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Abstract: One important medical procedure that necessitates puncturing the skin is hemodialysis (HD). But there is a

serious chance that blood will spill from a dislodged needle, endangering the lives of the patients. Numerous devices that

use optical or electrical methods to identify blood loss during HD have been proposed in the past. Sadly, multi-bed

monitoring was not feasible with these techniques, which were limited to single-point detection only. An array-sensing

patch has been proposed as a novel wearable device to monitor blood loss during HD in response to these restrictions.

Risk levels can be measured and transmitted using the array sensing patch in conjunction with a wireless module and

mapping circuit. This has the potential to greatly improve health care worker productivity and eliminate erroneous risk

levels. In addition to lowering false alarms, this can greatly improve health care personnel' productivity. Extensive

experimentation results show that up to 0. mL of blood loss can be detected a teach spot in the sensing array. In

addition, the array sensing patch includes an 8-hour risk level monitoring system, which notifies medical staff of relevant

patient danger. A more effective and efficient means of monitoring blood leakage and potentially saving lives, the

suggested device is a game-changer in the field of hemodialysis.

Keywords: hemodialysis (HD), array sensing patch, wearable device, risk level monitoring

I. INTRODUCTION:

According to the 2015 U.S. Renal Data System (USRDS) annual report, chronic kidney disease (CKD) has been gaining
more attention. This led the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) to launch the
National Kidney Disease Education Program (NKDEP) in 2002 to provide patients and healthcare providers with
information on detecting CKD and caring for those with the disease. The Center for Disease Control (CDC) has
supported this program since 2007, which has reported extensively on this major chronic condition. The latest NKDEP
report showed Taiwan has the highest incidence of treated end-stage renal disease (ESRD) worldwide at 458 people per
million, followed by Mexico at 421 per million and the U.S. at 363 per million. The report also showed hemodialysis (HD)
remains the primary treatment for ESRD globally. There are two ESRD treatment types: hemodialysis and peritoneal
dialysis. In around 80% of countries, over 80% of ESRD patients choose HD as their primary therapy.
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Venous needle dislodgement (VND) during HD is a major patient safety issue in healthcare systems worldwide. Studies
show 44,000 to 98,000 Americans die annually from adverse medical events. Regarding VND, research by MacRaeetal.
showed the annual VND incidence rate from fistulasites during HD is growing at 5.2%. VND is recognized as a potentially
serious HD complication in medical risk management literature. Without promptly stopping the blood pump, a patient
could bleed to death within minutes. A study by Ribitsch et al. found 77% of nephrology nurses surveyed by the American
Nephrology Nurses Association (ANNA) had witnessed at least one VND event in the past five years. Currently, some
commercial products can detect VND blood leakage, like New Zealand's Anza care HEMO dialert TM, which uses voltage
signal changes to trigger its sensor. It has two spaced electrodes connected to a signal generator via leads and is made of
plastic, so blood/fluids won't damage it. It can bere used by cleaning with alcohol/disinfectant and replaced when wires
bend (6-9 months). Sweden's Red sense Medical VND Alarm uses an array sensor for optical transmission/reception. It
optically detects leakage >ImL, improving HD safety and reducing clinic risk per a study by Ahimén et al. But its probes
and needles must be parallel, risking compression, dislodgement, and false alarms. Excessive compression may also
harmpatients.

Other VND detection methods include a line shut-off and pressure sensor apparatus patented by Wolff et al. that uses
infusion pressure curves to indicate dislodgement and a dynamic pressure monitoring technique presented by Lay-
Ekuakilleet al.In 2015,Chuanget al. proposed a bracelet device with a photo-interrupter, Bluetooth, power supply and
alarm that senses light intensity changes from blood absorbing in the sensor to detect leakage down to 0. mL. However,
current products are costly, limiting widespread use. Most also require -2 mL of blood before triggering an alarm due to
their single-point sensor designs, which are prone to alignment issues and false alarms per Redsense Medical. In order to
eliminate false alarms and monitor a larger region surrounding the needle insertion site, this research suggests a wearable
device to detect blood leakage during hemodialysis. The system uses a custom-designed array sensor patch.The purposeis
to detect overall blood leakage during dialysis as well as minor leakage that may lead to infection for clinical application. In
order to evaluate various risk levels, the array sensor will have a mapping circuit. Blood can boost productivity for
healthcare workers by lowering nuisance alerts. If blood starts to leak at the needle tip, it signals minimal leakage that is
easy to address. If blood is detected by sensors farther from the tip, it shows that blood has spread significantly, offering a
severe risk. The majority of comparable goods connect via Bluetooth or wired. This study proposes a wearable VND
detection device using a custom array sensor patch for wide coverage and fewer false alarms. It categorizes leakage risk
levels, with higher levels indicated by blood reaching farther sensing points from the needle tip. This can improve health
care worker efficiency by differentiating minor bleeding from serious leakage. Most existing devices use wired or
Bluetooth connections, but Bluetooth has limitations for multi-bed monitoring. Wi-Fi allows wireless device networking,
so this study integrates Wi-Fi and access points for multi-bed monitoring. When high-risk leakage is detected, it triggers
alerts on the wearable and nursing station.
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Figurel. System architecture

2. MATERIALS AND METHODS:

Architecture of the Blood Leakage Detector

An array sensor, mapping circuit, microcontroller unit, pre-processing, and alarm system are used in a new design of
blood leak detection apparatus. In Figure |, the architecture is displayed. With ten points, the flexible printed circuit
board sensor array can cover a wider area. With an emphasis on the area around the needle puncture site where leakage
occurs, the shape and pattern were discussed with the medical staff. To lower the risk of replacement during dialysis, the
sensor should not, however, cover the puncture directly.Figureldisplays the finished pattern. The gauze was used to
cover the sensors. A 0-2V output that indicates the risk level is produced by stabilizing, amplifying, and converting various
signals produced by different weights from multiple voltages. The microcontroller also analyzes thresholds and makes use
of WiFi.
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Blood Leakage Detector Components

Array Sensor Patch and Mapping Circuit

The proposed system utilizes an array sensor paired with a mapping circuit and wi-fi module to create a wearable device
for detecting blood leakage during hemodialysis the array sensor patch is made from a flexible printed circuit board PCB
the sensor development process is depicted in Figure 2 first the array sensing points and signal transmission lines were
screen-printed onto the substrate the signal lines were embedded into an insulating layer during production with only the
array sensing points left exposed this insulates the signal lines to prevent interference since the PCB was made using
imprinting technology the spacing around the sensingpointsandlinescouldbeaslittleasO | mmthishelpsprevent false alarms
during detection furthermore each sensing point has optimal sensitivity for detecting blood less than 01 ml more details
onthedesignandcircuitarchitectureareavailablein | ladditionally the imprinting technology enables customization of sensing
points and lines based on user needs at the same cost after the sensing points detect blood leakage the mapping circuit
assigns weight ratios to each activated point and converts the multiple voltage inputs into a single voltage output called
the risk level after pre-processing the signal them analyzes it to categorize the blood leakage the design of the mapping
circuit and pre-processing diagram is presented in figure 2
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Figure2. Mapping circuit and pre-processing schematic diagram

Avtay sensing patch

MCU and Wi-Fi Module

To improve Bluetooth limitations in multi-bed monitoring, this study used a combined MCU and Wi-Fi transmission
module, CC3200 (Texas Instrument, CC3200 Simple Link include Microcontroller subsystem), for blood leakage
detection and wireless transmission. This module includes a Wi-Fi network processor, a power management unit, and a
microcontroller unit. This module has the advantages of low voltage requirements of only 2.1-3.7 V and small size (1830
mm). Subsequently, this module uses 802.1Ib/g/n protocols, which have an effective indoor range of up to 100 m
according to different specifications of antenna configurations.

Alert Components

In this method, not only can messages be sent to the nursing station via wi-fi wireless transmission but the device's built-
in screen and sound capabilities can also be synchronized to provide audible and visual warning functions the following are
the alert components descriptions a graphic display the blood leakage detector in this study uses a 096 128 64 organic
light-emitting diode OLED to display the visual warning signal and the devices power level OLED panels have a wide
viewing range high brightness and flexibility over conventional LCD panels which reduces the detectors overall circuit
space it could display the devices power level and give users an instant warning signal while receiving dialysis 1213 b
buzzer a buzzer.

Package and Wearable Device

The outer case of the device developed was produced using three-dimensional (3D) printing and polylactic acid material,
with a size measurement of 35 mm 35 mmI5 mm as shown in Figure 4. The Wi-Fi module is utilized to replace the
traditional USB data cable. Further, it could be adhered to directly to the body surface of the patient without discomfort.
When the dialysis patient experiences blood leakage, a real-time alert is produced and, at the same time, data will be
transmitted wirelessly to the data base system for assessment of the risk level that can be displayed on the nursing station
monitoring terminal interface.

Signal Processing and User Interface

An output risk level signal with a value between 0 and 2 v is produced by the mapping circuit and pre-processing of the
signal after the array sensor detects a blood leak the ad value then enters the mcu to be verified through threshold
analysis and it makes use of the oled or buzzer to produce visual and audio displays three modes of operation were
adjusted for the asynchronous wi-fi transmission used in the research based on varying risk levels under normal
circumstances the wireless transmission enters the saving mode when the risk level is less than 05 when the patient is in
the warning condition and the risk level is between 05 and | it indicates that there is minimal blood leakage and that the
transmission function is activated with the audio and visual alarms of the device.
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Through this gradient method, it can effectively reduce the amount of data transferred and concurrently save power.
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Figure3. Signal processing flow chart.

System Design of the Circulation Simulation Test

To verify the feasibility of the device in actual clinical use this study designed a set of human blood circulation simulation
systems the goal is to test different blood flow rates. During dialysis and detect the devices sensitivity in detecting blood
leakage the system incorporates a speed control motor that could simulate the flow of blood in the fistula of the
punctured arm model this model mimics. The arm of a real patient which simulates the skin fistula veins and arteries
general doctor aa2429 shanghai china a hand-held Doppler ultra sound koven bidop 3vascular ultrasound doppler with
smart-v-link software was used to test the consistency of the simulated fistula blood flow data with that of the actual
human body.
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Figure4. System block diagram for blood circulation simulation

The extracorporeal circulation simulation of Saucedo-zeni n et al was used for the system design 14 figure 6 is the human
blood circulation simulation system design block diagram a five-digit display tma technology corporation kaohsiung taiwan
was used as the display device where a is the simulation heart beat. It displays shows some generated by the system from
the start to the end a self- designed pulse-counting module was used for the sensing device and similar wave form
detection methods were used to accurately count. It will reduce noise and show the motor rotational speed using the
digital tachometer Troy tmr-f taipei taiwan c shows the simulated blood flow and displays measured by the flowmeter
using the same sensor as g d shows the simulated heart rate.
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Figure5. Design of blood circulation simulation system
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A timer relay from Taiwan and a self-developed timer relay were used as the metering module to record the number of
relay switches per minute, the check valve for flow resistance control of the simulated blood flow is the speed control
motor and the timer relay. To simulate the heart rate the device models used for simulating the human heartbeat is the
esO| series 21kérgn-aw2u speed control motor and analysis trd-nc timer relay taipei taiwan g is the flow meter used for
measuring the simulated blood flow circulation the sensor used is a nylon micro-meter flow valves were mounted Before
the blood outlet and before the blood inlet to the liquid reservoir blood. flow is measured through the flow meter
installed between the pipes and is shown in the system interface to verify the system simulation results before the
simulated blood is returned to the liquid reservoir. The Doppler ultrasound was utilized to measure the flowrate, the
pseudo-blood fluid used in this system was mainly artificialbloodorphysiologicalsalinefigure4systemblockdiagram for blood
circulation simulation speed control motor japan with instantaneous stop a variable speed range (60 Hz: 90—1600 r/min).
A timer relay (ANLY, TRD-NC relay, Taipei, Taiwan) to achieve the simulated heartbeat. The timer relay used in this
study has an operating voltage of ACI10/60Hz. Its advantages area wide temperature range (—10 to +50 °C), a reset time
of 0.2 s, and the switching time can be adjusted from 0.2 s—to 5 s, whichever is suitable for simulating human heartbeats
within the range of 50 to180 beats per minute. In order to verify the feasibility of the simulation system, it was combined
with a flow meter, a Doppler ultrasound for flow rate measurement, and heart rate variability to verify the accuracy of
the simulation system.

3. EXPERIMENTAL DESIGN AND RESULTS
In order to verify the accuracy of the blood leakage detection and the stability of wireless transmission, a series of
experimental tests were performed.
Single-Point Response Time
To test the sensitivity of single-point detection simulated blood was successively dropped on individual sensing points in
this experiment before connecting and fixing the wearable blood leakage detector with wi-fi on the connection terminal
the array sensor was first laid flat on a level desk simulated blood was successively dropped on several sensing points
after the experiment began ten trials were run on each sensing point to determine the average response time for each
sensing point the average amount of Ol ml required for each sensing point was revealed by the experimental results
following ten trials of every sensing point the microprocessors instruction cycle measurement yielded an average and
standard deviation response time of roughly 905 ms.

apping N @' Y
Clrcuit i A B

MCU Record Time

Figure 6. Schematic diagram of the multi-channel sensing experiment

Risk Level Experiment

In this study, we made use of the “weight ratio” because each sensing point had its contribution to the risk level. To
verify whether the risk level function of our design is relative to that of actual blood leakage, we performed two
experiments to determine the validity of the risk level based on different weight ratios. First, in the experiment with the
same weight ratio, we dropped0. ImL of blood on each sensing point in random order until all the sensor points were
covered. This experiment was repeated |0 times. The results of the experiment are shown in Figure 7. With an increase
in the number of conducting sensing points, the risk level voltage linearly increased. Based on the Student’s t-test analysis,
they displayed significant differences between each other (p<0.05).

Tablel. Statistical analysis results of the same sensing point weight ratio (N = 10).

Number of Conduction Sensor Mean (V) Number of Conduction Sensor Mean (V)
I 0.58+0.054 6 [.25+0.051
2 0.72+0.052 7 1.39+0.045
3 0.82+0.048 8 1.57+0.042
4 0.94+0.051 9 1.68+0.021
5 [.13+0.057 10 1.85+0.025

Circulatory System Simulation Test

It shows the circulatory system simulation test used to verify the self-designed simulated human blood circulation system
to attest to the correctness of the simulated human heart rate and blood flow. After the heart rate and flow rate
adjustment, a hand- held Doppler ultrasound was used to measure the flow. Frequency was adjusted by different user
frequencies such as 5 MHz (deep arterial and venous blood) or 8 and 10 MHz (superficial vessels). The Doppler
ultrasound placement angle refers to velocity estimation. We chose a 45-degree angle to measure the blood flow in this
study.
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The flow rate is|0cm/s, based on the Smart-V-Link™ measurement results displayed in the flow rate is converted to the
flow volume using Equation (2). The Doppler ultrasound made use of an 8 MHz frequency to obtain a wave form that
matches the setting of the simulated blood flow was used to measure the flow. Frequency was adjusted by different user
frequencies such as 5 MHz (deep arterial and venous blood) or 8 and 10 MHz (superficial vessels). The Doppler
ultrasound placement angle refers to [16] for velocity estimation. We chosea45-degree angle to measure the blood flow
in this study. The flow rate is 10 cm/s, based on the Smart-V-Link™ measurement results displayed in Figurel2b, and the
flow rate is converted to the flow volume.
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(@)The Doppler ultrasound placement angle for blood flow measurement and
(b) simulated blood flow waveform Wireless Signal AttenuationTest of Wi-Fi

A public outdoor area was selected to confirm the effective wireless transmission range. A distance of 20, 40, and 60
meters was assigned to each Wi-Fi module. Data could be received at 60 meters, according to Table 3, and the received
signal strength indicator (RSSI) is _83 dBm. The proposed device satisfies the study's requirement if its data loss rate is
less than 1% and its RSSI is greater than 80 dBm. Different coverings, however, obstruct the actual experiments
conducted in hospitals. The experiment's findings support the viability of a Wi-Fi wireless transmission system, given the
actual dialysis ward'sdimensionsofroughly|0x 30 m. Following a test of the effective wireless transmission range, the
experimental setup of 10 devices connected to Wi-Fi. The transmission stability of the Wi-Fi system during multi-bed
monitoring was tested. By setting up multiple APs, it could effectively monitor is klevels in each bed. Test results showed
that the system could perform blood leakage level classification in multi- bed monitoring. At the same time, healthcare
workers could view the status of all dialysis patients at a nursing station.

Blood Leakage /,,:—-“l

Detecter —— ™ k

Database % |

Nursing Station

Fig.8. Schematic diagram of multi-bed Wi-Fi monitoring

3.6 Battery Life Experiments

The gadget uses a small rechargeable battery that will helpwithfuturedownsizing.ltsdesignspecificationsare3.7Vand
380mAh.Anexperimentonbatterylifewasconductedtoascertain the device's and the wireless modules' usable time.
According to experimental results, the CC3200 uses more power when transmitting wirelessly continuously ,but when
transmitting wirelessly nonstop, the power consumption is reasonable Sensors 2016,16,84913 of |5 transmissions.
According to experiments, the device can function without Wi-Fi transmission for upto n in e hours. However, depending
on the AP's distance, the battery life for continuous transmission at |0Hz can reach upto 70minutes. Al1% error margin is
maintained for the data loss rate. Multiple WiFi access points architecture enable each sensing device to transmit data
first to the closest AP before relaying it to the main monitoring terminal. Overall, the proposed device could be used for
around 6—8 hours without frequent wireless transmissions with a clinical blood leakage scenario, which meets the
requirement for clinical use.
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4. RESULTS AND CONCLUSIONS

Previous studies and commercially available products use single-point blood leakage detection with Bluetooth wireless
transmission. This study has successfully developed a wearable device using an array sensor patch combined with a
mapping circuit and a Wi-Fi module. The multi-bed Wi-Fi architecture employed multiple AP relays to reduce power
consumption and increase the usage time of the device. In the future, IPv6 Internet Protocol could be combined to
complete the two-way communication of a device while allowing better power consumption. The device is an
independent system, and thus it could be used along with existing HD equipment. Although our design may be affected by
sweat, based on the experience of clinicians, extensive sweating during dialysis is very rare because the environment of
the dialysis ward is very comfortable and there is minimal patient activity. A symptom called “cold sweating” may appear
in some patients who have autonomic neuropathy, diabetes, or cardiovascular disorders during hemodialysis [19]. It is
also an abnormal condition that needs to be monitored. Maybe our device could also have contributed to this condition.

This wearable VND blood leakage detection device is small in size can be conveniently integrated into a multi-bed
monitoring terminal and can be powered by a typical 3.7 V rechargeable battery. The self-designed human circulatory
simulation device, used for testing the blood diffusion time on the gauze under different blood flow rates, mimics the
scenarioin a real clinical therapy setting. Results showed that the proposed device response time was less than 2 s for a
normal HD flow rate and the averageresponsetimewaslessthan | sataflowrateof500mL/min. This provides a fast monitoring
system for HD therapy. Subsequently, the multi-bed Wi-Fi wireless transmission and battery life tests showed that in
comparison to the actual dialysis processes which last about 6 to 8 hours, the current device could continuously provide
service for up to 8 hours. Finally, results of the outdoor effective distance measurement and the multi-bed Wi-Fi wireless
transmission showed that the current device has an effective distance of upto 60 manda data loss rate of less than 1%.
Although the Wi-Fi transmission model of the CC 3200 consumes a large amount of energy [20], the usage time of the
device was increased through modifications in different control modes to reduce the frequency of data link and
transmission. WiFi is one of the commonly used wireless technologies in clinical studies which is also convenient to
integrate into the hospital’s information system. Results from this project look forward to partnering with a low-power-
consumption Wi-Fi module to increase the battery life cycle. It can be considered a potential medical Internet of Things
(IoT) device for clinical warning and evaluation to improve medical service.
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