
A
a

T
R
a

b

c

a

A
R
R
A
A

K
I
B
B
S

1

e
[
b
s
s

i
a
(
i
b
a
m
l

v
f
v

B

h
0

Sensors and Actuators A 280 (2018) 376–382

Contents lists available at ScienceDirect

Sensors  and  Actuators  A:  Physical

j ourna l ho me  page: www.elsev ier .com/ locate /sna

 novel  method  to  investigate  bladder  wall  behavior  by  acceleration
nd  pressure  sensing

ristan  Weydtsa,∗,  Luigi  Brancatoa, Mohammad  Ayodhia  Soebadib,c, Dirk  De  Ridderb,
obert  Puersa

KU Leuven, Dept. of Electrical Engineering, MICAS, Kasteelpark Arenberg 10, 3001 Leuven, Belgium
KU Leuven, Laboratory of Experimental Urology, Herestraat 49, 3000 Leuven, Belgium
Department of Urology, Airlangga University School of Medicine, Dr Soetomo General Hospital, Surabaya, Indonesia

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 14 February 2018
eceived in revised form 16 July 2018
ccepted 9 August 2018
vailable online 10 August 2018

a  b  s  t  r  a  c  t

Bladder  dysfunctions  form  a continuously  growing  problem  as  the  ageing  population  in  our  society  is
steadily  increasing.  However,  scientific  knowledge  about  the  fundamental  principles  underlying  bladder
diseases  is  still  lacking.  Conventional  cystometry-based  methods  for  assessing  bladder  function  are  quite
limited in  their  scope.  In this  paper,  a novel  device  is  introduced  to research  the bladder.  An exploratory
device  was  designed  for  measuring  bladder  wall contractions  in rats  using  accelerometers.  Later,  a  fully
eywords:
mplantable systems
io-telemetry
ladder monitoring

implantable  system  was  created  to extend  the  measurements  to larger  animal  models.  The  battery-
powered  implant  provides  a  wireless  readout  of  multiple  sensors  with  synchronous  visualization.  An
intelligent  algorithm  is  used  to optimize  the power  consumption  and  to  extend  the autonomy  after
implantation,  yielding  a useable  measurement  time  of 16 continuous  days  and  several  months  of standby-
ensor networks time.

. Introduction

The number of people suffering from bladder dysfunctions is
stimated to be well into the hundreds of millions worldwide
1]. Diseases affecting the sensation of urgency include overactive
ladder syndrome, urinary incontinence and lower urinary tract
ymptoms, the exact functionalities of which are still poorly under-
tood by modern medicine.

Traditional methods of assessing bladder function are based on
ntraluminal pressure measurements through a catheter, urine flow
nd volume measurements, and in some cases electromyography
EMG) of the sphincter muscle [2,3]. These methods are quite lim-
ted in their scope, as they provide only a summation of whole
ladder activity and no localized bladder information. As such, they
re mostly useful as a diagnostic tool rather than for providing new

edical insights into the bladder. Moreover, the catheter and EMG

eads, which are connected to an external measurement system, are

Abbreviations: EMG, electromyography; PCB, printed circuit board; USB, uni-
ersal serial bus; I2C, inter-integrated circuit; IPHFO, intraluminal pressure high
requency oscillations; UART, universal asynchronous receiver-transmitter; Pves,
esical pressure; Pdet, detrusor pressure.
∗ Corresponding author at: Kasteelpark Arenberg 10 bus 2440, 3001 Leuven,
elgium.

E-mail address: tristan.weydts@kuleuven.be (T. Weydts).
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a discomfort to the patient and also limit measurement duration to
no more than several voids.

The hypothesis of autonomous bladder function, described in
[4,5], suggests the bladder senses its volume and pressure, which is
linked to the patient’s feeling of urgency, by using localized contrac-
tions. Those theorized bladder wall movements might occur prior
to voiding, as well as during voiding. Moreover, these local contrac-
tions may  as well occur at random time intervals, unrelated to the
emptying of the bladder. In fact, the autonomous function of the
bladder is increased in absence of central nervous system efferent
inhibition. This insight is promising for patients that experienced
spinal trauma and suffer from urinary incontinence.

To obtain a better understanding of the fundamental bladder
mechanics, a new method for assessing bladder functionality is
explored in this paper. In a first study, an exploratory device for
acute in vivo measurement of acceleration of the bladder wall of
rats is proposed. The acceleration results are compared to con-
ventional catheter pressure measurements and the design of the
system, along with a measurement during voiding, is discussed in
Section 2. Using the findings from the first phase, a fully implantable
system is developed which monitors bladder wall accelerations
and pressure and is described in Section 3. The implant has sen-

sors placed in several localized spots, to compare localized bladder
wall movements in different positions of the bladder. The system
is fully implantable for several months while being unobtrusive
for the patient. This novel approach will provide physicians with

https://doi.org/10.1016/j.sna.2018.08.009
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2018.08.009&domain=pdf
mailto:tristan.weydts@kuleuven.be
https://doi.org/10.1016/j.sna.2018.08.009
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Fig. 1. The bladder wall measurement sensors, an accelerometer and pressure sen-
sor  mounted on a flexible PCB.
T. Weydts et al. / Sensors and

aluable new information about the inner operation of the blad-
er, the conditions that cause bladder dysfunctions and the possible
elation between bladder muscle contractions and the sensation of
rgency.

. Exploratory study of physiological measurements of the
ladder

This section discusses the methodology used to facilitate
xploratory investigations of physiological functionality of the
ladder: the placement of an accelerometer on the bladder of a
at.

.1. Description of the device

In order to perform in vivo measurements of bladder func-
ionality, a selection of sensors needs to be made according to
he following specifications listed. The selected devices must
nherently be biocompatible or at least permit a biocompatible
ackaging. The physical dimensions of the sensors need to be as
mall as possible, preferably smaller than 5 × 5 × 2 mm.  The power
onsumption during measurement as well as in idle state should
e minimized to allow a long operating time of the battery (at least
everal days of autonomy). The sampling frequency is at least twice
he bandwidth of the measured signal. However, given the novelty
f these measurements, the bladder signals and their bandwidth
re unknown. Therefore, inspiration to set the specifications needs
o be sought with previous experience, signals from other medical
elds and expert medical opinion. As shown in a smooth muscle
xperiment [6], a good estimate for the highest frequency compo-
ents contributing to smooth muscle movements is in the order
f 50–100 Hz. Therefore, the assumption is made that the blad-
er does not exhibit movements with frequency components more
han 100 Hz. The range of inertial measurements from bladder con-
ractions is expected not to exceed ± 2 g. The resolution required
s unknown and should thus be as high as possible. The pressure
ifference of the bladder between its empty and filled state, as
easured with intraluminal catheters, is 300 mbar. A resolution of

.1 mbar is sufficient to measure any pressure variations in classical
ystometry. Although the use of an EMG  system has been shown
o provide interesting results concerning bladder contractions [7]
nd can be made implantable, the choice was made to limit the
ystem to inertial and pressure measurements in order to avoid
iocompatibility as well as noise problems.

A miniature 3-axis accelerometer (Bosch Sensortec BMA280)
s mounted at the end of a 25 cm long, flexible PCB. Besides this
ccelerometer, the optional functionality was added to monitor
ladder pressure, so a digital pressure sensor (TE Connectivity
S5637) was added close to the accelerometer. The sensors are

elected for their compact size and low power consumption. The
ccelerometer measures 2 × 2 × 0.95 mm and consumes 130 �A in
ctive mode. It is configured with range of ± 2 g, resolution of 14
its and sampled at 500 Hz. The pressure sensor has dimensions
f 3 × 3 × 0.9 mm and an average current consumption of 150 �A
uring sampling. The pressure signal is sampled at the same fre-
uency of 500 Hz, has a range of 0–2 bar and 24-bit resolution. The
ssembled device is depicted in Fig. 1.

A biocompatible packaging is necessary to protect the sensors
rom the body fluids, as well as to shield the organs from the elec-
ronics. The MS5637 is a barometric pressure sensor designed for
peration in air and is covered by a metal cap to protect the elec-
ronics. However, since a mechanical coupling is needed between

he pressure sensitive membrane under the protective cover and
he bladder wall, the metal cap must be removed, exposing two
ilicon dies and the bondwires connecting them. Three packaging
ayers are used: (1) parylene-C with a thickness of 5 �m is applied
Fig. 2. Placement of an accelerometer on the bladder of a male rat, covered by
abdominal tissue. A pressure catheter, used for filling the bladder, perforates the
detrusor.

by chemical vapor deposition and provides low water permeabil-
ity, (2) a medical grade epoxy is used to mechanically reinforce the
electrical connections of the sensors, as well as the dies and bond-
wires of the pressure sensor, taking special care not to cover the
sensor membrane, and (3) the device is dip-coated in medical grade
PDMS. The factory calibration of the pressure sensor is invalidated
by the application of the packaging layers, so it needs to be recal-
ibrated. The BMA280 acceleration sensor, however, is completely
sealed and unaffected by the packaging, so the factory calibration
and baseline drift correction remain valid.

The flexible PCB is connected to a readout board that contains a
microcontroller. The digital samples of the sensors are read out over
a synchronous serial I2C interface and transmitted to a personal
computer over USB. The readout board and acquisition software
can simultaneously measure and plot two  accelerometers and two
pressure sensors.

2.2. Implantation procedure and measurement

All experimental procedures are performed in accordance with
applicable institutional and national guidelines. The accelerome-
ter is implanted in a male Sprague-Dawley rat. Under urethane
anesthesia (1.3 g/kg s.c.), the bladder is exposed by laparotomy.
Continuous saline infusion cystometry at 100 �L/min is performed
through a flared-tip suprapubic catheter (PE-50, Intramedic) with
luminal pressure registration (BIOPAC MP150). The catheter per-
forates the outer bladder muscle, called detrusor. The small size
of the bladder prevents the use of the pressure sensor, so only the
accelerometer is used. To prevent the accelerometer to move away
from its position on the bladder muscle and to ensure an intimate
connection of the sensor to the bladder wall, the tip of the PCB
is clamped under a patch of abdominal tissue using stitches. The
implanted device is depicted in Fig. 2.

A continuous measurement is carried out during the entire
infusion, resulting in records of several voiding events. The con-
ventional rise in pressure at the onset of each voiding event was
clearly observed, as well as the aftercontraction. During the void-

ing itself, intraluminal pressure high frequency oscillations (IPHFO)
are visible in the pressure signal, as described in [8]. The IPHFO,
traditionally only described in the pressure signal, have a clear
counterpart in the acceleration signal, as shown in Fig. 3. The accel-
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ig. 3. Pressure and z-axis acceleration during a voiding event of a rat. V denotes th
etailed view of pressure and acceleration during the IPHFO.

ration signal shown is the one corresponding to the z-axis which
s located perpendicular to the accelerometer chip and the bladder

all. The raw signal is bandpass-filtered between 2 and 100 Hz to
emove the gravitational component. A zoomed view of the signal
uring the IPHFO is shown as well. We  postulate that accelerom-
ters can serve a beneficial role as an additional tool, extending
raditional urodynamic methods with a new sensor that has a high
ensitivity for bladder wall movement detection.

The obtained results of this exploratory device, while lim-
ted in scope, reveal a promising capability of accelerometers as

 new type of sensor, which merits further exploration. A new,
arger animal model is examined that more closely matches human
natomy. Göttingen minipigs are often used in clinical studies for
heir anatomical resemblance to humans and ease of handling
9–11]. However, they do no void under anesthesia, which requires

 system that allows to measure voiding while the animals are
wake. For this purpose, a chronic measurement system is designed
or long-term monitoring of localized bladder contractions and is
escribed in the next section.

. A fully implantable bladder device: submucosal
ccelerations of the bladder wall

.1. System design

The long-term implantable bladder device is an attempt to
xtend the previous measurements to larger animal models, for
onger periods of time and while the animals are awake and
naffected by the measurements. The goal is to implant multiple
ccelerometers to characterize localized bladder contractions, as
ell as measure the bladder pressure without need of a catheter,

s was done in the previous experiment. The sensors are placed
etween the detrusor muscle, which forms the outer layer of the
ladder, and the mucous membrane (mucosa) on the inside of the

ladder. This configuration is referred to as a submucosal implanta-
ion and has the benefit of keeping the sensors in place. Moreover,
s shown by [12], submucosal pressure measurements show a good
orrelation with the subluminal pressure of the bladder, provided
Fig. 4. Block diagram of the system, consisting of two subsystems.

proper calibration of the sensor is performed. The implant consists
of two  independent subsystems that will be explained in the fol-
lowing sections: the sensor system, which houses all sensors and is
placed on the bladder, and the telemetry and power system, which
is placed subcutaneously. A block diagram of the complete system
is shown in Fig. 4.

3.1.1. The sensor system
The bladder is an organ that drastically changes size between

its full and empty state; the difference in volume can reach up

to 100% [13]. It is thus important for the measurement system,
which wraps around the bladder, to be able to move and stretch
along with the bladder and at the same time avoid any physical
stress on the muscle. The flexibility and stretchability of the sensor
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s
t
w
s
b
s
t
s
l
t

l
s
a
s
s
m
i
e
s
s
t
(
t
fi
I
c
s
d
m
i
t
t
t
a
d
t
o
i

3

i
m
s
i
t
i
f

ig. 5. (a) The placement of the sensor system around the bladder. (b) The fabricate

ystem is an important aspect of the physical design. In contrast,
he sensors must be located at fixed positons and shall not move
ith respect to the bladder muscle, which requires flexible and

tretchable interconnects. The sensor system is made on a flexi-
le polyimide substrate that has a wavy shape to allow for some
tretchability. The resulting shape has a central island placed on
he bladder, which connects to three distal ends housing the sen-
ors and implanted submucosally. Fig. 5a and b show the intended
ocation on the bladder and the fabricated sensor system respec-
ively.

Bladder wall movement detection is done at four different
ocations, by four accelerometers (Bosh Sensortec BMA280). The
ensors are placed at each end of the three arms of the structure
nd one accelerometer on the central island. As in the previous
ection, the system is also equipped with two absolute pressure
ensors (TE Connectivity MS5637), one which is implanted sub-
ucosally behind one of the accelerometers and thus facing the

nternal bladder volume, and one which measures abdominal ref-
rence pressure, outside of the bladder on the central island. All
ix sensors are read out over an I2C digital interface bus. The
ample frequency of all sensors is the same and can be chosen
o be 50, 125 or 250 Hz. There are two 8-bit microcontrollers
Microchip PIC12LF1552) on the central island, each connected to
wo accelerometers and one pressure sensor. The reason is twofold:
rstly, the BMA280 accelerometer sensors have only two possible

2C addresses and the MS5637 pressure sensor has an address that
annot be altered. Therefore, it is not possible to connect all sen-
ors to the same bus. Secondly, the parallelization allows sensor
ata from 3 sensors to be read out simultaneously with the trans-
ission of data of 3 other sensors to the telemetry system. Thus,

n order maximize throughput of the system, the microcontrollers
ake turns sampling sensors and writing the resulting data to the
elemetry subsystem over a shared UART connection. To guaran-
ee correct timings, both microcontrollers indicate their state using

 synchronization line. The microcontrollers are the first line of
efense in case there is a defective sensor; rather than blocking
he entire I2C bus, the error can be detected and future readings
f the sensor can be skipped. This makes the sensor system quite
ndependent and error-resilient.

.1.2. The telemetry and power system
The implant is used as a diagnostic tool for physicians. As such,

t is desirable to have a real-time readout and visualization of the
easurement data without the need for a flash memory. Since the

ystem is hermetically sealed and implanted, a fully wireless link

s required. The battery, electronics used to power the implant and
he wireless telemetry system are placed on a separate PCB and
mplanted subcutaneously, several centimeters under the skin and
at layers. The telemetry and power system is connected to the
Fig. 6. The assembled implant: the sensor system connected to the telemetry and
power system through a stretchable interconnect.

sensor system via a stretchable interconnect described in [19], as
shown in Fig. 6.

3.1.2.1. Telemetry. For wireless transmission, the 433–435 MHz
ISM band is a commonly used and freely available RF channel. A
fully integrated transceiver is desirable for a compact implantable
device. Therefore, the Texas Instruments CC430 is used, which is a
16-bit microcontroller with integrated CC1101 RF core. The CC430
chip measures 7 × 7 × 1 mm and enables sub 1 GHz communication
with only an external balun and antenna required. The microcon-
troller functions as the brain of the implant, managing the sampling
and sleep state of the sensors, as well as the wireless communica-
tion protocol.

There are many possible antenna designs for communication
at 430 MHz, including wire antennas, patch antennas, PCB anten-
nas and custom designed 3D antennas [14–16]. The difficulty in
implantable systems is getting the electromagnetic waves outside
of the body. Because the antenna is surrounded by biological tissue
with relative electrical permittivity �r ranging from 5 to 50 [17],
the antenna will be de-tuned. Since the variation in �r is high, it is
desirable to choose an antenna with a high bandwidth. A monopo-
lar wire antenna was chosen with length of a quarter-wavelength,
which is 17.5 cm.  Although other antenna designs are much more
compact, the simplicity of a wire antenna is a clear design advan-
tage. The penetration depth at 400 MHz  is 5 cm in muscle and 30 cm
in fat tissue [18], but since the telemetry system is placed under the
skin, a fully optimized antenna is less important.

The telemetry system has two  tasks: to transmit the measured
data and to enable bidirectional communication with a fixed base
station. The CC430 transceiver uses a packet-based protocol that
adds the necessary bytes for identification, addressing and error
detection, which allows it to use interrupt-based routines to control
the communication flow. The implant application software uses
the implemented low-level functionality to create a smart com-
munication scheme that minimizes the power consumption of the

implanted device. The wireless communication is used to configure
settings of the implant, such as the frequency of communication,
transmitting power, several configurable timers, as well as starting
the stream of sensor data. The communication system can be in one
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Fig. 7. Implanted bladder sensor system on a pig cadaver prior to abdomen clo-
sure. One accelerometer and the submucosal pressure sensor are placed deep in the
abdomen, on the bladder apex. Two  other accelerometers are placed on the left and
right side of the bladder. A closeup of the submucosal implantation is shown as well.
80 T. Weydts et al. / Sensors and

f three states: the idle state, the transmitting state or the receiving
tate.

.1.2.2. Power management. The power consumption of the
attery-operated implant is critical for the autonomy of the sys-
em, if the measurement system is to be used for longer durations.

oreover, a method to reduce battery drain in the period between
ackaging and the final implantation, is strongly desired.

The implant is powered by a small form factor, high capacity
attery. A thin-cell CP502440 primary lithium manganese dioxide
attery is used, which measures 24 mm × 40 mm × 5 mm,  with a
apacity of 1200 mAh, a nominal voltage of 3 V and a cut-off volt-
ge of 2 V. The voltage of the battery is down-converted to 2.2 V by

 buck-converter (Texas Instruments TPS62740) to provide a stable
upply voltage over 95% of the capacity of the battery. The TPS62740
lso has an integrated load switch, which is used to power the sen-
or subsystem so that it can be completely switched off when it is
ot in use, reducing the current consumption during idle operation.

Power measurements reveal that the current consumption in
he receiving state is 13 mA.  Since this is 1300 times higher than
he idle state (10 �A), the time spent in receiving state must be

inimized. The default state of the implanted device is idle state,
uring which it will periodically transit to the receiving state for

 ms,  which is long enough to transmit any pending commands.
he power consumption of the base station is not important since
t is powered through USB, so its default state is the receiving state
o that it can always detect communication from the implant.

The power system includes a reed switch, connected to the reset
in of the CC430 microcontroller. The reed switch can be triggered
y a magnet, in vitro as well as in vivo, to bring the implant to a
nown state if it becomes unresponsive, force the implant to switch
o the receiving state, or activate the system after it has been placed
n a deep sleep mode to conserve power.

Table 1 reveals measurements for the power consumption of
he different modes of the implant. As mentioned before, resid-
ng in RF receive mode is costly in terms of power but necessary
or communication. To reduce the average power consumption, a
ompromise is made between responsiveness and battery life. The
mplant stays in the receiving state for one millisecond every sec-
nd, and the resulting the duty cycle of 1/1000 yields an average
ower consumption of 0.023 mA  with a guaranteed opportunity of
ommunication every second, practically extending battery life by
000 times. As depicted in Table 1, the described settings result in

 theoretical autonomy of the system of 375 h of continuous trans-
itting, 2000 days hours of periodic wakeup, or any combination of

oth. Since the periodic wakeup state consumes negligible current,
he battery life is limited only by the transmit state and is around
–15 days of continuous measurement, depending on the chosen
ample rate.

.2. Functional cadaver tests of the implant

After extensive in vitro tests to confirm the functionality and
erformance of the implant, a series of cadaver tests were per-
ormed. Firstly, to verify the feasibility of implanting a pressure
ensor and accelerometer under the detrusor muscle without per-
orating the mucosa and causing a leak in the bladder, a functional
adaver test is performed. The shape and stretchability of the sen-
or subsystem is also tested. After filling the bladder of a porcine
adaver, the sensor system is placed to match its contours. Submu-
osal implantation is performed by making a superficial incision
nto the inflated detrusor muscle, placing the sensor islands on

he exposed mucosa and stitching the detrusor over the device.
fter abdominal closure, measurements from the sensors are con-

inuously taken and transmitted over USB to a personal computer
or visualizing and storing the data from four accelerometers, one
Fig. 8. Acceleration, intraluminal catheter pressure and submucosal pressure dur-
ing manual inflation of the bladder of a pig cadaver. All pressures are relative to
atmospheric pressure.

submucosal and one abdominal pressure sensor. Fig. 7 shows the
implant located on the bladder.

Secondly, the required transmission power for continuous
telemetry was tested by implanting the telemetry and power sys-
tem subcutaneously in a fresh sheep cadaver. A transceiver placed
under the skin with transmission power of 10 dB m measured a
byte-error rate of less than 0.1% at a distance of 2 m.

We aim to demonstrate that the submucosal pressure signal,
which is referred to as detrusor pressure Pdet, shows a good agree-
ment with the actual vesical pressure inside the bladder Pves,
measured through a catheter by an air-charged catheter. Some
functional measurements of the sensors are depicted in Fig. 8,
where a series of six manual injections through a syringe were
performed to inflate the bladder while measuring the pressure sig-
nal. The detrusor pressure sensor was calibrated in air at 20.0 ◦C
one week before the test. During this week, the offset calibra-
tion parameter was changed by the relaxation of the packaging
materials and sensor membrane. However, the sensitivity of the

membrane remained the same. Thus, a new baseline pressure was
measured in the operating room before implantation to compen-
sate for the change in offset. The relative pressure signals were
calculated using the new offset, resulting in the graph in Fig. 8.
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Table  1
Power consumption of device subsystems during the different states.

State Current consumption
sensor system

Current consumption
telemetry

Battery life in this state (with
capacity of 1200 mAh)

Receive state – 13 mA 90 hr
Idle  state – 0.01 mA 5000 days
Data  stream: sampling and transmit state 50 Hz

125 Hz
250 Hz

1.1 mA
2.5 mA
5.0 mA

2.1 mA 375 hr

Periodic wakeup state (1 ms  receive, 999 ms  idle) – 
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ig. 9. An acceleration signal, alongside submucosal pressure during the voiding of
he  bladder of a pig. The pressure signal is relative to the baseline pressure measured
etween voiding events.

det and Pves clearly show strong similarities, although the ampli-
ude of the detrusor pressure signal is lower. A difference between
oth pressure measurements is expected, since the physiological
ignals are different and the effect of the mucosa on the pressure
embrane is unknown. However, the measurement is also influ-

nced by the temperature sensitivity of the sensor, the difference in
adaver temperature and infused saline solution, and possibly the
resence of an air bubble in the bladder. During in vivo tests, tem-
erature drift and air bubbles in the bladder would not be issues,
ince the temperature is very stable and the bladder does not con-
ain air. An in vivo calibration could be made after implantation to
et more accurate estimates of Pves. The acceleration signals were
lso measured for the sake of validating the functionality of the
ensor system. However, due to the cadaveric nature of the test, no
eaningful physiological data was measured, and the measured,

nfiltered, accelerations are only caused by the handling of the ani-
al  and the gravitational acceleration. Nevertheless, full operation

f the multisensory system could be proven.

.3. In vivo measurements of the voiding bladder

After the functional cadaver tests, the system was implanted in
 live Göttingen minipig. The bladder was filled with saline solution
y means of a pump through a catheter and voiding events were
ecorded. Fig. 9 depicts some preliminary signals measured during
ne voiding event. They clearly show that the submucosal pressure
ensor is sensitive to a local pressure signal in the bladder during
oiding. The accelerometer signal exhibits small vibrational signals

efore and during the voiding event, which prove the feasibility
f this device and will be further explored after more in-vivo tests
re done. At present extensive measurements are being performed,
hich will form the basis of next research.
3.4 mA
6.2 mA

200 hrs
107 hrs

0.023 mA  2000 days

4. Conclusions

In order gain better understanding of physiological behavior of
the urinary bladder, a novel method for assessing bladder func-
tionality is explored which measures bladder wall movements,
which are compared to conventional bladder pressure measure-
ments. An exploratory study was performed on rats, by placing
an accelerometer on the bladder muscle and recording acceler-
ations during voiding. The promising results of this preparatory
study led to the development of a fully implantable system that
can be used for long-term monitoring of Göttingen minipigs. The
implant measures the mechanical acceleration of the bladder wall
in four locations, the pressure between bladder muscle wall and
the mucous membrane and the abdominal reference pressure. The
sensors are placed on a flexible substrate that allows the measure-
ment system to stretch with the bladder. The system uses a wireless
telemetry link to configure the implant settings and sending all
sensor data to a base station outside the body, using the 430 MHz
ISM band. With an idle current consumption of 10 uA and 3.1 mA
during sampling and wireless transmission of the data, a battery-
powered autonomy of several weeks was  achieved using a smart
communication scheme. The telemetry system can communicate
with a base station in the living quarters of the pigs at a distance of
several meters. Several cadaveric tests were performed to validate
the functionality of the system, followed by a long-term in vivo
implantation, of which preliminary data is shown.
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