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A Robotic Urinary Bladder Enabling Volume Monitoring

and Assisted Micturition

Izadyar Tamadon,* Michele Ibrahimi, Federica Semproni, Veronica lacovacci,

and Arianna Menciassi*

The urinary bladder is considered a highly complex organ, capable not only of
storing urine but also of sensing intra-vesical volume and dynamically expanding
and contracting. Consequently, fully replicating its functions following radical
cystectomy remains a significant technological challenge. Hereinafter, an
implantable robotic bladder is presented that can change shape and expand its
internal volume up to 400 mL, based on the amount of urine collected from
kidneys, and monitor the volume in real-time. It can apply on-demand mechanical
compression to assist urination, by means of an origami-designed enclosure,
coupled to miniaturized mechatronic components. In vitro characterization in a
human phantom is demonstrated, and volume monitoring is validated following
a realistic filling routine. The tests demonstrate successful expansions for col-
lecting urine, with an average volume reconstruction error of 8.4 £ 6.1 mL, and
then 99% of the volume is voided in less than 2 min. The work paves the way for
developing active robotic solutions and reproducing bladder functions in patients
with cancer and organ removal or impairment.

individuals affected by organ failure in
ways that were once thought impossible.”
This flourishing domain promises not only
to alleviate the persistent shortage of donor
organs but also to push the boundaries of
our understanding of artificial systems
within the human body.”) The potential
applications of artificial organs are as vast
as the challenges they pose. Artificial uri-
nary bladders stand out among these appli-
cations, considering their profound impact
on patients’ independence, emotions, and
social life."

The advent of artificial urinary bladders
represents a significant leap forward in
urology, offering a novel approach that
addresses the complex challenges asso-
ciated with bladder dysfunctions or

1. Introduction

Implantable artificial organs represent one of the most promis-
ing frontiers in the evolving field of medical robotics."! These
remarkable devices, designed to integrate seamlessly with the
human body, offer the potential to transform the lives of
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removal.’! However, the development of

an artificial bladder requires intricate

coordination of muscle contractions in har-
mony with the nervous system to mimic the natural function of
the urinary organ (Figure 1A). The bladder concepts presented in
the last few decades have sparked considerable interest and
excitement within the medical community, and if successfully
implemented, they can promise to advance the landscape of
urological care. These ingenious devices are designed to some-
how mimic the natural functionality of the human urinary blad-
der, such as urine storing,[G’S] volume sensing,w’m and active
voiding.®*% The advent of these devices can reduce the need
for external catheters and pouches, thereby lowering the compli-
cations of traditional urinary diversion procedures and bowel
neobladder reconstruction, which are currently the most widely
used methods.*”

However, the journey toward developing a fully implantable
artificial bladder remains in its early research stages, with
many challenges yet to be overcome. These challenges can
be summarized as following: the need for compact and
implantable electronics capable of monitoring the bladder
status, the ability of the device to expand effectively during
filling, and the production of the required pressure for mictu-
rition. Each of these issues presents significant hurdles that
must be addressed to develop a fully implantable artificial
bladder that can reliably replicate the functions of a natural
bladder.

The present study proposes a novel robotic structure for
patients requiring radical cystectomy caused by muscle-
invasive bladder cancer,”" which is the tenth most common
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Figure 1. lllustrations of both the native bladder and the IBRoB functionality. A) The urinary system consists of kidneys, ureters, bladder, and urethra (left)
(Standard license by magicmine/stock.adobe.com). The urinary bladder collects urine from the kidneys through the ureters while the bladder walls stretch
and the urethral sphincter is closed (middle), then the contraction of the detrusor muscle and the relaxation of the urethral sphincter enable urine
micturition (right) (Standard license by Ihor/stock.adobe.com). B) lllustration of the IBRoB implantation in the abdominal cavity, guaranteed by the
anastomosis of the ureters and urethra with the native canals. C) Representation of the expanded IBRoB (end of urine collection, left) and the collapsed
IBRoB (end of voiding, right). The IBRoB communicate via Bluetooth with an external app to provide the patient with feedback on the fullness status and

get a command of voiding.

form of cancer worldwide.[?” The implantable braided robotic
bladder (IBRoB) is designed to reshape according to its inter-
nal urine volume and to monitor the volume with an induc-
tance sensing method (Figure 1B). To enable urine voiding,
thus mimicking the natural detrusor muscles, IBRoB can
apply an on-demand uniform compressive force through a
cable tensioning strategy (Figure 1C). The IBRoB is designed
with compact mechatronic components in such a way that it
can be easily scaled to fit the anatomy of each individual
patient and facilitate its implantation in lieu of the removed
native bladder.

We characterized the inductance sensing and cable voiding
principles in separate individual experiments. Afterwards, we
evaluated the IBRoB prototype in a series of on-bench filling
and voiding trials to estimate the sensing accuracy as well as
the active detrusor efficiency in voiding. Finally, we demon-
strated the performance of the prototype when positioned inside
a human pelvis phantom with simulated abdominal organs posi-
tioned around the prototype, to replicate a realistic implanted
configuration.
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2. Results

The IBRoB is designed and developed to be surgically implanted
in the human pelvic site in lieu of the native bladder through the
anastomosis of the native ureters and urethra with the artificial
ones (Figure 1B). The IBRoB is free to expand and contract to
support the filling and voiding phases, while the electronics
are packed in a dedicated box. The bladder expansion occurs
in accordance with the amount of urine entering the bladder,
while the estimated internal volume is wirelessly transferred
to a paired device to provide the patient with feedback on the
fullness status. Once the bladder reaches 80% of its volumetric
capacity, it sends an alert to the paired device. The actuation
mechanism can be activated to force the urine out of the urethra
upon the patient’s command (Figure 1C). Continuous feedback
ensures that drainage stops only when the bladder reaches the
steady-state residual volume of maximum of 10mL. This
filling-emptying cycle can be repeated to continuously store
and expel urine. The real prototype is shown in Figure 2A, while
the sealing cover has been intentionally opened to demonstrate
its internal components.
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Figure 2. IBRoB prototype and its control loop. A) The opened device includes a sealing cover, a balloon and braided links, cable actuation and inductance
sensing systems, and an electronic box. Inset: the device once closed for implantation. B) The control loop workflows for volume sensing, data exchange,
and voiding phases. The red blocks are the actions performed by the IBRoB, the yellow blocks indicate the communications from the device to the patient,
the blue block represents the sensing phase, whereas the gray blocks stand for the actions performed by the patient.

2.1. The IBRoB Design

The proposed IBRoB is composed of four sub-systems, enabling
the successful functioning of the described operation: i) the
IBRoB structure, constituted by a soft balloon as bladder body
to store urine within a braided structure, aimed to apply a uni-
form pressure on the balloon during voiding; ii) a sensing sys-
tem, based on inductance sensors to monitor the bladder
volume; iii) a cable-based actuating mechanism to guarantee
an efficient and stable contraction-expansion sequence; and
iv) the control and interface electronics for a correct functioning.
The IBRoB technical requirements include, i) bladder voiding
pressure of 3—-4kPa;"”! ii) voiding time of less than 4 min;*’
iii) steady-state residual volume of maximum 10 mL.1*’}

2.2. The IBRoB Structure

The bladder balloon shape was inspired by an origami technique
that allows a guided expansion-compression-expansion cycle. In
fact, a full balloon forms a hexagonal shape, while an empty bal-
loon forms a star-like shape. The presence of folds facilitates the
complete closure of the balloon and leads to nearly zero internal
volume in the empty configuration (Movie S1, Supporting
Information). This is crucial to avoid urine residuals after urina-
tion, which would lead to bacterial infections.* It is also crucial
to consider the positive pressure caused during contractions
toward the kidneys.”>?¢! Anatomically, mucosal flaps cover
the ureter’s entry point, preventing urine from entering the ure-
ters during micturition. Our solution for mimicking this
functionality was based on an antireflux sphincter that prevents
backflow by compressing a double-layer ureter.””) Experimental
results confirmed the backflow blocking for a full bladder and
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4kPa outlet pressure. Only a few drops (0.014 mLmin™") were
noted in cases with 25% overpressure (i.e., 5 kPa).

The braided structure of the IBRoB is inspired by the natural
anatomy of the middle layer in the detrusor muscle structure.*®
In this layer, smooth muscles are formed in all directions like
interwoven fibers, which enable uniform compression of the
bladder. Similarly, our design incorporates flexible braided
links that intersect to form a variable-diameter helical cylinder
(Movie S2, Supporting Information). The braided structure
design can transfer the actuation compression force to the
balloon and fold the balloon’s sides to create a star-like shape.
Moreover, it works as a base structure to hold sensors. We
exploited fabrication techniques that allowed for an easy integra-
tion of the braided links and the hexagon balloon. The bladder
balloon and the braided links can be easily sized to reproduce a
native bladder capacity and be matched with the anatomy.

2.3. The IBRoB Sensing Strategy

A proper implementation of a sensing strategy is highly
requested to identify the appropriate moments of micturition.
Due to the constraints imposed by the in-body conditions, sens-
ing solutions suitable for implantable organs are very limited.!"*l
We have investigated inductance sensors using tension springs
because of their low-power consumption, high elongation rate,
and small size.”” In the IBRoB design, two tension springs
are longitudinally arranged at mid-body and opposite sides of
the braided structure (Figure 3A) to provide a constant force use-
ful to overcome structural friction in the filling phase while urine
has a low pressure flow rate (equal to 0.5 kPal*®). The springs are
sized so that their rest length is reached in the bladder expanded
condition. In this way, the averaged sensor length was used to
determine the radius of the IBRoB and estimate the volume
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Figure 3. Sensing performance. A) The schematic representation of the sensor length (/) and the inductance changes (L). B) The sensor inductance
changes with respect to the sensor length, with 3 different elongation rates. C) The sensor error with respect to the sensor length.

bladder body. As shown in Figure 3B, the sensor read-out is
highly uniform with a very low hysteresis (equal to 0.7%) during
all elongation-shortening cycles and variable elongation rates. We
considered an exponential curve fit to model the sensors’
behavior (Figure 3B). This model provides an average precision
of 0.3mm and accuracy of 0.8mm in elongation ranges
(Figure 3C).

2.4. The Cable-Driven Detrusor for the IBRoB

Considering the system requirements, we designed a cable-
driven mechanism to compress the braided structure in order
to correctly apply radial forces toward the internal balloon. In
fact, cable actuation can provide a functional strategy to replicate
detrusor function. In this way, rapid, reliable, and controlled
motion can be achieved while maintaining a miniaturized struc-
ture without increasing the structure thickness. Cables arrange-
ment and length control need to fulfill two main requirements:
i) contracting the IBRoB, by guaranteeing intra-vesical pressures
in a physiological range (i.e., native detrusor reaches up to maxi-
mum 6 kPal®”)) for an efficient micturition, and ii) allowing the
IBRoB expansion, without hampering urine collection.

To contract the system, cables can be placed around the
braided structure in one or multiple rounds and configurations.
Nonetheless, to avoid increasing the detrusor rigidity and the
number of cable points around the braided cylinder, we consid-
ered just three simple cases: 1-, 2-, and 3-times routing. Doing so,
we experimentally measured cables’ tension to choose a DC

micromotor reaching the system pressure requirement. Bench
tests with a linear stage revealed a 8.83 4+ 0.87 N cable tension
to get a minimum 3kPa pressure at the bladder outlet
(Figure 4A). As cable rounds will affect the time needed to reach
3 kPa pressure, the required power can be justified. We selected a
2-times routing configuration as the best match between the con-
traction time and the required power. Theoretical calculations
using dynamic requirements resulted in a 33 mW DC micromo-
tor to contract the system with a 2-times routing configuration.

2.5. The IBRoB Adapts to the Urine Volume

Considering the native detrusor muscles and their functionality,
we developed proper control over cable’s tension. The ability to
implement controlled actuation is one of the most significant fea-
tures of the soft bladder actuator. In this dynamic actuation, the
cable’s tension is adjusted in real time to avoid extra high or low
radial forces on the bladder body (Movie S3, Supporting
Information).

To expand the system during the filling phase, the IBRoB is
programed using simple electronics and a controller which
checks the cable force at the appropriate timing, see
Figure 2B (e.g., every 5min, which is enough considering
the normal physiological bladder filling rates, i.e.,
1.5-3mLmin"'®Y). Figure 4B shows the intervals between
micromotor actions and their current consumption as represen-
tatives of the motor torque. Indeed, depending on the current
consumption, we derive the cable tension, and we decide
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Figure 4. Cable tension in contraction and expansion phases. A) The tensions in three different routing configurations. B) The cable tension control

during expansion phases.
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whether to release the cable or keep it (Figure 2B). As per the
calibration of the IBRoB, the cable length will be released
3mm if the measurement results in a higher tension than
5N or 22mNm (equal to ~2kPa inner bladder pressure, see
Figure 4A).

2.6. The IBRoB Estimates the Urine Volume

The IBRoB is designed to follow a predictable shape during
expansion (i.e., from star shape to hexagon) since the balloon ver-
tices are constrained in the links of the braided structure. We
exploited the balloons geometric characteristics and the sensors’
length to estimate the internal volume.

Considering that the bladder filling rates may vary in the
human population according to the diet and lifestyle, the expan-
sion strategy and sensing method were first tested on bench-top
experiments. The expansion strategy and sensing method
successfully followed a variety of constant input flow rates
(see Figure 5B,C, and S1, Supporting Information), with an aver-
age error in the volume reconstruction of 8.4 £ 6.1 mL and a
maximum 58.5 mL error. The average error was only 2.8% of
the balloon’s full capacity.

To verify the system in a more realistic scenario, where blad-
der filling rates can randomly vary,?? we evaluated the capability
of the device in a human phantom, filled with animal tissues
mimicking the organs encumbrance around the bladder.
Various flow rates were varied along a single filling phase

www.advintellsyst.com

(see Figure 6C), and the volume estimation resulted in an aver-
age error of 25.6 £ 11.9 mL and a maximum 76.4 mL error. The
average error was only 6.4% of the balloon’s full capacity.

2.7. The IBRoB Assists Micturition

The trials of urine volume reconstruction have ended with a
voiding phase by activating the cable-based actuation mechanism.
We have positioned the IBRoB horizontally (see Figure 5A and
Movie S3, Supporting Information) to simulate the worst-case
scenario of bedridden patients and positioned it in a sloped orien-
tation, with an angle of 35° (see Figure 7A). In addition, to show
the system performance, we tested the same configurations
without any cable actuation, i.e., spontaneous voiding by gravity.

The results obtained with horizontally positioned IBRoB
showed 96 +1.3% voiding of the initial volume within 200 s
(see Figure 7B), with steady-state residual volume of maximum
of 10 mL, equivalent to 3.3% of the balloon’s full capacity.
However, when the IBRoB was positioned and actuated in a
sloped orientation (mixing gravity and cable voiding), we
obtained 99% voiding in less than 90 s with a steady-state volume
of maximum of 5 mL. This is an ideal condition of micturition,
such as a patient sitting on a toilet. Both tests without any cable
actuation resulted in ~58% voiding within 4 min with a steady-
state residual volume over 100 ml (33.3% of the capacity), which
is considered clinically detrimental for the urinary system!®®! (see
Figure 7C). In the trials with a human phantom, we obtained
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Figure 5. The system volume estimation results. A) The schematic of the experimental set-up in horizontal condition. B,C) The system performance with
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Figure 7. The system voiding results. A) The schematic of the experiment in a sloped condition. B) The system voiding performance in horizontal and
sloped conditions, spontaneous gravity voiding, and when the IBRoB detrusor was actuated. C) The residual volume and the voiding time for all the

conditions.

93 4+ 1.9% voiding of the initial volume within 60.4 £8.9s. In
this case, the bladder was placed horizontally.

3. Discussion and Conclusion

Although the urinary diversion and neobladder are a conven-
tional clinical solution for patients who undergo radical cystec-
tomy, they strongly affect their quality of life (e.g., the need
for an external collection bag and the loss of bladder fullness
sensation). In this sense, the presented IBRoB potentially offers
several advantages, being a fully implantable robotic organ able
to i) hold urine during the bladder filling phase; ii) expand auton-
omously with antireflux sphincter to avoid kidneys damages;
iii) monitor the urine accumulation; and iv) compress efficiently
during the voiding phase to enable the expulsion of urine with
low postvoiding residual urine.

A comprehensive review of actuation principles and their chal-
lenges has been reported in the state of the art.33 In our context,
the braided structure serves to constrain radial expansion and
convert a length or volume change into an uniform internal pres-
sure, which can enhance its mechanical efficiency. Such a design
approach can be integrated with fluid-based, electrothermal, or
electrical actuators. Considering fabrication complexity, durabil-
ity, and application-specific requirements, we selected a simple
DC micromotor for the IBRoB, which is a reliable, miniature,
and low-power option for implantable systems.

The IBRoB is designed with integrated electronics, both for
actuation and for sensing, so that the device can only run on
a 3.7 V battery in a small box. The in vitro experiments have dem-
onstrated that the system is capable of correct functioning. In our
design, the electrical boards are packed in a separate box that can
stay subcutaneously inside the abdomen (Figure 2A).

The balloon and braided structure sizes were scaled in accor-
dance with the adult human anatomy and validated on a phan-
tom model. In this work, we prototyped and tested bladder sizes
that can accommodate up to 400 mL. IBRoB in full capacity
forms a diameter and height of 94 and 105 mm, respectively.
Despite its large capacity, the foldable and flexible design of
the entire IBRoB makes it possible to transform into a thinner
cylinder-like shape with a diameter and height of 47 and
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150 mm, respectively. Therefore, a surgeon can easily place it
through a 50 mm wide incision through a laparoscope or robotic
surgery.l"”) Nonetheless, bigger or smaller sizes may be devel-
oped depending on patient-specific anatomical constraints.

We chose latex as the base material of the balloon and the seal-
ing cover because it allowed us to easily fabricate low-cost proto-
type.**) However, our design can readily be manufactured using
other biocompatible materials such as certified medical-grade
silicones®” with careful consideration given to their long-term
performance in the urinary environment.®3”) Incorporating
such materials, potentially combined with multilayer biocompat-
ible coatings, will be a critical step toward enabling safe and dura-
ble long-term implantation of the proposed system. In particular,
resistance to urine encrustation and biofilm formation is essen-
tial: these processes are strongly influenced by material surface
properties such as roughness, porosity, and microdefects, as well
as by local urine chemistry and flow dynamics.”® While encrus-
tation was not evaluated in this study, future work will assess
material stability and encrustation resistance under physiological
urinary conditions.

Considering the sensing system, the inductance sensing solu-
tion presented in IBRoB can be reliable and precise if properly
isolated from the surrounding environment. This effect is more
pronounced in the presence of biological tissue, where nearby
structures can introduce additional interference. This was also
reflected in our human phantom experiments, which showed
a slightly higher error and standard deviation in the measure-
ments. To address this, a separate calibration phase after implan-
tation may be required, or alternatively, advanced modeling and
learning-based methods could be employed to ensure long-term
adaptation.

The system using the dynamic actuation principle showed
very low average error in following both constant and variable
urine flow rates during bladder filling, even in the presence
of surrounding tissues. Dynamic actuation is a key feature of
IBRoB to avoid unintended expansions of the bladder due to
its structural elasticity. An analysis of the performance without
dynamic expansion (i.e., releasing completely after micturition)
has been presented in Figure S2, Supporting Information. As
shown in the analysis, friction between links would prevent
smooth expansion, leading to a stop and sudden expansion,
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resulting in inaccurate volume reconstruction and high negative
pressure in the bladder and, subsequently, in the ureters. In fact,
high negative pressures can disturb renal function and poten-
tially lead to obstruction of the renal pelvis over time.*"!

The IBRoB represents a step forward in the field of
implantable robotics devices for patients who undergo radical
cystectomy. Although the systems previously presented in
state-of-the-art employing magnetic actuation!’”!  reported
adequate performances (i.e., reaching 4kPa pressure), their
passive operation would produce high intra-vesical negative pres-
sure. On the other hand, using shape memory alloy wires for the
detrusor consumes a substantial amount of current and rapidly
reaches a temperature above 80°.*”! The sensing solution based
on capacitive sensors!™?! cannot be integrated with implantable
devices due to their bulky measurement electronics.'*

The proper functioning of the current IBRoB requires a power
budget of only 46.3 mAh, which could be decreased by optimizing
the control scheme.*!! Future developments can easily embed an
implantable battery, which can be recharged using wireless charg-
ing principles as described in a previous work.[*>*?!

The current prototype has successfully performed around 65
voiding cycles without degradation in its performance, which is
sufficient for a short-term invivo implantation trial. While the
DC motor itself has a long lifetime, precise fabrication and robust
materials can even extend the system reliability for longer trials.

Transitioning this system toward invivo studies introduces
several important challenges, including immune response, tis-
sue integration, and long-term mechanical stability. Chronic
implantation requires materials that are biocompatible, compli-
ant, and resistant to local irritation, fibrosis, and encrustation,
while interfaces with the ureters and bladder must maintain
leak-proof connections under physiological urine flow. In addi-
tion, the device must sustain repeated filling and voiding cycles
without loss of function or structural integrity.

At this stage, we used mechanical valves as a urinary sphincter
in filling phases. However, in future development stages toward
invivo implantation, electromagnetic valves can be integrated.
Another still open engineering challenge of the IBRoB is the
configurable sealing of the device to avoid the contact of the
electronics and the aggressive body fluids, due to large
expansion-contraction-expansion motions of the balloon.

Addressing these challenges will involve careful material
selection, interface optimization, and staged preclinical evalua-
tion, starting with acute implantation studies to assess surgical
implant procedure, short-term device operation, and body
response to the implant.**! These observations will be consid-
ered as high priorities to move toward a long-term in vivo implan-
tation in large animal models.

4. Experimental Section

Fabrication of the Ureter Antireflux Valve: The antireflux valve is placed on
the top section of the balloon, where it connects to the kidneys through the
ureters. Fabrication was carried out by pouring prevulcanized liquid latex
onto a flat smooth surface and passing a film spreader, which was set to
0.5 mm layer thickness (Figure 8A). The film was cured for one hour at
room temperature and humidity. Next, the film was peeled off, and
two semicircular shapes were cut with a laser cutting machine. A sacrificial
paper substrate was placed onto the lower layer of latex, and extra latex
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was brushed over the entire surface, including the edges. Then, firstly, a
top layer of latex was placed, and secondly, a weight was placed over the
whole sample sandwich. The sample was cured for two hours at room
temperature and humidity. The paper was removed by water wetting
and pushing it off with high air pressure.

Preparation of the Hexagon Balloon and Characterization of the Ureters
Valve: The hexagon balloon was fabricated through a dip molding process
of latex polymer, resulting in a thin and soft body (about 4 mm thick). The
balloon size was determined using anatomical constraints in human body
and native bladder full capacity (i.e., 300-400 mL (30)). The fabrication
process was carried out in the following steps (Figure 8A): i) CAD design;
ii) 3D printing the hexagon core mold; iii) twice dipping of the 3D-printed
core into an uncured latex container followed by air curing (x4 h);
vi) removal of the internal mold by making a cut, subsequently closed with
additional latex pouring; v) positioning of semirigid acetate components
(obtained by laser cutting technique) with bio-adhesive double-sided tape
on side walls as reinforcement; vi) twice dipping into an uncured latex
container followed by air curing (=4 h). Ureters are then manually stitched
to the latex bladder prototypes. In this way, different dimensions can be
easily scaled to conform to different anatomies.

In order to characterize the ureter antireflux valve, three bladder sam-
ples, each with one ureter, were fabricated. The prototypes were posi-
tioned horizontally on a support surface, while the side with the ureter
was placed above a scale to collect any leaking drops (Figure 8B). On
the other free side, the balloon was connected to a pressure sensor
(NXP semiconductors MPXV5010DP, The Netherlands), transmitting data
to an Arduino Due, serially connected to a laptop. The set up allowed to
measure the pressure leading to leakage in the valve. A set of loads (i.e., 0,
8.3,19.1, and 23.5 N) was placed on the upper surface of the balloon for
60's, and the results of all samples were averaged.

Preparation of the Flexible Braided Links: The links were obtained using
1 mm-thick PETG sheet (RS Pro, Italy) and a laser cutting machine. PETG
is FDA approved and has the best shear strength, durability, and flexibility
for the expected mechanical functionality of the braided structure (i.e.,
50% elongation before breaking and 2150 MPa Flexural Modulus). Our
design followed a scissor linkage mechanism in which the links were bent
into a cylinder shape and held together with bolted joints (Figure 9A).
Considering a simple scissor mechanism involving 4 links, each cross will
remain on one half of the shape. Thus, the link length was determined
based on the half hexagon circumference. Due to the fact that the braided
link will need to be attached to the hexagonal balloon, we considered 12
links for shaping the braided link structure (Figure 9A). Then, for attaching
the braided structure to the latex balloon, six plastic screws were glued to
the middle of balloon vertices. As a final step, at each intersection of the
link pairs, a loose M3 bolted joint provides link attachments and custom
eyelets for securing actuation cables.

Sensing Design and Characterization: Inductance sensors were chosen
among the smallest tension springs that were commercially available.
In addition, since the spring causes a resistance to contraction of the sys-
tem, a low spring constant was considered in choosing the sensor. A pair
of steel springs with an outer diameter of 1.15mm and a stiffness of
0.05 N mm ™" was sized in 10 mm initial length, and tied to the cable eye-
lets. We experimentally measured the inductance changes while the
springs were in cyclic elongations. The experimental set up is illustrated
in Figure 9B and Movie S2, Supporting Information, in which a linear stage
actuator (M414, Pl, USA) elongates the braided structure. In the first
experiment, we elongated the sensor from 12.5 to 32.5 mm at three dif-
ferent speeds (i.e., 1, 2.5, and 5 mm sec™ '), considering a possible fast or
slow expansion. Each speed was repeated 5 times, and the averaged
results are shown in Figure 3B. We have fitted an exponential curve to
the results and used the acquired formula for estimating the spring length.
In the second experiment, we investigated the accuracy (averaged error)
and precision (averaged deviation) of the sensors at various target points
using the acquired formula, as shown in Figure 3C.

IBRoB Design and Geometrical Model for Volume Estimation: The balloon
design is composed of a core prism with hexagonal base and two pyramids
on the top and on the bottom of the prism (see Figure 10A). In its
expanded configuration of 400 mL balloon, the hexagon sides are equal
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Figure 8. A) Fabrication steps of the antireflux ureters and bladder in the first and second row, respectively. B) Setup to verify the absence of backflow
during compression.
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Figure 9. A) Linkages assembly, actuation, and sensing assembly to realize the braided structure. B) Set up to evaluate inductance sensors’ performance.
One side is fixed with a small linkage, whereas the opposite extremity is pulled by a linear sliding system, controlled with a LabView interface.
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Figure 10. A) Filled and collapsed configurations of the hexagon balloon models in 3D view. B) Side view of the hexagon balloon. C) IBRoB design and
geometrical model in filled and collapsed configurations. D) Side view of the IBRoB model.

to 45 mm, while the core prism and overall height are 65 and 105 mm,
respectively. When collapsed, its height reaches 155 mm. Regarding the
outer braided structure, the system was designed with dimensions able
to fit the expanded hexagon balloon, which is a cylindrical shape
with 94 mm in diameter and 105 mm in height. Whereas in its collapsed
configuration, it reaches 47 mm in diameter and 150 mm in height.

The overall bladder volume can be estimated by knowing the indenta-
tion’s position in time of the star shape, OM(t), and the height of the
pyramids, OV(t) (Figure 10). To do so, the following considerations must
be taken into account: that is, given Bjﬁ\/l(t) = a(t), with 0 < a(t) < n/3,
and M as middle point of AB(0).

By its design, we know at a generic time instant t,

AN+ — AR SIdehexagon

VtAM(t,) = MB(t;) = =22.5mm m
VtBV(t;) = 1/ OB?(0) + OV?(0) ~ 49mm )
VtR(t) = OA(t)(=O0B(t) = AB(t)) 3)

hence, at time instant t=0, we have that: OA(0) = R(0) = 45 mm.
Assuming to have a symmetrical collapsing system, thanks to the braided
structure, at a generic time instant ¢, the star section of Figure 10B,C is
inscribed in a theoretical hexagon of side length R(t). Thus

R(t) = OA(t) = 2(AM(#)) cos(aft))

R(0 — — “)
=2 <%> cos(a(ty))(=OB(t) = AB(%))
R(t) and a(t) can be estimated by means of the spring sensor and the
geometry of the braided structure. As depicted in Figure 10D, by design,
we have the following conditions
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Vit KH(t]) = Iﬁnkage =25mm (5)

Vi KS(t1 ) = Isensor (t1 )/2 (6)

Being the structure a cylindrical shape, we can consider the
Pythagorean theorem valid, so we have the following condition, where

gcl+ Isensort 2
FIS(E) = | g — 1) o)

HS(t,) is a side of the theoretical dodecagon that can be described
around the model (Figure 10D). So

2
R(t;) = HS(t;) x o3 ()]

from this, we inversely estimate « (3;), as

©

knowing these values, it is possible to estimate the needed
parameters

_ — X i
OM(t1) = haosa(,) — hamsag,) = OA(t)sin (p_)

3
- (@)sin(a(to) ~ R(0) (10)

o (Leosaty - (2120
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OoV(t;) = \/sz OB2(t;)

= \[49% — R(1))

From these parameters,
composition of the two pyramids and core
instant, as

the volume can be estimated as a

prism, at any generic

(12)
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R(O) % sin (E—a(h)) )
o sm(—i—a(t])) X cos(%i—a(t])»)

“

: —R(n) (3 x \/_) (R(o) x sin? <%i—a(t1))

R(0)?
2

X sin (% - a(t1)) X €OS (%— a(h ))))

(13)
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Figure 11. A) Set up to evaluate the cable actuation mechanism. One side of the cables is fixed, whereas the other side is linked to a load cell. B) The ideal
mechanical and electrical model of the IBRoB. C) Set up to verify the IBRoB efficiency in reconstructing volume during filling phase and voiding performance.
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Actuation Design and Calibration: A motor actuator was selected based
on the required force and speed to collapse the braided link structure. In
addition, size, operating voltage, and simplicity of driving electronics were
also considered as requirements in the design of implantable robotic devi-
ces. We experimentally measured the cable tension in three possible rout-
ing configurations to estimate the required DC motor torque. The
experimental set up is shown in Figure 11A, in which a linear stage actua-
tor pulls the cable at constant speed. One side of the cable was fixed to the
baseplate, and the other side was fixed to a load cell (ATl nano17, USA) on
the moving plate. This experiment was initiated with a full IBRoB and ter-
minated once the output pressure reached 3 kPa. The experiment was
repeated five times for each cable routing, and the averaged results are
shown in Figure 4A.

In order to design the actuation system, a small 3D printed holder was
used to fix the DC motor (Faulhaber 1512U003SR 324:1) and the braided
link. Motor’s shaft was attached to a telescopic tube with three segments.
The one connected to the motor has the largest diameter (i.e., 8 mm),
while the one attached to the braided link has the smallest diameter
(i-e., 2 mm). The telescopic tube has a running clearance fit, and its length
can change from 25 to 65 mm. The actuation cables were tied to the big
tube through two holes.

We calibrated the cable release strategy by taking into account the
motor current constant (equal to 0.48 AmNm™"), the largest diameter
of the telescopic tube, and the tension necessary to achieve a pressure
of 2 kPa in the bladder. It was necessary to perform this calibration step
in order to adjust the threshold value without having to estimate the fric-
tion between the cable and eyelets. The results are shown in Figure 4B.

IBRoB Actuation Model: Motor and gearhead selection was done on the
basis of an ideal physical model, as in Figure 11B. To simplify modeling,
the mechanical properties of the links and balloon are assumed to be lin-
ear elastic; as such, they can be modeled as a spring with stiffness k. The
DC motor is modeled using two opposing voltage sources and a resistor.
One voltage source for the motor supply voltage, one source for the motor
back-EMF, and a resistor for the motor terminal resistance R,,. The gear-
head is represented by transmission ratio r, (rotation to rotation) and effi-
ciency n,. The telescopic tube is represented by radius r; (motor rotation to
cable translation) and efficiency 7. Lastly, the cable guide eyelets are rep-
resented with efficiency 7.

The required cable force F, and cable velocity v. are known from the
dynamic requirements and experimental data on the system (10 N, within
3's, over 0.01 m range). A second-order displacement function is used to
define position and velocity behavior over time. Consequently, the cable
force is defined by a second-order function as well. Using the cable force,
the required motor torque M can be calculated as follows

re 1 )
M =2F, = ——+ ik, (14)
ry NNy

The last term represents the motor frictional torque, which can be cal-
culated using the motor torque constant k,, and the motor no-load current
i,;. The motor velocity w,, can be calculated as follows

f;

_. 15
v 15)

O

therefore, for a low inductance motor, the motor voltage u,, and motor
current i,, can be calculated using

M
- 1
in =1 (16)
U= iRy + Ok a7)

The motor power balance can be used to calculate the motor mechani-
cal power P, motor electrical input power P, motor copper losses
P;, and motor efficiency 7,, over time

Pelec = Prmech + PJ (1 8)
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Ui = (M = ik )@y + 2R, (19)
o = Pmech —1_ Pj _ (M _ inl!(m)(‘)m (20)
Pe\ec Pelec Umlm

The system efficiency 7, (efficiency of the complete actuation unit) can
be calculated by multiplying the motor efficiency ,, by the transmission
efficiency (i3, 1, 5). Therefore, it is a scaled version of the motor efficiency
m and relates the electrical input power P to the output power (Table 1)
(multiplication of cable force and cable velocity).

fsys = MmlTelTplls = Febe (21
Hmlm

IBRoB Electronics: In order to design the system suitable for in-body
implantation, the motor was connected to a miniature driver board
(Adafruit, DRV8833, USA) and ultimately to a controller board (Arduino
nano, Italy). We measured the current passing through the motor by plac-
ing a 1Q sense resistor in series with the motor. The springs were con-
nected to an inductance measurement board (LDC1614evm, TI, USA) and
i2c communication to the Arduino. The sensors were sampled at 100 Hz,
then each 10 samples were averaged and transferred to the serial port. As
part of the benchtop experiments, we used a USB communication link with
LabView 2020 software; anyhow, a Bluetooth module (e.g., Adafruit
Bluefruit LE UART) can be used. The presented electronics can work
with a 3.7V rechargeable Li-lon battery such as Resonetic Contego 440
(capacity of 440 mAh and dimensions of 23 x 38 x 7 mm).

IBRoB Power Budget: In order to estimate the overall power consump-
tion of IBRoB, average activation periods were considered based on the
workflow presented below:

In the sensing-volume estimation loop, first the cable tensioning loop is
checking the tensions, and then the sensors read-out will reconstruct the
urine volume at 5-min intervals and exchanges data with the app for 5s
(5 min: 295 s in sleep mode, and 5 s active). Considering the daily volu-
metric urine output (maximum 2000 mL day ), the cable releasing mech-
anism can work up to 25 min per day. Assuming 80% capacity of IBRoB,
and voiding duration (4 min); the voiding mechanism can work up to
28 min per day.

According to the data sheets of all the components, the estimated
power consumption of the device is summarized in Table 2. Based on that,

Table 1. Characteristics of the DC gear motor: Faulhaber 1512U003SR
324:1.

Values at 22° and nominal voltage Value
Nominal voltage Un 3V
Terminal resistance R 104 Q
Efficiency, max 7y 53%
No-load speed no 15 min ™"
No-load current it 0.01A
Stall torque My 50 mNm
Speed constant ky 4640 min~'/V
Back-EMF constant ke 0.216 mV/min~"
Torque constant kn 2.06 mNm/A™"
Current constant ky 0.486 A/mNm ™"
Slope of n-M curve An/AM 24700 min~'/mNm
Rotor inductance L 175 puH
Mechanical time constant Tm 17 ms
Rotor inertia J 0.09 gcm?

Angular acceleration Amax- 68-103rad/s2
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Table 2. Estimated power consumption of IBRoB.

Current Time Current X time
[mA] [sday ] [mAs day ']

Cable releasing 1 1500 1500
Cable tensioning, sensing, 50 1440 72 000
and communication
Voiding, sensing, and 55 1680 92 400
communication
Sleep mode 0.01 81780 817
Total 166 717

the IBRoB is expected to need 46.3 mAh per day. Considering the battery
capacity, IBRoB guarantees 9 days of working without needs of a charging
cycle.

Bench Top Experiments on Bladder Volume Estimation: We experimentally
evaluated the performance of volume estimation and size expansion when
the system was supplied with a constant flow rate. Bench top test set up is
shown in Figure 11C. An assembled prototype was placed on a digital pre-
cision balance (RADWAG, WLC 2/A2, Poland) with USB data output at
10 Hz. The prototype’s outlet was connected to a fluid electronic valve
and ultimately to a water waste container. The prototype’s inlet was con-
nected to a syringe pump (NE-1010, KF Technology, ltaly) with variable
flow rate control. The trials were initiated in an empty state; when it
reached its full state, the outlet valve was opened, and the actuation cable
pushed water out (Movie S3, Supporting Information). There were five
repetitions of each trial using constant flow rates (1, 2.4, 5,
10 mL min™"). These flow rates were considered, looking at urine produc-
tion rate in healthy humans.?? The results are shown in Figure 5 and S1,
Supporting Information.

In Human Phantom Experiment: In the next experimental phase, we
evaluated the IBRoB performance in a human phantom model. This
benchtop test set up is shown in Figure 6A,B. The assembled prototype
and its electronic components were wrapped in a sealing cover to simulate
the protection of the electronic components from the body fluids and
placed inside the phantom pelvic. The human mannequin was placed hor-
izontally to test the worst voiding scenario of bedridden patient. We used
some fresh animal tissues around the prototype to simulate the encum-
brance of organs surrounding the bladder and to evaluate the performance
in a more realistic environment. In these experiments, we used a similar
methodology of bench-top volume estimation experiments, but the vari-
able inlet flow rate was changed in 50 mL sequence from 0 to 400 mL (i.e.,
2,25,3,1.5,25,3,2,25mL min’1). Flow rates were selected based on
physiological urine flow rates (i.e., 1.5 to 3 mL min~ "), This experiment
was repeated three times with the same filling sequence.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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