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A B S T R A C T   

A highly stretchable and tissue-adhesive multifunctional sensor based on structurally engineered islets embedded 
in ultra-soft hydrogel is reported for monitoring of bladder activity in overactive bladder (OAB) induced rat and 
anesthetized pig. The use of hydrogel yielded a much lower sensor modulus (1 kPa) compared to that of the 
bladder (300 kPa), while the strong adhesiveness of the hydrogel (adhesive strength: 260.86 N/m) allowed firm 
attachment onto the bladder. The change in resistance of printed liquid metal particle thin-film lines under strain 
were used to detect bladder inflation and deflation; due to the high stretchability and reliability of the lines, 
surface strains of 200% could be measured repeatedly. Au electrodes coated with Platinum black were used to 
detect electromyography (EMG). These electrodes were placed on structurally engineered rigid islets so that no 
interfacial fracture occurs under high strains associated with bladder expansion. On the OAB induced rat, 
stronger signals (change in resistance and EMG root-mean-square) were detected near intra-bladder pressure 
maxima, thus showing correlation to bladder activity. Moreover, using robot-assisted laparoscopic surgery, the 
sensor was placed onto the bladder of an anesthetized pig. Under voiding and filling, bladder strain and EMG 
were once again monitored. These results confirm that our proposed sensor is a highly feasible, clinically relevant 
implantable device for continuous monitoring OAB for diagnosis and treatment.   
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1. Introduction 

Overactive bladder (OAB) is a collective term for a group of urinary 
symptoms characterized by frequent and sudden urge to urinate due to 
detrusor overactivity, which leads to uncontrolled micturition reflex 
(Steers, 2002). While prevalence estimates vary among studies, over 
20% of people over the age of 40 suffer from OAB according to Nurses’ 
Health study (Nagai et al., 2021). OAB may cause extreme discomfort to 
the patient, preventing them from partaking in normal everyday activ
ities, consequently causing various psychological problems such as 
anxiety and depression (Lai et al., 2016). Furthermore, long-term 
neglect of OAB can lead to severe chronic conditions such as kidney 
failure and renal malfunction (Fowler et al., 2008; Herbison and Arnold, 
2009; Scarneciu et al., 2021). 

Despite the high prevalence of OAB, its treatment still mainly relies 
on prescribed medications, which has shown to be ineffective in patients 
with severe OAB (Millard and Halaska, 2006). Thus, device based neu
romodulation modalities such as tibial or sacral nerve stimulation have 
been proposed since 1983 and was approved for treatment in 1997 (Lee 
et al., 2021). For these procedures, nerves directly or indirectly con
nected to the bladder are electrically stimulated to reduce the over
activity of the bladder. One potential issue with these treatments is that 
nerves are being stimulated without the monitoring of bladder activity, 
which can potentially cause side-effects due to excessive stimulation or 
render the treatment ineffective (Banakhar et al., 2012). To overcome 
the limitations of such continuous, open-loop stimulation, there have 
been extensive efforts in developing selective or closed loop 
neuro-stimulation modalities, but these efforts have not been successful 
for bladder control due to a lack of efficient bladder activity monitoring 
method (Ju et al., 2022; Lo and Widge, 2017; Mirza et al., 2019). 
Therefore, real-time monitoring of bladder activity would be highly 
beneficial, as it can be used as a feedback for the neurostimulators so 
that nerve stimulation can be automatically tuned based on bladder 
activity. With this feedback control, neuromodulation for 
fully-automated personalized treatment becomes possible. 

Various bladder activity monitoring devices have been previously 
reported (Arab Hassani et al., 2020; Jang et al., 2020). These devices 
have been fabricated with silicone-based elastomers as substrates, which 
have Young’s modulus (will be referred to as modulus herein) in the 
range of the MPa to the GPa (Arab Hassani et al., 2020; Jang et al., 
2020.; Roche, 2019), far larger than that of human bladder (~300 kPa) 
(Li et al., 2014). Large mechanical mismatch can cause physical damage 
(Chen et al., 2018; Kim et al., 2017) to the contacting bladder tissue 
resulting in significant inflammation and obstruction of normal bladder 
motion. With this drawback, sensors with significant mechanical 
mismatch are not suitable for implantable sensors that need long-term 
operation (Lacour et al., 2016; Someya et al., 2016; Wellman et al., 
2018; Yuk et al., 2019, 2022). In addition, the operation of some of these 
devices were demonstrated by completely wrapping or surrounding the 
device around mouse bladder (Arab Hassani et al., 2020; Jang et al., 
2020), rather than them being adhered onto the surface of the bladder 
tissue. However, this approach makes the surgical procedure extremely 
difficult or impossible for human implantation. Hence, a low modulus 
ultra-soft sensor than can be adhered seamlessly to the surface of the 
bladder is preferred for clinical translation. 

Past works have focused on sensing the mechanical contraction and 
relaxation to monitor the status of the bladder. The bladder activity is 
directly controlled by mechanical movement of the detrusor muscle 
located in the wall of the bladder; however, the signal quality of the 
mechanical movement of the bladder can be largely affected by the body 
motion during daily life. Since the mechanical motion of the bladder is 
preceded by the reception of electrical signals from the nerves, elec
tromyography (EMG) signal is also expected to be present during 
bladder movement and serve as an additional digital phenotype for OAB. 
Thus, simultaneously measuring EMG and expansion/contraction of the 
bladder would not only accurately keep track of bladder mechanical 

(physical) state, but also indirectly monitor the neurological state for 
micturition reflex. In this regard, Jang et al. fabricated underactive 
bladder sensor measuring both strain and EMG (Jang et al., 2020). 
However, the quantitative analysis for the EMG signals as a digital probe 
for OAB has not been presented in this study. Therefore, to understand 
the abnormal EMG signals associated with the OAB, the EMG analysis 
using the disease model still needs to be performed. 

Here, we report multifunctional bladder activity sensor based on 
ultra-soft hydrogel combined with structurally-engineered islets 
(USH–SI sensor), which can overcome the limitations of previously re
ported bladder sensors. Since detrusor muscle is controlled by the neural 
activity, we hypothesized that the full electromechanical measurement 
is required for accurately monitoring overactive bladder symptoms. In 
this perspective, we designed our USH-SI sensor that can monitor both 
mechanical (strain sensor to measure contraction/relaxation) and 
bioelectrical (EMG sensor to measure neural signal causing detrusor 
muscle contraction) activities of the bladder in one platform. With the 
proposed design, the USH-SI sensor is capable of measuring in-vivo 
strain and EMG signals of the bladder, thus allowing simultaneous 
monitoring of detrusor muscle locomotion and neural activity for more 
comprehensive and accurate micturition detection. Although the OAB 
mechanism has not been fully discovered, it is well known that the cause 
of the OAB can be myopathic and neuropathic (MENG et al., 2012). Such 
various causes of OAB increases complexity for interpretation of bladder 
activity and OAB symptom. The necessity of combining two measure
ments together need to be explicitly addressed for mutual validation and 
precise analysis. 

The use of hydrogel as the substrate material yields low modulus of 
~1 kPa, far lower than the modulus of human bladder. Furthermore, the 
high-water content (similar to that of human tissues) and surface func
tional groups of hydrogels form a strongly adhered and natural seamless 
interface with the bladder tissue (Seiffert and Oppermann, 2007). The 
adhesion of the hydrogel substrate to the surface of the bladder makes it 
unnecessary to design a large device to cover or surround the entire 
bladder. Therefore, the proposed technology can also contribute to 
sensor miniaturization that can enable laparoscopic surgical implanta
tion, which can potentially minimizes recovery time and complications 
to the patients (Hwang et al., 2014; Maeso et al., 2010). Thus, the 
feasibility of laparoscopic implantation was demonstrated on a pig in 
this study. The strain sensor was made with liquid metal particle-based 
thin-films printed directly on the hydrogel substrate, which due to its 
ultra-high stretchability and durability, allowed bladder movement that 
yields strains of up to 300% to be measured. The EMG sensors were 
made by coating Platinum black (PtB) on Au electrodes, which showed 
relatively low impedance of 15 Ω at 1 kHz and consequently higher 
signal-to-noise ratio (SNR: 22.84 dB) compared to that of the reference 
PtB-uncoated Au electrodes (120 Ω at 1 kHz and SNR of 14.42 dB). The 
EMG sensors were placed on structurally engineered rigid polyimide (PI) 
islets to ensure stable operation under high strains. Using the USH-SI 
sensors, bladder activity in OAB induced rats and an anesthetized pig 
were measured and analyzed. The experimental results clearly showed 
that resistance change of the strain sensor accurately represented 
bladder volume change, and more prominent activation of EMG signals 
could be found at urination points. Results from OAB induced rats 
showed correlation coefficient (r) of − 0.8105 between IBP (intra-
bladder pressure) and strain sensor resistance, and 1.81 times higher 
EMG RMS (root-mean-square) near IBP peaks, indicating that the pro
posed device can accurately detect the urination time points. These re
sults together confirm the feasibility of our sensor design for accurate 
in-vivo measurement of bladder activity that is potentially safe and 
relatively easy to surgically implant. We project that our USH-SI sensor 
can be combined with neurostimulators in the future to enable 
feedback-based neural stimulation system, thus providing a pathway for 
more effective treatment of OAB. 
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2. Results and discussion 

USH-SI sensor simultaneously measures bladder volume state and 
detrusor muscle activity using strain and EMG sensors, respectively 
(Fig. 1A). For strain, peaks in the resistance indicated maximum 
contraction of the bladder. For EMG, RMS of the EMG signal (EMG RMS) 
was calculated to determine the time at which EMG activation had 
increased. These points in a time series were validated from both signals 
and considered to be the time at which urination occurred, and thus the 
interval between these urination points can be utilized as a criterion for 
diagnosing OAB. 

For this study, polyacrylamide (PAAm) hydrogel was used as the 
substrate. One critical issue with PAAm (and with hydrogels in general) 
as implantable substrates, however, is their eventual swelling and 
change in electrical properties due to the gradual absorption of biofluids 
in the body (Lee et al., 2018; Zhang et al., 2018). To address this issue, 
we have developed an anti-swelling coating technique (see Materials 
and Methods in Supporting information for coating procedure) that can 
prevent absorption of water and biofluids in the body. This technique is 
applicable to various hydrogels that have low sol-gel transition tem
peratures, while imposing negligible changes in mechanical properties 
and surface properties to the hydrogels. Further discussion of this 
technique will be reported in a future work. To test the effect of our 
anti-swelling coating, we have immersed two substrates (with and 

without the anti-swelling coating) in phosphate buffer solution (PBS) for 
30 days. Once a day, the relative change in the weight of the substrates 
(gf/go, where gf and go are the weight of the substrate at a given day and 
initially, respectively) were measured. As depicted in Fig. 1B, without 
the anti-swelling coating, the weight increased by ~4 times after a week. 
On the contrary, the substrate with the anti-swelling coating had a 
negligible change in the weight (~1.2 times) over the 30 day period, 
thus proving their relative long-term stability (see Fig. S1 for electrical 
characteristics comparison). Fig. 1C is the stress versus strain curve of 
the PAAm substrate with and without the anti-swelling coating. As 
depicted in Fig. S2, the Young’s Modulus of the hydrogel substrate 
slightly increased from 0.8 to 1 kPa after coating. Thus, even after the 
anti-swelling coating, Young’s modulus of the substrate is still much 
lower than that of bladder (~300 kPa) (Chitrakar et al., 2022; Li et al., 
2014), making our substrate feasible for bladder attachment, likely with 
minimal effect on the natural motion of the bladder. 

Fig. 1D are the peel tests of various samples on pig bladder tissue in 
air environment. For film attachment of PAAm substrate on bladder 
tissue, a hydrogel-based adhesive (detailed in Materials and Methods in 
Supporting information) was utilized. The results show that an adhesive 
strength of 260.86 N/m is needed to peel off the PAAm substrate; 
whereas, 2.15 N/m is needed to peel off the silicone-based substrates 
previously used. This difference can be attributed to the strong binding 
of the adhesive to both the bladder tissue and to the PAAm substrate by 

Fig. 1. (A) The schematic illustration for in-situ diagnosis process of overactive bladder rat model; (B) Plot of soaking duration versus relative change of PAAm w/ 
and w/o anti-swelling coating in PBS solution; (C) The strain-stress curve of pristine PAAm and anti-swelling PAAm; (D) The plot of adhesion strength between 
conventional silicone rubber (Ecoflex-0020) and anti-swelling PAAm substrates w/and w/o hydrogel-based adhesive. The PAAm substrate had significantly higher 
adhesion strength (260 N/m) than conventional silicone rubber substrate (2.15 N/m). 
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anchored amine group and Calcium ions (Seiffert and Oppermann, 
2007; Seo et al., 2018). Fig. S3 shows details of the adhesion test. 
Additionally, we conducted the peel tests of the same samples on pig 
bladder tissue in harsh wet environment, containing phosphate buffer 
solution (PBS) as shown in Fig. S4. The results show that an adhesive 
strength of 66.96 N/m is needed to peel off PAAm substrate, whereas, 
1.93 N/m is needed to peel off the silicone-based substrates. 

On the PAAm substrate, a strain sensor and EMG sensor were inte
grated, as detailed in Materials and Methods in Supporting information 
and in Fig. S5. Since bladder stretches to a maximum of ~300% (Jang 
et al., 2020; Shimoni et al., 2015) (typically <200% for OAB patients) 
(Redmond et al., 2019), a highly stretchable and mechanically durable 
material was needed for strain sensing. In this regard, eutectic 
gallium-indium alloy-based particles (EGaIn*) were used (Lee et al., 
2022) due to its high softness, stretchability, biocompatibility (Chiew 
et al., 2021; Kim et al., 2018). Furthermore, EGaIn* can be directly 
printed on PAAm as depicted in Fig. 2A and B. Here, meniscus-guided 
coating was utilized, where the nozzle is dragged across a heated 
PAAm substrate (60 ◦C) at a speed of 6.4 mm/s. This process deposits 
EGaIn* lines (linewidth of 220 μm) with an initial resistivity of 1.17 
Ωmm. Fig. 2C is a top view scanning electron microscopy (SEM) image 
of the printed EGain* film, where closely packed EGain* are observed. 

The feasibility of the EGaIn*-based strain sensor printed on PAAm 
was investigated, firstly by measuring the resistance under lateral strain. 
The strain sensor was observed to have the low hysteresis (less than 5%) 
and stable operation up to 300% strain (Fig. S6) with the gauge factor of 
1.1. Next, the strain sensor was attached on a balloon-based artificial 
bladder; the initial and expanded state of the balloon with the attached 
strain sensor is shown in Fig. 2D. Fig. 2E depicts relative resistance 

change under 10,000 micturition cycles at 200% strain, which demon
strates long-term durability and reliability of the strain sensor. Fig. 2F is 
the relative resistance change at various strains, confirming that 
different strain values can be measured. 

For EMG sensing, it is critical to lower the electrode impedance so 
that electrical signal can be reliably measured with minimal noise. In 
this regard, we have utilized gold electrode coated with Pt black (PtB) 
(Abbott et al., 2020). PtB coating on the surface of Au electrodes in
creases the surface area of electrodes which results in an increase in 
capacitance of electrodes and as the result, the electrode impedance is 
lowered. Fig. 2G shows the EMG sensor (fabricated on 50 μm thick PI 
islets) placed on the PAAm substrate. The electrical leads of the EMG 
sensor were connected to external wiring (PI film with patterned Ti/Au 
(5 nm/100 nm) electrodes) using anisotropic conductive film (ACF) 
(Hwang et al., 2021), composed of gold nanoparticles embedded within 
polystyrene-block-poly 
(ethylene-ran-butylene)-block-polystyren-graft-maleic anhydride 
(SEBE-g-MA), as seen in Fig. S7. Fig. 2H is the impedance versus fre
quency plot, showing that with the PtB coating, the impedance de
creases significantly over a large frequency range. As seen in the inset, at 
1 kHz, the impedance for the gold electrode without and with PtB 
coating were 121 Ω and 15 Ω, respectively. Fig. S8 shows optical and 
SEM images of PtB coated on Au. 

Since the PAAm substrate stretches to several hundred percent in 
strain repetitively during the micturition cycles, PI islet placed on the 
PAAm substrate can easily delaminate due to the large mechanical 
mismatch between the two materials (Yuk et al., 2019; Pei et al., 2021; 
Bovone et al., 2021). To address this issue, we have structurally engi
neered the islets into the shape of Ferris-wheels (FWIs) (inner and outer 

Fig. 2. (A) The photograph of meniscus-guided coating of EGaIn* (EGaIn liquid metal particle) on a PAAm substrate. Scale bar, 10 mm; (B) Schematic illustration of 
printed EGaIn* on PAAm substrate; (C) SEM images of printed EGaIn* on PAAm substrate; (D) Photograph of mimicking micturition using artificial bladder. Scale 
bar, 5 mm; (E) The plot of relative resistance change of the strain sensor under repeated 10,000 cycles at 200% strain; (F) Plot of relative resistance change under 
various strains; (G) The photograph (Scale bar, 5 mm) and optical microscopy images of the EMG sensor and anisotropic conductive film integrated on top (Scale bar, 
100 μm); (H) Plot of impedance versus frequency of Au EMG sensor with and without Platinum black coating; (I) Plot of impedance versus frequency of EMG sensor 
before and after 200% strain. 
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diameter of 3 mm, and 3.5 mm, respectively; see Fig. S9), which was 
previously shown to have higher resistance to strain and fatigue (Yang 
et al., 2022). Fig. S9 shows higher resistance of the FWI to interfacial 
fatigue compared to conventional circular islets. Fig. 2I shows the 
impedance of the EMG sensor on FWI at zero and 200% strain, showing 
that impedance measurement is unaffected by strain. Fig. S10 shows the 
impedance before and after 10,000 cycles of applying 200% strain, 
which demonstrates long term durability and reliability of the EMG 
sensor under repeated strain. 

To investigate biocompatibility of the USH-SI sensor, in-vitro live/ 
dead cell viability of HEK293 cells from human was conducted as shown 
in Fig. 3A and Materials and Methods in Supporting information. 

Negative controls were performed by treating with 0.1% saponin for 10 
min as shown Fig. S11 with quantified relative cell viability as shown in 
Fig. S12. The in-vivo cytotoxicity of the USH-SI sensor exhibited com
parable in-vitro cytotoxicity to control (pristine HEK293 cells seeded 48- 
well plater with in Dulbecco Modified Eagle Medium (DMEM)) after 24 
h. 

The feasibility of the sensor under in-vivo condition was evaluated 
by attaching the USH-SI sensor on the bladder surface of urethane 
anesthetized Sprague-Dawley rats (SD rat). Experimental protocol for 
evaluation is detailed in Materials and Methods in Supporting infor
mation and in Fig. S13. Saline was injected and withdrawn repeatedly 
(Δ 0.3 ml within 1 s) though catheter connected to the bladder to 

Fig. 3. (A) In-vitro cytotoxicity of a USH-SI sensor based on LIVE/DEAD cell assay after 24 h in a control media (HEK293 cells) and in a USH-SI sensor-incubated 
media. Live cells are shown in green and dead cells are shown in red. Scale bar, 200 μm; (B) The photographs of in-vivo protocol using rat model during repeated 
voiding and filling: Yellow dash line indicates initial state and Green dash line indicates filling state of bladder. Scale bar, 10 mm; (C) The plot of strain sensor 
resistance (top) and EMG RMS (bottom) during repeated injection and withdrawal of fluid into and out of the bladder to artificially induce bladder volume change; 
(D) Plot of EMG RMS from EMG sensor with (top, red) and without (bottom, black) Platinum black (PtB) coating. Left plots show simultaneously measured EMG RMS 
and right plots show overlapped EMG RMS. The right plots also show signal level and noise level of EMG RMS.(E) The box plot analysis of EMG RMS at different 
bladder states. Top left shows box plot by bladder volume, top right shows box plot at different transition states, bottom shows box plot comparing deflated state and 
bladder volume transitioning states. 
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artificially induce bladder volume change (Fig. 3B). Fig. 3C top shows 
the acquired strain sensor resistance during repeated injection and 
withdrawal. Injection increased resistance of the strain sensor, which 
indicates stretching of the sensor due to the increased bladder volume. 
Vice versa was true for withdrawing. 

Fig. 3D shows EMG RMS signal of the sensor with and without PtB, 
tested on the same bladder. Using the ratio of the average RMS signal 
and RMS noise, SNR was calculated (SNR(dB) = 10 log (PowerSignal/ 
PowerNoise) = 20 log (AmplitudeSignal(RMS)/AmplitudeNoise(RMS)). PtB 
coated EMG sensor shows better SNR of 22.84 dB compared to that of 
without PtB coating, which had SNR of 14.42 dB. This result indicates 
that PtB coating is feasible for increasing the signal to noise of the EMG 
sensor under in-vivo condition. 

Fig. 3C bottom is the EMG RMS, corresponding to the same time scale 
as Fig. 3C top. Fig. 3E shows box plot analysis of EMG RMS at different 
states, as indicated in the plot. Only the EMG RMS values exceeding 2 
times the RMS average (2 × 0.0115 mV = 0.0231 mV) were analyzed for 
the box plot. Comparing between the deflated and inflated states (top 
left), the inflated state showed an average RMS 1.82 times higher than 
that of the deflated state. We further divided the states as 1) volume 
increasing state under saline injection (cyan), 2) volume decreasing 
state under saline withdrawal (cyan), and 3) resting state between saline 
injection and withdrawal (gray) (top right). The resting state shows 
lower average RMS, whereas the other two states showed significantly 
higher average RMS (greater by a factor of 3.35). Comparison of the 
EMG RMS at deflated state and in the transitioning state (during volume 

Fig. 4. (A) Plot of collected urine volume before (orange bars) and after (red bars) inducing overactive bladder (OAB). The black lines represent accumulated urine 
volume; (B) Box plot comparing urination interval and urination volume before and after OAB induction; (C) Plot accumulated urine volume and intra-bladder 
pressure (IBP); (D) Plot of strain sensor resistance and EMG RMS; (E) The plot of overlapped IBP, strain sensor resistance, and EMG RMS near the IBP peaks. 
Darker lines represent the averages; (F) Plot of correlation coefficient analysis between IBP and strain sensor resistance; (G) Box plot analysis of EMG RMS at rest and 
near the IBP peaks. 
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increasing and decreasing) also yielded a significant difference in the 
signal, as seen in Fig. 3E bottom. In-vitro aging testing was conducted as 
shown in Fig. S14 and in Materials and Methods in Supporting infor
mation. After one month in an in-vitro environment, the sensitivity of 
the strain sensor and the impedance of the EMG sensor did not undergo a 
significant change. 

After confirming in-vivo feasibility of USH-SI sensor, we performed 
another in-vivo study to further validate USH-SI sensor’s capability of 
detecting abnormal urination patterns using the OAB induced rat model. 
The micturition reflex control and OAB induction process by intra 
bladder injection is shown in Materials and Methods in Supporting in
formation. Fig. 4 shows the highlights of the continuous monitoring of 
the bladder condition before and after OAB induction (red vertical line). 
The orange and red bars in Fig. 4A indicate collected urine volume at 
each point of urination, under normal and OAB induced state, respec
tively (the black lines indicate accumulated urine volume). Before OAB 
induction, urination pattern shows normal micturition reflex; while 
after OAB induction, urination interval and volume both decreased, 
indicating that OAB was successfully induced. Fig. 4B summarizes the 
urination activity before and after OAB induction (urination interval: 
11.41 min → 3.51 min, urination volume: 0.292 g → 0.144 g). Fig. 4C 
and D shows the change in the urine volume and IBP due to urination, 
and the corresponding change in the strain sensor resistance and EMG 
RMS signal after OAB induction, respectively. Near the IBP peaks 
(dotted vertical lines), resistance and EMG RMS visually show a differ
ence in the signal. During micturition reflex the bladder squeezes to 
contract itself, which manifests as abrupt increase and recovery (i.e. 
peak generation) in the IBP (Fig. 4C bottom). Likewise, it is apparent 
that the strain sensor resistance abruptly decreases and recovers, 
resulting downward peak generation when IBP peaks appear (Fig. 4D 
top). EMG RMS shows intermediate high activation and those activation 
points are prominently located near IBP peaks (Fig. 4D bottom). Fig. 4E 
are the overlap of the IBP, strain sensor resistance, and EMG RMS near 
IBP peaks (thus an overlap of the urination points). The response time of 
the proposed sensor is determined to be about 1s by measuring the 
difference between the IBP and the resistance change inflection points as 
shown in Fig. S15. The average of the strain sensor resistance and EMG 
RMS clearly show an increase in signal near the IBP peaks, indicating 
that the sensor signals can be used to monitor urination points and thus 
the status of OAB. 

Further numerical analysis was conducted to evaluate the correlation 
between the sensor data and the bladder state. Fig. 4F show correlation 
coefficient of − 0.8105 between IBP and the strain sensor resistance. 
Fig. 4G shows box plot of EMG RMS at IBP peaks (analyzed at the peak 
±10s) and at rest (at low IBP values). Here only the EMG RMS values 
exceeding two times the RMS average (2 × 0.0157 mV = 0.0314 mV) 
was considered. Resting state had an average EMG RMS of 0.0471 mV; 
however, near the peaks, the average EMG RMS was 0.0754 mV, which 
was 1.81 times higher than that of the resting state. Also, standard de
viation of each state show that near the IBP peaks, higher EMG RMS 
values were attained. These results together confirm that USH-SI sensor 
can probe the activity of an OAB induced bladder by detecting the uri
nation points. 

But the results from Fig. 4D show peaking of EMG activity were also 
intermittently observed at regions other than the urination point, 
making it difficult to differentiate the urination from normal states 
based on only peak analysis of RMS EMG. However, peak of the resis
tance change measured by the strain sensor was clearly distinguishable 
near urination, as shown in Fig. 4F. Therefore, for precise analysis of the 
micturition point, simultaneous use of both EMG and strain sensor is 
important for mutual validation and redundant analysis purpose. 
Nonetheless, EMG sensor will be more useful for monitoring abnormal 
pattern of neuropathic symptoms (Adel et al., 2013) and strain sensor for 
myopathic symptoms. 

To further analyze the potential of our sensor for OAB monitoring, 
we have surgically inserted the USH-SI sensor into an anesthetized pig 

via surgical-robot assisted laparoscopic surgery (K-FLEX2 flexible 
endoscopic surgical robot by ROEN Surgical was used for this study). 
Fig. 5A, 5B, and S16 are the schematic depiction and picture of the ro
botic arm being inserted through an incision made near the pig’s um
bilical area. The USH-SI sensor was inserted using another port with a 
diameter of 12 mm. The sensor’s dimensions were 10 mm by 15 mm in 
area, which was a proper device size to easily fit through this port. We 
note that with the previous bladder activity devices that needs to be 
large to cover or surround the entire bladder (Hwang et al., 2014; Maeso 
et al., 2010), laparoscopic insertion is projected to be very difficult. For 
the attachment of sensor on bladder in human patients in the future, 
robot-assisted laparoscopic surgery is potentially beneficial since it 
opens up the possibility to place the sensor inside the patient using a 
minimal single incision, causing less complications and side effects to 
the patient after surgery due to minimal blood loss and dissection 
(Maeso et al., 2010). The external wiring on the sensor was made long 
enough to electrical connect sensor to a measurement equipment located 
outside. The external wiring was passed through the laparoscopic trocar 
and no gas leakage was observed. An intra-abdominal pressure was 
maintained at 15 mmHg. After insertion of the sensor, the robotic arm 
was remotely manipulated to attach the sensor on the surface of the 
bladder, as depicted in Fig. 5C. The robotic arm had 5 degrees of 
freedom (pitch/yaw/rotation/translation/grasping), thus enabling 
complex movements. With gentle application of pressure, the USH-SI 
sensor firmly attached onto the bladder tissue. Fig. 5D are the pictures 
of the bladder-attached sensor under voiding and filling, showing stable 
attachment. Fig. 5E and F are strain sensor resistance and EMG RMS 
during artificial voiding and filling of pig bladder. Fig. 5E shows increase 
in strain sensor resistance under fluid injection (filling) and decrease 
under withdrawal (voiding). Fig. 5F is the strain sensor resistance and 
EMG RMS under withdrawal. Higher values of EMG RMS are seen during 
sudden bladder volume drop (i.e. sudden decrease in impedance), 
similar to the results observed in Fig. 3C. These results show that the 
USH-SI sensor can probe the bladder activity on both small and large 
animal subjects (rat and the pig), showing its operation regardless of 
bladder size, thus opening up the possibility of using USH-SI sensor on 
patients in the future for OAB monitoring. 

3. Conclusion 

In this work, an implantable bladder activity sensor (namely USH-SI 
sensor) was developed for continuous monitoring of OAB. As stated in 
the Introduction, the full electromechanical characterization of bladder 
activity is required to elucidate the mechanisms of OAB symptoms. 
Contrary to previously reported sensors, our USH-SI sensor is ultra-soft 
(with a low modulus of 1 kPa) and adheres well onto bladder tissue. 
These properties enable stable device operation without obstructing the 
natural movement of the bladder. Furthermore, these properties enable 
implantation via laparoscopic surgery, which would be beneficial to the 
patient due to minimal tissue dissection and fast recovery time. The 
strain sensor was made with printed liquid metal particle-based thin- 
film lines, which due to their high stretchability and mechanical dura
bility, enables reliable strain measurement under repeated cycles of high 
strains. EMG sensor was placed on structurally-engineered rigid PI islets 
that increased fatigue resistance under high strains. In OAB induced rat 
model and aestheticized pig, the strain and EMG sensor clearly produced 
higher signals during bladder movement, thus confirming their feasi
bility for continuous OAB monitoring. For future work, bio-adhesive will 
be synthesized with oxidative polymer or hydrogel materials to improve 
underwater adhesion. In addition, packaging technology for long-term 
in-vivo reliability and new wiring technology to prevent wrinkling 
during continuous monitoring of freely moving animals will be devel
oped. Finally, high resolution and multi-array sensors will be developed 
for spatial-temporal analysis of bladder activity. These advances would 
further legitimize the sensor as a continuous monitoring device, inching 
it closer towards clinical applications. In addition, a fully implantable 
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feedback system that includes both a neurostimulator and sensor is 
underway for both diagnosis and effective treatment of OAB. These are 
exciting prospects, not only for the treatment of OAB but also other 
neurological disorders. The sensor reported in this work is the first 
critical step towards this ultimate goal. 
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Fig. 5. (A) and (B) Schematic illustration (A) and photograph (B) of robot-assisted laparoscopic surgery for implantation of USH-SI sensor onto a pig’s bladder; (C) 
Photographs showing the attachment process of USH-SI sensor onto the bladder using robotic arm manipulation. Scale bar, 10 mm; (D) Photograph of repeated 
voiding and filling. Yellow dash line indicates initial state and Green dash line indicates filling state of bladder. Scale bar, 10 mm; (E) The plot of strain sensor 
resistance and EMG RMS under injection and withdrawal of fluid into and out of the pig bladder; (F) The plot of strain sensor resistance and EMG RMS dur
ing withdrawal. 
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