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Background: The free-space broadband frequency-modulated near-infrared (NIR) photon
transmission and backscattering mode technique has been used in this paper as an optical
biosensor method.

Purpose: The purpose is to measure, identify, and extract the optical properties of different
blood types.

Patients and methods: The method depends on the measurements of broadband frequencies
ranging from 30 up to 1,000 MHz to predict two important parameters related to the incident-
modulated signal. Blind samples collected from 30 patients were examined using the optical
NIR transmission mode system, and an additional 40 blood samples from random patients were
examined using the optical NIR reflection mode system. The study is divided into two stages:
The first stage is dedicated to measuring the insertion loss and insertion phase over 30—1,000
MHz in a transmission mode to characterize the behavior of modulated photons as they interact
with the blood samples. The second stage is dedicated to performing noninvasive backscattering
measurements using the optical band developed to match the first stage results.

Results: In this paper, we have created an indexed database using optical transmission mode
measurements, and then mapped it to a reflection noninvasive measurement to identify the blood
types. Then for the purpose of device accuracy, we randomly selected 480 new human subjects
to measure the false-negative error percentage. This method is novel in terms of using an optical
system to measure and identify blood types without collecting blood samples.

Conclusion: The novel approach shows a highly accurate method in identifying different blood
types instantaneously using optical sensing for both in vitro and in vivo procedures, thereby
saving time and effort.

Keywords: fNIR spectroscopy, VCSEL — optical transmitter, APD — optical receiver, insertion
phase, IP, insertion loss, IL, ABO blood typing

Introduction

The typical way in which blood is typed is invasive, time-consuming, and can offer less
than standardized accuracy based on differences in technicians or in the laboratories
where the testing occurs. Given these drawbacks, there is a real need for a noninvasive
blood typing device to be implemented instead. Manual blood grouping procedures,
which have been a traditional aspect of medicine, do not take advantage of the technologi-
cal advances that have been integrated across the health industry, including through the
use of wearable devices to identify and monitor.' The International Journal of Science
and Research presented an article in 2016, which outlined a portable device developed
by an international team of researchers, which is placed on the fingertip to count white
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blood cells (WBCs) without a blood test. This technology
combines an optical sensor with algorithms for use on che-
motherapy patients, which allows the immune system levels
to be known in real time.? This type of wearable device also
has a utility in the detection of serious infections and includes
a portable optical system that provides oblique illuminations
through LEDs and captures images of surface capillaries under
the skin at a cellular resolution. The system uses a small lens
to take an image of the capillaries close to the nail bed and, if
illuminated at a particular frequency, only hemoglobin in red
blood cells (RBCs) can be seen to soak up light.> Wearable
devices are those that are present on the person at all times.
If the monitoring of a disease could be paired with wearable
devices along with enabling real-time documentation in the
patients’ medical records, it would benefit both the caregivers
and the patients by saving time, money, effort, and the amount
of work put in by both during the health care process, hence
aiding in the delivery of quality health care.

Blood cells in general contain three components: RBCs,
WBCs, and platelets. All three formalize the blood cells in the
human body. Each component of the blood cells has different
responsibilities. RBCs carry oxygen around the body and
remove carbon dioxide and other waste. WBCs are part of the
immune system, which helps fight infections, and platelets are
cells that circulate in the blood to prevent bleeding by clotting.*
Blood groups are identified by antigens and antibodies. Anti-
gens are proteins located on the surface of the RBCs, while
antibodies are proteins located in the plasma. Blood analysis
is used usually for medical diagnosis and helps in identify-
ing different diseases. Antigens on the RBCs determine each
individual blood group and categorize them into two main
groups called ABO (with blood types A, B, AB, and O) and
Rh (with Rh D-positive or Rh D-negative blood types). There
are many theories with regard to the functionality of blood
group antigens, but their purposes are not very well-known.’
Blood typing is the task of identifying the type of the blood
in a human and is a very important and common procedure
that is a prerequisite for various hematological transfusions.
Nonetheless, various fatalities have been reported due to
errors in blood typing.’ The reason behind these fatalities is
the lock-and-key mechanism of various proteins present in
human blood, namely antigens and antibodies.

A certain blood type is defined based on the presence or
absence of various types of these proteins. If a certain type of
antigen finds the similar type of antibody, it binds to it. Other-
wise, hemolysis occurs, leading to fatalities in the worst cases.
Thus, blood transfusion is governed by the matching of specific
proteins, as defined by each blood type. Blood typing is based
on finding the antigens on the surface of RBCs.*® There exist

various systems for blood typing; however, ABO blood typing
is the most important and common. For ABO blood typing,
researchers have introduced various techniques. In clinical set-
tings, an ideal technique is the one requiring a lesser quantity
of RBCs (conversely a lower quantity of blood) and giving the
blood type in quite a short time (ie, within minutes.) One such
technique is the antibody array technique, based on surface
plasmon resonance (SPR) imaging.” SPR is a real-time opti-
cal technique that can quantify the adsorption on a material’s
surface, that is, the antigens adsorbed on the surface of RBCs.
It uses the multichannel flow cell of the SPR imager.’” Five-line
detection arrays were constructed using five groups of anti-
bodies. With the difference in proteins, the surface reflectivity
results in a change in SPR signal. This helps in determining
the blood type in <12 minutes (for sixty 5% RBC samples).
Quinn et al. have shown that biospecific interaction analysis —a
popular method for studying protein interactions — can also be
used for blood typing.® This specific technique is also based on
the SPR principle but the results take longer. Hayden et al. have
established a technique using molecularly imprinted polymers
for ABO group typing.’ Although the method is low in cost and
perhaps easier to implement, it still takes much longer.
Gordon et al have invented an optical bio disc that enables
the determination of blood type within 10 minutes utilizing a
10% RBC solution.'® The disc is laser-scanned in an optical
drive along with a specialized computer program used for deter-
mining the blood type. Another efficient method was proposed
by Kim et al. This takes 3 minutes and a 3 pL sample to deter-
mine the blood type simply with the naked eye.!! A low-cost
microfluidic biochip has been developed for the said technique.
The technique claims successful detection of A, B, and AB
blood types but lacks any comments about the O blood type.
In this paper, a novel noninvasive method is proposed
that determines the blood types within minutes. The method
depends on using an optical system that consists of optical
transmitters (Txs) and receivers (Rxs) that are strategically
located around blood tubes or blood biomedia. This optical
system operates in a frequency domain that can be used to
measure two vital parameters related to the incident-modu-
lated signal. The change in amplitude and phase of the incident
photon wave that is related to the absorption and scattering by
the biological media is presented in the frequency domain as
insertion loss (IL) and insertion phase (IP), where IL is change
in amplitude and IP is change in phase. This measurement of
IL and IP requires certain hardware and testing equipment that
will perform high-frequency modulation. The overall system
would consist of an Automatic Network Analyzer (Anritsu
MS4623B) as an RF source and a sensitive radio frequency
(RF) receiver and optical transmitter and an optical receiver.'?
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Whenever photons with uniform optical properties are
sinusoidally (frequency domain) modulated, a wave of pho-
ton density is developed that will propagate spherically into
the biological matter. Next, the photons will scatter randomly
in multiple paths, resulting in either absorption or scattering.
To instigate this modality of the photon wave modulation,
a radio frequency modulation device is required.'* There is
a relational phenomenon between the photon migration at
certain wavelengths and the biomatter. This can partially
be explained through a basic understanding of a human
organ’s need for oxygen.”* The near-infrared (NIR)-based
optical behavior in biological media has shown the poten-
tial in measuring the absorption and scattering sensitivity
of water, oxygenated, and deoxygenated hemoglobin at
different wavelengths.!> With reference to any impact that
will lead to disorder, the normal functionality of the cells
or organs can be registered by the disorder in the absorption
of oxygenated or deoxygenated hemoglobin, using diffused
photon NIR technology.' The location and percentage of
oxygen absorbed in the relevant parts of the human body
can be related to different physiological activities and can
be detected using NIR optical spectroscopy. Measuring
the reduction in deoxygenated hemoglobin or increase in
oxygenated hemoglobin can indicate the increase in oxy-
genated or deoxygenated blood volume. This localizes the
information related to different functionalities and could aid
in earlier diagnosis of different diseases or abnormal organ
or cell activities."?

This paper examines the broadband frequency-modulated
wave of photons that are traveling in blood tubes (transmis-
sion mode) and in a human lower forearm (reflection mode).
Blood groups are identified by antigens and antibodies:
antigens are proteins located on the surface of the RBCs,
while antibodies are proteins located in the plasma. Protein
structure and accumulations in the blood define each blood
group and type, and each structure has a unique photon
interaction. Photon interaction with proteins has a unique sig-
nature when photons traveling through proteins are scattered
(proteins structure) and absorbed (proteins accumulation).
This is observed through narrowband/broadband measure-
ments. Measurements can be made through single frequency
modulation (single point data) and narrow and broadband
frequency modulation (multiple point data), where single
frequency modulation shows only one point data, which is
not enough to identify differences in blood type, while nar-
row and broadband frequency modulation shows multiple
point data, which is sufficient to identify different blood
types. The paper also presents a comparison between the
experimental results at the wavelength of 850 nm to quan-

tify the understanding of the broadband and narrow photon
modulation.'*!s This is done by comparing the results of IL
and IP of known blood types. The methodology and math-
ematical representation of the modulated wave of photons are
explained in Methodology of investigation section, and the
experimental method along with the hardware development
is explained in Experimental and hardware development
section. Results: broadband frequency measurements section
presents the results for the in vitro (blood tube) measurements
and in vivo (lower forearm) measurements, and Discussion
and conclusion section covers the conclusion and discussion,
where device accuracy is analyzed using false-negative error.

Methodology of investigation
Mathematical representation

The general diffusion equation (DE) is utilized in our analysis
for the broadband frequency modulation analysis and inverse
problem solving in order to extract the optical parameters in
any biological type media.'® The derived diffusion equation
states:

l%—DVZ(P(r,I)— () §(r, 1) = S(rs1), - (1)
c

where ¢(r¢) is the fluence rate (w/mm?) for reflectance
(backscattering) or transmittance mode, and c is the speed of
light in the media. The photon density wave is expressed for
a sinusoidal point source modulated at an angular frequency
of ®=2nfin a semi-infinite medium as'*!®

¢(r,t) = ¢oc (}",t) Pac (r,1) e*j(kr—wt) (2)
Cexp-Dy
Ar,t)= 41471[) . J + 4‘1D exp(—kreal”) X exp [—i(kimagl’f a)[))] . (3)

where 4, and 4 are the DC and RF components of the
source, respectively, 0 is the DC penetration depth, and &,
and kimag are the real and imaginary components of pair-den-
sity wave complex wave number. Therefore, the reflectance

mode solution is given by'>!

Imag
@) = Kimag(@w)ro— arctan
Ap, @) g(@) ( Rea 1) 4)
Ail’ 2 2 l
Aatt (p, ) = ———(Real” Image”) %, 5
47D p

where, the term r, stands for

Vo = [(ﬂ\')_zrz]%

{4 1R 1}2 ,
Fob =|| — — | r
3/15 1_Re/] Hs

(5.1)

(5.2)
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where D =1/ (34%) is the diffusion coefficient,  is the sepa-
ration distance between the transmitter and the receiver, and
C is the speed of light in the medium. The IP and IL use the
magnitude and phase of RF components 4 _ as

IL _ _IOZOg(Aatt —out) (6)

Aart

Imag = sin [[Kinzag(w) (rob - ro)

IP = 6)(/07 C())aut - ﬂ(ﬂs C()) (7)
Experimentally, measurements of both IL and IP at dif-
ferent frequencies are essential, and full hardware setup is
needed that has a full NIR optical system with the capability
to modulate the wave of photons.

Experimental and hardware

development

The overall measurement system designed and implemented
for this research consists of an Automatic Network Analyzer
(ANA — Anritsu MS4623B) as an RF source and a sensitive
RF receiver, a broadband optical Tx at various different
wavelengths and optical Rx modules, as shown in Figure 1.
The ANA acts as a highly sensitive frequency modulator and

Optical transmitter board
RF switch
Bias tees

Tri-wavelength
VCSEL

Blood tubes

Figure | Conceptual measurement system.

demodulator instrument, while the optical transmitter and the
receiver modules act as the broadband-modulated photon
sources and highly sensitive (ie, low-intensity noise) optical
detectors. Optical transmitters operating at 850 nm is used in
this study to monitor the peak absorption or scattering. The
frequency modulation of the photon source is controlled by
an SP3T RF switch (Hittite HMC245QS16) to drive three
high-power vertical cavity surface emitting lasers (680 nm,
795, and 850 nm). A separate DC biasing control and RF
modulating signals are provided for each wavelength through
low pass—high pass Bias-T networks. The vertical cavity sur-
face emitting laser is a diode laser (Vixar; Module V3WLM)
in which optical sources emit high-power (output power of
about 5 mW) Gaussian optical beams with low astigmatism
at threshold currents of 8.5 mA for the 680 nm, 9.5 mA for
the 795 nm, and 2.8 mA for the 850 nm. A printed circuit
board has been designed and fabricated using a commercial
substrate (FR4) to accommodate all the surface mount tech-
nology components. In the absence of PIN photodiode-based
commercial high-gain optical receivers, APD (Hamamatsu
APD module C5658) has been used along with a built-in
transimpedance amplifier.'?

Results: broadband frequency

measurements

Photons travel in different penetration paths and depths in
biomedia. Both the depth and path depend on different wave
frequency modulations.!® The path of the photons takes the
shape of the backscattering movement when the medium is
thick enough; otherwise it would take a transmission movement
from one end to another when a thin medium is presented.’
The backscattering movements of the photons are more realis-
tic, when the human body is presented as a biomedium. Each
frequency modulation of the wave of the photons will result in

RF out IL

P

Network
analyzer

Amplifier RF in

Optical receiver
APD

Abbreviations: IL, insertion loss; IP, insertion phase; VCSEL, vertical cavity surface emitting laser; RF, radio frequency.
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a different penetration depth of photons in the biomedia, and
therefore, different IL and IP are observed, which results in a
different extraction procedure and accuracy. It is known that the
narrow/broadband modulation of photons in a homogeneous
medium will result in high accuracy due to the extracted infor-
mation of the multilayer penetration.'? The narrow/broadband
will result in high data points’ samples from the homogeneous
media, leading to high accuracy when inverse problem solving
is applied to extract the optical parameters.'>!5-!7

Stage |:In vitro transmission mode
measurements

Random unknown blood type samples were collected from 30
patients (total of 240 samples) and tested using the developed
transmission mode method shown in Figure 2. Both IL and
IP were measured and averaged for each blood sample, as
shown in Figures 3 and 4. These results were then compared
with the actual blood type confirmed by the common ABO

Figure 2 Transmission mode optical measurements through blood tubes.
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IL (dB) - absorption
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typing, resulting in the tabular map shown in Table 1. Table 1
shows the tabular index result that will be used as reference
for Stage 2 measurements.

Table 1 reports important extracted information about the
IL and IP of different verified blood types.

In principle, antigens and antibodies have similar extracted
values of IL for each blood type, but RhD antigens of these
blood types have different IP. The results show a unique bio-
stamp of different IL and IP, which can be used to identify dif-
ferent blood types and can be used as a reference to identify the
noninvasive (in vivo) measurements reported in the next section.

Stage 2:In vivo lower forearm

measurements

Method of measurements and analysis

The reflection mode measurements are used as a noninva-
sive method to measure photons traveling in the biomedia.
Both the optical transmitter and receiver are placed next

O Blood type
B Blood type
A Blood type
AB Blood type

500 600 700 800 900 1000

Frequency (MHz)

Figure 3 Broadband transmission mode (through blood tubes) result of insertion loss (IL).
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Figure 4 Broadband transmission mode (through blood tubes) result of insertion phase (IP).

to each other in order to measure photons traveling in a
backscatter going through the targeted/desired bio-object.
Formerly, the lower forearm was studied for the purpose of
measuring photon scattering and absorption when traveling
at certain depths and locations.'> Knowing the location and
depth of the blood artery desired for such measurements,
a narrow band of 245-607 MHz is then used to modulate
the wave of photons at 850 nm.'? The narrow band chosen
will ensure the photons interact with the desired blood
artery when traveling through the lower forearm. Either the
ulnar or radial artery is targeted for such measurements. As
shown in Figure 5, the band of the optical transmitter and
receiver is placed in a location to measure photons travel-
ing through the human lower forearm and to target either
the ulnar or radial artery. For the purpose of analysis, the
result is always compared with a control (buffer) location
where there is low photon absorption and scattering. The
signal processing method to analyze the data as shown in
Figure 6 is based on a previous method/approach that was
developed'> " by subtracting and taking the first or second
derivative as follows:

Differentiating AIL and AIP emphasizes the slope change
and therefore locates the point of interaction between photons
and targeted biomedia (blood artery).

As an indication of photon wave frequency-modulated
interaction with the different biomedia, it is observed that
a change in slope of the resultant IL and IP occurs when

compared with the control (buffer) IL and IP. The change in
slope in IL/IP between that of the control (buffer) and the
realistic measurements of the inhomogeneous media gives
an indication that can be correlated to the index values of
different blood types indicated in Table 1.

Measurements and data processing

Forty random patients from each blood type (total 320
samples) were tested through the measurement technique
proposed in this paper and are shown in Figure 5. The initial
backscattering measurements suffered from high photon loss
and poor data collection. This was due to the photons travel-
ing in a very high scattering media. Therefore, a controlled
Hittite/Analog Device RF amplifier (HMC453ST89) was
placed after the optical receiver to have a gain of 10 dB. The
measurements then gave a better resolution with enough
data points to be analyzed. Both Figures 7 and 8 show the
result of derivatives of AIL and AIP, and peaks around 401
MHz are observed. All the peaks reported in Table 2 are to
be mapped to the index transmission mode measurements
in Stage 1: In vitro transmission mode measurements sec-
tion and Table 1.

The results reported in Table 2 were extracted from the
noninvasive experimental measurements of the wave of
photons traveling in the human lower forearm. These results
have been averaged and compared with the unique biostamp
reported in Table 1. A correlation measurement between
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Table | Transmission mode index result of IL and IP mapped to different blood types

Antigens | Antibodies | RhD Averaged Mean |o¢ Averaged Mean |o¢ Laboratory
antigen | broadband broadband result
absorption scattering
(IL) (dB) (P) ()
A RhD positive A Anti-B Present 8-10 9.12 1.27 16-22 19.11 093 | A+
(AH
A RhD negative A Anti-B Absent 8-10 8.99 113 | 10-14 12.22 1.2 A-
A)
B RhD positive B Anti-A Present 1-13 12.11 1.66 | 17-23 19.83 1.06 | B+
(B+)
B RhD negative B Anti-A Absent 11-13 11.88 1.64 | 11-I5 12.88 093 |B-
(B)
O RhD positive None Anti-A anti-B | Present 3-5 4.11 1.17 | 9-12 10.44 1.01 O+
(G
O RhD negative None Anti-A anti-B | Absent 3-5 4.14 0.8 4-7 5.55 0.77 | O-
©)
AB RhD positive | Aand B None Present 15-19 16.88 0.78 | 41-45 43.11 1.05 | AB+
(AB+)
AB RhD negative | Aand B None Absent 15-19 17 122 | 32-38 35.22 1.2 AB-—
(AB-)

Abbreviations: IL, insertion loss; IP, insertion phase.

Optical Tx Optical Rx

Optical band

Figure 5 Reflection mode optical measurements through lower forearm hand.
Abbreviations: Rx, receiver; Tx, transmitter.

Tables 1 and 2 was conducted and is explained in the fol-
lowing section along with a discussion of the importance of
such biosensor results.

Discussion and conclusion

A blind noninvasive method of optical measurements has
been used in this study as a biosensor method to identify
human blood types through either in vitro or in vivo blood
measurements. This method shows high accuracy and can be
used as a future tool to noninvasively identify human blood

types without collecting blood samples from humans. This
method depends on the wave of photons traveling through
human biomedia and measurements of the absorption (IL)
and scattering (IP) of photons that is mapped to different
blood types (Table 1). The first step to verify the accuracy
of the method used here is to create an index that can be a
unique signature for each blood type. The index is based on
two readings of both IL and IP, which basically is the mea-
surement of the amount of photos that have been absorbed
and scattered. This task was reported in Stage 1: In vitro
transmission mode measurements section, where different
blood samples from 30 patients were used. The second
step is to noninvasively measure the absorption (IL) and
scattering (IP) of these waves of photons traveling through
the human lower forearm, and this was done of 40 differ-
ent patients and the results are reported in Stage 2: In vivo
lower forearm measurements section. The results of Stage
2: In vivo lower forearm measurements section and Stage
1: In vitro transmission mode measurements section have
been analyzed to provide the correlation between the index
values (Stage 1: In vitro transmission mode measurements
section) and random noninvasive measurements of 40
patients reported in Stage 2: In vivo lower forearm mea-
surements section. The correlation values >0.95 are shown
in Figure 9 for both IL and IP. This gives high confidence
in the measurement method used for noninvasive blood
type identification using the optical method described in
this paper.

Medical Devices: Evidence and Research 2019:12

submit your manuscript 15

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Sultan et al

Dove

E ) tal Experimental
xperimenta results of IL and IP
results of IL and IP

t desired locati of buffer
at desired location phantom/location

y

AIL = Il experimental, simulated) — ILbuffer

AlP = Ip(experimemal, simulated) — IPbuffer

v

Compute the first
derivative of AlL
and AIP

Figure 6 Signal processing procedure to identify the change in slope and frequency
stamp associated with it.
Abbreviations: IL, insertion loss; IP, insertion phase.
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It was detected that obese subjects will cause misalign-
ments of the optical transmitter and receiver and therefore
cause error in predicting the blood types. Therefore, for the
purpose of accurate measurements, further testing using
device false-negative reading is analyzed by performing 480
new human subjects’ blood prediction measurements. This
was done by randomly selecting 60 subject from each blood
type (A+, A—, B+, B—, AB+, AB—, O+, and O—). More test-
ing with 0.5 cm misalignment increments was performed, as
shown in Table 3. For each test, we took three extra measure-
ments when the transmitter and receiver were misaligned with
0.5 increments. The misalignment would be a realistic result
when dealing with obese human subjects. Measurements and
the prediction of blood type using the method developed in
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Figure 7 Averaged insertion loss (IL) measurements for reflection mode lower forearm.
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Figure 8 Averaged insertion phase (IP) measurements for reflection mode lower forearm.
Table 2 Peaked averaged result of AlL and AIP for reflection mode lower forearm
Patients’ Averaged narrow band 2| Averaged narrow band 2|
blood type derivative of absorption derivative of scattering
peak (IL) peak (IP) (°)
A+ 8.8dB 1.08 20.32 2.15
A— 8.5dB 1.31 11.85 1.98
B+ 12.02 dB 1.63 20.34 1.87
B— 12.05 dB 1.42 12.19 227
O+ 3.73dB 1.31 11.18 1.84
O- 3.72dB 1.42 6.44 2.02
AB+ 17.41 dB 1.49 44.03 2.98
AB— 17.38 B 1.29 33.87 2.74
Abbreviations: IL, insertion loss; IP, insertion phase.
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Figure 9 Correlation analysis between stage | and stage 2 (index result for the noninvasive lower forearm measurements).
Abbreviation: IL, insertion loss.

Table 3 False-negative (FN) percentage error performed on 480 patients (60 patients from each blood type)

FN error FN error FN error FN error FN error FN error FN error FN error
A+ A- O+ O- AB+ AB- B+ B-
Center 5 5 1.6 3.3 1.6 5 33 33
0.5 cm 8.3 6.6 5 6.6 5 8.3 6.6 8.3
1.0 cm 333 30 283 31.6 30 26.6 25 28.3
1.5 ecm 66.6 65 65 68.3 6l1.6 60 71.6 68.3

this paper were performed on each of the 480 human subjects
and then compared with the known laboratory result blood
type. False negatives were measured by dividing the number
of wrong predictions by the total number of subjects for each
blood type measurements.

The result shows that when the device is centered around
the artery and an average human weight is presented then the
error of detecting false negatives is <5%, but when obese sub-
jects are presented then the error increases as shown in Figure
10. This is justified because of the optical band location around
the targeted artery or loss of photons due to high scattering
media. The new measurement system we are working on needs
to be calibrated with high accuracy with imbedded RF ampli-
fication. For future work, we are working on increasing sample
points by noninvasively measuring more random patients.

Even though the system developed in this paper gives
enough sensitivity for blood measurements, a new system
needs to be developed to address the sensitivity of optical
transmitters, receivers, and RF components. New develop-
ments need to have higher detection sensitivity and more
mobility features. Poor sensitivity has been observed when
the reflection mode is applied to obese human subjects.

In this paper, we have created an indexed database using
optical transmission mode measurements, and then mapped
it to a reflection noninvasive measurement to identify the
blood types. Then for the purpose of device accuracy, we
randomly selected 480 new human subjects to measure the
false-negative error percentage. This method is novel in terms
of using an optical system to measure and identify blood
types without collecting blood samples.

The ability to integrate noninvasive devices for blood
typing will allow the patient and doctor to have immedi-
ate answers with no pain in contrast to traditional invasive
methods as shown in Figure 11. This can be applied to
different aspects of health, which link to blood monitor-
ing, from finding out the type, monitoring diabetes, or
determining cancer detection. The integration of using
wearable smart devices will bring hematology in line with
other areas of medicine, which have benefitted from adopt-
ing new technology.
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Figure 10 False negatives (FNs) for 480 human subjects tested to predict human blood type using noninvasive optical device.
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Figure 11 Optical biosensor past, present, and futuristic development for noninvasive blood typing.
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