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Figure 1: WeeCare, a proof-of-concept handheld electrical impedance tomography pad for on-demand bladder fullness sensing
in a controlled setting. (Left) Envisioned use in a care setting for patients with bladder dysfunction who lose the sensation
of bladder filling. On-demand bladder fullness sensing has the potential to reduce the need for frequent and unnecessary
catheterization. (Right) WeeCare prototype, a foldable grid of fabric electrodes that conforms to the abdomen, with an integrated

display.
Abstract

Patients with bladder dysfunction often lose the sensation of blad-
der fullness and cannot void naturally, forcing reliance on fixed-
schedule catheterization that is uncomfortable and risks compli-
cations. We present WeeCare, a handheld conformable pad with
fabric electrodes for on-demand bladder fullness sensing using elec-
trical impedance tomography (EIT). The central challenge is that
repeated removal and reattachment can introduce variation in elec-
trode position and contact quality. We assess WeeCare along three
axes: in-silico simulations characterizing electrode layout and noise
robustness, in-vitro phantom experiments across urine salinities
and filling levels, and an in-vivo study tracking voiding dynamics
and fullness sensing across 8 participants, with filling dynamics
characterized in a single participant. Our results provide an early
assessment of WeeCare’s feasibility under controlled conditions.
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1 Introduction

Patients with bladder dysfunction often cannot reliably sense blad-
der fullness or voluntarily void [7, 34, 40]. This affects individuals
with spinal cord injury or spina bifida, where damaged neural path-
ways impair urinary function [7, 34, 40]. Clean intermittent catheter-
ization is the gold standard for emptying the bladder [7, 18, 40].
However, because patients may have a decreased or absent urge to
urinate, catheterization is performed on a fixed schedule, every 2
to 4 hours, rather than when the bladder is actually full [7].
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The problem is that catheterizing too early and frequently is
uncomfortable, increases caregiver burden, and raises the risks of
complications such as urinary tract infections, urethral bleeding,
and bladder stones [14, 44]. Conversely, if the bladder overfills
before the next scheduled catheterization, it can distend beyond its
safe capacity, potentially causing urinary tract damage [25, 40].

Conventionally, ultrasound bladder scanners [17, 38, 39] are used
to non-invasively estimate bladder volume but they are typically ex-
pensive and bulky with a rigid and uncomfortable probe. Wearable,
miniaturized monitors using ultrasound [3, 19, 32], near-infrared
spectroscopy [10, 26], or bioelectrical impedance sensing [6, 20, 35],
which adhere to the abdomen [37] or integrate into belts [27] and
undergarment [46], have been proposed for continuous monitoring,
but wearing such systems all day can be uncomfortable.

This gap motivates our research question: can bladder fullness
be sensed non-invasively, comfortably, and on demand? If successful,
such an approach could allow patients to check bladder fullness
before deciding whether to catheterize, and could potentially fit into
care workflows where a caregiver takes on-demand measurements
across multiple patients.

Here, we present WeeCare, a handheld conformable pad for on-
demand bladder fullness sensing using electrical impedance tomog-
raphy. Since urine is conductive, changes in bladder volume alter the
conductivity of the pelvic region. Electrical impedance tomography
(EIT) captures these changes by injecting small electrical currents
through surface electrodes and measuring the resulting voltages to
reconstruct an internal conductivity map of the bladder [35].

However, the design of a handheld EIT device also introduces a
significant challenge which is that repeated removal and application
of the device to the skin introduces noise and positional variabil-
ity [47] that interfere with bladder measurements. We investigate
whether bladder fullness can still be obtained through repeated
reattachment using a handheld pad along three dimensions.

First, we develop an in-silico simulation to evaluate the robust-
ness of EIT bladder fullness and volume estimation under changes
in contact quality and position across different electrode layouts.
Second, we develop a benchtop phantom model of the bladder and
perform in-vitro measurements under repeated removal and reat-
tachment, evaluating volume estimation across urine salinities and
bladder filling levels. Finally, as an initial proof-of-concept, we con-
duct in-vivo measurements on 8 participants. We show the system
tracks voiding dynamics and fullness sensing across participants,
and, in a single participant, demonstrate filling dynamics. We frame
this as a feasibility demonstration in a controlled lab setting rather
than clinical validation.

2 Background and related work

Bioimpedance and electrical impedance tomography. Bioelec-
trical impedance sensing measures changes in tissue conductivity
when the tissue is exposed to a bio-electrical current with a single
global impedance measurement. Given the conductivity of urine, it
has been used to estimate bladder filling and volume [6, 8, 36, 46].

Electrical impedance tomography (EIT) extends this by recon-
structing spatial conductivity variations from multi-electrode mea-
surements [9, 13, 28, 31]. As shown in Fig. 2a, prior EIT work places
electrodes in a ring that encircles the torso, typically embedded in
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Figure 2: (a) Conventional ring electrode layout in belt form
factor. (b) WeeCare planar grid electrode layout in handheld
pad form factor.

a belt. Current is injected and voltage measured between electrode
pairs around this ring, so the sensing field wraps fully around the
abdomen and maximizes spatial coverage [31, 35].

Because the belt stays fixed on the body for an entire filling
cycle, these designs can report quantitative bladder volume [6, 35].
However, such a design can be sensitive to patient weight and can
be uncomfortable to wear for long periods [2, 6].

In contrast, WeeCare uses a planar grid of electrodes in a hand-

held pad (Fig. 2b). All electrodes sit on a single patch of skin over
the bladder rather than encircling the body, so the device can be
applied and removed on demand. However, the flexibility of re-
peated removal and replacement introduces variability in electrode
positioning and contact noise between measurements. For our in-
vivo testing, we target fullness sensing, a binary empty-versus-full
decision, which can inform catheterization timing.
Near-infrared spectroscopy. Optical approaches such as near-
infrared spectroscopy (NIRS) [1, 11, 26], have been used to estimate
urine quantity based on the absorption properties of near-infrared
light in human tissue and water using LEDs and photoedetectors at
the abdomen but are sensitive to tissue variability and have shown
limited accuracy in practice.
Ultra-wideband. Ultra-wideband radar has been proposed for con-
tactless measurement of bladder volume [16, 23, 29]. The bladder
is illuminated with a UWB pulse and differences in the dielectric
properties of urine and the surrounding tissue are detected in the re-
flections as the bladder fills. However, these works have so far been
validated only in simulation and phantom studies, and performance
is sensitive to device position and orientation.

3 WeeCare
Our system design involves three phases:

(1) In-silico. We perform a simulation-based design exploration to
assess how electrode layout, noise, and non-ideal positioning affect
system performance, which informs hardware design.

(2) In-vitro. We conduct benchtop phantom validation to assess
the effects of repeated pad removal and replacement, as well as
urine salinity, which can vary with hydration and fluid intake.

(3) In-vivo. We evaluate our bladder fullness sensing system on
human participants to characterize its feasibility under realistic
physiological and repeated-placement conditions.
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Figure 3: Simulation illustrating the e ect of (a) electrode

layout and (b) electrode spacing on EIT image reconstruction Figure 4: E ect of bladder volume under simulated electrode
forabladder lledto 100mL. The gures show a3D rendering noise, movement and perturbation. (a) Simulated bladder at
of the abdomen and lled bladder, the electrode positions, di erent volumes and electrode perturbations. (b) Recon-
and the 2D conductivity image reconstruction, slicing at the structed conductivity images at di erent volume levels. The
n}'dﬁleb?féze bladder. The green circle indicates the location green circle indicates the area of the bladder. (c) Volume
of the bladder. classi cation accuracy for di erent volume class under sim-

. . . . ulated electrode perturbations.
3.1 Simulation-based design exploration
3.1.1 Simulation setup.
Torso and bladder model. To guide the design of our hardware number of contacts that must stay reliable against the skin. We
system, we performed a simulation of our proposed planar electrode therefore characterized two parameters that a ect system perfor-
grid layout in PyEIT R4 to study how electrode layout a ect the mance: electrode count and con guration, and the spacing between
reconstructed EIT image. We model the abdomen with a custom them.
18,362-element torso mesh [15] and the bladder as an ellipsoid. For each electrode design, we simulated a bladder volume of
Electrode channel selection. An EIT system produces many 100 mL, and quanti ed how well the reconstructed Signal was local-
voltage readings, but because a bladder conductivity change alters ized to the bladder. Speci cally, we computed the Rol response ratio,
the entire abdominal eld, these channels are highly correlated and the mean absolute reconstructed response inside the bladder region
redundant’ so we down-select electrodes to a smaller subset. In a divided by that over the entire domain. ngher values indicate that
3 3grid of# = 9 electrodes with 4-pole sensing, each channel uses the reconstructed response is on average stronger within the target
four electrodes: one pair for current injection and one for voltage  bladder region than in the overall background.
measurement (Fig. 2). From the full set of 756 four-pole channels, ~We compared four electrode layouts and three spacings as shown
we down-select to 48: 36 axis-aligned rectangular channels (formed in Fig. 3. More electrodes consistently produced higher Rol response
by injecting current across one edge of a row/column rectangle ratios, from 1.91 (4 2) to 3.83 (3 3), 8.15 (3 4), and 8.46 (44), and
and measuring across the opposite edge) and 12 diagonal channelswider spacing also improved Rol response ratio from 1.81 (30 mm)
(with injection and sensing pairs placed along the grid diagonals). 0 2.88 (45 mm) and 3.83 (60 mm).
Image reconstruction. The raw channel measurements are 1- Notably, though EIT is able to sense the conductivity change even
D time-domain voltage signals, but bladder volume is inherently ~Withasmallgrid, alarger area of coverage provides improved spatial
SpatiaL We reconstruct a 3D Conductivity volume to visualize vol- resolution across the entire region of interest. For our nal hardware
ume changes. For each channel, we average over a two-seconddesign, we select a large 33 grid as a practical compromise to
window to suppress noise, then remove the session baseline by emphasize portablllty and makes it easier to ensure reliable contact
subtracting the rst frame from all subsequent ones. From these across all electrodes.
values we reconstruct the 3D relative-conductivity change using
PyEIT's Jacobian-based algorithm (regularizator 05 for spatial
smoothing) and take a 2D slice at the height of the bladder center.

3.1.3 E ectof electrode perturbations. In the real-world electrodes
may make uneven skin contact and di er slightly in placement
between sessions. We therefore evaluate how well the system can
3.1.2 E ectof electrode layout. The electrode layout is an impor- distinguish between di erent urine volume levels under electrode
tant design choice that dictates the pad's physical size and the noise and placement error (Fig. 4).
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