIGURE 1. Block diagram of GISMO-A.

The electronics are designed to be powered by two SR516
silver oxide coin cell batteries and to fit within a size 0 biocom-
patible enclosure (21.7 mm long x 7.6 mm diameter), ensuring
suitability for ingestible applications.

lll. BIOCHEMICAL SENSING ASIC

The multimodal biochemical sensor interface ASIC, pre-
viously validated for bioreactor monitoring [18], [19] has
been employed in this work. The detailed block diagram is
presented in Fig. 2. The design includes two potentiomet-
ric channels. The voltage between the Working Electrode
(WE) and the Reference Electrode (RE) is measured via
two pseudo-differential buffers with ESD protection leakage
compensation to minimize input bias current. In addition,
the buffer’s input pair uses thick-oxide transistors to further
reduce leakage. Both buffers are powered by a 3.6 V on-chip
charge pump. This arrangement increases the potentiometric
channel’s voltage headroom while preserving high linearity.
The Reference Electrode potential is set by a driver with the
desired voltage set up by an 8-bit digital-to-analog converter
(DAC).

Additionally, four ISFET channels permit measuring the
medium’s pH by sensing shifts in the threshold voltage of
the ISFET caused by the hydrogen-ion concentration. The
liquid gate potential is driven by a driver and an 8-bit DAC.
The ISFET readout uses a constant-current, constant-voltage
architecture [20], which is commonly used to bias ISFETs in
the linear region. The ASIC provides programmable ranges for
the drain-source current (10 nA to 100 wA across 13 discrete
levels), and the drain-source voltage bias (25 mV to 600 mV
across 5 levels). These ranges are chosen to cover the nominal
operating conditions of commercial ISFET sensors [21], while
extending toward lower current and voltage settings to support
lower power biasing.
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FIGURE 2. Block diagram of the biochemical sensor interface ASIC [18].

All sensing channels are time-multiplexed through a switch
matrix into the analog backend, which performs filtering,
amplification, and analog-to-digital conversion. Digital con-
trol handles register settings, clocking, digital filters, and
communication.

Implemented in a 3.2 mm x 3.2 mm Ball Grid Array pack-
age, this multimodal biochemical sensor interface ASIC is
well-suited for monitoring in the GI tract.

IV. SYSTEM DESIGN

A. ELECTRONIC CIRCUIT

As illustrated in Fig. 1, the circuit integrates a low-power
ARM Cortex-M4F microcontroller (STM321.433, STMicro-
electronics), which manages system operations and performs
AES-128 encryption of the data. The firmware running on the
MCU is initially programmed with a connector but can be
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upgraded over the wireless 868 MHz RF link after encapsula-
tion, enabling upgrades and bug fixes. The circuit also includes
adigital temperature sensor (TMP117,12C), a 3D magnetome-
ter (MMC5633, 12C) and a 3D accelerometer (MC3672, SPI).
Data is transmitted to the wearable device via an 868 MHz
transceiver (S2LP, SPI).

To support the biochemical sensing interface ASIC, a
32.768 kHz clock is required. This is provided by a minia-
ture, low-power temperature-controlled oscillator (TCXO,
SiT1552, 1 mm x 0.8 mm, <1 pA current consumption),
which serves as an external clock source for the MCU. The
MCU then forwards this clock signal to the ASIC.

Three biochemical sensing channels are used in the system:
two pH ISFETs and one potentiometric (ORP). A single ref-
erence electrode (RE) is shared among these channels. The
potential of this electrode is driven by the ASIC.

B. ASIC CONFIGURATION

The biochemical sensor channels are measured sequentially in
the ASIC using single-shot mode. For each channel, the ASIC
sets the biasing conditions, then waits for the settling time
before starting to sample on the analog-to-digital converter
(ADC). Digitized samples are then averaged in a single output
transmitted via SPI to the MCU. The number of averaged
samples per measurement could be set between 1 (30 us
sampling time) and 32768 (1 s sampling time). The setting
of 2048 averaged samples per measurement (60 ms sampling
time) was selected as a trade-off between noise level and
power consumption.

The biasing conditions were individually set for each sen-
sor. For ISFETSs, measurements were conducted to find the
optimal biasing conditions: the Drain-Source Current (IDS)
and the Drain-Source Voltage (VDS) while keeping the ref-
erence electrode voltage to 1.5 V as for GISMO. This was
done considering the current consumption during the ISFET
measurement and the target pH range of 1 to 10, accounting
for ISFET device variability.

For each biasing condition, the supported pH range was
derived from the combined constraints of the ASIC’s allow-
able voltage ranges and the expected range for the ISFET’s
electrical characteristics regarding sensitivity and offset,
as determined by the manufacturer’s specifications in com-
bination with an empirical determination of the dependency
of these characteristics on the bias conditions. A pH value is
considered supported if both VS and VD remain within the
ASIC voltage limits.

The total current consumption of the system while biasing
and measuring a single ISFET was measured, in order to
quantify the impact of the biasing conditions on the overall
energy consumption.

Based on the results in table 2, 10 © A IDS and 100 mV VDS
were selected as they ensured the lowest current consumption
and supported pH values from 1 to 10.

For the ORP sensor, the reference electrode voltage was set
to 1V, allowing an input range of -900mV to +600mV. The
settling time — defined as the delay between applying the bias
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TABLE 2. Comparison between different ISFET biasing conditions.

ISFET biasing conditions Supported Total current
(IDS/VDS) pH range consumption (HA)
100 pA / 600 mV 4t09 172
25 pA /300 mV 3t0 10 45
25 pA /100 mV 0to 10 45
10 pA /300 mV 41010 33
10 pA /100 mV 1to 10 33

conditions and initiating ADC sampling — was set to 500 ms
for all sensors.

C. PCB IMPLEMENTATION

An assembly of 3 stacked miniature PCBs is used. Fig. 3 shows
how functionality is divided among the 3 PCBs. Rigid PCB 1 is
a 600-um-thick, 6-layer high-density interconnect 5.8 mm x
10.8 mm PCB, while rigid PCB 2 is a 400-um, 4-layer PCB
of the same size. The sensor PCB is implemented on a 150-
pm-thick two-layer polyimide flexible PCB. Fig. 4 shows the
stack of PCB 1 and PCB 2 and highlights the ASIC in orange.
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FIGURE 4. Stack of rigid PCBs 1 and 2.

D. CAPSULE ASSEMBLY

Fig. 5 shows GISMO-A’s building blocks for a size 0 cap-
sule (length 21 mm, diameter 7.5 mm) with disposable
2xSR516SW batteries (5.8 mm diameter, nominal capacity
12.5 mAh). This capsule, GISMO-A-Primary, when fully
assembled, would occupy the same volume as GISMO. Its
PEEK housing, reference electrode and sensor flex are iden-
tical to those used in GISMO, for which the biocompatibility
was previously assessed [17].
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For this initial prototype, the possibility of performing mul-
tiple over-the-air firmware upgrades to the device is needed.
Therefore, the device is built in wired (GISMO-A-Wired) and
rechargeable (GISMO-A-Rechargeable) variants to ensure
such firmware upgrades do not impact battery life and subse-
quent validation. The wired variant uses externally connected
batteries while the rechargeable integrates a rechargeable coin
cell battery MS621 (6.8 mm diameter, 5.5 mAh nominal
capacity).

FIGURE 5. Building blocks for GISMO-A-Primary (size 0): (a) the housing of the
reference, (b) the body of the capsule(PEEK), (c) the electronics (PCBs, antenna and
batteries) in a size 0 gelatine capsule.

@ (b)
FIGURE 6. Built variants of GISMO-A: GISMO-A-Rechargeable (a) and
GISMO-A-Wired (b).

Both variants are built in-house in a similar way to GISMO,
but in the larger size 000 capsules (Ilength 25.5 mm; diameter
9.8 mm). This increase in volume ensured the rechargeable
battery (for the rechargeable variant) and the supply wires (for
the wired variant) fit in the encapsulation. Both variants are
shown in Fig. 6.

V. EXPERIMENTAL VALIDATION

Multiple experiments were conducted to validate the opera-
tion of the proposed device. These experiments focused on
biochemical sensing functionality and battery life.

A. VALIDATION OF THE ENCAPSULATION

The first step of the experimental validation was performed on

GISMO-A-Rechargeable labelled ID#34. It aimed to validate

the assembly, particularly the hermeticity of the enclosure.
Submerged in a pH 7 buffer solution at room temperature,

ID#34 was configured to transmit a measurement every 3 min-

utes. This rate was selected to ensure an operation time of
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9 days with the rechargeable MS621 battery, exceeding the
longest time in the body reported in [17] which was 7.41 days.

During this experiment, ID#34 remained operational for
10 days and 15.5 hours. As shown in Fig. 7 - “Initial test”, the
measured potential for both pH ISFETs is stable throughout
this experiment, with the average values of measured potential
for pH ISFET 1 and pH ISFET 2 at 908 +1.25 mV and
982 £1.01 mV, respectively. These observations are consistent
with the absence of any ingress and that the encapsulation
meets the hermeticity requirement, considering that, based
on the capsule’s design and previous experience in [17], any
ingress that would have reached any part of the electronic
circuitry would be expected to affect the operational lifetime
and/or the stability of the sensor signals.
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FIGURE 7. Measured potential on pH ISFETs during the experiment for the validation
of the encapsulation.

RE gel rubber seal
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FIGURE 8. Holder used to store and recharge GISMO_A_Rechargeable.

After recharging ID#34, a stabilization effect, as shown
in Fig. 7 — “Re-test””, was observed on the biochemical
sensors. Directly after submersion, all biochemical sensors
output higher values. These values then drop progressively
and converge to the ones measured in the initial experiment.
This observation is consistent with the hypothesis of the refer-
ence electrode gel drying during the recharging. This could
possibly be due to the 3D-printed holder used to store and
to recharge the device (shown in Fig. 8). The variation in
the mechanical dimensions of the 3D-printed holder due to
the printer tolerance may have resulted in suboptimal seal-
ing of the reference electrode gel on some holders. Since
GISMO-A-Rechargeable and GISMO-A-Wired variants will
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only be used in this initial prototype, this issue can be pre-
vented on the size 0 GISMO-A-Primary capsules by storing
them in a milled holder with improved manufacturing toler-
ances, as was done for the GISMO capsules.

To work around this stabilization time issue, for the fol-
lowing experiments, ID#34 was submerged in the liquid until
stabilization of the sensor’s output: Data is recorded after that
point.

B. IN-VITRO VALIDATION OF BIOCHEMICAL SENSORS
This test aims to validate the operation of the capsule’s
biochemical sensors in GI simulated fluids with different
pH values over a long period. For this purpose, ID#34 was
attached to a 3D printed holder and submerged in different
reference solutions. The experimental setup is shown in Fig. 9
while the detailed experimental procedure is described in
Table 3. All parts of the experiment were conducted in a
temperature-controlled water bath at 37 °C to emulate physi-
ological conditions.

The intermittent calibration (CAL) at 48h, 6 days and 8 days
was done to confirm the sensors’ specifications. We followed
the same calibration procedure and acceptance criteria in [17]
to evaluate the sensors in ID#34. The device was sequentially
submerged in four pH standards (pH 2, 4, 7 and 9; Avantor
20 °C AVS TITRINORM,; accuracy £0.02 pH units) then in
an ORP +220 mV standard (51350060, 220 mV/pH 7, Mettler
Toledo; 180-220 mV at 37 °C).

The biochemical sensor data wirelessly transmitted to the
receiver by the ID#34 were recorded and post-processed. The
slope and the offset of the pH ISFET are then calculated based
on the measured value in millivolts in the four pH solutions.
An ISFET sensor is labelled in-spec if its slope is between -49
mV/pH and -56 mV/pH.

FIGURE 9. Experimental setup for the in-vitro validation of biochemical sensors.

The verification of the ORP sensor is a one-point verifica-
tion: the sensor is labelled in-spec if its output in the 4+220 mV
standard solution is between 180 mV and 220 mV.
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TABLE 3. Experimental procedure for the in-vitro validation of the biochemical
sensors.

Start time ~ Duration ~ Reference solutions at 37deg. C

0dOh 1h pH 3 (to mimic the stomach)

0dih 16h pH 6 .(to mimic the proximal part of the small
intestine)

0d17h 4h pH 7.§ (to mimic the distal part of the small
intestine)

0d21h 4h pH 5.5 (to mimic the cecum/proximal colon)

1dlh 23h pH 7 (to mimic the large intestine (middle

(25h) and distal colon))
Calibration using pH 2, 4, 7, 9 calibration

2d (48h) 2.5h solution and ORP 220 mV standard solution
(0.5h in each solution)

2d2.5h 3d21.5h pH 7 (random check)
Calibration using pH 2, 4, 7, 9 calibration

6d 2.5h solution and ORP 220 mV standard solution
(0.5h in each solution)

6d2.5h 1d21.5h pH 6 (random check)
Calibration using pH 2, 4, 7, 9 calibration

8d 2.5h solution and ORP 220 mV standard solution

(0.5h in each solution)

As shown in Table 4, the calibration profiles of pH ISFETSs
and ORP sensors are within the acceptance criteria. This cal-
ibration was the only verification done on the ORP sensor
during the experiment.

It is important to note that the device was immersed in liquid
for a total of 19 days, including the immersion in pH 7 at room
temperature during the initial validation for the encapsulation.
Using the data from the calibration at 48h, the pH ISFET
measurements (in millivolt) were converted to pH values and
compared to the output of the commercial pH Horiba sensor.
Fig. 10 shows that the pH ISFETs are stable for an 8-day
operation time after recharging, in addition to 11 days before
recharging. Their profiles matched those of the commercial
pH Horiba sensor. The drift observed after 19 total days of
immersion in liquids (pH 6, day 7 of the experiment) is 0.32 pH
units (17.2 mV) and 0.29 pH units (15.5 mV) respectively
for ISFET1 and ISFET?2. This is consistent with our previous
characterization of the GISMO reference electrode in [17],
where we measured an average drift of 0.042 +0.012mV-h~!
in a 14-day study done over 10 reference electrodes. The
distribution of the Absolute Error is shown in Fig. 11. The
Mean Absolute Error (MAE) on pH values of ISFETI and
ISFET2 was 0.181 £ 0.109 pH units and 0.176 £ 0.102 pH
units, respectively, compared to the Horiba sensor.

Regarding the ORP sensor, the different calibrations
showed it remained within specification until the conclusion
of the experiment, except for a small temporary excursion of
+1.4 mV beyond the 180 mV to 220 mV specification range
at the 6 days calibration.

C. CHARACTERIZATION OF MULTIPLE DEVICES

Seven additional devices (5 GISMO-A-Rechargeable and
2 GISMO-A-Wired) were built, and biochemical sensors were
calibrated and then evaluated based on the acceptance criteria.

VOLUME 7, 2026
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TABLE 4. 1D#34 calibration data during the in-vitro validation of biochemical
sensors at 37 °C.

CAL CAL CAL
48h 6d 8d
Slope (mV/pH.U) -53.5 -53.3 -53.8
ISFET1
Offset (mV) 1296.1 1289.6 1287.0
Slope (mV/pH.U) -53.3 -53.0 -53.4
ISFET2
Offset (mV) 1371.9 1366.0 1363.1
Value (mV) in
ORP 220mV calibration 214.0 221.4 212.6
liquid
10
CAL 48h CAL 6d CAL 8d
) . :
8 pH7.5
[ 4 M . t&"_: '.
of o= ™ i Bz e
5 pHe & pH6 @
pH5.5
4 ] i i
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2 PH3 ] B 1}
pH ISFET1
pH ISFET2
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FIGURE 10. Comparison between pH measurements in ID#34 and in the commercial
Horiba pH sensor.
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FIGURE 11. Distribution of the pH Absolute Error between ISFETSs in ID#34 and the
commercial Horiba sensor.

As listed in Table 5, 5 devices have both pH ISFETs within
acceptance criteria and all 7 devices have at least 1 pH ISFET
in-spec. For the ORP sensor, 4 devices are within the accep-
tance criteria. Two devices (ID#26 and ID#31) have ORP
values of 178.9 mV and 177.9 mV respectively in the 220 mV
standard solution: this is slightly below the lower limit of the
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acceptance criteria (180 mV). One device (ID#30) has a failed
ORP sensor, which measured negative ORP values (-29.9 mV)
in the expected 180-220 mV ORP solution. Out of 7 devices,
ID#21 has the best slope (sensitivity) for both pH ISFETs and
a good ORP sensor: this device was selected for the in-vivo
validation.

D. IN-VIVO VALIDATION

The biochemical sensors (pH and ORP) integrated into the sys-
tem have already been extensively validated using the GISMO
ingestible platform [17]. While the electronic implementation
in GISMO-A differs from that of GISMO, the sensors and
sensing principles remain unchanged. This allows the in-vivo
validation of GISMO-A to focus on assessing the overall
functionality of the device in a live animal model.

The in-vivo experiments (Leeds, UK, May 2025) were con-
ducted within the framework of the AUTOCAPSULE project,
in collaboration with the University of Leeds. The validation
of GISMO-A was integrated into an already scheduled in-vivo
experiment, ensuring that no additional animal subjects were
included for the purpose of this validation.

TABLE 5. Data from the first calibration of 5 rechargeable and 2 wired GISMO-A
devices.

Variant ID pH ISFET ORP
Value (ORP

Sensor Slope Offset standard)
ISFET1 -54.7 1443.8

21 199.9
ISFET2 -54.7 1261.3
ISFET1 -51.7 1355.7

25 215.4
ISFET2 -46.2 1394.6

Rechargeable ISFETI  -504  1340.6

26 178.9
ISFET2 -48.9 1199.2
ISFET1 -52.5 985.8

30 -29.9
ISFET2 -53.1 904.6
ISFET1 -49.3 1252.1

31 177.9
ISFET2 -49.0 1389.6
ISFET1 -53.9 1280.9

24 208.9
ISFET2 -53.0 1288.1

Wired

ISFET1 -50.4 1347.2

33 198.0
ISFET2 -50.0 1415.6

This animal work was performed in accordance with
the Animals (Scientific Procedures) Act 1986 under project
license PP3093153. The protocol was designed, and the
trial was performed in-line with the National Centre for
the Replacement, Refinement & Reduction of Animals in
Research (NC3Rs) and to ensure minimal suffering of the
animal. This includes oversight by the University of Leeds
facility’s veterinary team.
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For this procedure, GISMO-A-Rechargeable (ID#21) was
attached to an endoscope (Olympus EVIS EXERA II) and
introduced into the colon of a fasted, sedated pig (Yorkshire-
Landrace gilt, 33 Kg) via the rectal route. The receiver
electronics were placed on an acrylic arch-shaped structure
mounted around the pig’s belly. This emulates a wearable
receiver by placing the receiver in proximity to the pig. Fig. 12
is a photo of the experimental setup.

ID#21 was inserted to depths of 10 cm, 20 cm and 30 cm.
For each position, data was recorded for 4 mins at the rate of
one measurement point every 10 seconds. Measurements were
collected by the receiver through the 868 MHz link and sent
to a laptop via USB.

Fig. 13 presents the biochemical measurements collected
from ID#21 across two experimental iterations. To facilitate
comparison, the x-axis in both graphs was scaled to ensure
equal distribution of measurements across the three insertion
depths. This normalization enables clearer visualization of
sensor output at each depth, independent of the number of
data points collected per segment. For pH, the displayed value
corresponds to the average of the two ISFET sensor readings.

The pH readings are consistent between the two iterations
across the different insertion depths, confirming stable sensor
performance. For ORP, however, an artefact occurred during
the first iteration as ID#21 was repositioned to 20 cm depth.
This resulted in significant fluctuations in the ORP signal
towards a more oxidative value, which were not settled before
the end of the first iteration. This artefact is hypothesized to be
caused by the presence of gas over the ORP sensor, resulting
in the sensor losing contact with the digesta. This was made
more likely by the pig being fasted prior to the experiment.
No similar issue was observed in the second iteration, as the
output of the sensor was stable across all depths. The ORP
values at 10 cm depth — before the artefact — were consistent
between both iterations.

FIGURE 12. Photo of the experimental setup for the in-vivo validation.

Overall, measured pH was consistent with the range of pH
6to 7 reported in [22] and [23]. ORP values are also consistent
with the measurements done on pigs in [17]. Data transmission
from inside the body to the outside receiver was also validated:
100% of the samples sent by ID#21 during the experiment
were received by the receiver with an average received signal
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FIGURE 13. ORP and pH as measured by #ID21 in the colon of the pig.

strength of —69 dBm (the receiver can successfully receive
signals down to as low as —90 dBm).

E. VALIDATION OF OPERATION TIME

Since improved power consumption is a key element of the
design, current consumption measurements were conducted
on GISMO-A-Wired ID#33. Current consumption waveforms
were recorded for 100 measurement cycles and then averaged
to improve the signal-to-noise ratio for microampere-level
currents. Fig. 14-a displays the resulting waveform for a mea-
surement cycle and highlights the operational phases. The
waveform shows that the highest current peak occurs dur-
ing radio transmission (13.5 mA) while the lowest current is
recorded when the system is idle (9 £ A). On average, GISMO-
A consumes 67.5 A during active phases.

Fig. 14-b shows an annotated zoomed-in view of the current
waveform during ISFET2 measurement. The average cur-
rent consumption during biochemical sensing (2 ISFETs and
ORP), including the configuration of the ASIC by the MCU,
is 55.6 HA.

Battery discharge experiments were then performed on
GISMO-A-Wired ID#33 in non-deionized water at 37 °C,
which emulates an in-vivo scenario from an energy consump-
tion perspective. This setup enables evaluation of operational
lifetime and energy efficiency of the device by allowing con-
tinuous operation until battery depletion, which cannot be
reliably achieved in in-vivo studies due to the high variability
in transit times for pigs [22]. Supplied with the 2xSR516
batteries intended for GISMO-A-Primary, the device remained
operational for 11 days with full functionality, while providing
a measurement point every 6 s.
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TABLE 6. Energy repartition per task for GISMO-A capsule with 6 s measurement
interval.

Task Energy Dominant
percentage component
Temperature sensing 7% STM32L433
Radio transmission 14% S2LP
ISFET 18% ASIC
Biochemical sensing ORP 7% ASIC
ASIC 24% STM32L433
config.
Acceleration and 15% STM32L433
magnetic field sensing ° + MMC5633
Idle 14% All

For this configuration, table 6 shows the energy percent-
age repartition per task and highlights, for each task, the
dominant component. Based on these values, configuring
the ASIC by the MCU requires similar energy as perform-
ing the measurement in the ASIC itself. This suggests that
future optimization should target reducing MCU configuration
overhead.

Higher operating times can be reached if the measurement
interval is increased. Discharge experiments demonstrated
19 and 42 days of operation time with the sample interval set
respectively to 20 s and 5 minutes.
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VI. DISCUSSION

Table 1 compares existing ingestible sensing devices (A) to the
ones proposed in this work (B). GISMO-A-Primary, together
with GISMO, is among the most compact, with a volume of
0.8 cm®. While this specific form factor was not physically
realized, it was demonstrated that the complete system fits
within a capsule smaller than FDA size 0, in contrast to most
other devices, which exceed size 000.

Even further reductions in the capsule size are mainly
limited by the volume of the batteries (SR516SW: 5.8 mm
diameter and 1.6 mm height) and the footprint of the PCB
stack. Lower power consumption could allow for the use of
smaller batteries (e.g. SR416SW 4.8 mm diameter and 1.6 mm
in height). However, the current design faces an additional
challenge: with the present level of integration, adding new
functionalities would likely increase capsule size. Address-
ing this requires combining functionalities that are currently
implemented on separate ICs into application-specific and
system-on-chip solutions. For instance, the microcontroller
and the radio can be integrated within a single SoC. Other
sensing functionalities can likewise be combined into another
sensing ASIC by leveraging circuits proposed in the literature,
such as the 3D magnetometer in [24] and the temperature
sensor in [25].

In terms of power efficiency, this design compares favorably
to the GISMO capsule, which, as reported in [17], achieved
5 days of continuous operation at a 20-second measurement
interval followed by 9 days in an ultra-low-power mode with
reduced functionality. Notably, the biochemical sensing in
GISMO-A consumes an average of 172.4 uW (55.6 uA at
3.1 V battery supply), significantly lower than the 565.1 W
(182.3 A at 3.1 V battery supply) reported for GISMO. This
reduction is the most important contributor to the extended
operational lifespan.

B GISMO-A-Primary
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FIGURE 15. Operational life of GISMO-A-Primary compared to GISMO.

Fig. 15 presents a comparative analysis of the opera-
tional lifespans of GISMO-A-Primary and GISMO across
various measurement intervals. The results indicate that
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GISMO-A-Primary enables a 6-second sampling interval for
all sensors while maintaining an operational duration 50%
higher than the maximum in-body time observed during
GISMO’s in-human trials. This results in a threefold increase
in the number of data points collected. Furthermore, by set-
ting the sampling interval to 20 seconds as in GISMO, the
operational life of the capsule in full functionality is 19 days,
a four-time increase compared to GISMO.

VIl. CONCLUSION

This paper presents the design, implementation, and exper-
imental validation of an ultra-low power ingestible capsule
integrating a custom ASIC for energy-efficient biochemical
sensing.

The resulting energy surplus opens new possibilities for
enhancing data acquisition within the GI tract. Two use cases
were demonstrated: (1) reducing the measurement interval
to increase data density during typical transit times, and
(2) extending operational duration to support longer monitor-
ing periods.

Beyond these improvements, reduced energy consumption
could also enable the use of smaller batteries. Coupled with
advanced integration through application-specific and system-
on-chip solutions, this would allow further miniaturization of
devices without compromising functionality.

Moreover, the surplus energy available in GISMO-A opens
opportunities for integrating additional sensing modalities
or for enabling higher sampling that could provide richer
spatiotemporal data and support advanced diagnostic and ther-
apeutic applications [26]. This surplus energy also enables
expanding ingestible capabilities by incorporating capsule
localization — allowing correlation of measurements with
anatomical position, as demonstrated in [27] and [28] — as well
as sampling or drug delivery [29]. Future work will explore
these directions to further expand the capsule’s functionality.
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