





Figure 5.2: NIRPlotter showing the online scenario results for the occlusion test in a lit
room, The intervals within an indicating “white O” represents when the pressure cuff
started to occlude the arm

5.3.2 Logfile lit scenario

A logfile was created while the experiment showed on fig. 5.2 was running, this logfile
was processed in MATLAB, using the averaging signal technique of the whole data (not
only the 30s calibration moment), and a low-pass second-order 4Hz filter. The resulting
wavelengths are showed on fig. 5.3.

The peaks seen on fig. 5.3 matches to the ones seen on the 5.2, however these peaks
differ on the other regions presenting less noise, and higher magnitude peaks of the con-
centration during occlusion, this difference on the amplitudes could have happened due the
whole data treatment for calibration, and the second-order filter can both give a higher con-
trast between the curves but this filter can also filters the smoother pattern of the increase

and decrease of the concentration curves on the fig. 5.2.
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Figure 5.3: NIRPlotter showing the offline scenario results for the occlusion test in a lit
room, The intervals within an indicating “black O” represents when the pressure cuff oc-
cluded the arm. This signal has been filtered by an averaging signal of the whole data and
by a low-pass second-order 4Hz Butterworth filter

For both results one should remember that an automatic pressure cuff was being used
instead of an regular one, so the cuff could not be controlled on how long the cuff would
keep the arm occluded, and the cuff usually could not keep the arm occluded as long as in
done in other protocols [2] that kept the arm occluded for 2 minutes before the arm was

released.

5.3.3 Online device in a dark scenario

On fig. 5.4 we can observe the results obtained for the occlusion test with the device
in online mode, tested in a dark room.

The fig. 5.4 curves do not differ by much to the ones observed on the fig. 5.2, what we
can drag an interpretation that the rubber case really helps on the isolation of environment
light, showing that this device could be a good option to outdoor applications where we

could not control the light as the validation tests done for this prototype.
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Figure 5.4: NIRPlotter showing the online scenario results for the occlusion test in a lit
room, The intervals within an indicating “white O” represents when the pressure cuff oc-
cluded the arm

5.3.4 Logfile dark scenario

Another logfile was created while the experiment showed on fig. 5.4 was running, this
logfile was processed in MATLAB, using the averaging signal technique, and a low-pass
second-order 4Hz filter. The resulting wavelengths are showed on fig. 5.5.

The result obtained on the fig. 5.5 compared to the 5.3 supports also the idea that
the environment light does not add considerable noise to the system, due the use of the
rubber case to reduce incoming light to the detectors. The contrast on the magnitude of the
concentrations during occlusion persists in this test, The evaluation of which filter is better
is needed regarding the time for calibration for both of them to keep the important data
patterns of the increasing/deacreasing of the concentration curves (as seen on the figs. 5.2
and 5.4) and keep the concentration curves’ contrast at peaks (as showed on the figures 5.3

and 5.4).
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Figure 5.5: NIRPlotter showing the offline scenario results for the occlusion test in a lit
room, The intervals within an indicating “black O” represents when the pressure cuff oc-
cluded the arm. using the averaging signal technique on the whole data, and a low-pass
second-order 4Hz
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Chapter 6 - Conclusion

In this Section comments on some situations that happened during development and
about the results gotten, conclude this project and discuss some ideas for future work will

be provided.

6.1 Discussion

Cost reduction

The board cost could be even more reduced with the release of the BeagleBone Green
that is a version of the BBB without the HDMI connector and graphical capabilities, the
move of the USB host to the other side of the board and the addition of Grove connectors
in the free space, this version of the BeagleBone was launched this Aug/2015, and costs
US$ 39 ( US$ 16 less than the BBB used in this thesis), what could reduce even more the
price of the project, and the functionalities being used of the BBB in this prototype are still
being part of this new version of the BeagleBone [106, 107].

Besides potential reduce in price of this prototype, the device is considerably cheaper
than similar commercial devices, comparing the NIRS commercial devices’ price on Table
2.4 that ranged from US$ 3,000-33,000, and the Scholkmann et al review’s [27] where
prices ranges from US$ 10,000-100,000, even though if one considered that the proposed

design only has 2 sources and detectors there is no regulatory or labor associated costs,
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this prototype has the potential to be a potentially cheap device since the development
expenses were US$ 143.60 for a single device, that low-cost device could make feasible
to applications like home care and use of this device to poor areas as sought by Zhang et

al[22].

Designing time reduction using EL

This is a relative factor that could not be taken into account because there is no com-
paring data to define if the EL really reduced the development time, However by observing
fig. 4.5 and 5.1 one can verify that the EL development was not the major responsible to
this project duration.

By running studies of trying to develop the same or similar system with different
approaches, and by designing a new system use the one as base one could verify if devel-

opment time is saved.

Signal artifacts

Movement artifacts were only perceived when the application part of the device was
fully removed from the application to the skin, when it was fixed or hold the movement

artifacts were not an issue at all.

Battery

Before trying to use a LiPol 2000mAh battery a LiPol 1200mAh one was being used
but thisn lower power battery could not support the required power to start all items con-
nected to the board at boot, one could observe that a voltage peak at the board start was
required to make the Bluetooth dongle work on start-up. This battery added more working

time and a longer time to recharge the battery.
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Bluetooth dongle Start-up issue

The problem of Bluetooth failing sometimes to start persisted, so a script to re-
initialize the Bluetooth dongle was created in case the dongle does not start based on this
thread [108]. The correcting script is showed on the git repository and in the thread [108],

this code is on the git repository named as “retry.sh”.

PCB Design Consideration

In order to reduce size, weight, production time, a commercial version of the device
could use a PCB for the hardware on further development, a PCB also has potential to
reduce price in the long run, in a possible manufacture of several devices like this. and
it also could reduce the size and weight slightly of the design, by using a perfectly fitted

board and by not using too many jumpers and solder as the handmade cape.

Sources and detectors issues

In this design the idea was to use LEDs as sources, because LEDs were advantageous
due their price, however LEDs comes with a wider light bandwidth and noise associated
with the signals, and LEDs’ capability to go deeper into tissue are not so strong. One
suggestion could be used are the LDs in place of the LEDs, that would come with a higher
power and a narrower bandwidth to increase the devices'light detection accuracy, by not
increasing the device’s price by much.

Another downsize to the proposed design was the use of fixed sources and detectors,
this problem could be improved by the use of flat cables on the sources and detectors
application parts in order to have some flexibility on making up different protocols as the
following studies [16, 21]. Or as the low price is a good size of this device it could have
different removable capes with different protocols, extending the options this device could

have.

109



There was a limitation regarding the use of BBIO_Ada fruit python library to read
the data, because the library’s reading function needs to read the data twice by using the
ADC read() command twice as said by [109] because this function needs a second read
to clear the buffer, before receiving a new data.

Sometimes getting a coherent signal was not easy so during the tests the application
part was moved to other place on the subject's arm and press the board toward the subject's
skin, or the sources could be placed closer to the from detectors in order to get a better

signal.

Possible improvements on the design

One discussed thing was that when applying the MBLL in the algorithm, the prototype
user could have the DPF as an input since DPF is a different constant from baby to adult,
female to male, body part to body part, so this extra feature would be an interesting for the
user in a future version of the project. Continuing talking about the GUI functions to save
the data on the smartphone and not only displaying it, and gathering the graph by using
a “printscreen” function on the smartphone could be added . On a further version with
more channels a tool to navigate between channels to observe data on a specific channel
and an overview of all channels would be needed. There is an advantage of having no cost
on designing an Android app, among the health professional the use of IPhones are more
popular according to Ventola [25], (80% uses [Phones as their smartphones’ preference) so
an IPhone version of this app could be widely accepted by healthcare professionals.

The case was functional but the case doubled the device’s weight, and due the rubber’s
flexibility sometimes it moved the sources and detectors from their places making some
noise or bad connection of the sources and detectors to the subject’s skin, so the device
should be handled carefully. The cape was too thick and sometimes the cape would also
shield the back-scattered photons making the analysis of data, null or almost null, so even

the positioning should be really good planned. One alternative to the problems would be

110



creating a 3D modeled plastic case so this case could be exactly fit on the prototype. But the
idea of the rubber application part is a good one, because the rubber offers more comfort
to the subjects in long-run experiments, the comfort provided could reduce the subject’s
distraction, so this rubber application could be kept on the design with the addition of a
lower weight case.

Some random connectors were used as a battery connector but there is a suitable JST
female connector one indicated by [91], the name of the connector is S2B-ph-K-S(LF)(SN),
and this conector cost about US$ 0.16 one unit on the digikey.com portal. It would make
the battery fit perfectly, and be more stable in the design.

Another battery improvements would be to make the device rechargeable on board,
and notify the user when the Bluetooth will stop working, or the entire device, or prevent
the device to turn off due low battery on an unsafe mode. The battery charge could be
measured directly on board by using the 12C [91].

In this design 2 out of 8 possible analog inputs on the BBB were used, so more inputs
to more PDs could be used, or other physiological data inputs like electromyography, elec-
troencephalogram like Guo et al did in their design [63] could be used, among other data
that could be sent in those remaining analog inputs.

A combination of two factors could be really useful on future projects that is the low-
cost nature of this project and the modular nature of the Linux and as the NIRS has different
configurations of source-detectors, different modalities. A good feature would be to use
the same system running an EL that could be able to work with several specific purpose
application part, for example DOT breast imager, NIRS for the frontal lobe of infants, and
each of these specific purpose application part could use different capes designed as the
one designed for this project.

There is also the possibility of using other more advanced development boards that
uses Linux such as redpitaya [110] that can acquire data at a much faster rate (125Ms/s)

and in a higher voltage than the BBB, making it possible to use the created EL as basis to
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design a FD or TD system.

Some issues on the device

Sometimes keeping the device steady was hard, so making the device wearable would
help to make it fixed and reduce artifacts due misplacement of the optodes.

The calibration part of the online mode should be improved, both for the Butterworth
filter and for the averaging filter, because in the validation results the used Butterworth
filter removed the smooth increasing/decreasing curves of [Hb] and [HbO-] on the offline
analysis on fig. 5.3 and 5.5, as the contrast between the [Hb] and [HbO-] not seem so
clearly as the offline mode on fig. 5.2 and 5.4, it should be met a combination of this two

filters where we do not lose these features of each mode off the device.

6.2 Final Considerations

This thesis showed the building and the validation procedure of the design and vali-
dation of a low-cost wireless NIRS using EL with a smartphone GUI, the device’s price
(US$ 143) despite being an unique prototype, was relatively lower than other commercial
NIRS devices (US$ 10,000 - US$ 100,000), and wireless NIRS devices (US$ 3,000 - US$
33,000) this low-cost feature is an important trait when thinking of home care devices and
devices intended for low-income regions.

The device’s low-weight and small-sized features comparing to other devices, were
also important considering the device has potential to be a wearable, broading the possibil-
ities of application to function analysis without distracting the subjects.

The real-time interface on an Android phone is something not found in literature yet
for this kind of device, and this feature could help on future telemedicine, mobile health
care and home care applications.

The system was successfully validated but the validation procedure could use a reg-
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ular pressure cuff to make the arm stands for two minutes occluded or more then clearly
see the contrast between the [Hb] and the [HbO-], and compare results to other literature
prototypes using similar tests of validation. For this system a review in the calibration and
filtering procedure would be necessary for both modes in order to not miss important data
when displaying the data on the smartphone or in MATLAB, and to reduce noise.

The use of EL was important to show the usefulness when making up a project pro-
viding a lot of options, and providing some ready tools like the Bluetooth libraries and
applications, making the design faster and kept a low-cost device. The EL in this design

was low-sized and precise for the application that we needed.

6.3 Future Work

Improving the device’s complexity, making the device able to use more complex
applications such as FD systems, SRS systems, by using LD sources instead of LEDs, and
more PDs are planned. Making the system wearable is also intended to make a wearable
system in order to keep the optodes more stable. Further studies with this device intends
to perform functional analysis of subjects to evaluate the advantage of having a small, light
device on someone's head or muscle, having a shorter movement artifact, more comfort to
subjects and less distraction to dragged by the NIRS device.

Some relatively quicker adjustments on the prototype that were proposed on the dis-
cussion section like using a 3D modeled case, a PCB design of the cape, the development of
the similar app for IPhone since IPhones are more popular among health care professionals
are also planned to be done.

The EL was of great help in this design, but for further designs the created EL could be
even more essential since the base code that was made for this design could be extended to
a lot of other application, with a larger number of sources and detectors. Having this base

EL could improve the speed of new application software are designed. One important thing
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that needs to be stood out is the fact that NIRS is a field with a wide range of applications,
different modalities, different chromophores different scenarios, different source/detector
configurations, and having a versatile system that could be edited to each case could help
on the development of a complete NIRS system, specific task designed devices, or even
devices that could be integrated to other ones. The use of EL in similar projects could also

verify if the use of EL during the design really improves the speed of development.
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Appendix

Git
The files were uploaded at the github repository , they both can be observed and down-
loaded under the idea of the GPL. The link to access the files follows here. In this link enter

the Desktop folder and find three folders which contents are going to be shown on the next

set of pictures.

w026ddd / NIRdevice @ Unwatch ~ 1 % Star 0 YFork o0
Branch: master ~ | NIRdevice / Desktop / NIRproject / + =D
L]
adding files
w026ddd authored a day ago latest commit 9edaadb34d @-
App adding files a day ago
BBB addi a day a

MATLAB adding files

B blinkon py~ adding files a day ago

Github repository main folder
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https://github.com/w026ddd/NIRdevice

App files

Android app projects used during development

w026ddd / NIRdevice @Unwatch~ 1 HStar 0  YFork 0

Branch- master - NIRdevice / Desktop / NIRproject / App / + = | D
<
adding files
wO26ddd authored a day ago latest commit Sedaadb3idd B2 @
n
| NIRPlotter adding files a day ago
B NiRdataread adding files a day ago
I Plot1 adding files a day ago e
Contents on app folder used during development
w026ddd / NIRdevice @ Unwatch ~ 1 # Star 0 ¥ Fork o
Branch: master v NIRdevice / Desktop / NIRproject / App / NIRPlotter / + =
(¢
adding files
wo26ddd authored a day ago latest commit Se4aadb3dd E ®
n
B settings adding files a day ago
g: g y ag
M bin adding files a day ago
Bl gen/com/example/nirplotter adding files a day ago -
M libs adding files a day ago -
'
B res adding files a day ago
M src adding files a day ago fe ]
B .classpath adding files a day ago
B .project adding files a day ago
E) AndroidManifest.xml adding files a day ago
E Thumbs db adding files a day ago
B ic_launcher-web.png adding files a day ago
E) proguard-project txt adding files a day ago
E) project.properties adding files a day ago

Contents on the NIRPlotter folder
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w026ddd / NIRdevice @ Unwatch~ 1 s Star o ¥Fork o

Branch: master »  NIRdevice / Desktop / NIRproject / App / NIRPlotter / src / android / graph / + = D
<y
adding files
w026ddd authored a day ago latest commit Sedaadb3dd E: @
)
Bluetooth java adding files a day ago
B j g y ag
[E) LineGraph.java adding files a day ago
[E) MockData java adding files a day ago s
[EJ Point java adding files a day ago "
1
o]
©® 2015 GitHub, Inc. Terms Privacy Securify Contact Help Status APl Training Shop Blog About Pricing
Graph and Bluetooth classes files used on the app, contained on a src folder
BBB scripts
w026ddd / NIRdevice ® Unwatch ~ 1 # Star 0 Y Fork o
Branch: master +  NIRdevice / Desktop / NIRproject / BBB / + = | @
<
adding files
w026ddd authored a day ago latest commit 188@2bfaac E2 ®
n
I etc adding files a day ago
Il root adding files a day ago
e
Al
o
® 2015 GitHub, Inc.  Terms Privacy Security Contact Help Status APl Training Shop Blog About Pricing

BBB folder containing Linux system folders with the scripts that control the BBB system
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w026ddd / NIRdevice

Branch: master v NIRdevice / Desktop / NIRproject / BBB / root / +

Create writer

w026ddd authored 5 days ago

[El 10controloff py
Bl 10controlon.py
E) bluestart

[El ready

) retry

E) writer

Rename blinkoff_py to I0controloffpy
Rename blinkon.py to [Ocontrolon. py
adding files

Update ready

adding files

Create writer

© 2015 GitHub, Inc.  Terms Privacy Security Contact Help

Contents on the root folder

MATLAB offline m-files

w026ddd / NIRdevice

Branch: master ~ | NIRdevice / Desktop / NIRproject / MATLAB / +

Delete fourtriser.m

wi26ddd authored 7 days ago

E MBLL2Z.m

E) furie.m

E) IpfButtenworth.m
E) rawdataread.m

E) refine.m

adding files
adding files
adding files
adding files

adding files

@ 2015 GitHub, Inc.  Terms Privacy Security Contact Help

® Unwatch = 1 & Star 0 ¥ Fork

= | D

latest commit a@2Fa54@Llc E—

6 days ago
6 days ago
10 days ago
7 days ago
10 days ago

5 days ago

Status APl Training Shop Blog About

0

<&

Pricing

® Unwatch ~ 1 + Star 0 Y Fork o

iii
&

latest commit led@allceB [E=

10 days ago
10 days ago
10 days ago
10 days ago

10 days ago

Status APl Training Shop Blog About

MATLAB contents. The files used to process raw data.
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