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Soft sensors for a sensing-actuation system with high
bladder voiding efficiency
F. Arab Hassani1,2*, H. Jin2, T. Yokota2, T. Someya2,3,4, N. V. Thakor1,3,5*
Sensing-actuation systems can assist a bladder with lost sensation and weak muscle control. Here, we advance the
relevant technology by integrating a soft and thin capacitive sensor with a shape memory alloy–based actuator to
achieve a high-performance closed-loop configuration. In our design, sensors capable of continuous bladder volume
detection and actuators with strong emptying force have been used. This integration has previously hindered
performance due to large bladder volume changes. Our solution integrates sensing-actuation elements that are
bladder compatible but do not interfere with one another, achieving real-time bladder management. The system
attains a highly desirable voiding target of 71 to 100% of a rat’s bladder with a volume sensitivity of 0.7 F/liter. Our
system represents an efficient voiding solution that avoids overfilling and represents a technological solution to
bladder impairment treatment, serving as a model for similar soft sensor-actuator integration with other organs.
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to circumvent a postvoid residual volume (14). Such a soft system can
also be adopted for assisting other organs with peristaltic movements,
such as blood vessels, esophagus, stomach, and intestines (15, 16).
Recent advances in soft materials and their fabrication techniques
allow the development of sensors and actuators compatible with soft
organs (17). This technology has been most evident in the application of thin and flexible sensing electrodes for physiological signals
monitoring from skin (18), heart (7), and brain surfaces (19). The
additional stretchable property of these materials makes them suitable
for tactile strain sensing applications (9, 20, 21). The direct integration of these strain sensors with the bladder for volume detection
requires materials with a lower modulus than the bladder muscle
(3, 22–27). This property allows normal expansion and shrinkage of
the bladder for muscle distention measurement during the storage
(23). Because of large bladder volume changes, the interface between
these strain sensors and the bladder was maintained via suturing
(22, 24), adhesives (3), or circumferential bladder wrapping (23, 25).
The electrical stimulation of nerves (28), muscles (29), heart (7),
and brain (6) using flexible electrodes has been introduced for triggering soft organs with failed functionality. Alternately, several soft
actuators have been reported to assist weak organs in performance
recovery such as the pneumatic actuating sleeves for heart muscle
assistance (30) and soft cuffs and shape memory alloy (SMA) artificial sphincters for fecal and urinary continence recovery (31). For
bladder elasticity matching, soft electrical stimulation actuators have
been reported to void the bladder (22, 23, 32). These actuators consist
of soft electrodes that are directly attached on the bladder surface
for electrical stimulation of the muscle (22) or its related nerves (23).
To avoid possible electrical stimulation of untargeted neighboring
muscles or nerves, soft actuators capable of physical bladder compression have been developed (33). These actuators were compatible
with bladder volume changes and capable of voiding 25% of the
bladder in one activation cycle (33). SMA-based actuators with bistable
characteristics were able to efficiently advance, voiding up to about
80% (34).
Previous integration of soft sensing and stimulation electrodes
on the heart or brain surface demonstrated the importance of integrated systems for real-time organ monitoring and stimulation
(7, 19, 35). Analogously, integration of a bladder stretch sensor would
help detect fullness status and activate the bladder compression
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INTRODUCTION

The development of artificial organs that can mimic the complex
and delicate human vital organs has the potential for taking us closer
to eliminating the need for transplantation (1). Soft electronics
technology can be of particular value for interfacing with soft and
compliant organs like brain, nerves, heart, and bladder (2, 3). Soft
sensors attached to these organs can retrieve the organ’s functional
signature, while soft actuators can empower these artificial organs
to reinstate the lost function of the failed organs (4, 5). In particular,
the combination of soft sensors and actuators can provide a soft
system solution for on-time organ assistance (6, 7). The soft systems
not only have substantial mechanical compliance with living tissue,
but they are also capable of performing complex tasks over rigid
systems (8, 9). For example, the urinary bladder is unique among
organs as it undergoes large volume changes during the storage and
urination phases (3). The human bladder can expand up to five
times its empty state volume for the storage of about 500 ml of urine
(10). Therefore, development of an assistance solution for a dysfunctional bladder requires careful compatibility considerations to avoid
interference with these extreme volume changes. Neurogenic underactive bladder (UAB) is a condition that may arise following a
spinal cord injury (SCI) (11). SCI prevalence is reported at 236 to
1009 per 1,000,000 people (12), and about 80% of patients with SCI
suffer from some degree of bladder dysfunction (13). Patients with
neurogenic UAB may endure dysfunction from loss of bladder
sensation and a weak bladder muscle (11). As a result, an assistive
solution that senses bladder volume during storage and actuates for
urination is required for these patients. Besides a wide dynamic range
for stretch sensing, the sensor must be soft and compliant as well. The
bladder system actuator must also facilitate complete bladder emptying
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RESULTS

Bladder voiding sensing actuation system
The integrated bladder voiding system, illustrated in Fig. 1A, consists
of a flexible SMA-based actuator and a capacitive interdigitated sensor.
The sensor’s 125-m-thick polyimide (PI) substrate was connected by
using 70-m-thick Kapton tape for the width of both side edges to the
actuator’s180-m-thick polyvinyl chloride (PVC) substrate. The PVC
substrate upper face contains the SMA components, while the sensor
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Fig. 1. The sensing-actuation bladder system and micturition. (A) The schematic of the integrated capacitive sensor with the SMA-based actuator. (B) The top
view SEM (scale bar, 500 m), magnified cross-section SEM (scale bar, 100 m),
and (Inset) the optical image of the wrinkled interdigitated electrodes (scale bar,
50 m). The blue arrows present the formed two wrinkles on each adjacent
electrode, and the orange arrow shows the gap between the electrodes. (C) The
schematic side view of the integrated bladder system during the storage, compression, and restoration phases. The enlarged schematic side view presents two
adjacent electrodes with a gap, perpendicular (F1), and bending (F2) forces applied
to the sensor during the storage phase. (D) The schematic of the micturition stages
by using the integrated bladder system for a rat.

was positioned on the inner face of the PI substrate. The bladder was
placed between the two substrates covering the sensor as shown in Fig. 1A.
The system sensor and actuator components are explained below.
Bladder-inspired wrinkled interdigitated capacitive sensor
Pelvic nerve afferents monitor bladder fullness during the storage
phase (36). The afferent fibers in the bladder muscle consist of two
groups of strain and volume receptors (36, 37). The bladder wall
volume and strain receptors can be activated by perpendicular force
and strain, respectively (36, 37). In our design, we attempted to
mimic the bladder sensory receptors with a polymeric capacitive
sensor, designed in such a way that it responds to both perpendicular
and bending force changes. The sensor consists of a polymeric layer
with wrinkled interdigitated electrodes. The top view scanning electron microscopy (SEM) image of the wrinkles is shown in Fig. 1B.
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actuator following notification. The integration of thermoresponsive
actuators with strain sensors demonstrated an integrated system with
the required softness for bladder interaction (25). In the previous
design, the actuator emptied only about 15% of the urine due to its
softness (25). Similarly, the integration of multilayered triboelectric
energy harvesting (TENG) sensors with bistable SMA-based actuators
achieved an integrated system capable of volume detection and urine
voiding (34). The actuator was capable of voiding 43% of bladder
volume because of the presence of thick TENG sensor (34).
However, a voiding efficiency of at least 80% is recommended to
avoid retention of more than 100 ml of postvoid residual volume
and consequent complications (14). Moreover, an ideal integrated
system demands both volume sensing capability and high voiding
efficiency; this is a challenge considering the bladder volume changes
from 0 to 500 ml during storage and vice versa during urination. In
other words, the bladder system needs thin and soft sensors with
modulus lower than the bladder muscle for accurate volume detection and minimum interference with actuator performance. In contrast, the bladder system requires actuators that are stiffer than the
bladder muscle for voiding most of the urine. The inability to achieve
both conditions results in bladder overfilling during storage and only
partial bladder emptying during voiding, resulting in severe medical
complications (11).
In the current study, we show an integrated bladder system for
bladder control, consisting of both soft sensors, responsive to the
continuous volume change, and flexible SMA-based actuators with
high voiding efficiency. We demonstrate an interdigitated capacitive
sensor capable of repeatable volume detection with a sensitivity of
0.7 and 1.8 F/liter during the urine storage and voiding phases,
respectively. The high sensitivity of the sensor during both storage
and voiding phases is the result of its wrinkled structure that operates
similar to bladder muscle receptors with dual functionality of normal
and stretching force sensation. Also, the minimum sensor interference
with the actuator performance results in a high voiding efficiency
between 71 and 100% for one activation cycle. Moreover, the actuator
includes an SMA spring, which aids in keeping the sensor in contact
with the bladder surface at all times, for precise volume detection.
Therefore, unlike the stretchable strain sensors, the cumbersome direct
sensor adherence onto the bladder surface can be avoided. In vitro
tests demonstrate the repeatable performance of the integrated system
during storage and actuation phases. Last, the integrated bladder
system is implanted in three rats for in vivo characterization, and
the results demonstrate the sensor’s repeatable performance and high
voiding efficiency. Our integrated bladder system can be used for
real-time bladder volume monitoring at various stages of voiding and
actuator operation. Furthermore, it ensures a low level of urinary
retention owing to the high voiding efficiency of the actuator. This
soft system demonstrated on a bladder may serve as a model for
augmenting other organs as well.
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SMA-based actuator
Actuator’s SMA components consist of a nitinol (NiTi) spring, a
200-m-diameter NiTi wire for the compression phase, and two
375-m-diameter NiTi wires for the restoration phase (Fig. 1A).
The 200-m-diameter SMA wire was passed through the SMA spring,
while the spring and the two 375-m-diameter NiTi wires were attached to the three-dimensional (3D)–printed anchor points on the
PVC substrate. Silicone tubing was used for thermal insulation of
the 375-m-diameter SMA wires. Copper tape was used to connect
the two 375-m-diameter SMA wires. By applying a voltage to the
200-m-diameter wire, its temperature increases, causing the spring
temperature reaches the 45°C transition temperature. The spring starts
to shrink due to heating, forcing the PVC substrate to bend and
compress the bladder (Fig. 1C, compression). The PVC substrate
transparency allows the bladder observance during the actuator activation. Following the compression phase, a voltage is applied to
the 375-m-diameter SMA wires to straighten the spring, flattening
the PVC substrate for the restoration phase (Fig. 1C, restoration),
thereby relaxing the spring and PVC substrate pressure on the bladder.
The bladder can then fill normally until the next activation. The temperature characteristics and repeatable SMA-based actuator perform
ance during compression and restoration phases were previously
investigated (34). The SMA-based actuator integration with the TENG
sensor in (34) caused a substantial voiding efficiency reduction from
80 to 43% due to thick and multilayered sensor structure. The soft
wrinkled capacitive sensor in this work is not only capable of detecting bladder volume but also has minimal interference with the
SMA-based actuator’s voiding efficiency. The schematic illustration
in Fig. 1D presents the system-assisted micturition for a rat. Once
the bladder volume reaches the full state based on the sensor reading,
the user can initiate voiding by activating the actuator.
The sensitivity of wrinkled sensor to perpendicular
and bending forces
The setup used for introducing wrinkles to electrodes is illustrated
in Fig. 2A. The acrylic elastomer layer was affixed to a linear stage.
The elastomer layer was then prestretched up to 200%. Then, the
patterned interdigitated electrodes in fig. S1 (vi) were laminated on
Arab Hassani et al., Sci. Adv. 2020; 6 : eaba0412
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Fig. 2. The interdigitated capacitive sensor and multifunctional sensing. (A) The
steps for preparing wrinkled interdigitated electrodes on a prestretched acrylic
elastomer. (B) The optical top view image of the wrinkled electrodes. Scale bar, 5 mm.
Photo credit: Faezeh Arab Hassani, National University of Singapore and University
of Tokyo. (C) Schematic view of the gap without deformation and with deformation due to the perpendicular force (F1) and bending forces (F2). (D) The capacitance characteristics of the sensor due to changes of F1 and bending radius (R).

the prestretched acrylic elastomer layer and was then released from
the linear stage. The width of two adjacent electrode fingers with a
gap of 200 m was reduced from 2200 to 526 m after the acrylic
elastomer layer relaxation (Fig. 2A). The optical image of the sensor
is shown in Fig. 2B. The gap deformation effect on the capacitance
during force application was investigated. Figure 2C shows the
schematic cross section of two electrode fingers with a gap (d0) before and after deformation due to pressure and bending. A series of
weights were placed on the sensor to investigate the capacitance
changes due to pressure and perpendicular forces. The capacitance
change versus force characteristics are shown in Fig. 2D. The experiment was repeated for three iterations. The capacitance increased
from ~45 to ~70 pF by increasing the force from 0 to 0.5 N due to
gap reduction between the two electrodes (d1). The PI substrate was
then bent within a 4 to 20 cm bending radius (R) range to investigate its bending sensitivity (Fig. 2D). The bending experiment was
also repeated for three iterations. The bending radius reduction and,
consequently, the gap (d2) resulted in capacitance increase from ~46 to
3 of 8
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The interdigitated electrodes were fabricated separately and then
laminated on a 1-mm-thick double-sided adhesive acrylic elastomer
layer that was prestretched up to 200%. The acrylic elastomer layer
was then released and adhered to the PI substrate. The cross-sectional
SEM image of the sensor is also presented in Fig. 1B. The release of
the acrylic elastomer layer caused the formation of two wrinkles on
each electrode and one wrinkle between two electrodes with a 50-m
gap as shown in Fig. 1B, which also presents the optical image of the
electrodes gap. The fabrication steps for the interdigitated sensor are
explained in Materials and Methods and are illustrated in fig. S1.
The side-view schematics in Fig. 1C (storage) present the system
operation during the storage phase. The sensor capacitance change
during bladder filling is used as bladder volume indicator. The sensor
softness allows the sensor tension change due to bending. Furthermore, the wrinkles improve the sensitivity of the sensor to the perpendicular force applied by the bladder filling. The enlarged schematic
in Fig. 1C illustrates the perpendicular (F1) and bending (F2) forces
that can be exerted on the sensor during storage. The procedure for
preparing a wrinkled sensor and its characteristics under individually
applied F1 and F2 forces are explained later.
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~47 pF. The sensor gauge factor measurement is discussed in the
Supplementary Materials and is illustrated in fig. S2. During the bladder
filling phase, the sensor experienced an increase of both perpendicular
and bending forces thanks to its wrinkled structure. We found that
by placing the sensor on the outer face of the PI substrate, the capacitance reduction from bending canceled the increased capacitance
from the perpendicular force. As a result, it is important to place the
sensor on the PI substrate inner face for sensor sensitivity improvement.
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Fig. 3. In vitro characteristics of the integrated bladder system. (A) The schematic of the in vitro setup. (B) The capacitance characteristics of the sensor during
the storage phase with three filling rates. (Inset) Schematic side views of the system
before and after the storage phase completion. (C) The voiding (diamond dotted
line) and capacitance (circle dotted line) characteristics of the integrated bladder
system during the compression phase. (Inset) Schematic side views of the system
during various compression phase points. The gray sections present the duration
of turning the voltage ON. (D) The capacitance characteristics of the integrated
bladder system during the restoration phase. (Inset) Schematic side views of the
system during various points of the restoration phase. The gray section presents
the duration of turning the voltage ON.

the second voltage pulse at t = 60 s. The balloon started to void at
t = 65 s and the voiding percentage reached to about 75% after turning
the voltage OFF at t = 80 s. The voiding percentage was almost constant from t = 80 s onward. The sensor capacitance showed a sudden
rise within 10 s after initiating the first voltage pulse. Then, the capacitance gradually decreased until the voltage turned OFF. After
the voltage was OFF, the capacitance reduced more abruptly during
a 20-s period and became constant afterward. A similar trend was
observed during the second voltage pulse. However, the peak capacitance value for the second voltage pulse is about 1 pF lower than that
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In vitro characterization of the sensing-actuation system
The in vitro setup in Fig. 3A was used to characterize the integrated
system during the storage, compression, and restoration phases.
A rubber balloon with a size similar to a rat’s bladder (i.e., 1-cm
diameter) was placed between the two flexible system substrates. A
syringe pump was used to fill the balloon with various filling rates of
100, 300, and 500 l/min since the bladder may have various filling
rates depending on daily liquid intake. An LCR [Inductance (L),
capacitance (C), and resistance (R)] meter (BR5812, MCP Lab Electronics) was used to measure the capacitance change at a 1-kHz
measurement frequency during each experimental phase. The water
voided from the balloon was measured with a microbalance during
the actuator activation and balloon voiding.
The balloon was filled up to 1 ml during the storage phase. Figure 3B
shows the sensor capacitance change versus balloon volume for filling rates of 100, 300, and 500 l/min. The cross-sectional images in
Fig. 3B present the integrated system and balloon status before and
after filling. An average capacitance increase of about 1 pF was observed for the three filling rates. For all three storage experiments,
the balloon started to overflow at about 0.8 ml; therefore, the capacitance curve slope was reduced for volumes larger than 0.8 ml. The
filling rate (500 l/min) showed a slightly higher capacitance change
of about 1.1 pF with a sensitivity of about 1.4 nF/liter. The sensitivity
is defined by C/Vb, where, C = C − C0 is the capacitance change,
C is the capacitance value at each time (t), and C0 is the original capacitance value. The capacitance change independence to the filling
rate in Fig. 3B resembles the bladder wall volume receptors that only
respond to the bladder volume changes irrespective of the filling rate
(36, 37). The sensor capacitance increase was due to both the sensor
bending and the pressure applied from the balloon. C characteristics
of the interdigitated sensor in Fig. 3B is compared to a parallel plate
capacitive sensor, which was only half as sensitive as the interdigitated capacitive sensor, in fig. S3. The details of the parallel plate
sensor fabrication process appear in the Supplementary Materials.
After reaching the maximum balloon capacity without water
overfilling (Vb), the compression phase was initiated by applying voltage
to the 200-m-diameter SMA wire and heating the spring around it,
causing its length reduction due to shape memory effect. This forced
balloon voiding due to downward PVC substrate bending. After applying two voltage pulses of 4 V to the 200-m-diameter SMA wire,
the balloon maximum voiding percentage was achieved. The ON
state duration was 20 s to ensure achieving the maximum spring
contraction, while the OFF state duration was kept at 40 s, long
enough to cool the spring down and allow some of its elongated length
recovery. Figure 3C presents the integrated bladder system voiding
percentage and capacitance characteristics during two voltage pulses.
The balloon started to void after the voltage was turned ON, and
voiding continued even after turning the voltage OFF at t = 20 s.
However, the voiding rate began to slow down from t = 20 s onward.
A voiding percentage of about 65% was achieved before commencing
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In vivo characterization of the integrated bladder system
The setup for in vivo testing of the integrated bladder system on an
anesthetized rat’s bladder is shown in Fig. 4A. The experiments were
performed on two adult females (rats 1 and 2) and one adult male
(rat 3). The surgical procedure details are presented in Materials and
Methods. A syringe pump was used to fill the bladder with saline
with a flow rate of 300 l/min, similar to a rat’s filling rate (34). The
capacitance changes were monitored by an LCR meter, while the
voided urine collected from the bladder was measured by a microbalance. Figure 4B shows the implanted integrated bladder system
on the bladder of rat 1. The capacitance curve of the sensor during
the storage phase is presented in Fig. 4C. Since the bladder started
to leak after filling to about 0.7 ml, the capacitance change in Fig. 4C
is only displayed for the maximum volume of 0.7 ml. The cross-
sectional images in Fig. 4C present the status of the integrated bladder
Arab Hassani et al., Sci. Adv. 2020; 6 : eaba0412
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Fig. 4. In vivo characteristics of the integrated bladder system. (A) The schematic
of the in vivo setup. (B) The implanted integrated bladder system on an anesthetized
rat’s bladder. Scale bar, 5 mm. Photo credit: Faezeh Arab Hassani, National University
of Singapore and University of Tokyo. (C) The capacitance characteristics of the sensor
during the bladder storage. (Inset) Schematic side views of the system before and
after the storage phase completion. (D) The capacitance characteristics of the integrated bladder system during the compression phase. (Inset) The voiding percentage
for the three rats. (Below inset) Schematic side views of the system before and after
the compression phase completion. The gray sections present the duration of ON
voltage. (E) The capacitance characteristics of the integrated bladder system
during the restoration phase. (Inset) Schematic side views of the system before and
after the restoration phase completion. The gray sections present the duration of
ON voltage.

system and bladder before and after the storage phase completion.
The capacitance value increased from about 48 pF in Fig. 3B to
about 6.4 nF as soon as the sensor was placed in contact with bladder
tissue and body fluids. This is mainly due to the body fluids ionic
effect in contact with the sensor electrodes (38). An increase of
about 0.5 nF in capacitance and a sensor sensitivity of 0.7 F/liter
was observed during the storage phase. The bladder filling during
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of the first voltage pulse due to the balloon voiding and perpendicular
force reduction from the balloon on the sensor. The integrated system
cross-sectional views are presented in Fig. 3C at t = 0, 20, 60, 80, and
120 s. Table S1 summarizes the values of Vb, C0, and voiding percentage for all of the integrated bladder system experiments. The system
repeatability test during the storage and compression phases was
performed, and capacitance characteristics are shown in fig. S4.
This was followed by applying a voltage of 4 V to the 375-m-
diameter SMA wires to elongate the spring length for separating the
PVC substrate from the PI substrate. For the restoration phase, the
ON state persisted up to 35 s to allow enough time for heating and
straightening of the 375-m-diameter SMA wires. Figure 3D presents
the sensor capacitance characteristics during the restoration phase.
Application of 4 V to the 375-m-diameter SMA wires during the
restoration phase caused straightening of the bent wires; the bending of PI substrate decreased, resulting in the capacitance reduction.
Voltage removal at t = 35 s caused a bending increase, and the
capacitance started to recover to its original value. The cross-sectional
views of the integrated system and balloon are presented in Fig. 3D
at t = 0, 35, and 70 s.
After the integrated system implantation inside the body, the
actuator’s operational information can be obtained from the integrated sensor. If the actuator activation does not result in micturition,
it may be attributed to the actuator operation. However, if the
appropriate actuator operation can be verified by the sensor, then
the possibility of the urinary obstruction should be explored. For
this reason, we activated the actuator in the presence of an obstructed
outlet (incomplete voiding), closed stopcock (no voiding), and complete voiding to determine the capability of the sensor in predicting
a possible urinary obstruction. The details on the experiment for both
compression and restoration phases are described in the Supplementary
Materials and are presented in fig. S4.
Electrode encapsulation is necessary to avoid possible body fluid
interaction. Both a 600- and a 1200-nm-thick parylene encapsulation
for the sensor were tried, but the 600-nm-thick parylene encapsulation
was used in our experiments to circumvent an increase in the Young’s
modulus and the sensor layer rigidity. The sensor capacitance characteristics with 600- and 1200-nm-thick parylene encapsulation layers
during the storage phase are compared in fig. S5. The capacitance
characteristics of the 1200-nm-thick parylene sensor during three
iterations of the compression and restoration phases are also described
in the Supplementary Materials and are shown in fig. S5. The results
are described in detail in the Supplementary Materials.
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DISCUSSION

In the current work, we present an integrated bladder system. The
necessity of integrating a soft and thin sensor for achieving repeatable
sensing capabilities without limiting the required voiding efficiency
has been emphasized. The integrated system presented in this work
serves as a potential candidate for future on-time and efficient
neurogenic bladder voiding. A soft and thin sensor enables continued
measurement from the bladder even when fully distended. The bladder
system actuator achieves a very high emptying level. As a result, the
voiding efficiency, about 71 to 100%, is achieved successfully by the
integrated bladder system.
Arab Hassani et al., Sci. Adv. 2020; 6 : eaba0412
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First, owing to the capacitive sensor flexibility, the voiding efficiency was not affected by the sensor integration. Two consecutive
voltage pulses were applied to the bladder. However, a large portion
of voiding was achieved after the completion of first voltage pulse,
especially for the bladder with properties softer than those of the
balloon. In this case, application of the second voltage pulse is not
required. If the voiding percentage is low, the actuator should be
activated for a second voltage pulse to check the second capacitance
peak value. If the second peak value is similar to the first peak, there
is a possibility of urethra obstruction.
Second, the sensitivity of the sensor to both force and tension
improved the capacitance changes during the storage phase. Therefore, this multifunctional sensor can provide a more accurate and
repeatable bladder volume estimation. Increasing the encapsulation
layer thickness can improve the long-term effect of body fluids on
capacitance value drift; however, the sensor sensitivity will be degraded
owing to a higher sensor stiffness. As a result, the thickness of the
encapsulation layer should be considered as a key design parameter
for the integrated bladder system, and a long-term validation on awake
animal models is necessary for achieving this. Several consecutive
actuator activations may cause the sensor deformation and capacitance value drift. However, the necessity to void the bladder four to
five times every day gives enough time for the sensor to return to its
original state before the next activation.
Next, we showed the implantation of the integrated bladder system
for three different bladder sizes from Vb = 0.2 to 0.7 ml, showing the
scalability of a single design for a range of bladder sizes. Especially if
a patient’s bladder size changes over time (39), the system should still
show reasonable functionality. The sensor sensitivity, particularly for
Vb smaller than 0.7 ml, can be improved by introducing more gaps
to the structure. For future wireless device deployment on an awake
animal model, an ultrasound is required for full bladder volume
estimation and a precalibration test. Observing the sensor reading
during an intentional and gradual bladder filling through urethra
can be used for the precalibration. Moreover, multiple periodic
calibrations may also be required, since the sensor capacitance
value depends on the bladder muscle properties that may change
over time. These calibrations will be used to find the correlation
between capacitance changes and the volume for defining a notification alarm when the bladder volume reaches at least 70% and the
consequent activation of the actuator.
In conclusion, the soft bladder system is a technology, which
considers both sensing and actuation to act on similarly soft and
stretchable body organs. The bladder system achieves a high voiding
efficiency through the integrative operation. This design can serve
as a model for other soft and distensible organs like blood vessels,
heart, and the gastrointestinal system where both sensing and actuation are needed to achieve functions like pumping and peristalsis
under soft actuation and control.
MATERIALS AND METHODS

Materials
SMA wires (200- and 375-m diameter) have a transition temperature
of 70°C (DYNALLOY Inc.). The NiTi spring (Kellog’s Research Labs),
with a transition temperature of 45°C, has an original length of 1 cm,
but it was then stretched up to 2.4 cm and affixed to two 3D-printed
anchor points (VeroClear-RGD810; Objet260 Connex3, Stratasys)
by using ultraviolet (UV) curable glue. The outer body spring diameter
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the storage phase and the capacitance changes monitored with the
LCR meter are shown in movies S1 and S2, respectively.
As in the case of the in vitro experiment, two voltage pulses of
4 V were applied to the 200-m-diameter SMA wire for the compression phase. The capacitance curve (Fig. 4D) shows a sudden
capacitance increase after turning voltage ON at t = 5 s, and the
capacitance started decreasing following voltage removal. A sensitivity
of about 1.6 F/liter was observed for the sensor during the first voltage
application. A similar behavior was observed for the second pulse
after turning the voltage ON. However, the peak capacitance value
is about 0.4 nF smaller than that of the first pulse due to voiding of
the bladder by 74.23%. The side-view images in Fig. 4D illustrate
the status of the bladder and integrated bladder system at various
compression phase points. The bladder status during the compression phase and capacitance changes are shown in movies S3 and S4,
respectively. The storage phase for Vb of 0.7 ml and the compression
phase for rats were repeated for three iterations, and the capacitance
characteristics of the integrated bladder system are described in the
Supplementary Materials and are presented in fig. S6. The voiding
percentage for all rats is presented as an inset to Fig. 4D.
The capacitance curve of the integrated bladder system during
the restoration phase is shown in Fig. 4E. As shown in Fig. 3D,
the capacitance was reduced following the 4-V application to the
375-m-diameter SMA wires. By turning the voltage OFF, the capacitance increased due to the reduction of the PI substrate bending.
The cross-sectional views of the integrated bladder system and bladder
are presented in Fig. 4E, at various restoration phase steps. Movies S5
and S6 present the bladder and integrated bladder system status and
the capacitance changes during the restoration phase, respectively.
The capacitance characteristics of the integrated bladder system
during both the compression and restoration phases for a complete
voiding case, as well as the no voiding case, due to urethra obstruction
for rat 1 are presented in fig. S6. The second peak was not observed
for the no voiding and incomplete curves in fig. S6 compared to the
no voiding and incomplete voiding curves for the balloon in fig. S4C.
This difference is due to the larger Young’s modulus of the rubber
balloon in comparison with the bladder. Therefore, the balloon caused
a larger normal force to be exerted on the sensor during actuator
activation, resulting in a visible second peak even for the incomplete
voiding cases. The details of the characteristics are provided in the
Supplementary Materials. Movies S7 and S8 demonstrate the bladder
and integrated bladder system status and the capacitance changes
during the compression phase for the no voiding case, respectively.
The parylene thickness effect on the implanted integrated bladder
system performance in rat 3 is explained in the Supplementary
Materials and is presented in fig. S7.
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is 1.65 cm, with a 250-m-diameter wire. The total number of spring
turns is 21. The PI and thermoplastic polyurethane layer were
purchased from UBE Industries Ltd. and NSK Echomark, respectively. Common PVC binding sheets were used as the SMA component substrate. A 70-m-thick Kapton tape was purchased from
element14. Copper tape was used to connect the two 375-m-diameter
SMA wires and for further connection of the SMA wires and capacitive sensor to the source power and the LCR meter. The UV
curable glue was also used to attach the anchor points on the PVC
substrate.

Surgical procedure
The experiments were performed on two adult females (300 g) and
one adult male (500 g) Sprague-Dawley rats. The animal care
and use procedures were approved by the Institutional Animal Care
and Use Committee of the National University of Singapore. The
procedure was carried out in accordance with the R18-0753 protocol.
The animal was anaesthetized by 1.5% isofluorane through inhalation.
For providing analgesic, buprenophrine (0.05 mg/kg) was used, and
to prevent dehydration of the animal, normal saline (0.2 to 0.5 ml/10 g)
was subcutaneously injected. After exposing the bladder through an
abdominal incision, the integrated bladder system was affixed to the
bladder and filled with normal saline through a cannula inserted
into the left ureter to carry out the experiments.
SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/18/eaba0412/DC1
View/request a protocol for this paper from Bio-protocol.
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Interdigitated capacitive sensor fabrication
The fabrication steps are presented in fig. S1. (i) A 1-m-thick polyethylene terephthalate (PET) substrate (DuPont Teijin Films) was
laminated onto a Kapton film adhesive (Teraoka Seisakusho Co. Ltd.)
layer for easier handling. (ii) A 100-nm-thick gold (Au) layer was
thermally deposited on the PET/Kapton film adhesive layer following the predeposition of a 3-nm-thick chromium (Cr) adhesive
layer. (iii) The Au/PET/Kapton film adhesive layer was adhered
from the Au side to a glass stage that was slightly wetted with water.
A green laser cutting machine (MD-T1010, KEYENCE) was used to
pattern the interdigitated electrodes in the Au/PET/Kapton film
adhesive layer with the electrodes finger’s width of 1000 m and
a gap of 200 m. (iv) Another Kapton film adhesive layer was
laminated on the laser-patterned Au/PET/Kapton film adhesive
layer to remove the pattern from the glass stage. Then, the gold
surface was encapsulated with 600-nm-thick parylene (diX-SR,
Daisan Kasei Co. Ltd.). (v) An adhesive layer (CM-0003-R1A,
GRAPHTEC) was used to delaminate the patterned Au/PET layer
from the Kapton film adhesive layers. (vi) The patterned Au/PET
layer was then laminated onto the prestretched adhesive acrylic
elastomer layer [Very high bond (VHB) tape, 3M] from the PET side.
(vii) Since the acrylic elastomer layer adhesion was larger than the
Kapton film adhesive layer, it could easily be separated from the
Au/PET/elastomer layer. The prestretching force for the acrylic
elastomer layer was then removed; thus, the Au/PET layer deformed
to a wrinkled structure. The wrinkled Au/PET/acrylic elastomer
layer was then attached to a 125-m-thick PI substrate.
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