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ABSTRACT: Aging, neurologic diseases, and diabetes are a
few risk factors that may lead to underactive bladder (UAB)
syndrome. Despite all of the serious consequences of UAB,
current solutions, the most common being ureteric
catheterization, are all accompanied by serious short-
comings. The necessity of multiple catheterizations per
day for a physically able patient not only reduces the quality
of life with constant discomfort and pain but also can end
up causing serious complications. Here, we present a
bistable actuator to empty the bladder by incorporating
shape memory alloy components integrated on flexible
polyvinyl chloride sheets. The introduction of two
compression and restoration phases for the actuator allows for repeated actuation for a more complete voiding of the
bladder. The proposed actuator exhibits one of the highest reported voiding percentages of up to 78% of the bladder
volume in an anesthetized rat after only 20 s of actuation. This amount of voiding is comparable to the common
catheterization method, and its one time implantation onto the bladder rectifies the drawbacks of multiple catheterizations
per day. Furthermore, the scaling of the device for animal models larger than rats can be easily achieved by adjusting the
number of nitinol springs. For neurogenic UAB patients with degraded nerve function as well as degenerated detrusor
muscle, we integrate a flexible triboelectric nanogenerator sensor with the actuator to detect the fullness of the bladder.
The sensitivity of this sensor to the filling status of the bladder shows its capability for defining a self-control system in the
future that would allow autonomous micturition.

KEYWORDS: shape memory alloy actuator, flexible, bistable, restoration−compression, triboelectric nanogenerator sensor,
myogenic and neurogenic underactive bladder

Rapid progress in the advancement of wearable medical
electronics with the help of flexible materials eases the
continuous monitoring and evaluation of vital biological

signals from the body.1,2 For instance, flexible electronic skins
can sense pressure,3 while wearable patches are capable of
measuring temperature, hydration, blood pressure and oxygen

level, biomarkers in sweat, and electrophysiology signals.4−7

Numerous implantable devices have been also designed based
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on biocompatible, soft, and stretchable materials for diagnostic
and therapeutic applications.1,2,8 Direct attachment of an
electrode array on an organ surface such as brain or heart
can be used to record electrophysiological signals and produce
a high-resolution map of the physiological signals.9−11 Flexible
neural electrodes that can wrap around the nerves for recording
and stimulating the activity of the nervous system are additional
examples of implantable devices.12

The material compatibility and shape memory property of
shape memory alloy (SMA) materials such as nitinol (NiTi)
makes them liable for fabricating implantable biomedical
devices.13−17 The shape memory property of the SMA
materials is due to atomic-level structural changes in the
material from the martensitic to the austenite phase by applying
heat.18 The molecular structure in the martensitic phase is
twinned.19 Due to the heating (through the austenite start
temperature, AS, and finish austenite temperature, AF), the
atoms in the crystal rearrange into a cubic arrangement called
the austenite phase. The reverse transformation on cooling
(through the martensitic start temperature, MS, and finish
martensitic temperature, MF) brings back the crystal structure
to the martensitic phase.18−21 Such structural changes in the
material happen at the transition temperature that is defined in
the original thermal training of the material.18−21 Stents, super
elastic wires for laparoscopic surgery, clips for the control of
gastrointestinal bleeding, staples, and clamps for orthopedic
surgery are a few biomedical applications of SMA-based
devices.22 One area of particular clinical need and applicability
is to develop actuators to help with the voiding of the under
active bladder (UAB).
UAB is a complex condition that dramatically affects a

patient’s life.23,24 UAB defines a group of symptoms including
prolonged/failed bladder emptying within a normal time
span.25 UAB is closely related to detrusor underactivity and
may be initiated by aging, neurological disorders and infections,
and diabetes to name a few.23−27 However, interventions for
patients with this condition have not been explored as much
compared to interventions for patients with overactive bladder
(OAB).26 Double voiding or straining the bladder to void,
indwelling or intermittent catheterization, drug, stem/gene
therapy, and sacral nerve stimulation are the current treat-
ments.27,28 Intermittent catheterization is the method of choice
for UAB patients.27,28 Even if the catheterization can relieve the
bladder sufficiently, the necessity of multiple daily insertions
may lead to complications such as urinary tract infection (UTI)
and asymptomatic bacteriuria (ASB).29−31

Previous works32,33 have demonstrated SMA-based actuators
in the form of parallel and interlaced devices, consisting of SMA
wires and 3D printed vests, were used for the voiding of the
bladder. The focus of the previously proposed actuators was on
the configuration and anchorage of SMA wires onto the flexible
vests. However, the current work proposes a simple but
effective mechanism with the help of a NiTi spring and flexible
sheets for voiding of the bladder. Furthermore, voiding efficacy
for the previous actuators was not sufficient to be practical: A
maximum voiding percentage of only 23.59% was achieved in
an anesthetized rat model due to the conformability limitations
of the vest. Moreover, for those actuators, the size of the vest
should be matched with the bladder size; otherwise, the
maximum voiding percentage reduced further. Any urine in the
bladder after the device actuation due to incomplete voiding
increased the risk of UTI. Incomplete emptying of the bladder
with an approximate post-void residual urine volume (PVR) of

more than 150 mL (with an initial bladder volume of about 500
mL)34,35 is considered as chronic urinary retention and may
result in the increased occurrence of UTI.36−38 Since the
contraction of the bladder in these actuators mainly depended
on the 5% shortening of the SMA wires, the amount of
compression force exerted was not large enough. For this
reason, here we propose a design for the actuator by using a
prestretched NiTi spring to greatly increase the compression
force required for a more complete voiding of the bladder.
Bistable actuation can also further increase the force exerted by
the actuator.39 In this work, we propose a mechanism that
incorporates the large contraction force of a NiTi spring to
achieve the bistable performance for doubly clamped flexible
polyvinyl chloride (PVC) sheets. Such a mechanism magnifies
the contraction force while keeping the applied voltage at the
same level and lowering the power consumption of the
previously reported actuators. Based on the size of the bladder,
or due to the bladder wall thickening,40 it may be necessary to
actuate the NiTi spring multiple times for a complete voiding of
the bladder. To achieve this criterion, a restoration phase is also
added to the compression phase of the actuator with the help of
two thick SMA wires. The compression−restoration capability
of the actuator promotes the development of a design that can
be fitted to a wide range of bladder sizes. In addition, the
benefit of our approach is the biocompatibility of NiTi
components20 and PVC sheets,41 and thus our approach can
be applied for future clinical applications of this actuator.
The stretch receptors in a healthy bladder wall sense the

bladder fullness, and the voiding initiated following the fullness
of bladder.42 Even though myogenic UAB patients experience
incomplete voiding of the bladder due to the dysfunctional
detrusor muscle, stretch receptors in their bladder wall are
intact.42 Therefore, the proposed actuator is sufficient to
resolve the incomplete voiding. However, neurogenic UAB
patients may suffer from a faulty nervous system as well as
dysfunctional detrusor muscle that leaves them unable to detect
the bladder fullness.42 Therefore, a sensor can be used to
determine the liquid volume in the bladder.
The implantable devices are modulated by an external power

source such as batteries. However, harvesting biomechanical
energy of body can resolve the necessity of this additional
power source.43,44 Realization of self-powered implantable
devices may be possible by using triboelectric nanogenerators
(TENGs) that are capable of producing a sufficient high-power
output.45−48 Previously implantable TENGs as nano energy
sources for sensors have been explored by various research
groups.45,46,49 However, in this work, we integrated a sponge-
based TENG as the sensing component with our actuator for
detecting the fullness status of the bladder for the consequent
activation of the actuator.
We present an actuator with a repeatable high voiding

efficacy by using a compression and restoration mechanism,
lower power consumption compared to the previously reported
actuators, and scalable solution for larger sizes of bladder. We
first present the actuation mechanism design including the
compression and restoration phases and fabrication of the
actuator for myogenic UAB. We tested the proposed actuator
by using an experimental setup on a balloon. This was followed
by an in vivo test of the actuator in an animal model. The
TENG sensor was then designed and integrated with the
actuator for neurogenic UAB and was tested in a successful in
vivo experimental demonstration.
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RESULTS AND DISCUSSION

The NiTi Spring Actuation Mechanism. A 1 cm-length
NiTi spring with a transition temperature of 45 °C,50 outer
body diameter, Ds, of 1.65 cm, total coils of 21, ns, and wire
diameter, ds, of 250 μm was stretched up to the length of 2.4
cm, ls, and then anchored by using two 3D printed anchor
points onto a PVC sheet with the width, w, of 5 mm, length, l,
of 5 cm, and thickness, h, of 400 μm. A thin SMA wire with the

transition temperature of 70 °C and diameter of 200 μm51 was
passed through the spring. The SMA wire was heated by
applying voltage that subsequently heated the spring up to 45
°C. The heating of the spring resulted in the reduction of its
length, Δls. The assembled actuator is illustrated in Figure S1a.
The plots of Δls versus time for various voltages of 3, 4, and 5 V
are shown in Figure S1b. The Δls increased from 0 to 1.6 cm
after 20 s of voltage application. By increasing the voltage from

Figure 1. NiTi spring actuator and the actuation mechanism. (a) The actuator before placing the balloon or bladder, and the applied forces
required for opening the PVC sheets. (b) The placement of balloon or bladder between the PVC sheets, and the application of voltage to the
NiTi SMA wire. (c) The status of the spring actuator after the completion of voiding.

Figure 2. Compression and restoration phases for the NiTi spring actuator. (a) The schematic view of the disassembled parts of the NiTi
spring actuator including the spring and thin SMA wire for the compression phase and thick SMA wires for the restoration phase. (b) The
schematic side view of the assembled actuator. (c) The schematic application of the spring actuator on the bladder. (d) The schematic view of
the operation of the actuator during the compression phase only. The cross section views are shown along the AA′ and BB′ dotted lines in (a).
(e) The schematic view of the operation of the actuator while activating both restoration and compression phases. The cross section views are
shown along the AA′ and BB′ dotted lines in (a).
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3 to 5 V, Δls reached the maximum change of 1.6 cm much
quicker. The spring started to contract after 1, 2, and 3 s of
voltage application of 3, 4, and 5 V, respectively. In the
subsequent experiments, 4 V was used as a compromise to
avoid overheating of the SMA wire. Changes in the temperature
of the SMA wire over time at 4 V voltage application is
presented in Figure S1b. The wire temperature increased from
27.8 °C at T = 0 s to 65.2 °C at T = 20 s. Movie S1 presents the
contraction of the actuator during 20 s of 4 V voltage
application. A second PVC sheet with the same thickness and
dimensions was attached along both the edges to the first PVC
sheet by using common scotch tape (Figure 1a). By applying a
slight force to the attached edges of PVC sheets, as shown in
Figure 1a, a balloon or bladder can be placed between two PVC
sheets (Figure 1b). A voltage was then applied to the thin SMA
wire to heat and contract the spring. As a result of the spring
contraction, the bending direction of PVC sheets changed from
upward to downward, thus the balloon or bladder was
compressed between the two PVC sheets (Figure 1c).
The Actuator Design and Fabrication. In order for the

PVC sheets to completely cover the rubber balloon or bladder
with the diameter of about 1 cm, the width of PVC sheets was
increased to 2.2 cm. Eight 3D printed cubic anchor points with
the dimension of 5 mm were glued on edges of the top PVC
sheet. The anchor points were placed with a separation distance
of 1.75 mm along the width of the PVC sheet, with a separation
distance of 7.5 mm along the length of the PVC sheet, and 0.5
cm away from the edges. The schematic views of the
disassembled parts of the actuator and the assembled device
are shown in Figure 2a,b, respectively. The schematic of the
actuator placed on a urinary bladder in a human is illustrated in
Figure 2c. The actuator consists of a NiTi spring and a thin
SMA wire for the compression phase and two thick SMA wires
to define the restoration phase.

Compression Phase. The NiTi spring with 13 total coils and
the same dimensions in Figure 1a was prestretched up to 2 cm
and then anchored through the holes of two middle anchor
points (Figure 2a). A thin SMA wire with the dimensions as in
Figure 1a was passed through the spring in Figure 2a. A voltage
of 4 V was applied to the SMA wire to heat the spring for the
consequent contraction. The reduction of spring’s length forced
the PVC sheets to bend from upward to downward, thus
compressing the balloon or bladder that was placed between
the PVC sheets.

Restoration Phase. In order to restore the spring to its
extended length, two thick SMA wires with the diameter of 381
μm were passed through 3 anchor points along the length of
the PVC sheet (Figure 2a). Only the center anchor points were
used to fix the thick SMA wires with glue inside the hole of the
anchor point, while both ends of thick SMA wires could move
freely inside the hole of the anchor points. After finishing the
compression phase, the thick wires were bent along with the
PVC sheets. Thus, a 4 V voltage was applied to the thick SMA
wires to straighten them. As a result of the straightening of the
thick SMA wires, the top bent PVC sheet also was forced to
straighten and thus separate from the bottom PVC sheet. This
design resulted in the extension of the contracted spring.
The cross sections of the actuator along AA′ and BB′ dotted

lines presented in Figure 2a are illustrated in Figure 2d,e. In
order to find out the effect of the restoration phase on the
operation of the actuator after multiple actuations, first Figure
2d shows the condition of the device at each step by only
activating the compression phase. After that, Figure 2e presents
the condition of the device at each step by activating both the
compression and the restoration phases. In Figure 2d: (i) the
actuator was placed on the balloon or bladder, the balloon or
bladder was then filled with liquid, and some of the liquid
overflowed from the balloon or bladder due to the spring
reaction force; (ii) a 4 V voltage was applied to the thin SMA

Figure 3. Numerical modeling of the NiTi spring actuator. (a) The schematic view of the NiTi spring actuator used for the numerical
modeling. (b) The side view schematic of the forces applied to PVC sheets to define the force exerted by the balloon or bladder (Fb) and
forces applied to anchors 1 and 2 to define the forces imposed by the spring (Fsl = Fsr). Actuators with various thicknesses of PVC sheets (i.e.,
180, 250, and 400 μm): (c−e) the out-of-plane displacement of the device at Fsl = Fsr= 3 N and (f−h) the side view plots of out-of-plane
displacement along AA′ dotted line in (a).
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wire to heat up the wire thus contracting the spring; (iii) some
part of the liquid voided from balloon or bladder due to the
spring contraction; (iv) the balloon or bladder was filled again;
(v) the filling resulted in an overflow of liquid due to the spring
reaction force; and (vi) the thin SMA wire was activated again
for the next contraction of the spring and the compression
phase. After each cycle of the compression phase, the length of
the spring is reduced, and thus the contraction force for the
next actuation becomes smaller. In Figure 2e: (i) the actuator
was placed on the balloon or bladder, the balloon or bladder
was then filled with liquid, and some of the liquid overflowed
from balloon or bladder due to the spring reaction force; (ii) a
4 V voltage was applied to the thin SMA wire to heat up the
wire and thus contract the spring; (iii) some part of the liquid
voided from balloon or bladder due to the spring contraction;
(iv) a 4 V voltage was applied to thick SMA wires, thus thick
SMA wires restored the spring; and (v) the balloon or bladder
was filled with the liquid for the next compression phase.
Activating the restoration phase helped to extend the length of
spring before each contraction of the spring, and thus more
compression force was achieved.
The actuator was modeled using COMSOL to find the

optimum thickness of the PVC sheets. The modeled actuator is
presented in Figure 3a. A 1 N force, Fb, was applied to the top
and bottom PVC sheets to model the force exerted by the filled
balloon or bladder to the actuator. Considering the dimensions

and stiffness of the spring, a variable force of 0−3 N was applied
to the anchor point 1 on the left, Fsl, and to the anchor point 2
on the right, Fsr, (Figure 3a) to model the forces imposed by
the spring. The spring stiffness of the NiTi spring, kspring, is
calculated by52

=
−

k
E d

n D d8 ( )spring
NiTi s

s s s

4

3
(1)

where ENiTi = 83 GPa is the Young’s modulus of austenite
NiTi.53

The schematic of the cross section of the device along the
AA′ dotted line (Figure 3a) and the applied forces are shown in
Figure 3b. The displacement of the actuator at various
thicknesses of the PVC sheets (i.e., 180, 250, and 400 μm) at
Fb= 1 N and Fsr = Fsl = 3 N are presented in Figure 3c−e. The
plots of out-of-plane displacement of the top PVC sheet along
the Y-axis at Fb = 1 N and various Fsr = Fsl are illustrated in
Figure 3f−h. By increasing the thickness of PVC sheets, the
displacement under the same force values reduces. This is due
to the increase of spring stiffness of the doubly clamped PVC
sheets. The spring stiffness of a doubly clamped PVC sheet,
kPVC, is calculated by54

=k
E wh

l
16

PVC
PVC

3

3 (2)

Figure 4. Benchtop experiments for the NiTi spring actuator. (a) The schematic view of the benchtop setup for testing the actuator on a
rubber balloon. (b) The image of the actuator on a rubber balloon. (c) The plots of the compression and restoration voltages versus time. (d)
The curve of voiding percentage versus time after two times of compression experiments and two times of restoration−compression
experiments for a single spring actuator. (e) The condition of actuator/balloon before and after the restoration phase (the inset schematic
views also show the condition). (f) The condition of actuator/balloon before and after the compression phase from two viewing angles (the
inset schematic views also show the condition).
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where EPVC = 1500 MPa is the Young’s modulus of PVC,55 and
the effective spring stiffness, kef f, can be calculated as kspring −
kPVC.
The Benchtop Experiment for the Actuator. The

schematic of the benchtop setup used for testing the actuator
in Figure 2b on a rubber balloon model of a bladder is shown in
Figure 4a. First the actuator was put on a balloon, then the
balloon was filled with deionized (DI) water up to 1 mL. The
voided water from the balloon, due to the reaction force
exerted by the spring, was measured by using a balance to find
out the maximum volume of water inside the balloon, Vbm. A
power source was used to apply 4 V voltage to the thin SMA
wire for activating the compression phase and 4 V voltage to
thick SMA wires for initiating the restoration phase. The
balance was also used for measuring the displaced volume of
liquid from the balloon, ΔVb, after the actuation. The image of
the actuator on a rubber balloon is presented in Figure 4b. The
4 V voltage was applied as a series of 8 pulses with the ON state
duration of 20 s and OFF state duration of 10 s as shown in
Figure 4c. As presented in Figure S1b, 20 s is the suitable time
duration to ensure the spring compression upon voltage
application. We observed that 10 s time duration was enough
for the SMA wire and spring to cool down to some extent
before applying the next pulse. For the restoration phase, 4 V
was applied for the duration of 35 s to the thick SMA wires
since the thick SMA wires require a longer time duration to
heat up compared to the thin SMA wire. The curves for
restoration and compression voltages versus time are presented
in Figure 4c. The actuator was actuated four times. The plots of
voiding percentage, ΔVb/Vbm, versus time for the four actuations
are presented in Figure 4d. For the first and the second
actuation times, no voltage was applied to the thick SMA wires
prior to the compression phase. ΔVb/Vbm increased rapidly
during the first two pulses to 80% for the first actuation and
stayed constant afterward. The measured Vbm for the first
actuation was 0.99 mL. Since Vbm reduced to 0.9 mL for the

second actuation, ΔVb/Vbm increased to 90% after two pulses of
voltage application. In order to keep Vbm constant for each
actuation, we first activated the restoration phase followed by
the compression phase for the third and fourth actuations.
Therefore, Vbm for the third and fourth actuations was
measured at 0.86 mL. ΔVb/Vbm for the third and fourth
actuations was about 60% after two pulses of voltage
application. The reason for lower ΔVb/Vbm for these actuations
can be explained due to the shorter length of the spring after
the restoration phase compared to the length of the spring in
the first and second actuations due to the forces imposed on
the spring by filling of the balloon. The conditions of the
actuator and balloon before and after 35 s of applying voltage
for the restoration phase are shown in Figure 4e. The
application of voltage to thick SMA wires flattened the PVC
sheets thus elongated the spring. Figure 4f presents the
condition of the actuator and balloon before and after 8 pulses
of thin SMA wire activation. The inset schematic views in
Figure 4e,f illustrate the condition of the actuator at each step.
Note that our technique in this paper achieves a remarkable
60−90% voiding, far exceeding the prior results of 10−20%
range.32,33

Three actuators were compared together to investigate the
effect of PVC width and number of springs on the voiding
percentage. First, the number of springs was kept at 1, while w
increased from 2.2 cm (Figure 5a) to 2.7 cm (Figure 5b). Then
w was kept constant, while the number of springs increased
from 1 (Figure 5b) to 2 (Figure 5c). With respect to eq 1, kPVC
increased by increasing w. Similarly, by increasing the spring
numbers, kspring increased since the total spring stiffness was
calculated by summations of the spring stiffness values. Figure
5d shows the plots of ΔVb/Vbm versus time for three actuators
after 8 pulses of 4 V voltage application. The compression
voltage versus time is also presented in Figure 5d. Figure 5e
illustrates kef f versus maximum slope of the voiding percentage
curves, voiding rate, in Figure 5d. The labeled angles of α1, α2,

Figure 5. Benchtop experiments for the three actuators with various specifications. The images of actuators tested on a rubber balloon: (a) the
one spring-narrow (w = 2.2 cm), (b) the one-spring-wide (w = 2.7 cm), and (c) two spring-wide (w = 2.2 cm) actuators. (d) The curves of
voiding percentage and applied compression voltages versus time for one spring-narrow, one spring-wide, and two springs-wide actuators. (e)
The plot of effective spring stiffness versus the voiding rate for the three tested actuators in (a−c).
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and α3 in Figure 5d show the points on ΔVb/Vbm curves that
the maximum slope was calculated during 15 s. Higher values
for kef f represent higher voiding rates. Based on Figure 5e,
higher number of springs and wider PVC sheets can improve
the voiding rate from 0.37%/s for the one spring-narrow (w =
2.2 cm) actuator to 2.43%/s for the two springs-wide (w = 2.7
cm) actuator. This result demonstrates the potential of the
proposed actuator for application to larger bladder sizes
without losing the voiding efficiency. Similarly, thinner PVC
thickness should result in a smaller kPVC, thus larger kef f and
voiding rate. This is consistent with the simulation results in
Figure 3f−h that showed larger displacement changes for
thinner PVC sheets. Two PVC sheets with thickness of 400
μm, length of 4 cm, and width of 2.7 cm were used to fabricate
an actuator with three integrated springs, as shown in Figure
S2a. The plots of ΔVb/Vbm and compression voltage versus time
are presented in Figure S2b for three times of actuation. Since

the actuator only included the springs for the compression
phase, the measured Vbm reduced from 2.68 mL for the first
actuation, to 1.88 mL for the second actuation, and to 1.41 mL
for the last actuation, and ΔVb/Vbm varied similarly to the first
two actuations in Figure 4d. A voiding rate of 0.57%/s was
calculated for the second actuation with respect to the labeled
angle, α4, in Figure S2b. This level of voiding rate shows the
importance of the PVC thickness on the amount of water
voided from the balloon after the compression. The condition
of the actuator seen from two angles on a filled balloon before
the actuation is presented in Figure S2c. Figure S2d shows the
condition of the actuator from two view angles and the voided
balloon after the completion of the compression phase at T =
330 s.
The temperature change of the thin SMA wire and spring

during the compression phase of the actuator for one pulse of 4
V voltage application was measured by using a FLUKE 52 II

Figure 6. Thermal characterization of the actuator during the compression and restoration phases. The compression phase: (a) The position
of the thermocouple under the top PVC sheet underneath the spring. (b) The plot of temperature on the thin SMA wire, the spring, and
bottom surface of the top PVC sheet versus time. (c) The optical image, and thermal images of the actuator at T = 0 s and T = 20 s. The
restoration phase: (d) The position of the thermocouple under the top PVC sheet underneath the spring. (e) The plot of temperature on the
silicone tube of the thick SMA wire and bottom surface of the top PVC sheet versus time. (f) The optical image and thermal images of the
actuator at T = 0 s and T = 35 s.
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thermometer (Everett, WA). A K-type thermocouple was
positioned first on the surface of the thin SMA wire and then
on the surface of the spring. After that, we positioned the
thermocouple under the bottom surface of the top PVC sheet
under the spring (Figure 6a) to measure the amount of
temperature increase on the balloon or bladder surface. The
curves of temperature on the thin SMA wire, spring, and
bottom surface of the top PVC sheet versus time are presented
in Figure 6b. The temperature of the thin SMA wire reached
from 25.4 °C at T = 0 s to 80.5 °C at T = 20 s, while the
temperature of spring reached from 25.4 °C at T = 0 s to 67.3
°C at T = 20 s. A maximum temperature increase of 2 °C was
observed for the bottom surface of the top PVC sheet after
heating of the thin SMA wire for 20 s as shown as inset to
Figure 6b. The current actuating design shows a very much
lower and, thus, safer operation temperature compared to the
previous interlaced SMA actuator which had a temperature
increase of about 17 °C on the surface of the balloon
underneath the SMA wires.33 Since the actuator is activated
infrequently for bladder control, the small heat is dissipated,

and as such this small temperature change would be tolerated.
A FLIR E5 thermal imaging camera (Wilsonville, OR) was also
used to monitor the temperature change of the whole spring
device upon voltage application. The optical image and thermal
images of the device at T = 0 s and T = 20 s are shown in
Figure 6c.
The temperature measurement for the actuator was also

carried out during the restoration phase. The temperature on
the surface of the silicone tube of thick SMA wires and the
bottom surface of top PVC sheet under the spring was
measured with the thermocouple (Figure 6d). The temperature
profiles of the silicone tube surface and the surface bottom of
the PVC sheet are shown in Figure 6e. The temperature of the
silicone tube increased from 26.2 °C at T = 0 s to 40.1 °C at T
= 35 s. The temperature of the bottom surface of top PVC
sheet under the spring showed an increase of about 0.7 °C after
applying a 4 V voltage to thick SMA wires for 35 s. The
temperature increase at the bottom surface of top PVC sheet
under each SMA thick wire was about 1 and 1.3 °C. The optical

Figure 7. In vivo test of the spring actuator in an anesthetized rat. (a) The schematic of the in vivo setup for testing of the actuator in a rat
model. (b) The applied device on the bladder. (c) The applied compression and restoration voltages to the actuator for the in vivo test. (d)
The condition and voiding percentage of the one spring-narrow actuator during four consecutive actuations before and after the compression
phases completed and the inset schematic views for each condition (the scale bar is 5 mm). (e) The device before and after the restoration
phase and the inset schematic views for each condition (the scale bar is 5 mm).

ACS Nano Article

DOI: 10.1021/acsnano.8b00303
ACS Nano 2018, 12, 3487−3501

3494

http://dx.doi.org/10.1021/acsnano.8b00303


image and thermal images of the device during the restoration
phase at T = 0 s and T = 35 s are also presented in Figure 6f.
In Vivo Animal Test of the Actuator. The in vivo

experiment setup for testing the actuator on a rat’s bladder is
illustrated in Figure 7a. The actuator was first placed on the
bladder, and then the bladder was filled with saline volume of
up to 1 mL through a microcannula that was inserted in the
ureter. The excess urine overflowing from the bladder was
weighed using a balance. A density of 1.0012 kg/L was
measured for the voided liquid from bladder.32 Figure 7b
presents the actuator that is placed on a bladder. Our in vivo
experiment was carried out in two steps to clarify the
importance of adding a restoration phase for the actuator.
The first step only includes the compression phase, while for
the second step, the restoration phase was also added to the
compression phase.
Compression Only Phase. Two actuations were done by

applying 4 V voltage as consecutive three pulses of 20 s for
activating the compression only phase as presented in Figure
7c. Since the one spring-narrow actuator in Figure 5d reached
the maximum voiding percentage during the third voltage
pulse, we reduced the number of pulses from 8 in the balloon
experiment to 3 pulses for the in vivo test. After the first
actuation, the spring contracted, and this resulted in 46.3% of
voiding for the measured Vbm of 1 mL. For the next actuation,
since the bladder Young’s modulus56 is much smaller than that
of the rubber balloon,57 the spring could not be elongated due
to the filling of the bladder. Therefore, the bladder expanded
horizontally between the collapsed PVC sheets in contrast to
the balloon that could separate the PVC sheets during the
filling process. Thus, Vbm was measured at the same value of 1
mL. Since the spring was at its compressed condition, the
second compression phase led to a small voiding percentage of
1.73%. The conditions of the actuator/bladder before (T = 0 s)
and after the completion of compression phase (T = 90 s) are
shown in Figure 7d.
Restoration−Compression Phase. In order to overcome the

huge reduction in the voiding percentage for the second
actuation in the step 1, a restoration phase is initiated prior to
the compression phase for each actuation in the step 2. The
restoration voltage versus time plot is shown in Figure 7c. We
first activated the restoration phase to restore the spring to a
longer length for achieving high levels of voiding percentage
after each time of actuation. By activating the restoration phase
prior to the compression phase, the high voiding percentages of
44.73% and 78% were maintained for the first and second
actuations, respectively. The conditions of the actuator/bladder
before (T = 0 s) and after the completion of the compression
phase (T = 90 s) are shown in Figure 7d. The conditions of the
actuator before (T = 0 s) and after the restoration phase (T =
35 s) are presented in Figure 7e. The schematic views for each
condition are presented as insets to Figure 7d,e. The maximum
volume of liquid in the bladder or balloon and the liquid
volume voided for the actuations in Figures 4 and 7 are
summarized in Table S1. Movie S2 shows the restoration phase
of the actuator, while the compression phase and voiding of the
bladder is presented in Movie S3. As seen in Movie S2, the
voiding of the bladder completed about 17 s after the voltage
was turned ON. Also, the straightening of the bent thick SMA
wires completed after 15 s after applying the voltage (Movie
S3).
There might be a concern about backflow of urine toward

kidneys especially after the completion of the compression

phase. This is due to the fact that since the filling rate of urine
in the urinary system is slow,58 the forces imposed by bladder
during the filling may not be large enough to open the PVC
sheets. Activating the restoration phase after the completion of
each compression phase and prior to the next step of
compression not only helped to elongate the spring but also
opened the PVC sheets to ease filling of bladder and avoid
backflow of urine. Movie S4 presents the filling of the bladder
with saline with a filling rate of 3 μL/s after activating the
restoration phase. It should be obvious that the force due to the
bladder filling overcame the compressed spring.
The characteristics of the spring actuator in this work (i.e.,

voiding percentage, number of activations per 327 s, and total
energy consumption) were compared to the previously
proposed SMA-based actuators. The images of the three
actuators on a rubber balloon are shown in Figure 8a. The
curves of voiding percentage versus time for the actuators are
presented in Figure 8b. The spring actuator showed an increase
of about 5 times and 12 times in the voiding percentage after 20
s of voltage application compared to the interlaced and parallel

Figure 8. A comparison of the previously proposed actuators and
the spring actuator in this work. (a) The images of the parallel,
interlaced, and spring actuators (the scale bar is 5 mm). (b) The
curve of voiding percentage versus time for the three actuators
under 4 V voltage application for 20 s. (c) The plots of percentage
of the liquid volume in the bladder, Vb/Vbm, versus time and the
total energy consumption during 327 s for the three actuators in
(a).
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devices, respectively. We compared the number of activations
required for voiding the bladder during 327 s for the three
actuators in comparison with a healthy rat’s bladder in Figure
8c. Considering a 5 s time period for a rat to completely void
the bladder, a time period of 8, 13, and 17 s was observed for
the parallel, interlaced, and spring actuators, respectively, to
void the bladder up to the maximum possible voiding
percentage. The percentage of the liquid volume in the
bladder, Vb/Vbm versus time for the activations is presented in
Figure 8c. While a healthy bladder of a rat voids one time per
327 s, the maximum voiding percentage of 8.12% for the
parallel device resulted in 10 times of activations during this
time period. The number of activations reduced to 4 times for
the interlaced device with the maximum voiding percentage of
23.59%. The spring actuator with the highest voiding
percentage of 78% led to only 2 times of activations per 327
s. The total energy consumption for the three actuators versus
time is also shown in Figure 8c. The total energy consumption
including the energy for the restoration phase of the spring
actuator was about 19.59 mAh and lower than that of 23.04
mAh and 54.56 mAh for the parallel and interlaced actuators,
respectively.
Since the voiding of the bladder completed only after 17 s of

voltage application during the compression phase, and based on
the thermal characterization in Figure 6b, a maximum
temperature increase of 1.5 °C would be expected at T = 17
s for the bladder surface. Similarly, due to the completion of the
restoration phase after 15 s of voltage application to thick SMA
wires, the temperature increase would be about 0.1 °C on the

bladder surface. This level of temperature increase is within the
acceptable temperature increase for an implantable device.59

The Triboelectric Nanogenerator Sensor Design and
Sensing Mechanism. The operation of TENGs is based on
alternate contact and separation of two surfaces with different
electron affinities.60,61 In this scenario, after each contact−
separation cycle, one transit spike output would be
generated.62,63 By placing a TENG sensor between the balloon
or bladder surface and the bottom PVC sheet, we are able to
monitor the changes in the volume of the balloon or bladder
during filling with liquid. However, the two surfaces of the
TENG sensor were always in the contact mode during filling,
therefore, the common spike output of the TENG as a
nanogenerator is not expected for the sensing application in
this work. For this reason, we designed a wet sponge-based
TENG sensor that was proposed recently.64 The schematic of
the disassembled layers of the sensor is presented in Figure 9a.
A thin polyethylene terephthalate (PET) layer was placed
between the PVC sheets. Copper electrodes were attached to
the bottom surface of the PET layer and top surface of the
bottom PVC sheet. A polydimethylsiloxane (PDMS) layer and
a 1 mm-thick sponge layer containing 0.2 mL of DI water were
sandwiched between copper electrodes. The assembled layers
of the TENG sensor in Figure 9a were assembled as illustrated
in Figure 9b, and the balloon or bladder was placed between
the top PVC sheet and the PET layer. The assembled actuator
and sensor on a rubber balloon are presented in Figure 9c.
The sensing mechanism for the sensor is shown in Figure 9d.

When the bladder or balloon was empty, the water stayed
inside the sponge, and therefore, the output voltage due to the

Figure 9. Integration of the TENG sensor with the spring actuator. (a) The schematic view of the disassembled device. (b) The schematic view
of the assembled device. (c) The image of the device on a rubber balloon. (d) The schematic view of the operation of the integrated device
during the filling of the balloon or bladder and the activation of the actuator.
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triboelectrification and electrostatic induction between the
PDMS layer, water, and copper electrodes was at its minimum
level. By filling the balloon or bladder with liquid, the water
gradually squeezed out of the sponge and became exposed to
the PDMS layer, and thus the output voltage increased. When
the balloon or bladder was almost full and the output voltage
became constant, the actuator was activated, thus a sudden
force imposed onto the TENG sensor and squeezed more
water out of the sponge. As a result, a sudden increase in the
output voltage was observed. The balloon or bladder started to
void due to the activation of the actuator, thus the water started
to go back inside the sponge, and consequently, the output
voltage reduced.
Prior to the integration of the TENG sensor with the

actuator, we used a range of weights from 20 g up to 700 g to
measure the output voltage of the sponge-based TENG sensor
for a range of applied forces. The sponge contained 0.2 mL of
DI water. The curve of the output voltage versus force is
presented in Figure S3a, and the schematic side view of the
sensor is shown in Figure S3b. The output voltage of the sensor

in Figure S3a increased from 35.6 mV to 114 mV by increasing
the applied force from 0 to 6.86 N. The schematic side view of
the sensor after adding a weight on top of the sensor is
illustrated in Figure S3c. The output voltage of the sensor versus
time for various applied weights from 20 to 700 g are presented
in Figure S3d. The parts of the output voltage curves that are
labeled with the dotted lines in Figure S3d present the output
voltage increase at the time that the weight was placed on top
of the sensor. The output voltage of the TENG sensor was a
sinusoidal-like signal in which the peak level of the signal
changed after adding the weights on top of the sensor.

The Benchtop Experiment for the TENG Sensor
Integrated with the Actuator. The schematic of the
benchtop setup used for testing the integrated TENG sensor
with the actuator is shown in Figure 10a. First, the device was
placed on a rubber balloon, and the output wires from the
sensor were connected to an oscilloscope. Then, A 4 V voltage
was applied to thick SMA wires for the restoration phase, and a
syringe pump was used to fill the balloon with a constant flow
rate of 3 μL/s up to 1 mL. Similar to the output voltage in

Figure 10. Benchtop experiment for the integrated device. (a) The schematic view of the benchtop setup. (b) The plot of the TENG output
voltage versus Vb during the filling of the balloon. The output voltage plots at Vb = 0 and 0.84 mL are also shown as insets to (b). (c) The curve
of the TENG output voltage and Vb versus time during the activation of the actuator by applying a 4 V compression voltage (the change of the
spring length during the compression is also shown). (d) The condition of the device in (c) at T = 0, 35, and 100 s and inset schematic views
for each condition.
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Figure S3d, the output voltage of the integrated TENG sensor
was a sinusoidal-like signal, and peak level of the signal
increased during the experiment. Therefore, the peak of the
signal was considered as an indicator for studying the effect of
filling and voiding of the balloon on the sensor. The integration
of the TENG sensor with the actuator caused an increase in the
initial output voltage as shown in Figure 10b. The maximum
output voltage in Figure 9b started to increase by filling the
balloon with water. The curve of the output voltage versus the
liquid volume in the balloon, Vb, is shown in Figure 10b. The
output voltage plots at Vb= 0 and 0.84 mL are presented as
insets to Figure 10b. Movie S5 shows the changes of the output
voltage of the sensor during the filling of the balloon. The
stopcock was left open so the excess water from the balloon
voided from the balloon; Vb reduced from 1 to 0.84 mL which
was the same Vb value in Figure 10b at which the output voltage
started to saturate. Therefore, this value for Vb may be used as a
sign for a full bladder with the maximum volume of Vbm and the
correct time for activating the actuator.
The 4 V compression voltage was applied in a pulsed manner

with the ON state duration of 20 s and OFF state duration of
15 s as shown in Figure 10c. The spring started to contract, and
the voided water from the balloon was measured by using a
balance. At the same time, the output voltage of the TENG
sensor was monitored by the oscilloscope. The plots of output
voltage and Vb versus time are also presented in Figure 10c. A
schematic on the reduction of the spring length during each
pulse of compression voltage application is illustrated in Figure
10c. For the first pulse of the compression voltage, during the
first 10 s, a sudden force was imposed from the contracted
spring to the sensor, thus a sudden increase in output voltage
was observed. However, the output voltage started to decrease
afterward since the water voided from the balloon and less force
was exerted from the balloon onto the sensor. A similar
response to the output voltage curve for the first pulse was
observed for the second pulse. Since Vb already reduced during
the second pulse, the changes of output voltage were smaller
than that of the first pulse. Changes of output voltage during
the third pulse was almost constant since the voiding of water
completed. A ΔVb/Vbm of about 30% was calculated for the
device that was less than the voiding percentage of about 60%
achieved for the actuator only in Figure 4d. This was due to the
fact that adding of the TENG sensor to the actuator increases
the total spring stiffness of PVC sheets, thus the voiding
percentage reduced. The images of the device during the

activation in Figure 10c at T = 0, 35, and 100 s are shown in
Figure 10d. The inset schematic views also represents the
condition of the actuator at each time.

In Vivo Animal Test of the TENG Sensor Integrated
with the Actuator. The in vivo experiment setup in Figure 7a
was used to measure the TENG sensor integrated with the
actuator. The device was put on an empty bladder, and a 4 V
voltage was applied to the thick SMA wires for the restoration
phase. The output wires of the TENG sensor were connected
to the oscilloscope. The bladder was then filled with saline
volume of up to 1 mL, and the changes in the output voltage
were monitored. The curve of output voltage versus Vb is
presented in Figure 11a. Contrary to the sinusoidal-like output
voltage of the device in the benchtop experiment setup, the
output voltage of the sensor in the animal test was a DC signal
due to the effect of bladder surface charge and presence of body
fluid. The level of DC signal changed during the filling and
voiding of the bladder. The output voltage increased by
increasing Vb similar to Figure 10b. The voltage started to
saturate at about Vb= 0.67 mL. Movie S6 presents the changes
of the output voltage during the filling of the bladder.
A 4 V voltage was applied to the actuator for the duration of

20 s. The output voltage versus time is presented in Figure 11b.
Similar to Figure 10c, the voltage increased due to the
contraction force imposed by the spring onto the sensor. The
increase of voltage in Figure 11b (in contrast to Figure 10c)
continued during the 20 s of voltage application. This was due
to the fact that while the bladder was less stiff than the rubber
balloon, the voiding of the bladder completed during 20 s of
voltage application. Therefore, the force imposed onto the
sensor continued until the removal of voltage. After removing
the activation voltage, the output voltage of the sensor started
to decrease and reached a value smaller than the starting output
voltage value since the bladder was emptied by the actuator.
Considering Vbm of 0.79 mL, a voiding percentage of 43.8% was
calculated for the device; this percentage was smaller than that
for the animal test results for the actuator only in Figure 7d.
This difference between the voiding percentage of the
integrated device and the actuator only was also observed for
Figure 10c. The actuation of the device and changes of the
output voltage during the actuation are shown in Movies S7
and S8, respectively. Movies S7 and S8 were shot at the same
time.
The actuator reported here exploits a mechanism and

operation to physically contract the detrusor muscle. The

Figure 11. In vivo test of the integrated device in an anesthetized rat. (a) The curve of the TENG output voltage versus Vb during the filling of
the bladder. The output voltage plots at Vb= 0 and 0.67 mL are shown as insets to (a). (b) The plots of the TENG output voltage and
compression voltage versus time during the activation of the actuator.
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achieved voiding percentage of approximately 60% of the
bladder upon a few seconds of actuation shows the potential for
this actuator to replace the common ureteric catheters used in
patients with detrusor underactivity. The device was success-
fully implanted in an anesthetized rat, however, for the future
implantation of the device in an awake rat, the NiTi spring
should be encapsulated to avoid any interaction with other
tissues to allow its free movement during the actuation. The
encapsulation material should be soft enough not to interrupt
the normal compression and restoration of the spring.
The integration of this actuator with a flexible TENG sensor

for detecting the fullness of the bladder can enable us to build
an autonomous system for full control of the bladder voiding
for neurogenic UAB patients with both damaged detrusor
muscle and nervous system, especially for patients with
insufficient manual dexterity or hesitant body behavior. The
TENG sensor not only can detect the bladder fullness, but also
its output voltage can be used for charging of a supercapacitor
in future that later powers the actuator. Future wireless transfer
of the sensor output signal to the patient as a control signal
allows the patient to activate the actuator and void the bladder
on his/her own.
Replacing of the sponge with a biocompatible hydrogel or

encapsulating it with a PDMS frame and usage of
biocompatible materials for 3D printing of the anchor points
should help make the whole system biocompatible and feasible
for future clinical applications.

CONCLUSION
In summary, we present a highly efficient actuator based on
microscale diameter NiTi SMA wires and springs. The atomic-
level structural changes in the NiTi spring due to the heating of
the thin SMA wire resulted in the bistable mechanism of the
flexible sheets. The dependence of the actuator characteristics
on the dimension of flexible sheets and the number of springs
was studied. In the presence of combined compression and
restoration phases, a remarkably high voiding percentage after
each actuation, significantly exceeding current state of the art,
was successfully achieved for the benchtop test and in vivo
experiment on an anesthetized rat’s bladder. Moreover, this
capability allows multiple actuations of the device for achieving
a complete void in the case of larger bladder sizes or stiffer
bladder muscles. Our idea of building in a restoration phase
results in a high level of sustained efficiency in voiding.
Integration of a TENG sensor for detecting the fullness of
bladder for neurogenic UAB patients with degraded nerve
function provides a proof-of-concept for making a self-
controlled system for future clinical application.

EXPERIMENTAL SECTION
Materials. SMA wires were purchased from Dynalloy Inc. (Irvine,

CA). The PDMS layer was purchased from Interstate Inc. (Sutton,
MA), and NiTi springs were purchased from Kellogg’s Research
Laboratories (Hudson, NH). Common PVC binding sheets were used
for fabricating the actuator. 50 μm-thick tape was purchased from Deli
Group Co. Ltd. (China). Object260 Connex3 printer was used to 3D
print anchor points with hole diameters of 2.5 mm with the VeroClear-
RGD810 material.65

Actuator Fabrication. Two PVC sheets were joined together with
the 50 μm-thick tape along their width. Eight anchor points were glued
on the surface of top PVC sheet. The NiTi spring was then cut in the
desired length and anchored to the anchor points with ultraviolet
(UV) curable glue. The thin SMA wire was then passed through the
assembled spring. Thick SMA wires were covered with silicone tubing

and passed through anchor points. Each thick SMA wire was only fixed
by glue to the middle anchor point. Copper tape was applied to the
ends of each SMA wire for easier connection of power source to the
device.

TENG Sensor Fabrication. A thin 50 μm-thick PET layer with the
same dimensions as the PVC sheets was placed between them, and
they were joined with the 50 μm-thick tape along their width. The
PET layer was used for fixing the TENG sensor. 70 μm-thick copper
tape electrodes with the dimensions of 1.4 cm × 2.2 cm (w × l) were
attached to center of the bottom surface of the PET layer and top
surface of the bottom PVC sheet. The bottom copper electrode was
covered with 50 μm-thick tape in order to avoid its contact with the
wet sponge. A 431.8 μm-thick polydimethylsiloxane (PDMS) layer
with the dimension of 1.4 cm × 2.2 cm (w × l) and a 1 mm-thick
sponge layer containing 0.2 mL of DI water and with the dimension of
1.4 cm × 2.2 cm (w × l) were sandwiched between copper electrodes.

Surgical Procedure. The experiments were performed on two
adult female Sprague−Dawley rats (300 g). The animal care and use
procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of the National University of Singapore. The
methods were carried out in accordance with the R15-0592 protocol.
The animal was anaesthetized by injecting ketamine-xylazine (75 mg/
kg-10 mg/kg) into the intraperitoneal space. Carprofen (5 mg/kg) and
normal saline (0.2−0.5 mL/10g) were injected subcutaneously to
provide analgesic and prevent dehydration of the animal. After
exposing the bladder, the actuator was put on the bladder and filled
with normal saline to carry out the experiments.
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