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M E D I C A L  R O B O T S

An ingestible capsule for luminance-based diagnosis of 
mesenteric ischemia
J. Chen1,2†, A. Alexiev2†, A. Sergnese2†, N. Fabian1,3,4, A. Pettinari1, Y. Cai5, V. Perepelook1,  
K. Schmidt1, A. Hayward1,2,4, A. Guevara4, B. Laidlaw4, I. Moon4, B. Markowitz1, I. Ballinger1,  
Z. Yang1, C. Rosen1,2, N. Shalabi1,2, S. Owyang2, G. Traverso1,2,4,6*

Acute mesenteric ischemia (AMI) results from insufficient blood flow to the intestines, leading to tissue necrosis 
with high morbidity and mortality. Diagnosis is often delayed because of nonspecific symptoms that mimic com-
mon gastrointestinal conditions. Current diagnostic methods, such as computed tomography and mesenteric an-
giography, are complex, costly, and invasive, highlighting the need for a rapid, accessible, and minimally invasive 
alternative. Here, we present FIREFLI (finding ischemia via reflectance of light), a bioinspired, ingestible capsule 
designed for luminance-based diagnosis of AMI. Upon ingestion, the device activates in the small intestine’s pH 
environment, emitting pulses from three radially spaced white light-emitting diodes and measuring reflected light 
across 10 wavelengths. FIREFLI then computes a tissue luminance biomarker, which outperforms color-change 
biomarkers because of superior intrasubject consistency. The diagnosis is processed onboard and wirelessly trans-
mitted to an external mobile device. In vivo studies in swine (n = 9) demonstrated a diagnostic accuracy of 90%, 
with a sensitivity of 98% and specificity of 85%. By providing a noninvasive, real-time diagnostic solution, FIREFLI 
has the potential to facilitate earlier detection and treatment of AMI, ultimately improving patient outcomes.

INTRODUCTION
Mesenteric ischemia is a gastrointestinal (GI) condition that arises 
from insufficient blood flow to the mesenteric arteries, leading to inad-
equate perfusion of the intestines. Mesenteric ischemia can present ei-
ther acutely [acute mesenteric ischemia (AMI)] or chronically. AMI is 
particularly life threatening, with a short-term mortality of 55% (1), 
most commonly via bowel infarction, sepsis, and multiorgan failure (2).

Early detection of AMI and intervention are crucial for improv-
ing patient outcomes, but diagnosis remains challenging because of 
nonspecific symptoms and the need for high clinical suspicion. Pa-
tients often present with vague abdominal pain out of proportion 
with a physical exam, which can be mistaken for other, more com-
mon GI conditions (3, 4), delaying diagnosis and treatment. (5).

Initially, patients may undergo numerous diagnostic studies (e.g., 
blood tests, abdominal x-rays, and computed tomography without 
arterial contrast) to evaluate for more common conditions, but these 
modalities are generally insufficient for the diagnosis of AMI. If there 
is a higher suspicion for AMI, then traditional diagnostic methods 
may be obtained, such as computed tomography angiography (CTA) 
or mesenteric angiography (6). These modalities may provide a diag-
nosis, but acquisition is often delayed, and such techniques may also 
confer the risk of radiation exposure and contrast-induced nephropa-
thy. Additionally, interpretation of CTA requires expertise that may 
not be readily available, and mesenteric angiography is an invasive 
procedure requiring catheterization, specialized staff, and access to 
medical facilities. Diagnostic laparotomy is reserved for unstable 

patients or in cases where there is concern for advanced ischemia. As 
such, there is a need for more rapid, accessible, cost-effective, and 
minimally invasive diagnostic methods.

At this time, there is no specific biomarker for diagnosis of 
mesenteric ischemia (7). Although many have been proposed and 
studied, they may lack specificity, show conflicting results in clini-
cal studies, or lack sufficient validation and are ultimately unable 
to provide reliable diagnoses in the early stages of disease (8). Thus, 
multiple studies have investigated methods to determine previously 
unidentified biomarkers (9) or predictors (10) to enable rapid, min-
imally invasive diagnosis.

An alternative paradigm for minimally invasive diagnosis of GI 
conditions is through the use of pill-sized ingestible electronic de-
vices, which have unique access to a wide range of potential bio-
markers, analytes, and signals (11). Video capsule endoscopy has 
detected ischemia (12) or consequences of ischemia (13) in some 
cases, but its efficacy has not been validated; limitations in field of 
view, frame rate, and illumination may result in low sensitivity and 
specificity (14). Although some improvements can be made (e.g., 
wider-angle lenses and brighter illumination), they do not funda-
mentally resolve the issue of real-time quantification of an ischemia 
biomarker with high specificity and selectivity. Previous works pro-
posed ingestible gas sensors to detect gaseous GI biomarkers for in-
flammation such as hydrogen sulfide (15) or nitric oxide (NO) (16), 
with the NO biomarker showing promise in an in vivo swine model 
for ischemia. However, these sensors have many limitations, which 
may include high power consumption (17), vulnerability to mois-
ture ingress (16), and limited specificity and selectivity resulting in 
cross-talk with other GI gases (18). Other works have proposed in-
gestible luminescent sensors that detect color to diagnose upper GI 
bleeding (19). Given that ischemic intestinal tissues display sub-
stantial color changes because of the lack of blood flow and oxy-
genation (20), this is a potential avenue for diagnosis for ingestible 
devices (21).

In this work, we propose an ingestible device for diagnosing this 
disease: FIREFLI (finding ischemia via reflectance of light). Inspired 
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by the firefly, which emits light via pH-sensitive luciferase and de-
tects light for orientation during mating, FIREFLI emits light after 
activation in the small intestine (SI) and detects light reflectance for 
orientation and disease diagnosis (Fig. 1, A to C, and fig. S1). The 
ingestible electronic capsule (11.0-mm diameter and 26.2-mm length) 
has a form factor similar to the PillCam SB 3 capsule used for cap-
sule endoscopy (22). The device activates in the SI and operates with 
a 10% duty cycle to achieve a lifetime of 5.1 hours to enable diagno-
sis throughout SI transit. The electronic design comprises multiple 
stacking printed circuit boards (PCBs) for the microcontroller unit 
(MCU), antenna, logic level shifter, and sensing unit (Fig. 1B). The 
latter is a flexible PCB with three folding arms, each containing a 

white light-emitting diode (LED) and a 10-channel photodiode sen-
sor. The electronics are powered by two Li-ion batteries and housed 
inside a biocompatible, three-dimensionally (3D) printed case. Cut-
outs in the case expose the LEDs and sensors, which are covered by 
a clear plastic film. The case and film are hermetically sealed using 
ultraviolet (UV)–cure epoxy.

The device was validated via in vivo experiments in a swine animal 
model, chosen because its GI anatomy is comparable to that of 
humans (23). In swine, mesenteric ischemia was induced by the 
well-documented method of clamping the mesenteric blood ves-
sels (24–26). Using the tissue luminance biomarker, we demonstrated 
a diagnostic accuracy of 90% with a sensitivity of 98% and specificity 

Fig. 1. Overview of the bioinspired design of the ingestible device for diagnosing mesenteric ischemia. (A) Illustration of device operation. (B) Exploded and as-
sembled computer-aided design (CAD) models of device (26.2-mm length and 11.0-mm diameter). (C) Photographs of device and bioinspiration. C

R
E

D
IT

: (
C

) L
E

FT
: F

IR
E

FL
Y

 IM
A

G
E

 B
Y

 S
H

O
G

O
 U

E
M

U
R

A
/5

00
PX

 P
LU

S 
V

IA
 G

E
TT

Y
 IM

A
G

E
S

D
ow

nloaded from
 https://w

w
w

.science.org at T
he H

ong K
ong U

niversity of Science and T
echnology (G

uangzhou) on M
ay 25, 2026



Chen et al., Sci. Robot. 10, eadx1367 (2025)     22 October 2025

S c i e n c e  R o b o t i cs   |  R e s e a rc  h  Ar  t i c l e

3 of 11

of 85% (n = 9). We explored color change as an alternative biomarker 
but found that color change is only consistent on the outside of isch-
emic SI, not the inside. For device safety, the device was tested in am-
bulatory swine, showing safe GI transit with no contraindications 
(n = 3). Last, for communication, we demonstrated consistent 2.4-GHz 
wireless transmission from inside the SIs of swine to an external mo-
bile phone, enabling the device to send its diagnosis to a patient.

RESULTS
Mesenteric ischemia causes reduction in tissue luminance
To induce mesenteric ischemia in swine, the mesenteric blood ves-
sels proximal to the device’s location were clamped (Fig. 2, A to E). 
The experiments were performed first on a pilot cohort (n = 3) to 
determine the target biomarker and diagnostic threshold. The same 
threshold was used on the test cohort (n = 6) to validate the target 
biomarker. The test cohort used the ingestible device (Fig. 2B), 
whereas the pilot cohort used a slightly larger pilot device compris-
ing the same LED and sensors to emit and detect light. In the pilot 
cohort (Fig. 2, F to J), multiple trials were conducted in the same 
animal at different sections of the SI.

For each of the 10 channels of sensor data, we applied the correc-
tion factors and offsets, then applied a transformation matrix to 
compute the biomarker (Fig. 2F). The correction accounts for me-
chanical components of the device that affect optical properties, 
whereas the transformation converts the 10 channels of data into a 
measure of illuminance onto the sensor. This method computes sen-
sor illuminance in units of lux (how much light falls on the sensor 
surface), which is a measure of tissue luminance in units of candela 
per square meter (how much light is reflected by the tissue). The 
measurements of luminance are relative measurements, and the 
data are plotted in arbitrary units.

The onset of ischemia is rapid, usually within 5 to 10 min of 
clamping the SI. In the pilot cohort consisting of 24 trials in three 
swine, the luminance of ischemic SI decreased rapidly before stabi-
lizing after 5 to 10 min (Fig. 2G). This is hypothesized to be caused 
by changes in absorption/reflection due to tissue damage and hemo-
globin deoxygenation (further detailed in Discussion). After 20 and 
40 min of clamping the SI, the difference between healthy and isch-
emic SIs was statistically significant (***P < 0.01). From this, we 
selected the threshold for the luminance biomarker to maximize di-
agnostic accuracy in the pilot cohort, with values below the threshold 
indicating ischemia. The selected threshold was 85% of the average 
luminance of healthy tissue, resulting in a diagnostic accuracy of 89%, 
with a sensitivity of 98% and a specificity of 88% (fig. S2).

An aberration in the recorded data exists between 25 and 35 min 
for the ischemic dataset because of temporary failure of sensor com-
munication in one animal; connection was lost to the sensor at 
~25 min but was recovered by ~35 min, biasing the average lumi-
nance to the other trials during that period. The data loss occurred 
during the four trials of the first in vivo experiment. The pilot de-
vices were connected to microcontrollers via an interintegrated cir-
cuit (I2C) for data logging. During the period of 25 to 35 min, the 
microcontrollers dropped the connection to the sensors, and no data 
were logged. The missing data during this period were not imputed, 
resulting in the sudden decrease and increase. For subsequent in vivo 
experiments, we improved the mechanical and electrical connections 
between the pilot devices and the microcontrollers. No further data 
loss occurred in the subsequent experiments.

Another aberration was at time (t) = 0: Healthy and ischemic SIs 
should have comparable luminance before the onset of ischemia, yet 
ischemia tissue already showed lower luminance. This is because of 
the time delay after clamping; after clamping to SI, 1 to 3 min are 
required to position the jejunum and then reclamp or suture the 
abdominal incision. During this time, the jejunum is being posi-
tioned by researchers under surgical lighting, which adds random 
noise to the luminance measurements. Thus, although ischemia 
progresses during the first 1 to 3 min, measurements are not possi-
ble, resulting in the bias at t = 0.

Mesenteric ischemia causes inconsistent inner tissue 
color change
Qualitatively, the outside of an ischemic SI is visually striking, pre-
senting as blue/purple/black in contrast with the pink/red of a 
healthy SI. Thus, color change has been suggested in the literature as 
a biomarker for mesenteric ischemia for ingestible devices (21). In 
the pilot cohort, we used the collected data at 10 wavelengths from 
350 to 1000 nm to extrapolate a continuous color spectrum. From 
the color spectrum, we observed consistency in healthy SIs (Fig. 2H) 
but an increase in “blueness” in ischemic SIs (Fig. 2I). To measure 
this change, we tested biomarkers that sum the intensities of color at 
various wavelength bands. The 450- to 500-nm band showed initial 
promise (Fig. 2J), with statistically significant change after 20 min 
(**P = 0.008) and 40 min (**P = 0.06).

Unfortunately, statistical significance alone is insufficient; in the 
pilot cohort, the threshold that maximizes diagnostic accuracy only 
results in 65% accuracy, with a sensitivity of 37% and specificity of 
93% (fig. S3). These results are further backed by qualitative obser-
vations that the color change was observed on the outside of an isch-
emic SI, but not on the inside (Fig. 2H, inset). This is hypothesized 
to be because the color change is caused by bruising that occurs pri-
marily on the outer submucosa (further detailed in Discussion). In 
summary, color change is not a suitable biomarker of ischemia for 
ingestible devices, and we proceeded with the luminance biomarker 
for validation in the test cohort.

Device activates in the SI and communicates wirelessly
Here, we detail device characterizations to enable disease diagnosis 
during the entire SI transit and wireless communication. To achieve 
the necessary battery life, the device is duty cycled, with the LEDs 
off and the MCU in sleep mode while inactive. Although the SI tran-
sit time can range from 2 to 6 hours (27), the transit time for Pill-
Cam has a median of 4.6 hours (28), consistent with the transit time 
of 4.9 hours for solid meals in healthy male and female adults (29). 
With a duty cycle of 10%, the device has a battery life of 5.18 hours 
(Fig. 3, A and B), drawing 6 mA in sleep mode and 10 mA in active 
mode with one LED and sensor turned on. The device’s coin-cell– 
sized Li-ion batteries maintain a sufficient operating voltage until 
5.18 hours, at which point the voltage drops sharply and there is 
insufficient power to turn on the LEDs. Wireless communication is 
only required once to transmit the diagnosis, and this single in-
stance has a negligible contribution to the power budget. Lower 
duty cycles may be used to further increase device battery life to 
support the diagnosis of ischemia that occurs distally in patients 
with low GI motility (Fig. 3C).

Recall that the proposed biomarker was identified in a pilot co-
hort with a larger pilot device. The proposed device was designed 
with a diameter of 11.0 mm and is not expected to maintain contact 
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Fig. 2. In vivo swine study results with pilot device to determine biomarker for mesenteric ischemia. (A) Illustration of the in vivo swine experiment procedure to 
induce mesenteric ischemia. (B) CAD model of the noningestible pilot device used in the pilot cohort. (C) CAD model of the ingestible device used in the test cohort. 
(D) Illustrated procedure to implant the device. (E) Illustration of procedure to induce mesenteric ischemia by clamping blood vessels. (F) Illustration of sensing principle 
to compute the luminance biomarker. (G) Pilot cohort evaluation of luminance as a biomarker of mesenteric ischemia for 24 trials conducted in three pigs. (H) Sample 
pilot cohort color spectrum of healthy swine jejunum measured in vivo. (I) Sample pilot cohort color spectrum of ischemic swine jejunum measured in vivo for 24 trials 
conducted in three pigs. (J) Pilot cohort evaluation of color change as a biomarker of mesenteric ischemia. AU, arbitrary units.
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with SI mucosa in humans, which has an inner diameter averaging 
25 mm (30), in the same way. The device was designed with three 
arms, each holding an LED/photodiode pair to emit and detect 
light, but the device must be capable of selecting the side with opti-
mal contact. We found that the SI mucosa reflects more light than 
the SI lumen (Fig. 3D) in an ex vivo experiment with swine jejunum. 
Thus, to determine the side of optimal contact in the test cohort, the 
device is set to pulse and read from each of the three sides, selecting 
the side with the highest luminance for disease diagnosis.

For wireless communication, we studied the path loss of electro-
magnetic waves at frequencies commonly used in medical devices 
through simulation, in vivo experimentation, and comparison to lit-
erature (Fig. 3E). The simulation indicated an increase in transmis-
sion through the GI tract issue model at lower frequencies, consistent 

with the electrical permittivity and conductivity of human tissue 
known to vary with frequency. The simulated results did not account 
for potential losses due to efficiency, alignment, or impedance mis-
matches. Our measurement results for the 915-MHz and 2.4-GHz 
frequencies aligned with findings from previous studies, showing 
similar levels of transmission. At 2.4 GHz, the measured path loss was 
higher than the theoretical limit. This discrepancy is due to frequency 
shifts and changes in transmission characteristics when the chip 
antenna is placed near tissue. Further dynamic adjustments of the 
operating frequency and active impedance matching could enhance 
transmission at this frequency.

Despite this drawback, operating at 2.4 GHz offers an advan-
tage for miniaturization, given that the shorter wavelength allows 
for a more compact antenna design (31) at a more common 

Fig. 3. Electrical and chemical characterizations informing device design. (A) Battery voltage during device operation with LEDs/sensors at a 10% duty cycle. Data for 
(A) and (B) were measured concurrently. (B) Device current during operation with LEDs/sensors at a 10% duty cycle. (C) Device lifetime with duty cycling. (D) Ex vivo 
evaluation of luminance as a method to determine contact with porcine SI mucosa. Results were collected from in vivo swine experiments, with error bars indicating the 
SD of 12 readings on the same tissue. (E) Wireless transmission loss from simulation, references, and in vivo swine experiments. References are plotted at 1.5 GHz (51) and 
2.4 GHz (53). (F) Wireless data transmission strength of the ingestible device collected from in vivo swine experiments. The two trials were conducted in two different 
animals in a terminal setting. (G) Dissolution time of pH-sensitive polymer versus polymer thickness. (H) In vitro evaluation of device activation after dissolution of pH-
sensitive polymer in SIF, turning on the electronics (SIF).
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communication protocol (32). For effective radiation, the electric 
current path should be approximately a quarter wavelength of the an-
tenna’s size, directly correlating with frequency. However, miniatur-
izing the antenna to fit within the constraints of an ingestible device 
compromises this relationship, leading to reduced radiation efficiency 
due to the inverse correlation between frequency and antenna size. To 
validate the feasibility of 2.4-GHz communication, a prototype de-
vice with the same MCU and antenna as the final device was im-
planted in swine jejunum during an in vivo experiment; the device 
demonstrated consistent wireless data transmission to an external 
mobile device for the duration of the 30-min experiment (Fig. 3F). 
Thus, 2.4 GHz was selected as the communication frequency.

To prevent unnecessary power consumption, the device must 
not activate before entering the SI. This has the additional benefit of 
preventing inappropriate diagnoses in the esophagus or stomach. To 
achieve this, we used the Eudragit L100-55 polymer, which is de-
signed to degrade in the pH of the SI, but not in the pH of the esoph-
agus and stomach. Eudragit L100-55 has similar dissolution profiles 
in both human and porcine pH ranges on the basis of prior reports 
(33–35). In vitro experiments showed that the time of dissolution in 
simulated intestinal fluid (SIF), with a pH of ~6.8, can be tuned via 
thickness (Fig. 3G). At a thickness of 30 μm or more, the polymer 
showed stability in simulated gastric fluid (SGF), with a pH of ~1.2, 
even after 6 hours of immersion. On the device, 30 μm of the poly-
mer was spray coated between copper foil (thickness measured with 
a profilometer), which, upon dissolution, completes the electrical con-
nection to the batteries. This activation mechanism was validated 
in vitro with prototype devices, which were placed in SGF or SIF; if 
the mechanism activates, then an LED is connected to the battery 
and turns on (fig. S4). The results of this experiment suggested sta-
bility in SGF after 6 hours and dissolution in SIF after 3.5 ± 3.0 min 
(Fig.  3H). The disparity in SGF activation time in trial 2 is likely 
because of inconsistencies in device assembly and fabrication that 
affect the exposure of the Eudragit-L100-55 to the SGF.

Device enables accurate and safe diagnosis
We validated the proposed biomarker, threshold, and device design 
in a test cohort of n = 6 swine with one healthy and one ischemia 
trial in each animal. The device can select the sensing direction by 
determining the side of best contact—that is, the side with the high-
est luminance—in both healthy (Fig. 4A) and ischemic (Fig. 4B) jejuna. 
Notably, one unselected side in the sample healthy data (Fig. 4A) is 
below the diagnostic threshold. Without the determination of con-
tact, the device would have made a false-positive prediction in this 
trial. However, for most trials in the test cohort, the device main-
tained mucosal contact on all sides. Qualitatively, the device tended 
to fit snuggly inside the jejunum; in some cases, the swine jejunum 
was bloated, and the device would not have made mucosal contact 
on all sides, but the implantation procedure required an incision, 
deflating the jejunum.

In the test cohort, the device accurately diagnosed mesenteric 
ischemia using the threshold of luminance selected in the pilot co-
hort (Fig. 4C). As before, the onset of ischemia was rapid, usually 
within 5 to 10 min of clamping the SI. After 10 min of clamping the 
SI, the difference between healthy and ischemic SIs was statistically 
significant (***P < 0.01). Across the entire test cohort, the device 
achieved a diagnostic accuracy of 91%, with a sensitivity of 98% 
and a specificity of 85% (fig. S5). From the pilot cohort, the sample 
size required for 80% statistical power (Cohen’s D) was two for the 

luminance biomarker; thus, the test cohort had sufficient statistical 
power. Additionally, wireless transmission from the device was test-
ed successfully in two animals of the test cohort, enabling commu-
nication to an external mobile phone or antenna receiver (table S6).

To validate the safety of the device, we performed in vivo sur-
vival experiments in n = 3 ambulatory swine. The device was deliv-
ered to the stomach via an overtube under anesthesia, and x-ray 
images were taken in the subsequent days. In all trials, the x-ray 
images showed device passage inside the GI tract (Fig.  4D and 
fig. S6), and the animals were monitored for adverse effects show-
ing no contraindications (Fig.  4E). In two of the three trials, the 
device was recovered successfully after passage. In these two trials, 
inspection showed that the device retained its mechanical integrity 
with no biofouling or damage to the internal electronics (fig. S7), 
demonstrating safe passage.

DISCUSSION
AMI is associated with high morbidity and mortality, often because of 
diagnostic delays, given its nonspecific symptoms, and limitations of 
current diagnostic modalities, which are complex, costly, and invasive 
and frequently require specialized staff, equipment, and facilities. 
There is a critical need for alternative diagnostic approaches that are 
accurate, rapidly accessible, cost effective, and minimally invasive.

We proposed two potential biomarkers of mesenteric ischemia 
for ingestible devices: tissue luminance and color. Although the for-
mer enabled accurate diagnosis, the latter performed poorly and 
was prone to false-negative results. The device estimates luminance 
using 10 wavelengths of light across the visible spectrum. With few-
er channels or a narrower spectrum, luminance cannot be accurate-
ly estimated, with higher percentage errors as channels of data are 
eliminated (fig. S8).

Tissue luminance measures how much the emitted light illumi-
nates the tissue, with ischemic tissue demonstrating lower luminance. 
The reduction in luminance may be explained by a combination of 
factors. First, ischemia may lead to a disorganized, dense tissue struc-
ture because of the ischemic cascade, which causes mitochondrial 
damage, cell membrane damage, and a buildup of metabolic waste 
(36), resulting in tissue damage and hypoxia (37); consequently, isch-
emic tissue may reflect or scatter less light. In contrast, healthy tissue 
may exhibit an organized structure with intact cells (38), which may 
reflect or scatter more light and informs the technique of diffuse re-
flectance spectroscopy to differentiate the type of colon tissue (39). 
Second, ischemia involves a reduction in blood supply to tissues, re-
sulting in reduced delivery of nutrients to tissues as well as localized 
hypoxia. Deoxygenated hemoglobin absorbs more red light and less 
infrared light than oxygenated hemoglobin (40), resulting in lower 
luminance from light near this wavelength. The experiments used 
white LEDs shining light across the visible spectrum, but the absorp-
tion of deoxygenated hemoglobin across the full visible spectrum was 
not well characterized. However, we explored color change in the red 
wavelengths and found it insufficient to reliably detect mesenteric 
ischemia, suggesting that deoxygenated hemoglobin may absorb 
more light than oxygenated hemoglobin at other wavelengths in the 
visible spectrum. To better understand the underlying mechanism 
behind the reduction in luminance in ischemic tissue, future work 
will correlate histology with ex vivo spectroscopy.

Color change has been proposed in literature as a diagnostic for 
mesenteric ischemia, with one patent suggesting using wavelengths 
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of 540 to 620 nm (21). However, experimental results show that 
color change was only observed on the serosal surface of intestinal 
tissue. On the interior/luminal surface, it often appeared similar in 
color to healthy tissue, making this an unsuitable biomarker for in-
gestible devices. This is hypothesized to be because color change is 
caused by bruising (41), which is caused by injury to the blood ves-
sels surrounding tissue. The outer surface (serosa) of the SI contains 
larger blood vessels compared with the capillaries of the inner villi 
(42). Thus, the serosa would be expected to undergo bruising and 
color change, whereas the effect may be more limited on luminal/
mucosal surfaces. However, additional experiments would be required 
to validate this hypothesis.

The main strength of this study is the validation in a large sample 
size with sufficient statistical power. The limitations of the study in-
clude the lack of validation in ambulating animals. Long-term mon-
itoring in ambulating animals may provide additional diagnostic 
insights, especially in cases of borderline or progressive ischemia. 

The method for modeling mesenteric ischemia is severe and can 
only be performed in terminal settings under euthanasia.

For clinical translation, the proposed capsule (11.0 mm by 
26.2 mm) is comparable to the PillCam SB3 (11.4 mm by 26.2 mm), 
a widely used, US Food and Drug Administration–approved ingest-
ible capsule. Therefore, it is expected to be well tolerated. However, 
PillCam has a median gastric transit time of 58 min and SI transit 
time of 4.6 hours (28), resulting in a delayed diagnosis, especially 
if the site of ischemia is distal. However, this transit time can be 
greatly increased if the device is ingested with prokinetic agents 
(43). With a faster transit time, capsule orientation and movement 
may influence the quality of sensor acquisition. For orientation, the 
device can select the side of best contact using the 670-nm channel 
(Fig. 3C); side selection prevents diagnosis on a side with poor con-
tact, which may lead to false-positive or false-negative results (Fig. 4, 
A and B). For movement, human SI transit speed is not well charac-
terized, but we estimate that an average transit speed of 0.5 mm/s 

Fig. 4. In vivo swine study results with pilot device to validate biomarker for mesenteric ischemia. (A) Sample luminance biomarker values for healthy swine 
jejunum using a capsule with sensors on three sides. The black line is the side with best contact to the tissue. (B) Sample luminance biomarker values of ischemic swine 
jejunum using a capsule with sensors on three sides. The black line is the side with best contact to the tissue. (C) Test cohort validation of luminance as a biomarker of 
mesenteric ischemia for 12 trials conducted in six pigs. AU, arbitrary units. (D) Selection of x-ray images from the in vivo swine experiment verifying safe passage of the 
device. “Trial 1” in (D) and (E) refers to the same experiment. (E) Result of in vivo swine studies verifying safe passage of the device for three trials conducted in three pigs. 
“Transit time” refers to the minimum number of days postingestion after which the device is no longer present in the GI tract.
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would be typical based on SI length (44) and SI transit time (45). 
Using the ingestible device on phantom GI tissue, we show that de-
vice movement at <10 mm/s leads to an SD of <0.04 in sensor val-
ues of the 670-nm channel (fig.  S9); for healthy tissue, a typical 
magnitude of the 670-nm channel is 0.3 (fig. S10), suggesting that 
the capsule introduces a low but nonnegligible error. This error 
may be compensated with higher sensor sampling rates at the cost of 
higher power consumption.

For safety and biocompatibility, the in vivo survival studies demon-
strated safe passage with no adverse effects. The ingestible device was 
fabricated inside a 3D printed casing (BioMed clear resin, Formlabs) 
with an acrylic window for the sensors and sealed with a UV (ultra-
violet)–cure epoxy (AA352, Loctite). Both the BioMed clear resin 
(46) and the acrylic window are biocompatible (47). AA352 epoxy is 
intended for industrial use, but similar UV-cure epoxies are bio-
compatible assuming sufficient curing (48).

MATERIALS AND METHODS
In vivo studies
Animal experiments were performed in accordance with protocols 
approved by the Committee on Animal Care at the Massachusetts 
Institute of Technology (IACUC protocol number 2207000395) 
and the Institutional Animal Care and Use Committee at Accuro 
Farms (IACUC protocol number AZ003). Experiments were per-
formed in swine, because their GI anatomy is comparable to that 
of humans and because they are widely used as an in vivo model to 
evaluate medical devices in the GI tract. Experiments were per-
formed with 10 Yorkshire swine (CBSET Inc., Grafton, MA) aged 
5 to 9 months and weighing 60 to 100 kg. Nine swine were female, 
and one was male.

Experiments involving sensor measurements of healthy or isch-
emic SI were conducted in a terminal or nonsurvival setting under 
general anesthesia. Animals were fasted overnight. Pigs were sedated 
with Telazol (5 mg/kg, tiletamine/zolazepam) and xylazine (2 mg/kg), 
intubated, and maintained on 1 to 3% isoflurane in oxygen. Anes-
thetized animals were placed in dorsal recumbency on a heated sur-
gical table for thermal support. Heart rate, respiratory rate, end-tidal 
CO2, peripheral oxygen saturation (SpO2), noninvasive blood pres-
sure, and body temperature were monitored, and intravenous fluids 
were provided to maintain adequate hydration of the animal. Local 
subcutaneous infiltration with lidocaine or bupivacaine was per-
formed before making a surgical incision for local anesthesia. The 
jejunum was accessed via midline laparotomy. An incision of ~1 cm 
was made in the jejunum, and the pilot or test device was inserted 
~10 cm into the jejunum. The incision was then sealed via suture or 
via clamping. In ischemia trials, two hemostatic clamps were placed 
across the mesenteric vessels supplying the section of jejunum of 
interest. In all trials, the jejunum was then replaced into the abdo-
men along with any clamps, and the abdomen was sealed with ad-
ditional clamps; these steps required 1 to 3 min and were performed 
under surgical lights in the operating room. The rapid repositioning 
of the jejunum and the background lighting added random noise to 
luminance measurements, so measurements were not recorded dur-
ing this time. A surgical towel was placed over the swine’s abdomen 
to maintain its body temperature, and the time at which this final 
step was completed is shown as t = 0 in all presented results.

Experiments involving device safety and GI transit were con-
ducted in a survival setting. Pigs were fasted as described earlier 

and sedated with dexmedetomidine (0.03 mg/kg) and midazolam 
(0.25 mg/kg), intubated, and maintained on 1 to 3% isoflurane in 
oxygen. The device was delivered under anesthesia to the stomach 
endoscopically. The animal recovered, and radiographic images were 
acquired in the following days with the animal under sedation. De-
vice retrieval after GI transit was attempted by radiographically 
examining all bedding material in the animal’s enclosure.

Biomarker extraction
We analyzed two biomarkers for mesenteric ischemia: luminance 
and color change. Light reflectance data were gathered using AS7341 
sensors (AMS), which contain photodiodes that measure light in-
tensity across 10 spectral bands. At each sampling point, digital val-
ues were measured corresponding to the intensity of light at each 
wavelength. Correction factors and offsets provided by the manu-
facturer were applied to the raw sensor data as follows, which ac-
count for factors such as optical interference and spectral sensitivity 
differences between channels

Sensor_values = [V1, V2, …, V10]T

Correction_offset = [O1, O2, …, O10]T

Correction_factor = [F1, F2, …, F10]T

Corrected_values = Correction_factor × (Sensor_
values - Correction_offset)
where T is the vector transpose operator. To avoid confusion, we clar-
ify here that we calculated the illuminance on the sensor in units of 
lux (how much light falls on the sensor surface); this calculation of 
illuminance is a measure of tissue luminance in units of candela per 
square meter (how much light is reflected by the tissue). Illuminance 
is what is computed, whereas luminance is the actual biomarker. To 
calculate the illuminance in units of lux from a set of corrected 
sensor values, the data must first be transformed into the 1931 CIE 
(International Commission on Illumination) XYZ color space using a 
calibration matrix. Within the XYZ color space, the Y component rep-
resents luminance, and lux is determined by multiplying the ratio of 
the Y component to the sum of all components by 683

[X, Y, Z] = XYZ_Calibration_Matrix ×  
Corrected_Values

Illuminance_Lux = (Y/[X + Y + Z]) × 683
The color biomarker was calculated through the multiplication 

of corrected sensor values with a 720 -by-10 spectral calibration ma-
trix, where each row of the matrix represents a 1-nm increment 
across the color spectrum. The resulting values were normalized to 
the maximum spectral value. The color data were then derived by 
summing the spectral values corresponding to the desired wave-
length range; 450 to 500 nm was selected because it represented a 
change in the blueness of ischemic tissue

Spectrum = Spectral_Calibration_Matrix × 
Corrected_values

Normalized_spectrum = Spectrum/MAX(Spectrum)
Color = Sum of Normalized_specturm
To calculate the effect of the number of sensor channels on bio-

marker estimation accuracy, we used the following method. The raw 
data were multiplied into a spectral calibration matrix provided by 
the manufacturer (AMS) to construct a normalized color spectrum 
[S(λ)] with a 1-nm step size from 410 to 750 nm. Each value in the 
spectrum was multiplied by CIE color matching functions [X(λ), 
Y(λ), and Z(λ)] (49) and LED lamp illuminant tables [I(λ)] (50) 
and then integrated across the wavelength range to transform the 
reconstructed spectrum to the CIE 1913 XYZ color space. The XYZ 

D
ow

nloaded from
 https://w

w
w

.science.org at T
he H

ong K
ong U

niversity of Science and T
echnology (G

uangzhou) on M
ay 25, 2026



Chen et al., Sci. Robot. 10, eadx1367 (2025)     22 October 2025

S c i e n c e  R o b o t i cs   |  R e s e a rc  h  Ar  t i c l e

9 of 11

coordinates were normalized, and the Y coordinate was multiplied 
by 683 to yield the final value in units of lux

X = ∫ X(λ)·I(λ)·S(λ) dλ
Y = ∫ Y(λ)·I(λ)·S(λ) dλ
Z = ∫ Z(λ)·I(λ)·S(λ) dλ
Lux = (Y/[X + Y + Z]) × 683
To simulate a device with fewer sensor channels, this process was 

modified to compare the sensor channels of the device against a lesser 
number of channels (fig. S8). The same raw sensor data were multi-
plied directly into the CIE color matching and reference illuminant 
functions and then integrated across the sensor’s wavelength range to 
compute luminance. This process was repeated, whereby, for each rep-
etition, one channel was omitted from the XYZ and lux computation.

To verify sensor calibration, we performed baseline measurement 
with reference colors. A test device with an LED set to 4 mA and a 
photodiode sampling at 25 Hz was used. The device was used to 
make measurements of seven different colors of construction paper 
(993200, Crayola). Sensor output values were then converted into a 
color spectrum as previously described. The results showed a dis-
tinct shift in the spectrum corresponding to color (fig. S11).

To verify sensor detection of motion, a test capsule was attached 
to a robotic arm (Braccio, Tinkerkit) and moved across synthetic 
gastric tissue (141670, SynDaver). A test device with an LED set to 
4 mA and a photodiode sampling at 25 Hz were used. Data were 
recorded for a stationary trial and nine moving trials with varying 
device speed, starting from the estimated SI transit speed [0.5 mm/s 
based on SI length (44) and SI transit time (45)]. The SD of the 
630-nm channel was plotted against device speed (fig. S9).

Electrical design and characterization
The device contains four PCBs for the antenna, MCU, level shifter, 
and LEDs/sensors. The PCBs were manufactured and assembled by 
Rush PCB (Milpitas, CA) and stacked axially using mezzanine con-
nectors. The boards were powered by two coin-cell–sized Li-ion bat-
teries (LPM0840, LiPol) connected in parallel. The antenna and MCU 
boards together contained an nRF5340 system-on-chip MCU (Nordic 
Semiconductor) and a 2.4-GHz chip antenna (2450AT07A0100, 
Johanson Technology). The MCU board was rigid with six layers, 
whereas the antenna board was flexible, enabling the chip antenna to 
bend and an air gap around the chip antenna.

To determine the device’s power profile and to verify the device’s 
battery life, the final electronics were used with LEDs/sensors oper-
ating at a 10% duty cycle. The MCU, sensor, and level-shifting PCBs 
were powered by two LPM0840 LiPo batteries charged to 4.2 V and 
connected in parallel. Current consumption was monitored using 
an ammeter (Power Profiler Kit II, Nordic Semiconductor), and bat-
tery voltage during discharge was recorded with a voltmeter (34470A 
Digital Multimeter, Keysight).

Although the nRF5340 is capable of voltage regulation, we ob-
served inconsistent behavior in low-power mode. When designing 
the PCB containing the MCU, we made the decision to omit some 
components required for operating the switching converters. This 
was a trade-off between size and power consumption. However, we 
believed that not using the switching converter caused issues when 
trying to configure the chip to operate at different input/output (I/O) 
voltages. Thus, the next board was a level shifter that intercepted the 
3.3-V I2C signal output from the MCU, shifting the logic level down 
to 1.8 V. The final board contained three arms, each with a white 
LED and an AS7341 sensor that bent at a 90° angle. The main body 

of the sensor board contained vias for the 3.3-V input and ground 
pins, which were used for connections to the batteries and the 
pH-activation mechanism. Raw sensor values from the sensors were 
passed through the level-shifting board, recorded by the MCU, and 
transmitted to an external device via the antenna. Power profiling was 
performed using the Power Profiler Kit II (Nordic Semiconductor).

Firmware was built using the nRF Connect SDK in Visual Studio 
Code. The signals from 10 channels were routed to a six-channel 
analog-to-digital converter via a super multiplexer configured by 
the device firmware. The LEDs were set to 4-mA power consump-
tion. The MCU switched between sleep and active mode, and it per-
formed sensor control and biomarker extraction (fig.  S1). Initial 
firmware for wireless communication used the Nordic UART Ser-
vice (NUS), which emulates a serial port over Bluetooth. Although 
this worked during in vivo swine animal experiments, NUS requires 
a constant connection between the device and the external mobile 
device, meaning communication would stop even if the connection 
was only briefly lost. A constant connection was not required, because 
the device only needed to transmit its diagnosis and did not need to 
receive any data. Thus, the final firmware for wireless communication 
used the Bluetooth Mesh networking standard, allowing the device to 
advertise messages to be read by an external receiver.

Wireless communication experiments
To evaluate the feasibility of wireless transmission at different frequen-
cies, we performed simulations and in vivo experiments. Simulations 
were performed in CST Studio Suite (Dassault Systems). The simula-
tion component used a detailed four-layer GI tract tissue model, which 
included the skin, fat, muscle, and stomach layers, set up in a method 
similar to that in previous work (51) with dielectric properties from an 
established database (52). This model was used to evaluate wave trans-
mission across a broad frequency range from 200 MHz to 4 GHz. We 
introduced a plane wave with normal incidence via waveguide ports at 
the stomach layer and measured the transmission from the skin layer. 
To enhance the realism of the model, appropriate air gaps were includ-
ed, which helped simulate the actual conditions in the human body.

In vivo experiments were performed in swine with protocols ap-
proved by the Committee on Animal Care at the Massachusetts Insti-
tute of Technology. We investigated key industrial, scientific, and 
medical bands: 902.8 to 928 MHz and 2.4 to 2.5 GHz. The transmitter 
millimeter-sized antennas (2450AT07A0100, Johanson Technology 
for 2.4 GHz, M620720, Kyocera AVX for 915 MHz) were designed for 
far-field operation and positioned in the stomach after laparotomy. 
The receiver used two different panel antennas for 915 MHz and 
2.4 GHz that were placed roughly 10 cm away from the animal.

For testing wireless communication with the device, we tested 
communication to both an external mobile phone (iPhone 13) and 
a receiver antenna (MD24-12 panel antenna, TE Connectivity with 
SH24Gi4000 signal booster, Sunhans) connected to an nRF5340 de-
velopment kit. Connection to the mobile phone was established us-
ing the nRF Connect mobile application. A message containing 
sensor data was transmitted, and the received signal strength indica-
tor from each message was recorded. In all experiments, the receiver 
device was placed on top of a blanket, which, in turn, was placed on 
top of the swine’s abdomen.

pH-activation mechanism
For the initial in vitro test, glass slides were spray coated (Exacta-
Coat, Sono-Tek) with a solution of 5 g of Eudragit L100-55 dissolved 
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in 40 ml of isopropanol and 60 ml of acetone. The thicknesses of 
coatings of less than 40 μm thick were measured using a profilome-
ter (VK-X3050, KEYENCE). The thicknesses of coatings of greater 
than 40 μm thick were extrapolated using the number of spray-
coater passes (fig. S12) with a linear fit [coefficient of determination 
(R2) =  0.997]. The solvents were allowed to evaporate after spray 
coating. For the device, copper foil with conductive adhesive was 
spray coated with the same polymer. Dissolution testing was per-
formed with SGF (7108-16, Ricca) and SIF (7109.75-16, Ricca). 
Time-lapse videos captured the timing of the dissolution or lack 
thereof. Device assembly was performed by hand, and coatings may 
have been inadvertently scratched, leading to variation in dissolu-
tion times in SGF and SIF.

The capsule cap for the device held the dissolution mechanism. It 
was 3D printed (Objet 260 Connex 3, Stratasys) to hold the polymer-
coated copper. The cap held two hemispherical foil mounts whose 
peaks were spaced 350 μm apart. One hemisphere protruded from 
the base of the cap, whereas the other was suspended above it by 
thin, deformable walls. When the gap between the hemispheres was 
increased, the walls applied a small spring force to the upper hemi-
sphere, pushing it to its initial position. Two stacked pieces of 
polymer-coated copper foil had a thickness of 600 μm. When the 
pieces were placed between the hemispheres, a constant pressure 
was exerted on the tape, ensuring adequate contact. Upon dissolu-
tion, the copper pads completed the circuit, turning on the electron-
ics (fig. S4).

Device fabrication and assembly
The pilot device used was an AS7341 Breakout Board (Adafruit) 
with the Qwiic connectors removed. The device was protected by a 
3D printed case (BioMed clear resin printed with Form 3, Formlabs) 
and covered by a clear, acrylic panel. UV-cure epoxy (AA352, Loctite) 
was applied to limit moisture ingress. Wires measuring ~1.5 m ex-
tended from the pilot device for powering and serial communica-
tion. This device measured 31.8 mm by 24.2 mm by 8.0 mm and was 
inserted surgically for data collection.

The test device had a 3D printed outer body (Form 3, Formlabs) 
with cutouts for the white LEDs and AS7341 sensor with multichannel 
photodiodes. The capsule cap with the dissolution mechanism was 
3D printed (Stratasys). The device was assembled by first stacking 
two 3.8-V Li-ion batteries (LPM0840, LiPol Battery) soldered in par-
allel. The PCBs for the antenna, microcontroller, level shifter, and sen-
sor board were assembled via mezzanine connectors to form one 
stack, with the sensor board at the bottom. The batteries were placed 
below the sensor PCB, and the arms of the sensor PCB were folded 
upward at a 90° angle. The negative terminal of the battery was sol-
dered to a pin on the sensor board. The positive terminal of the bat-
teries and a wire from a pin on the sensor board protruded from 
this assembly. The stack of PCBs and batteries was placed into the 3D 
printed outer body.

The capsule cap held the device activation mechanism. Two 
3-mm–by–3-mm pieces of polymer-coated copper foil were cut. 
The protruding wires were attached to the back of the copper foil via 
adhesives. The foil pieces were then inserted into the gap on the cap 
and secured with adhesives, oriented to ensure that the polymer-
coated sides of the copper foil made contact. All components and 
holes for the protruding wire were sealed using UV-cure epoxy 
(AA352, Loctite), completing the assembly.

Data processing and statistical analysis
In the pilot cohort, there were 16 ischemia trials and 8 baseline tri-
als. To evaluate the data in a balanced dataset, we randomly selected 
8 of the 16 ischemia trials. In both the pilot and test cohorts, base-
line trials were recorded for less time than ischemia trials. For base-
line trials, we randomly sampled 50 data points in each trial. For 
ischemia trials, we randomly sampled 50 data points after 10 min in 
each trial because we considered ischemia to have been fully in-
duced after 10 min. Statistical significance between the healthy and 
ischemia groups was determined via Student’s t test.

In the pilot cohort, we selected optimal diagnostic thresholds for 
the luminance and color biomarkers. These thresholds were identi-
fied by sweeping the range from the minimum to maximum bio-
marker values and then identifying the value with the highest 
classification accuracy. Data from all trials were tested against these 
thresholds to compute true-positive, false-negative, true-negative, 
and false-positive results for each biomarker. In the pilot cohort, 
combinations of the luminance and color-change biomarkers were 
tested, but no combination resulted in a higher diagnostic accuracy 
than using the luminance biomarker alone. P testing was performed 
for each biomarker at t = 0, 20, and 40 min to evaluate statistical 
significance between ischemia trials versus healthy trials. Diagnos-
tic accuracy, sensitivity, and specificity are reported for the individ-
ual cohorts as well as the combined cohort of n = 9; for the latter, the 
reported values were weighed by the population size of the cohorts.

In the test cohort, the device was preset to have the same sensor 
sensitivity as the pilot device. Validation of the test cohort used 
the same threshold as the pilot cohort. The biomarker’s diagnostic 
threshold was not informed by data collected in the test cohort.

Supplementary Materials
This PDF file includes:
Figs. S1 to S12
Table S1
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