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Abstract— Health monitoring is crucial for the survival of the ill
and fragile infants admitted at the neonatal intensve care unit
(NICU) in a hospital. However, the adhesive electdes and wires
cause discomfort to the patients and hamper the pant-child
interaction. In this paper, we propose the applicabn of wireless
transmission technology for neonatal monitoring atNICU. To
demonstrate the design concept, a prototype wirelss
transmission system is built using BlueSMIiRF and Aduino pro
mini. Software is developed for ensure the correctdata
transmission, detection and display. The system isedigned to be
suitable for integration into a non-invasive monitaing platform
such as a smart neonatal jacket. Experimental rests show that
the prototype system successfully transmits and retves data
from multiple sensors within the range of 20 m.

Keywords: Neonatal monitoring, wireless transmission,
Bluetooth, NICU, design process
l. INTRODUCTION

Critically ill preterm infants (i.e. neonates) atiay and
highly wvulnerable to external disturbances. Contisi
monitoring of these neonates at the neonatal intemsire unit
(NICU) of a hospital (see Fig. 1) is crucial forlgadetection
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Recent advances in sensor technologies [3, 4] aredess
communication technologies [5] enable the creatiba new
generation of healthcare monitoring systems withanakle
electronics and photonics. The area of non-invasiealth
monitoring  involves  multi-disciplinary  research and
collaboration, including sensor technology, medisalence,
industrial design, electrical engineering, etc.

The Eindhoven University of Technology (TU/e) ineth
Netherlands has started a 10-year project on nasive
perinatal monitoring in cooperation with the Méaxifukedical
Centre (MMC) in Veldhoven, the Netherlands. Thel gddhis
project is to improve the healthcare of the preginamman,
and her child before, during and after delivery. [8] smart
jacket integrated with textile sensors [7] and aveosupply
based on contactless energy transfer [8] have deerioped in
the project.

In this paper, we report an exploration of utilgiwireless
transmission technology for neonatal monitoringN\BZU. The
appliance of wireless method can hold several kiamatages
over the current situation. Minimizing the amoutwores is
foreseen to decrease the disturbance on the babidsat the
same time creates opportunities for easier handlimdy visual

of inadverted events and possible complicationsd anmgnitoring of the infants by medical personnel,tiasre are

consequently increase the survival rate [1]. Ptbgen
placement of the adhesive sensors and the presératbthe
wires lead to discomfort and even painful stimulihe
disturbance, interruption of sleep, and lack of urelt

communication with parents all interfere with thables’
normal growth and development [2].

less physical obstructions during these activitiesom a
human perspective, wireless technology allows fessl
distressing contact between the children and ffeients. This
will allow for more natural contact between theaimfs and
their parents both inside the incubator and duH@gpgaroo
Mother Care [9] sessions, aiding in long term sosibcial and
mental growth.

A prototype wireless transmission system is buding
BlueSMIRF (wireless module) [10] and Arduino pro nii
(microcontroller) [11] to demonstrate the conce&uftware is
developed for ensure the correct data transmissietgction
and display. Experimental demonstration shows ttree
prototype system successfully transmits and resedata from
multiple sensors (one temperature sensor and twgbt li
dependent resistors) within the range of 20 m. 3ysem is
designed to be suitable for integration into theugmeonatal
jacket [7]. Further developments will be carried oo
miniaturize the hardware, improve the functionaldy the
software, and validate the system in a clinicaliremment.



I DESIGN PROCESS AND DESIGN CONCEPT

A. Design Process

The development of this wireless transmission cpneas
focused for a large part on research and protogypirhe
proposed project design statemefifo( design a wireless
sensor data transmission system for neonates tl@mizes
discomfort and negative impact on their developMesuipplies
for a strongly pre-specified starting scope of phgject. Fig. 2
shows the design process, which starts from iniéiaearch on
wireless communications and the user researchediitBU of
MMC, then idea generation, concept definition, iahit
prototyping, concept refinement, followed by itérat
prototyping and testing, resulting in the final fotgpe and
conclusions.
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Figure 2. Design process

Initially, research was conducted in different netkv
topologies (e.g. star, mesh, etc.) as well as amaation of
currently available wireless network standards.(8@f.15.1
and 802.15.4). All these standards operate undiéereft
protocols and have a certain set of specificatithed make
them more or less suitable for our concept.
considerations that arose from the results of #search, we
were able to draw a set of requirements:

- Enable the transmission of data from multiple
sensors for monitoring of the neonate’s health
condition

- Be safe to use at the NICU

- Provide robust data transmission

- The range of the wireless transmission system
should approximate 10 meters (within a NICU).

Regarding potential health issues related with igRads, in
correspondence with research conducted by profession
the field, there is no conclusive evidence of aHikelihood of
a direct detrimental effect of wireless communimatimethods
on patient's health [14]Current regulations imposed in

hospitals are focused on minimizing/negating the 1EM

(electromagnetic interference) with sensitive emépt (thus
indirectly the patient’'s health), therefore clidicamedical)
trials will have to be conducted to ensure that el
incidents do not occur with our design.

The research conducted supplied the knowledge rest)to
start generating ideas concerning the implememtatb a
concept. Through iterative prototyping and coneefihement,
a final concept was developed.

B. Design Concept

The resulting concept is a wireless device insidamall
system that contains the hardware and softwaressange to
receive data from the sensors for monitoring of nhenates,
and transmit it to the central processor and dysplat. It can
be seen in the Fig. 3.
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Figure 3. Conceptual system overview

The system above concerns in broad sense
microcontroller to which all bodily sensors of tmeonate
(integrated in the Smart Jacket) are attached aiidrom these
sensors are translated into a certain digital valoieh is then
transmitted to a wireless module which wirelessipnsmits the
data in a continuous stream to a central processiit{nonitor
to ensure real-time health monitoring by the mdgieasonnel.

The concept is designed for integration into thea@m

- Power consumption should be minimized where jacket [7] concept developed within the TU/e IndasDesign

possible.

department and NICU MMC. The wires integrated witthe

- The device should be miniaturized in size forjacked will congregate into a central cluster andl e
further integration into a wearable sensorplugged into the wireless device.

platform (e.g. a smart neonatal jacket [7]).

According to these requirements, a selection wadentd
the standard that would be used for our prototyptips
Considerations about the applicability of the staddin this
manner were also included during selecting, angblealuwith
the carefully considered requirements posed abdve
concluded that the two standards ‘Zigbee[12]
‘Bluetooth’[13]were most suitable for our prototype setup.

and

a



Ill.  PROTOTYPE

The final prototype setup is a small device thaitams a
microcontroller with sensors connected, and a spoeding
wireless module.

Figure 4. Wireless device 3D visualization

As can be seen in Fig. 4, the device contains
microcontroller system which is able to receive tiata,
process it, and then send it through a wirelessufeothat
handles the Bluetooth-enabled transmission protoddie
system works as follows:
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Figure 5. Block scheme of information flow

In the Fig. 5, the flow of information from one enfithe
system (the sensor array) to the other (the irgerflar the
medical personnel) is visualized. Through multipteps, the
analog data output by the sensor is converted gitatlidata,
and is then sent wirelessly over an RF link with teceiving
module, and once it is decoded, processed (e.griri),
advanced signal processing for extracting physiotgignal)
and information for the interface is derived frdm i

A. Hardware

BlueSMIRF (wireless module) [10] and Arduino pronimi
(microcontroller) [11] as shown in Fig. 6 were aeglto build

the prototype. The BlueSMiRF acts as a wirelesilseable
replacement and it works as a serial (RX/TX) pipey stream
from 9600 baud to 115200 baud can be passed sedyrfiesn
your computer to your device. This BlueSMiRF modeas
tested successfully of open air at 100 m. The Awlyro mini
is the microcontroller board based on the ATmegal6Bas
14 digital input/output pins, of which 6 can be dises pulse
width modulation (PWM) outputs, 6 analog inputscarboard
resonator, a reset button, and holes for mountinghpaders.
The dimension of the microcontroller is approxinhaté.8 x
3.3 cm and the wireless module is 5.1 x 1.6 cm.hBot
components are small, which are suitable for gy into
the smart neonatal jacket.

Figure 6. Wireless module (left) and microcontrolle (right)

Fig. 7 shows the physical connection between thetBbth
module and a computer to access command mode tjp the
Ronnection between the Bluetooth module and a ctenpia
access command mode, we tied up the CTS and RT& thiay
were not used. The Vcc pin of Bluetooth is conngdte 3V
power source and of course GND pin is to the grouhd
everything is right, a red Led should blink. Nowr fthe
computer part, we use “Toshiba bluetooth stack'd&gect
availability of the Bluetooth signal. When the Bioeth
module connects successfully, a blue LED should‘d®
consistently.

To configure the Bluetooth module; an importanuéssias
that when communicating with the device, the baas fo be
115200 baud. We used the program called “LynxTetonset
and check the flow control. After that, it was coomitating
between LynxTerm and computer using the BlueSMiRRaa
serial port connection.

For the microcontroller board, it can be powereauigh
USB via the six-pin setup, or from a regulated ®n3.3 V
(depending on the model) supply applied to the \fliCor an
unregulated supply on the RAW pin. In Fig. 7 you sae how
things are generally connected. The long green iwireuted to
the 3 V supply line, and can be unplugged.

Aot g |

Figure

Fig. 8 shows the circuitry of the BlueSMIRF which i
soldered the same way as the previous breadboiaml iseFig.



7. To configure the device, we connected the grp@madvin,
and Rx to Tx, Tx to Rx. Note that we are powering Arduino
pro mini with 3v, and also drawing 3v from the auttpf the
Arduino for the BlueSMIRF. Additionally, The Ardunpro
mini is hooked up with a blue Led to pin 13 for tatss
indicator. It is very useful for testing purpose,see whether
the board works well.

To test the entire system and see how the signalldco
transfer flawlessly, we use the light dependernisias(LDR)
sensor and temperature sensor. Therefore an éxdét oeeds
to be built in order to calibrate these sensors.tdsi and
calibrate the multiple sensors, we used the resistbl.2k and
connected each of them in series to a sensor fasuniag the
output voltage as shown in Fig. 8.

Figure 8. Final prototype hardware

B. Software

The software is an integral part of this concepenables
the different hardware components to cooperathamtay best
suitable to the demands of the wireless monitosggtem,
ensuring the correct flow of data and informatibnotighout
the system. Our aim was to achieve a prototyperpmghat
would be able to properly transfer data from atsteur
different sensors and explore how further implematons
could be made. Due to the short timeframe of thsigte

process, we decided not to focus on sensor catbrat

algorithms but rather focus more on the principad a
foundational workings of the system and leave thaw"
received data for what it is.

In terms of programming implementation, seeing ihags
our aim to create a prototype, we use two diffepragrams to
demonstrate the concept. The firstPigocessing which is an
open-source program that uses a language simildava. We

usedProcessingo write the code for the receiving unit. For the

microcontroller we used another software languageved

- Coding should be dynamic and easy to adapt for
future development.

From this perspective, a cyclical process was ofited
create the software for the prototype. Initially,cade was
developed to demonstrate the ability to transfaktiene sensor
data to a central processing unit. We used an AcdBil board
with a Bluetooth wireless transmission module fos tycle.

After this primary cycle, it was concluded that the
following adjustments would have to be made:

- Minimize code size.
- Implement multiple sensors.
- Explore/expand the scope of the utility.

The system is designed to be able to send data from

multiple sensors at the same time. To give theivige unit

the ability to identify which signal representedievhsensor,
each signal was given a unique ‘header’. The teared signal
from sensor #3 will for example red.143" instead of
“143" . Decoding the signal properly at the receivingt uni
results in the correct signal attributed to theredr sensor,
which creates a reliable data transmission in terofis
information. Below is a simple example of a nedtsap that
could be used to distinguish data from differemisses:

void loop()X
for (int i = 0; i < sensorAmount; i++){
sensorReadings|i] = analogRead(sensorPin#{iReads specified inputs
Serial.print(i);
Serial.print(,”);
Serial.printin(sensorReadingsl[i]);
/I Transmitted signal would show"“Sensor IBnSor Reading” or “2.781"

Figure 9. Multiple sensors coding example

Expanding the scope of the code itself posed iste@
opportunities for future development. The key facio
creating a code that is easy to adapt for futueisidynamic
coding A code should be able to respond to changessin it
environment, like an intelligent product as it weFis ability
to adapt to changes in the environment allows fimimmzation
of errors and other issues in the system. In amditt provides
a degree of customization. As an example, imagidevice in
which different sensors can simply be plugged icoeding to
the condition of each specific neonate. This wocldate a
more personalized monitoring system and would endhé
system to be used in other contexts as well.

The flowchart of the software (see Fig. 10) frore fal

from Processingthat is specifically suited towards Arduino Prototype shows how the two independent units auterThe

[15] technology (hence called ‘Arduino’). The erbult is not
yet a code suitable for commercial products, bthemproof
that the system we have envisioned is able to nieet
requirements we pose to it. Translated to softwahese
requirements include:

- Code length must be minimized where possible.

- Errors should be kept at minimum.

first phase, establishing the connection, is défanl the
hardware we used for the test setup. When the ctionehas
been established, the microcontroller reads alvactensor
inputs and attaches headers to them as explained.

The data are then sent to the central processing un
sequentially, where they are decoded and storedaintarray
of data that is reserved for each sensor. Thesgsagontain
the past X measurements (where X represents arcectmber
of sequential measurements) for the sensors arttiEzsable to



give a time-based overview of the health conditafnthe
neonate.

Finally, the information is displayed on a screéached to
the central processing unit. It is here that theliozs personnel
reads the transmitted data and makes observati@hssaable
to take action.

Figure 10. Final prototype software flowchart

IV. EXPERIMENTAL RESULTS

To test the performance of the prototype, we cotedlia
series of tests throughout the project regarding phoper
functionality of the device. The first setup wasamepurely to
test the carrying range of the signal inside adingj (as to test
whether or not obstacles significantly reduced tlagrying
range. We used the following setup as shown in Eig.in

which a signal sent from the wireless transmissi@dule to
laptop. The module was then moved to create andistaf x*5
m in order to measure the indoor range of the sighlae
equipment used for this was the following:

- Arduino BT boardintegrated wireless module)
- LDR (light dependent resistor)
- Lenovo T60p(integrated Bluetooth antenna)

M Laptop (Obstruction)

Module @ @ ® [ ]

ve

Figure 11. First testing setup

‘Processing’ software was then used to visualize th
received value from the BT board on the screerhefTt60p.
Starting at a distance of 0 meters we would moeeBh board
away 5m from the receiving unit per interval and tisee LDR
to measure whether:

(a) The signal was still received.
(b) The sensor activation was still properly reediv

After the range of 20 m, the signal started toidealntil at
a distance of 30 m had deteriorated to unusabée Wéthin the
margin of 20 m however, despite the fact that theas an
obstruction between the laptop and the transmissiodule,
the signal maintained high functionality. This slsous that
various other applications such as mobile kangarother care
in an adjacent room (more pleasant environmentjowita loss
of vital signals would be possible.

In our final prototype setup, we conducted testh wisetup
containing three different sensors (one temperaarsor and
2 LDRs). The equipments used for the tests arellas\k:

- Arduino pro mini microcontroller

- Bluetooth BlueSMIRF modem

- Standard medical temperature sensor
- LDRx2

- Lenovo T60p

Fig. 12 demonstrates the interface for displayiig t
received data real time during experiments. We sz that
data received from three different sensors (onepéeature
sensor and two LDRs) were able to be distinguighead one-
another and displayed properly on the screen. This
demonstrates that bundling all sensor data trardfan early
stage within the smart jacket is possible and @&irth
developments will be carried on to miniaturize trerdware
and improve the functionality of the software.



Figure 12. A snapshot of the interface demonstratithe received data

V. DISCUSSION

Some interesting aspects related to
transmission at NICU were briefly touched during tater
stages of the project, which are highly relevant figture
development. Firstly, for demonstrating the trarssioin of
multi-modal data from different sensors, such asGE&hd
Sp02, the hardware and calibration of sensors dsas/signal
processing will need to be implemented with thegnation of
non-invasive sensors.

In terms of future developments regarding the hardywe
suggest that a unique, dedicated microcontroller &imeless
module should be developed. This has the follovbiegefits:

Minimal physical size

Specific suitability for sensor implementation
Low power, minimal EMI

Specific low power antenna design for neonates

The coexistence issues among the same communication

system as well as with other wireless systemshilcarefully
analyzed for the system design.

Another issue for future development is an expansiahe
software code into a fully operational system itet be used
in a medical environment. Discussing this conceigtfly leads
to the conclusion that such a system would bestdveloped
in a dynamic way in order to make easier adjustmémtthe
hardware as well as the context in which it is ug&dmples

of such dynamic features include an automated senso

identification management programming method t@gaze
manual
microcontroller by the user.

VI. CONCLUSION

In this paper,
transmission system for neonatal monitoring at NI@ich
has the potential to be integrated into a non-iweas
monitoring platform, such as a smart neonatal jacke
Following an iterative design process, we createdogking
prototype using BlueSMIRF and Arduino pro mini ttioge

the wireless

attachment and detraction of sensors from th

we presented a design of wireless

with software to demonstrate the correct data trésson,
detection and display. Experimental results showat tthe
prototype system successfully transmits and resede¢a from
multiple sensors within the range of 20 m. Further
developments include miniaturized low power anteamal
wireless module, interference resistant design,twsoé
functionality improvements, and clinical validation
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