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Abstract
Hydronephrosis, a serious complication of ureteral stents, can lead to deterioration of renal function due to prolonged
increased intrarenal pressure. Currently, the only way to diagnose hydronephrosis is radiographic imaging, and a
continuous, non-invasive method is not available. This study introduces the ureteral stent sleeve, UroSleeve, a modular
wireless pressure monitoring system that is designed to integrate seamlessly with standard ureteral stents without
altering their existing designs or manufacturing processes. The UroSleeve incorporates a flexible printed-circuit-board-
based spiral antenna and a surface-micromachined capacitive pressure sensor, forming an inductor-capacitor tank
circuit capable of wireless telemetry through near-field inductive coupling. The device was evaluated in an ex vivo
porcine kidney model whose internal pressure was externally controlled to mimic a hydronephrosis condition, and
kidney pressure changes were successfully monitored by detecting shifts in the resonant frequency of the device. Key
results demonstrated a high sensitivity with -5.3 ± 0.74 kHz/mmHg with a baseline resonant frequency of 15.234 MHz
at 8.5 mmHg. The frequency response showed a strong correlation with kidney pressure, and the device maintained
consistent performance in a relevant biological environment. The results indicate that UroSleeve offers a practical and
versatile solution for wireless intrarenal pressure monitoring, amenable to future clinical translation.

Introduction
Ureteral stents play a pivotal role in modern urological

interventions, serving as indispensable devices in the
management of various urinary tract conditions including
the treatment of kidney stones, ureteral strictures, and
post-surgical interventions1,2. These thin, flexible poly-
meric tubes are routinely deployed by urologists to alle-
viate obstructions, facilitate urine flow, and promote
kidney function1,2. Stents typically range from 12 to 30 cm
in length and 1.5 to 3 mm in diameter, depending on the
specific medical application and patient anatomy3. The
double-J structure is a common design used in stents,
characterized by its curled ends that resemble the letter
“J” on both sides4. This shape helps anchor the stent in

place, preventing it from migrating while ensuring proper
fluid drainage1,2.
Despite their numerous benefits, ureteral stents are

notorious for post-implantation complications including
patient discomfort, urinary symptoms, and, if they stop
functioning and the lumen becomes blocked, can cause
hydronephrosis (swelling of the kidney) – a late compli-
cation due to obstructed urine flow that risks deteriora-
tion of renal function due to prolonged elevated intrarenal
pressure (average 32.5 mmHg for chronic obstructions,
74.5 mmHg acute, 10.2 mmHg for unobstructed)5,6. If the
kidney remains obstructed for a prolonged length of time
and hydronephrosis persists, this can result in permanent
loss of at least some kidney function7,8. Earlier identifi-
cation of hydronephrosis would help clinicians initiate an
earlier intervention to perform an operation to change the
stent7,8. Currently available diagnostic techniques, such as
X-rays, computed tomography scans, or ultrasound ima-
ging, lack the ability for continuous, noninvasive, and
remote monitoring of patients for early detection of
hydronephrosis7,8. Recent wearable ultrasound platforms
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have also been explored for physiological monitoring,
including flexible bladder volume tracking patches9, skin-
mounted ultrasound arrays that estimate arterial pressure
from arterial wall motion10, and resonant shell ultrasound
devices for pressure inference in compliant vessels11.
These technologies represent progress in noninvasive
monitoring, but they infer pressure or volume indirectly
from geometric or resonance-based signatures. In ureteral
obstruction, renal pelvis pressure does not exhibit a vali-
dated or monotonic ultrasound detectable geometric
change, and hydronephrosis-related dilation is nonlinear
and varies with renal compliance and obstruction sever-
ity12. These ultrasound approaches are therefore com-
plementary rather than functionally equivalent to the
direct intraluminal pressure quantification targeted by the
UroSleeve.
Previous studies attempted to address both direct and

remote monitoring by demonstrating an intelligent uret-
eral stent with a radiofrequency near-field electro-
magnetic antenna and a micro pressure sensor for
resonance-based wireless monitoring of kidney pres-
sure13–16. The studies revolved around modifying the
structure of existing double-J ureteral stents using laser
micromachining to engrave the stents, followed by refill-
ing with copper using electroplating to embed a wireless
antenna into the micromachined grooves, and then elec-
trically connecting an off-the-shelf pressure sensor to the
antenna13–16. While these studies laid the groundwork for
advancements in the field, limitations persist due to the
invasive manufacturing process, which requires mod-
ification of well-established stent manufacturing pro-
cesses. This design and fabrication approach also limits
the size and shape of the antenna and restricts the
mechanical flexibility of the modified ureteral stents and
custom copper antenna. Flexibility of the stent is neces-
sary for insertion over a guidewire.
This paper aims to fill the critical need for remote

monitoring while addressing the limitations in the current
research efforts. A proof-of-concept ureteral stent sleeve,
named “UroSleeve“ in this work, is introduced as a
modular solution to wireless pressure sensing that can be
adapted to fit snugly over the renal pelvis dwelling region
of potentially any type of stent and does not require
modifying stent manufacturing technologies. The Uro-
Sleeve incorporates an antenna built using flexible
printed-circuit-board manufacturing techniques that
enable more complex antenna designs at higher resolu-
tion, and a Tesla-valve enabled touch mode capacitive
pressure sensor inspired by the published switch mode
capacitive pressure sensor technology17. The modular
solution enables cost efficiency, faster adoption, and
broader compatibility with different stent types, while
reducing risks and regulatory hurdles. This approach
simplifies integration into clinical practice, making it a

versatile and practical solution for wireless pressure sen-
sing in ureteral stents.

Ureteral stent sleeve design
Working principle
The UroSleeve is placed over a ureteral stent with the

pressure sensor located on the renal pelvis dwelling part
of the stent such that after implantation, the electrically
active device tracks changes in kidney pressure due to
hydronephrosis (Fig. 1). The working principle is based on
wireless telemetry using the dynamics of an inductor-
capacitor circuit (also referred to as an LC tank circuit)
embedded into the UroSleeve (transmitter) and excited by
an external antenna (reader) using near-field wireless
inductive coupling. The spatial proximity between the
transmitting entity (the UroSleeve LC tank) and a
receiving antenna (a powered external antenna in the
form of a reader inductor or a reader LC tank) enables
efficient energy transfer and communication by exciting
resonance in the UroSleeve LC tank without the need for
an onboard power source or battery. The theory of
wireless near-field inductive coupling is well described
elsewhere18–20. Briefly, the resonant frequency of the
UroSleeve transmitter, f s, is defined as:

f s ¼ 1

2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LsCsðpÞ

p ; ð1Þ

where Ls signifies the inductance of the transmitter coil
and Cs signifies the capacitance of the transmitter coil as
a function of kidney pressure, p. The sensitivity of the
resultant frequency shift due to the capacitive shift can be
related by differentiating the LC tank expression as a
function of pressure and is expressed as:

dC
dp

¼ �4π
ffiffiffi
L

p
C

3
2
df s
dp

: ð2Þ

Moreover, the quality factor (Q factor), Qs, a critical
metric characterizing the efficiency of the tank circuit and,
consequently, the effectiveness of the wireless telemetry,
is expressed as:

Qs ¼ 1
Rs

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Ls

CsðpÞ

s
; ð3Þ

where Rs denotes the parasitic resistance of the tank
circuit.
When approached by the external reader antenna, near-

field inductive coupling with the UroSleeve LC tank
induces a dip in the phase, Δφdip, of the reader antenna at
the exact resonant frequency of the UroSleeve LC tank
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transmitter. The phase dip can be approximated as:

Δφdip ffi tan�1 2πf sM
2

RsLr

� �
¼ tan�1 QsK

2
� �

; ð4Þ

where Lr represents the inductance of the external reader
antenna, M denotes the mutual inductance between the
transmitter’s coil and the external reader antenna, and K
is the coupling coefficient.

Tesla-valve enabled touch mode capacitive
pressure sensor
The sensor for renal pelvis monitoring was selected to

maximize the capacitive sensing signal relative to
changes in renal pelvis pressure. Building on our “switch
mode” capacitive pressure sensors reported in17, we
developed a Tesla-valve enabled “touch mode” capaci-
tive pressure sensor that expanded on the earlier work
on this type of sensor pioneered by Ko and Qiang21,22,
highlighting the versatility of integrating Tesla-valves
into pressure sensor technology. This touch mode sen-
sor utilizes a pressure-sensitive membrane as a flexible
capacitive electrode where, within the designated pres-
sure range, the membrane comes into contact with a
thin dielectric layer covering a stationary counter elec-
trode on the sensor’s substrate (see Fig. 2h). As a
function of pressure, the contact area of the membrane
expands, leading to a corresponding increase in capa-
citance. Consequently, the touch mode sensor functions

as a pressure-sensitive capacitor that relies on variations
in contact area, which results in larger capacitive signals
compared to the “normal mode” capacitive pressure
sensors that are based on changes in the distance
between the capacitive electrodes. The Tesla-valves
integrated into the sensor architecture enable the for-
mation of a vacuum-sealed capacitive structure in a
more effective and streamlined manner. Briefly, micro-
scale Tesla-valves are designed into channels to the
capacitive electrode cavity where they enable unidirec-
tional fluidic flow using teardrop-shaped loops, which is
pivotal for microfabrication and final packaging. On-
chip micro Tesla-valves, with unique channel structures,
facilitate cavity sacrificial layer release and sealing
through vapor-phase thin-film deposition. The sacrifi-
cial layer dissolves in the shortest path opposite to the
one-way Tesla-valves during membrane release, pre-
venting residue entrapment. Next, vacuum-sealing the
cavity is achieved by biocompatible packaging with
Parylene C, where the Tesla-valves block the channels
to the membrane before any vaporized Parylene mole-
cules make it to the membrane. While touch mode
capacitive pressure sensors commonly rely on a
vacuum cavity, the Tesla-valve channels in this design
serve two additional purposes beyond standard sealing:
(i) They allow the vacuum to be created in situ during
the final room-temperature Parylene encapsulation
rather than requiring a separate cavity-bonding or
wafer-level sealing step23, simplifying the overall pro-
cess, and (ii) they prevent Parylene from depositing
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Fig. 1 UroSleeve concept, device architecture, and wireless pressure sensing principle. a Schematic of a kidney with a UroSleeve for wireless
intrarenal pressure sensing via inductive coupling to an external RF reader. b Schematic illustrating the UroSleeve placement on a ureteral stent.
c Image of the UroSleeve integrated into a commercial 6-Fr double-J ureteral stent (Contour Ureteral Stent, Boston Scientific, USA). d Close-up image
of the integrated UroSleeve near the sensor region. e Scanning electron micrograph (SEM) of the Tesla-valve enabled touch mode capacitive
pressure sensors, highlighting the sensing membrane and the Tesla-valve channels used for sacrificial membrane release. f Radiograph showing
unilateral hydronephrosis with dilation of the renal pelvis and calyces (anonymized clinical image). g Circuit diagram of the wireless UroSleeve system
showing its variable capacitive component as a function of renal pressure (Cs), antenna inductance (Ls), resistance (Rs), and mutual inductance (M)
with an external reader’s inductance (Lr ), resistance (Rr ), capacitance (Cr ), and RF voltage source (V) supplied from an RF impedance analyzer
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inside the cavity, which would otherwise alter the
membrane–electrode gap and reduce the available
touch mode capacitance and dynamic range; by pre-
serving a clean, fixed cavity geometry during packaging,
the Tesla-valve structure helps maintain the intended
sensing characteristics.

The performance of the sensor can be summarized by:

Cs pð Þ ¼ Ctouch pð Þ þ Cnoncontact pð Þ þ Cstructural ; ð5Þ

where Ctouch pð Þ is the touch mode capacitance from the
part of the suspended membrane electrode in contact
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Fig. 2 Fabrication process flow of the Tesla-valve enabled touch mode capacitive pressure sensor. a–h Cross-sectional illustrations outlining
the fabrication steps for the Tesla-valve enabled capacitive pressure sensors. (drawings are schematic and not to scale). i SEM of the sensing
membrane together with the micro-Tesla-valve channels. j SEM of the microchannel network used for membrane release and subsequent cavity
sealing. The highlighted blue path indicates how the sacrificial layer is removed beneath the membrane, and the yellow paths show the
progressively attenuated Parylene flow during sealing as it passes successive Tesla-valve elements until fully blocked from the cavity (lines show only
one half of the symmetric layout). k 3D surface profile of the membrane after release, prior to Parylene coating, illustrating a flat and undeformed
structure. l Corresponding membrane profile after Parylene sealing at ambient pressure, showing the expected downward deflection produced by
formation of the sealed cavity (color scale bar applies to panels (k) and (l))
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with the insulator-coated fixed bottom electrode,
Cnoncontact pð Þ is the capacitance from the remaining part
of the membrane not in contact with the bottom
electrode, and Cstructural is the parasitic capacitance from
all the structural components of the sensor. The touch
mode capacitance is expressed by a circular area integral
as:

Ctouch pð Þ ¼
Z rt pð Þ

0

εd
td

2πrdr; ð6Þ

where r denotes the polar radial position on the
membrane solved within the range from 0 to rt pð Þ, εd is
the dielectric constant of the insulator (silicon nitride)
with thickness denoted as td . Upon solving, the touch
mode capacitance exhibits a linear increase until mem-
brane deflection begins to saturate, reaching a plateau, as
observed in previous studies21,22. In contrast, the capaci-
tance Cnoncontact pð Þ is deemed negligible when compared
to Ctouch pð Þ because the vacuum cavity thickness
significantly exceeds the silicon nitride thickness respon-
sible for the touch mode capacitance (more details on
modeling Cnoncontact pð Þ can be found in24). Finally, the
parasitic capacitance of the sensor is defined as:

Cstructural ¼ εdAstructural

td
; ð7Þ

where Astructural represents the parasitic capacitance area
resulting from the structural components. Table 1
summarizes the chosen sensor design parameters. The
sensor chip is configured to have a narrow rectangular
shape (0.87 × 3.2 mm2) that is suitable for packaging onto
the tubular platform of the UroSleeve with minimal
physical projection when aligned in parallel to the axis of
the platform.

Transmitter spiral antenna and external reader antenna
The inductor of the UroSleeve is based on bending a

planar spiral inductor around the cylindrical shape of
ureteral stents. Spiral inductors exhibit distinctive elec-
tromagnetic fields where the spiral winding gives rise to a
concentrated magnetic field influenced by the dimensions
and shape of the spiral19,25. The theory for spiral inductors
is well-established and documented elsewhere19,25. Briefly,
adjacent coil turns within the spiral electromagnetically
couple to generate a more pronounced electromagnetic
field and spatial distribution of the magnetic flux. The
spiral antenna design considerations include the physical
parameters and shape, like the number of turns and
dimension, and are selected to maximize the Q factor, via
raising its inductance by increasing the spiral length and
number of turns while minimizing the resistance by
increasing the cross-sectional area of the spiral lines,

Table 1 Design parameters for the UroSleeve with the
integrated antenna and pressure sensor as well as the
external reader antenna used – σ: internal residual stress,
E: Young’s modulus, ν: Poisson’s ratio, ε: dielectric
permittivity R: DC resistance, L: inductance, fr: reflectance
peak of the external reader antenna

Parameter Size [µm] Relevant parameters

Tesla-valve enabled touch mode capacitive pressure sensor

Sensor chip

Width 870

Length 3200

Substrate thickness 500

Sensor membrane σ 26 MPa

Radius 250

Au thickness 2.85a E 78 GPa, ν 0.44

Ti adhesion layer

thickness

0.02 E 116 GPa, ν 0.32

Parylene C thickness 4.6 E 2.76 GPa, ν 0.40

Sensor gap (before

deflection)

2.8

Sensor dielectric

Sensor dielectric Si3N4

thickness

0.275 ε 9.7b

Tesla-valve channels 4 Channels/Cavity

Overall length 178

Overall width 420

Channel entrance width 10

UroSleeve 9 loop spiral

antenna

R 1.4 ohm, L: 1.97 µH @ 15.1 MHz,

fr 18.1 MHz

Length 50,000

Outer spiral width 8270

Inner spiral width 2110

Cu Line width 200

Cu Line thickness 70

Polyimide substrate

thickness

25

Assembled bend

curvaturec
2790

External reader 10 loop

inductor

R 0.1 ohm, 4.5 µH @ 16.7 MHz, fr
28.5 MHz

Overall length 50,000

Overall width 8000

Wire thickness 510.6 24-gauge magnetic wire

aThe fabricated sensor had a 2.85-µm thickness based on FEM simulation to
place the sensor in touch mode when the sensor cavity is under vacuum
bThe constant was experimentally measured using the capacitance and the
known surface area of characterization structures
cThe curvature is based on the assembly of a 6-Fr double-J ureteral stent
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within the target overall area of ~8.27 × 50 mm2 square.
Table 1 summarizes the chosen spiral dimensions based
on the dimensional constraints of a 6-Fr (2-mm outside
diameter) double-J ureteral stent.
The external reader antenna has a simpler design, as it

has no spatial constraints like the UroSleeve, and is based
on a looped inductor that is connected to the analyzer for
remote tracking of pressure change applied to the sensor.
The number of loops on the external reader is chosen to
maintain the inductor self-resonance as close as possible
above the UroSleeve resonance frequency without hin-
dering the ability to measure variations in the LC tank
properties (Table 1).

UroSleeve fabrication
Sensor fabrication
The Tesla-valve enabled touch mode sensor was fabri-

cated using a process flow based on the switch mode
sensor17 but with different layer layout designs (Fig. 2).
Briefly, a fixed electrode layer is deposited on a silicon
wafer (Fig. 2a) through Ti/Au electron-beam evaporation
and patterned at 4-μm resolution using a bilayer lift-off
process with LOR3A and S1813 photoresists (Fig. 2b).
Subsequently, a 275-nm Si3N4 film is deposited using
plasma-enhanced chemical vapor deposition and selec-
tively etched using reactive ion etching with a S1813
patterned photoresist layer (Fig. 2c). A sacrificial layer is
then formed by spin coating a bilayer of LOR30C and
S1805 photoresists. The bilayer is UV exposed and
developed upside down to ensure a positive sidewall
profile underneath the S1805, a crucial detail that ensures
conformality of a future sputter step. The sacrificial layer
is finalized with a 20-second acetone dip that dissolves the
S1805 without affecting the LOR30C layer (Fig. 2d). A
membrane layer is then created by sputtering Ti/Au (20/
300 nm), serving as a seed layer for gold electroplating to
complete the membrane. To form an electroplating mold,
AZ P4620 photoresist is spin-coated, UV-patterned, and
left undeveloped to act as a protective layer during a
subsequent wafer dicing step that separates the wafer into
13 × 13-mm2 chips. After the dicing, the mold is devel-
oped and hard-baked, then individual chips are electro-
plated in a bath of potassium aurocyanide (Fig. 2e). Post-
electroplating, the mold is stripped, and a new pattern of
AZ P4620 is applied to etch the Au outside the individual
sensors (Fig. 2f) with potassium iodide and a timed Ti
etch with 5% hydrofluoric acid. Next, individual sensors
are protected with photoresist and diced into microchips.
The sacrificial layer is then removed through the micro-
Tesla-valve channels with a heated mixture of equal parts
acetone and 1165 remover (Fig. 2g). The membrane
release process is highly selective, lasting for four days at
an elevated temperature without causing structural
damage. Chips are then transferred into isopropyl alcohol

to be dried using a critical point dryer. Sensors are elec-
trically connected to the antenna on the polyamide sub-
strate of the UroSleeve. Finally, a 4.6-μm Parylene C
coating is conformally applied in vacuum to package the
wired sensors and vacuum-seal the cavities by blocking
the micro Tesla-valve channels. The sealing process cre-
ates a vacuum cavity, which causes the membrane to
reflect downwards once the membrane is removed from
the parylene coater’s vacuum chamber into atmospheric
pressure (Fig. 2h). Figure 2i shows an SEM image of the
sensor, and Fig. 2j highlights the Tesla-valves and further
illustrates the path during membrane release and sealing.
Figure 2k, l show white light interferometry images (WLI;
Profilm 3D, Filmetrics, CA, USA) of the sensors before
and after sealing, showing the membrane entering the
touch mode regime once the vacuum is formed and the
membrane experiences ambient pressure.
Prior to integration, sensors were conditioned through

repeated pressure cycling within the expected operating
range to verify basic mechanical robustness and electrical
integrity. No visible membrane damage or loss of con-
tinuity was observed during assembly or subsequent
benchtop testing. The Parylene C coating was selected
based on its widespread use in implantable and wearable
systems, providing electrical insulation while maintaining
biocompatibility26.

Inductor antenna fabrication
The inductor antenna is fabricated using double-sided,

adhesiveless copper-clad polyimide (PI) flexible film
(Matrix Circuit Board Materials: 70 μm Cu, 25 μm PI,
70 μm Cu). The copper clad of this film is sufficiently
thick to effectively reduce the inductor resistance, yet thin
enough to remain flexible for wrapping around the stent
(the double-sided film was chosen over its single-sided
version due to stock availability). One side of the copper is
etched away using a copper etchant (CE-100, Transene,
USA) after cutting the sheet into a 6.5 × 6.5-inch square
and protecting the other side with Kapton tape. Next, the
sheet is cut into a 6-inch circle and attached to a 6-inch
silicon wafer using a dry film hot roll laminator (XRL-120,
Western Magnum, USA) at 110 °C with a photoresist (AZ
P4620, Microchemicals GmbH, Germany) without soft
baking. The sheet with the carrier wafer is then spin-
coated with the same photoresist (3000 rpm, 500 rpm/sec,
45 sec) followed by baking at 110 °C for 2 min. Next, the
antenna pattern is transferred onto the photoresist using a
maskless aligner (MLA 150, Heidelberg, Germany). After
taping the sides of the wafer to avoid delamination of the
sheet, the photoresist is developed (AZ MIF 300 Devel-
oper, Microchemicals GmbH, Germany) for 6 min and
then hard baked at 110 °C for 2 min. Next, the copper is
etched upside down with agitation to reach full patterning
while monitoring the process in order to prevent over-
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etching and achieve the target line width resolution.
When finished, the sheet is peeled off the wafer and etch
completion is inspected via backside light imaging and
electrical resistance measurement. Finally, individual
spiral components are cut out to complete the inductor
antenna fabrication.

UroSleeve assembly
The inductor antenna and pressure sensor chip are

integrated and packaged into the tubular UroSleeve
device. First, the inner surface of the UroSleeve is formed
using a fluorinated ethylene propylene (FEP) heat shrink
tubing with 2.79-mm to 1.905-mm shrinking diameters
(FEP HS. 110 EXP/.075 REC, Zeus, USA) by heating and
fitting it onto a metal rod with a diameter of 2.38 mm; the
assembly is built onto this temporary rod, instead of
directly onto a 6-Fr ureteral stent, to prevent the stent
from any thermal damage due to the heating step.
Meanwhile, a larger FEP heat shrink tube with 3.581-mm
to 2.896-mm shrinking diameters (FEP HS. 140 EXP/.114
REC, Zeus, USA) is prepared by cutting a 2 mm×8mm
oval hole into the tubing using a hole punch to open a
space for sensor integration. After wrapping the flexible
spiral antenna around the smaller shrink tube assembled
onto the metal rod, the larger FEP heat shrink tubing is
passed over the spiral antenna and heated to encapsulate
it. The outer tubing dictates the final outer diameter of
the UroSleeve, which measures at 2.79 mm (8.4 Fr). The
pressure sensor chip is then attached to the inductor
through the hole in the outer shrink wrap using a

cyanoacrylate adhesive (SG3-0.5, ChipQuik, USA) placed
under the sensor such that the sensor pads are aligned
with the inductor’s contact pads. Their electrical con-
nection is secured by tracing lines from the sensor pads to
the inductor pads using a low-resistance conductive epoxy
(EJ2189-LV, Epoxy technology, MA, USA) with room
temperature cure properties (full curing with low contact
resistance achieved in 2 days at room temperature). The
entire assembly is then coated with Parylene C, after
which a high viscosity epoxy is placed inside the outer
shrink wrap hole over the sensor connection and sensor
itself, and cured while exposing only the sensor mem-
brane (DP110, 3M Scotch-Weld Epoxy Adhesive). The
outer heat shrink and the final epoxy step ensure that the
UroSleeve is completely insulated from the kidney
environment during insertion and operation to prevent
any short circuits due to contact with tissue and biological
fluids. Finally, the UroSleeve is removed from the tem-
porary metal rod and placed tightly over a 6-Fr double-J
ureteral stent (Fig. 1c) with the pressure sensor located on
the part of the stent that dwells in the renal pelvis (near
the bottom of the stent’s renal curl). Figure 3 shows
images of the UroSleeve components and fully assembled
devices.

Experimental protocol
The functionality of the UroSleeve was initially eval-

uated through a wired configuration and then examined
wirelessly in air for baseline characterization, followed by
testing in an ex vivo model of swine kidney and ureter
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immersed in a liquid environment to simulate the pres-
sure buildup through urine obstruction during hydrone-
phrosis (repeated 6 times). Finally, the surface
morphologies of the kidney before and after this test were
compared to demonstrate the effect of hydronephrosis on
the dilation of the ureter.
The ex vivo kidney was surgically extracted from a

euthanized pig to excise the kidney and ureter, excluding
the bladder, with care taken to maintain the integrity of
the renal structures. The renal vein and artery were
sutured to seal the kidney, allowing pressure adjustments
exclusively through the ureter, which was crucial for
monitoring intrarenal pressures during the experiment
and for the simulation of hydronephrosis. The extracted
kidney was immediately placed in a Krebs solution (con-
taining [mM]: NaCl 130, KCl 4.7, NaHCO3 25, MgCl2 1.2,
dextrose 11, and NaH2PO4 1.2) chosen for its ability to
mimic extracellular fluid and maintain cellular function
and viability. The kidney was kept on ice to preserve tissue
integrity.
To insert the ureteral stent with the UroSleeve into the

ex vivo kidney, a guide wire was inserted into the lumen of
the ureter and kidney. The hollow lumen of the stent was
then carefully pushed over the guide wire through the
ureter into the kidney to ensure proper placement.
Afterwards, the guide wire was gently removed and the
stent restored the curl for retention inside the renal pelvis
with the UroSleeve’s sensor situated inside the renal pelvis
beyond the ureteropelvic junction. X-ray imaging was
performed to confirm the placement of the stent within
the kidney and to verify accurate alignment of the Uro-
Sleeve with the external antenna (Fig. 4a, b).
To simulate and measure hydronephrosis (Fig. 4c, d, e),

a hollow-lumen catheter was passed next to the stent into
the renal pelvis and attached to a small chamber con-
nected to an external off-the-shelf pressure sensor and
pressure measurement controller (OB1-MK3+ with
MPS1, ElveFlow, France). The external sensor was plug-
ged closed from one side and connected directly to the
measurement port of the controller. The controller out-
put pressure was also plugged closed as the system was
used for its input measurement capabilities (instead of its
output pressure control). The small external chamber
between the kidney and the external sensor was used to
prevent any fluid from getting into the measurement
system. After the catheter insertion, the ureter was
clamped around the catheter and stent to simulate a
ureter obstruction due to a kidney stone. The part of the
stent outside the ureter was then fitted with a tight tube
connected to a syringe to supply deionized (DI) water into
the renal pelvis through the stent and elevate the kidney
pressure to simulate the urine buildup in the kidney due
to a blocked ureter. Next, the external antenna was cov-
ered with a tube to prevent solution and moisture ingress

from shorting the antenna and then connected to an
impedance analyzer (4396B, Agilent Technologies, CA,
USA). The entire system was submerged in DI water,
including the external antenna. The external antenna and
the ureter were clamped together to minimize any
movement of the ureter so that the measurement results
collected were not a result of local movement between the
UroSleeve and external antenna, but were a result of
elevation in pressure in the renal pelvis. Finally, as the
solution was injected into the renal pelvis, while the
pressure was recorded through the external reference
sensor via the pressure measurement system, the changes
in the resonant frequency of UroSleeve were recorded
through the phase dip of the reader antenna’s impedance
(signal monitored every 2.5 seconds at 0 dBm of input
power) caused by inductive coupling with the indwelling
device.
The recorded data of phase dip frequency as a function

of kidney pressure were post-processed using polynomial
fitting that captured the profile of the phase dip and
accurately extracted the exact dip (minimum) frequency.
Furthermore, the Q factor of the inductively coupled LC
tanks was measured by analyzing the full width at half
maximum (FWHM) of the real part of the impedance
(Re Zð Þ), which is defined as:

Q ¼ f s
Δf

; ð8Þ

where Δf represents the change in frequency of FWHM
of the Re Zð Þ.

Results
The UroSleeve components were characterized and

verified before the final device assembly to get the spiral
inductor properties and the custom pressure sensor
properties (Fig. 5). The spiral inductors had a 2.003 μH
inductance at a 15.234MHz with a self-resonance peak at
185MHz (Fig. 5a, b). Together with the UroSleeve LC
tank had a resonant frequency in air at 18.1MHz (Fig. 5c).
As for the integrated pressure sensors, the baseline
capacitance was at 51.85 ± 0.00978 pF at an initial gauge
pressure of 0.5 mmHg in air. The capacitive response with
a 95% confidence interval is shown in Fig. 5d after pres-
surizing the sensor to 80mmHg of gauge pressure. The
sensitivity was measured at 4.4 ± 0.0451 fF/mmHg using a
linear regression fit with r² of 0.996 and standard error of
the estimate (SEE) at 0.0063 pF.
A representative result from repeated ex vivo mea-

surements of wireless pressure tracking is illustrated in
Fig. 6a. The baseline frequency of the phase dip, caused by
the sensor’s LC tank resonance, was recorded at
15.234 ± 0.07527MHz at an initial renal pelvis pressure of
8.5 mmHg (shifted from the LC frequency of 18.1MHz in
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air due to the change in medium). The frequency response
with a 95% confidence interval is shown in Fig. 6b
after pressurizing the kidney to 56mmHg. The sensitivity
was measured as -5.3 ± 0.74 kHz/mmHg using a linear
regression fit with r² of 0.8973 and the SEE at
0.0337MHz. The Q factor was measured at 4.63 (com-
pared to the Q factor measured in air at 9.8). Finally, after
testing, the kidney showed significant signs of hydrone-
phrosis with enlargement of the ureter (hydroureter) and
renal capsule distension (Fig. 6c, d).

Discussion
The ex vivo results demonstrate that UroSleeve can

wirelessly track intrarenal pressure, and this work further

shows that Tesla-valve structures can be integrated not
only in previously reported switch mode devices17 but
also in the touch mode configuration implemented here,
underscoring the versatility of the sensing architecture.
The measurements showed a baseline frequency of
15.234 ± 0.07527MHz at 8.5 mmHg with a corresponding
2.003 μH inductance of the spiral antenna, and an
observed frequency shift with pressure increase, high-
lighting the device’s capability to provide accurate read-
ings of pressure change at a sensitivity of -5.3 ± 0.74 kHz/
mmHg. The ex vivo wireless LC results and the UroSleeve
antenna inductance allow the calculation of the capaci-
tance of the integrated pressure sensors. At the baseline
frequency with a pressure of 8.5 mmHg, the LC tank
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calculated capacitance was 54.5 pF (Eq. 1), which is within
the range of the measured capacitance in air of the sensor
alone (51.9 pF). Based on the frequency sensitivity (Eq. 2),
the corresponding ex vivo capacitive sensitivity of the LC
tank is calculated to be 35.8 fF/mmHg. This calculated
sensitivity to ex vivo kidney pressure is approximately 8
times greater than the sensitivity measured with wired
individual sensors in air. Although certain variations in
coupling between the UroSleeve and the external reader
during pressurization are possible, coupling changes alone
would not produce the consistent downward frequency
trend observed across all measurements. The strong
directionality and monotonicity of the frequency decrease
support a pressure-driven mechanism. While enhanced
capacitive sensitivity is a favorable characteristic in gen-
eral, the source of the magnitude difference between
wired and ex vivo measurements will need further
investigation. We speculate that operating in a high-
permittivity aqueous environment differs substantially
from air testing and could change the effective electric-
field distribution and membrane loading, contributing to
the observed outcome. Accordingly, follow-up studies will
look into these factors to accurately determine the con-
tribution of environmental effects to the actual sensor
response.
In addition, the Q factor measured in ex vivo conditions

(4.63) compared to the air (9.8) suggests that the medium
substantially influences the resonant properties of the

UroSleeve. This observation aligns with the shift in
resonant frequency from 18.1MHz in air to 15.2MHz in
the ex vivo environment due to a change in the permit-
tivity of the surrounding environment. This Q-factor
reduction is expected for passive LC devices operating in
conductive, high-permittivity media and, in our mea-
surements, the resonance dip remained readily identifi-
able across the examined pressure range. The implant Q
is fundamentally limited by the biological environment
and device scale, and, therefore, future improvements will
focus on readout strategies such as phase-sensitive /
transient (ring-down) resonance methods27, as well as
refinement of the external reader-coil geometry and
simple alignment aids to improve coupling repeatability,
rather than attempting to substantially increase the
implant Q.
To compare UroSleeve with previous approaches, ear-

lier smart-stent systems incorporated commercial pres-
sure sensors and LC telemetry directly into the stent wall
via laser micromachining and copper refilling13–16. These
studies demonstrated the feasibility of wireless pressure
readout; however, the requirement to remove bulk poly-
mer, pattern metal, and embed rigid sensor components
permanently into the stent constrains flexibility, increases
the complexity of fabrication, and introduces additional
regulatory challenges. By contrast, UroSleeve employs a
modular sleeve that preserves the native stent archi-
tecture, allowing integration of a custom microfabricated
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sensor without altering stent mechanics or manufacturing
pipelines. This separation of sensing element and stent
body enables potential adaptation to multiple commercial
stent platforms and facilitates future optimization of the
sensing chip independent of the stent. We also note that
alternative emerging wearable ultrasound systems have
been explored for continuous urinary-tract assess-
ment9–11; however, these approaches infer functional
parameters such as bladder volume or tissue compliance
rather than directly measuring renal-pelvis pressure,

making these technologies complementary rather than
functionally equivalent modalities.
The current UroSleeve proof-of-concept revealed some

limitations and priorities for the next stage of develop-
ment. First, based on the ex vivo feasibility demonstration,
future work will look for long-term evaluation of the
UroSleeve system using in vivo models. Planned studies
will include repeated longitudinal measurements, includ-
ing control (no-obstruction) conditions, to map and
compensate for possible baseline shift due to
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environmental contributions such as tissue loading,
medium permittivity, temperature, and aging of the
ureteral stent. The effects of urine exposure on the sensed
response will also be carefully analyzed and incorporated
into future calibration and validation strategies to ensure
stable long-term performance. In addition, the influence
of the external reader placement will be evaluated under
controlled positional offsets to quantify coupling sensi-
tivity and practical alignment tolerances. It is worth not-
ing that although coupling strength may vary with reader
position, the resonant frequency, our target signal (f s in
Eq. 1), is set by the intrinsic LC parameters of UroSleeve,
i.e., inherently independent of reader alignment.
Accordingly, the reader’s positional variation may affect
the coupling strength and signal visibility (amplitude and
sharpness) but does not shift its frequency, which pro-
vides a theoretical basis for robust readout. However,
in vivo conditions like those discussed above can shift the
true resonant frequency and its baseline signal post-stent
placement. In a potential clinical workflow, an initial
baseline could be obtained shortly after UroSleeve pla-
cement. Follow-up measurements would then be com-
pared to this reference to track the pressure trends.
Longitudinal characterization will guide whether simple
re-referencing, supplemental reference elements, calibra-
tion curves, or alignment aids would further improve
robustness in long-term use. Second, full ISO 10993
biocompatibility assessment and long-term encapsulation
durability testing will be conducted in vivo. Third, the
transition from the current near-field inductive coupling
to a far-field telemetry scheme may be necessary to
improve longer-distance communication. For example,
exploration of alternative resonance measurement tech-
niques could improve the versatility and applicability of
the UroSleeve27. Fourth, future work could also involve
the implementation of the Tesla-valve enabled switch
mode pressure sensor17 as a mitigation strategy to
increase the capacitive signal for the same pressure range.

Conclusion
The UroSleeve offers an advanced and effective approach

to addressing the limitations of current ureteral stent mon-
itoring methodologies. Its modular design, along with the
demonstrated sensing capability based on a well-established
wireless telemetry method, potentially positions it as a valu-
able tool for improving patient outcomes through timely
detection of hydronephrosis through further development
and optimization. The ex vivo results provide evidence of the
potential of this technology, showcasing its sensitivity and
adaptability to biological conditions. Future studies will focus
on in vivo testing to validate the UroSleeve’s performance by
exploring its long-term reliability and biocompatibility for
clinical applications. Additionally, integrating this technology
with existing healthcare monitoring systems could pave the

way for widespread adoption, ultimately enhancing patient
care and reducing healthcare costs associated with ureteral
stent complications.
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