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In order to develop a blood sample analysis apparatus for use in the field, the team converted
an iPhone into a portable microscope via a lens case attachment. After developing the design of
the apparatus and calibrating it against official hematology results, the team tested the product by
performing several different blood sample analyses given a microscope slide of whole blood, stained
with the Hema 3 Stain procedure. By achieving a magnification of 23.5 times without the use of
digital zoom, it was possible to develop a Python algorithm to obtain the test results. Hematocrit,
mean corpuscular volume, red blood cell count, and red blood cell distribution width were calculated
for a normal and an abnormal sample. All results obtained were within one standard deviation of
the official results provided by a hematology laboratory. The team anticipates a decrease in error
values and an expansion to several additional blood analyses (such as white blood cell count) upon
improvement of the system magnification.

I. INTRODUCTION

With the increase of medical mobility facilitated by the
technological boom of the last 100 years, many previously
unreachable regions of the world are beginning to receive
the medical care they need. However, many aspects of
modern medical diagnostic and treatment conventions
are unable to be employed in these remote regions be-
cause of inability to transport the machinery necessary
for such implementation. One of the these areas of di-
agnostics is the analysis of blood samples. A complete
blood count (CBC) or panel—including a erythrocyte
count (RBC), mean corpuscular volume (MCV), Hemat-
ocrit, and red-blood-cell distribution width (RDW), pri-
mary parts of the typical complete blood count (CBC)
panel—cannot be carried out in remote regions because
of a lack of facility. Abnormal results in these tests can be
indicators of Anemia, bone marrow deficiency or failure,
erythropoietin deficiency, Leukemia, multiple myeloma,
autoimmune disorder such as lupus, liver or spleen dis-
ease, severe bacterial infections, Congenital heart disease,
hypoxia, recent hemorrhage, and numerous other serious
conditions [1, 3].

The experimentation described here works to allow the
missionary medical care-giver to perform the primary as-
pects of the CBC, in a usable, mobile, and effective way
through the optics capabilities of the iPhone. In the
past, research teams have performed similar experiments,
most notably those discussed in [5, 9, 11]. Though inge-
nious at times, no group has developed a methodology
the team sees as satisfactory for implementation in field
conditions. The primary method used for CBC analy-
sis discussed in these publications involves multiple laser
and light sources to differentiate cell types in a sample,
tools not feasible for mobile field work. To solve this
problem, the team provides here a methodology for the
primary aspects of CBC determination using only a three
lens system acquired from dollar store laser pointers, a

derivative of the Wright stain called the Hema 3 stain
set, a flash light, and an iPhone with no internet con-
nection necessary. The novelty of such work should be
noted, as though groups have previously been able to de-
termine blood counts with an iPhone, it has not been
performed using the Wright stain or the derivative used
here, the Hema 3 stain set, nor with direct optical obser-
vation through a high resolution and magnification sys-
tem like that designed by the team here. All of this works
to solve the problem of a lack of mobile blood sample
analysis system through the use of the optics principles
of the iPhone.

II. METHODS

A. General Overview

The team set out to develop a methodology for de-
termining RBC, MCV, Hematocrit, and RDW with an
iPhone that could be easily implemented in field scenarios
for remote medical diagnostics. The methodology devel-
oped and performed is given in a step by step fashion and
then further investigation is given to the necessary parts
in following subsections.

A sample of blood is taken, and a smear is made upon
a slide. The smear is allowed to air dry and the slide
is dipped in Hema 3 Fixative Solution five times for one
second each and excess is allowed to drain. This process
is then repeated with Hema 3 Solution I and Solution II.
The slide is then rinsed gently with deionized water and
allowed to dry.

A microscope with 23.5X minimum order magnifica-
tion is constructed from three laser pointer lenses (col-
limating lenses) placed end to end and mounted end to
end to the camera of an iPhone through a bobby pin and
skin, an instrument that can be seen in figures 1 and 2.
This is then placed upon a Lab Jack, allowing for pre-
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cise movement of the instrument up and down to achieve
precise placement at the focal length from the object.
Pictures are taken of the sample, at a range of magni-
fications from 23.5X up to 117.5X, using iPhone digital
zoom. The oil immersion technique is employed with the
instrument to improve resolution of the microscope with
such small objectives.

Images of a verified red blood cell and a white blood
cell from a professional lab and individual cell and plasma
readings verified manually are run through an algorithm
developed by the team to search each pixel and check for
saturation values above a certain threshold, and those
values are then compared to those found in the pictures
acquired by the team. Finally, calculations, detailed in
Section II B, of each value are made based upon the re-
sults of the algorithm to achieve Hematocrit, RBC, MCV,
and RDW.

FIG. 1. Head-on view of instrument used in analysis of blood
samples for this experiment with lenses attached to iPhone

FIG. 2. Side view of instrument used for analysis of blood
samples

B. Result Calculation Equations and Details

Hematocrit, a measure of the percentage of the volume
of whole blood made up of red blood cells is calculated
with the equation

Hematocrit(Ht) = RBC × MCV × 100% (1)

which multiplies the red blood cell count per volume
(RBC) by the mean corpuscular volume (MCV) of red
blood cells, to obtain the percentage of blood volume
taken up by red blood cells.

MCV, a measure of the average volume of a red blood
corpuscle, is calculated with the equation

MCV = RBCarea ×RBCheight (2)

RBC, a test measuring how many red blood cells one
has, is calculated

RBC =
Ht

MCV
(3)

where Ht is the Hematocrit and MCV is the mean cor-
puscular volume, as calculated by equation 2.

An alternate method for calculating the number of red
blood cells per cubic millimeter would be to assume a
given MCV of 91 cubic microns, and convert that value
into pixel size, and will be addressed in greater detail in
Section III D.

RDW, a measure of the variation of red blood cell vol-
ume, is calculated by dividing the standard deviation of
the MCV by the mean MCV, seen mathematically in

RDW =
σMCV

MCV
(4)

where σMCV denotes the mean corpuscular volume as
seen in equation 2 and MCV the average MCV for the
sample.

Finally, magnification is calculated by placing a grid of
known volume in the instrument’s observation deck and
recording the size of the object in the picture. Then that
data is applied to

Magnification =
Size in Picture

Actual Size
(5)

which needs no explaination of variables.

C. Physics of Staining and the Effects

The Hema 3 stain set employed here allows for each
type of cell to be optically unique in intensity, allowing
for differentiation between cells and types of cells. As
color is not an intrinsic property to a given object but
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a humanistic interpretation, color can be seen as merely
the human interpretation of electromagnetic radiation of
a wavelength in the visible spectrum (400 nm to 700 nm);
therefore, the color of a certain object can be manipu-
lated chemically, allowing for visual distinction between
objects.

Frequency is the primary determinant between colors,
and simplistically it is just the observation and interpre-
tation of specific frequencies of electromagnetic radiation
given off by an object that gives the observation of color.
The Hema 3 stains allow the team to change the ab-
sorption of light in erythrocytes and leukocytes to allow
for distinction. Erythrocytes appear a dark purple while
leukocytes appear primarily violet. Electromagnetic ra-
diation is thereby absorbed uniquely by each type of cell,
allowing for the observer and the algorithm to distin-
guish between cells and types, allowing for a calculation
of RBC, MCV, Hematocrit, and RDW. [6]

D. Lens Combination Physics

Three lenses are combined end to end, allowing them to
be considered thin, and thereby achieving a focal length
given by equation 6 where fn is the focal length of lens
n.

1

f
=

1

f1
+

1

f2
+

1

f3
+ ...+

1

fn
(6)

As 1
f is the power of a lens, the powers of lenses is then

seen to be additive in such combinations. It is by this
method that the combined focal length of the iPhone-
lens system is determined.[10]

E. Oil Immersion

The fundamental function of a lens is to reconstruct
the light scatter by an object, and so an ideal observa-
tion would allow for all diffraction orders of light to be
collected, a fraction related to the opening angle of the
lens and its refractive index. The resolution of a micro-
scope is denoted as the minimum separation necessary
between two objects for them to be discernible as sep-
arate under examination, and this minimum distance is
denoted δ. A measure of the resolving power of a lens is
given by equation 7 with NA defined in 8.

δ =
λ

2NA
(7)

where λ denotes the wavelength of light and

NA = n sinα0 (8)

where α0 denotes half the angle spanned by the objective
lens seen from the sample and n the refractive index of the

medium between the lens and specimen, approximately
1 in air. Filling the space between objective lens and
specimen with oil can give greater values than the unity
achieved otherwise, as the refractive index of oil is greater
than 1. It is then inferable that the use of immersion oil
will improve the resolving power, seen in equations 7 and
8, by a factor of 1

n . [4, 7]

F. Magnification Calculation Method

G. Calibrations

Calibrations are necessary for three aspects of the ex-
periment, namely the focal length precision dependent
upon thickness of sample, area and volume observed at
each magnification used, and intensity true values of re-
spective objects desired to be identified on the slide.

The distance precisions calibration issue is solved with
the precision Lab Jack, seen in figure 3. Placing the
instrument on this apparatus allows for precise movement
up and down to an exact distance appropriate for optimal
resolution.

FIG. 3. Photo of Lab Jack used for precise calibration of
distance between sample and objective lenses

The area and volume observed at magnifications is
calibrated using a precision area printout, placed under
the instrument’s observation deck at each magnification
used. One should note that the magnification of the to-
tal system is used, as it is not necessary to know the
magnification attributed by each lens or aspect of the
instrument. From these pictures, the magnification is
calculated by equation 5.

Finally, the blood cells are identified and returned by
the algorithm, which is calibrated using selected pixels
belonging to verified red blood cell and background im-
age regions. The algorithm developed by the team was
designed to search each pixel and check for saturation
values equivalent to those of red and white blood cells.
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III. RESULTS

A. Hematocrit Calibration

By default, the images taken with the iPhone are
stored with RGB values at each pixel. For a sample rep-
resentative pixel corresponding to a purple stained cell,
the RGB values were: red = 80, green 20, and blue =
180. In contrast, the background pixels, where no cells
were found, were approximately white, with red = 247,
green = 238, and blue = 241. Since the Hema 3 stain pro-
cedure produces slightly different shades of purple based
on the different types of white blood cells present, yet
identifying types of cells at the given magnification is
difficult, identifying cells based on RGB values would be
less accurate. Therefore, the RGB values at each pixel
were converted to HSV (hue, saturation, value) data. At
this point, the representative pixel referenced above for
cells had values of hue = 0.7, saturation = 0.9, and value
= 0.7. In contrast, the background pixel had values of
hue = 0.9, saturation = 0.0, and value = 0.7. From
these representative pixels, it is evident that the satura-
tion value provides the greatest contrast between pixels
corresponding to cells and pixels corresponding to back-
ground (plasma).

After all images taken were imported into python, the
images were converted from RGB to HSV data, in order
to differentiate the cells present. For each pixel, the al-
gorithm checked the saturation value, and counted the
number of pixels above a certain threshold. These were
determined to belong to blood cells, while the remaining
pixels were not counted. Then the counted pixels were
divided by the total number of pixels in the image to
obtain a percentage of cells in blood compared to total
volume. This value is called the hematocrit and is defined
by equation 1.

Although the hematocrit value does not take into ac-
count the volume taken up by white blood cells, which
the algorithm used does not differentiate, white blood
cells take up only 1% of blood volume in healthy adults
[2]. In order to obtain a more exact value for the propor-
tion of hematocrit reported by the algorithm that actu-
ally belongs to white blood cells, a mean white blood cell
value of 201 µm3 is assumed [8]. Then, the white blood
cell count of the normal blood sample, 4.9 x 103/mm3,
is equal to 0.098% of the total blood volume. This dif-
ference is almost negligible, given the larger variation in
hematocrit values reported by the algorithm. For the
abnormal blood sample, with an elevated white blood
count of 17.8 x 103 /mm3, white blood cells comprise
0.358% of the total cell volume, which again, is negligi-
ble in comparison to the error reported by the variation
in hematocrit values among images.

The value of the threshold parameter which differenti-
ates blood cells from background image was initially set
to be 0.5. The exact value of the parameter was deemed
to be inessential, since most blood cells had large satura-
tion values near 1.0, while background cells were close to

0.0. However, the brightness of the image was found to
have an affect on the overall image saturation, producing
highly inaccurate results. Thus, it was found that im-
ages which produced results within the acceptable range
of hematocrit values, which is 34.5% to 48.0%, had a
brightness as reported by the iPhone camera of approx-
imately 9. The units of brightness were not reported
by the iPhone, but they are arbitrary since they are
just used to calibrate the threshold values. Some im-
ages had higher brightness values of up to 10.7, or lower
values, such as 8.02. These values were plotted against
the threshold values which returned a hematocrit value
in the middle of the acceptable range. Then, a linear
regression was performed with a χ2 value of 2.0 and de-
grees of freedom of 8, with 2 free parameters, slope =
0.130(4) and y-intercept = −0.70(3), as seen in FIG. 4.
The resulting equation (threshold = 0.130*brightness -
0.70) was used to adjust the threshold for the subsequent
hematocrit calculations.

FIG. 4. Calibration of saturation threshold for differentiat-
ing blood cells and background pixels. Threshold values are
plotted against brightness, measured in arbitrary units. The
error bars of 0.2 indicate the range of threshold values which
produce hematocrit results within the acceptable range for
healthy adults. The linear fit has a χ2 value of 2.0 with 8
degrees of freedom.

B. Hematocrit Calculations

Using the threshold calibration, the counting algorithm
was run 10 times, for the normal blood images, and 10
times for the abnormal samples. The average hemat-
ocrit value for the normal blood sample was 39(5) %.
For the abnormal blood sample, the average value was
40(6) %. A representative image, showing the concentra-
tion of cells and the image taken with the smartphone
can be seen in FIG. 5, and the binary image returned by
the algorithm is shown in FIG. 6.
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FIG. 5. Image taken with the iPhone configuration for hema-
tocrit calculations. Magnification of 15.7, cropped to 780 x
780 pixels which corresponds to 1 mm2.

FIG. 6. Image taken with the iPhone configuration for hema-
tocrit calculations. Magnification of 15.7, cropped to 780 x
780 pixels which corresponds to 1 mm2. Image converted to
black and white based on original saturation value, with black
pixels corresponding to blood cells.

C. MCV Calculations

It was originally expected that individual blood cells
could be seen at a magnification of 15.7, since the iPhone
itself has a pixel ratio of one pixel to 1.4 µm. Therefore, a
erythrocyte with diameter 6 to 8 µm, would be easily visi-
ble, being approximately 5 pixels in diameter, even with-
out any magnification. However, the low resolution of
the images combined with overlapping blood cells made
determining the mean corpuscular volume challenging.
Therefore, several cells which could easily be differenti-

ated were selected by hand, to ensure that the algorithm
would count only the size of one cell. After hand pick-
ing 10 red blood cells, the counting algorithm described
above returned an average value of 28(3) pixels per cell
area. Since the blood on a blood smear is very thin, it is
assumed to be two-dimensional.

Because of the concave shape of red blood cells, cer-
tain assumptions must be made to determine the volume.
Therefore, a cell height of 2 µm was assumed, in order to
extrapolate the volume from the area. Using equation 2,
a mean corpuscular volume of 90(10) µm3 was calculated
for the normal blood sample:

MCV = 28 ± 3p× 106µm2

7802p
× 2µm = 90 ± 10µm3 (9)

The pixel to micron conversion was calculated using
780 pixels per mm from the previous magnification cali-
bration. The final values for MCV were 90(10) µm3, for
the normal blood sample, and 100(16) µm3 for the abnor-
mal blood sample.

D. RBC Calculations

1. Method 1

The red blood cell count can be calculated by dividing
the hematocrit by the MCV, as is seen in 3. An example
calculation for the normal blood sample is shown below:

RBC =
0.39 ± 0.05

90 ± 10µm3
× 109µm3

mm3
= 4.3 ± 0.7 × 106/mm3

(10)
Therefore, the RBC is 4.3(7) × 1 × 106 /mm3 for the

normal blood sample, and 4.0(9) × 1 × 106 /mm3 for the
abnormal blood sample.

The error values for these calculations were obtained
by propagating the error from the hematocrit and MCV
calculated earlier, according to the following equation:

σRBC = RBC

√(σHt

Ht

)2
+
(σMCV

MCV

)2
(11)

2. Method 2

An alternate method for calculating the number of red
blood cells per cubic millimeter would be to assume a
given MCV of 91 µm3 as determined by the official blood
count, and convert that value into pixel size. Again, an
average cell height of 2(1) µm is assumed, to obtain an
average cell area, using the ratio of 1 mm to 780 pixels:

RBC area =
91µm3

2 ± 1µm
× 7802p

106µm2
= 28 ± 7pixels. (12)
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Then, the average number of pixels which the algo-
rithm reported as belonging to red blood cells is divided
by the RBC area calculated in equation 12. The num-
ber of red blood cells on the slide was calculated as 4(2)
× 1 × 103 /mm2. Assuming an arbitrary thin slide thick-
ness of 1 micron, this area density can be converted to the
standard volume density by multipling by 1 mm, which
returns an average value of 4(2) × 1 × 106 /mm3. Simi-
larly, the abnormal blood sample returned the same RBC
value of 4(2) × 1 × 106 /mm3 with this method.

IV. RDW

The red blood cell distribution width, which is a mea-
sure of the variation in red blood cell volume, as defined
in equation 4, was calculated by dividing the standard
deviation of the MCV by the mean MCV. For the nor-
mal blood sample, the MCV data of 90(10) µm3 returned
an RDW value of 11%, while the abnormal sample MCV
values 100(16) µm3 were equal to a RDW of 16%. These
values do not have error bars because the error bars them-
selves were used in the calculation of the percentages.
Therefore, they cannot be quantitatively compared to
the official results, which are 14% and 13.2% for normal
and abnormal blood samples, respectively.

V. CONCLUSION

In general, the results obtained were within the as-
sociated experimental standard deviation range. That
is, the hematocrit value for the normal blood sample
was 39(5) %, within 0.1σexperimental of the actual value
38.8%. The abnormal blood sample was 40(6) %, within
0.1σexperimental of the actual value 39.6%. Although
these values are well within one standard deviation of the
actual results, the error values were larger than desired.
Despite having large error values, the hematocrit values
are still functional because the large range of acceptable
hematocrit percentages (over 13%) makes a certain de-
gree of variation negligible.

The MCV value for the normal blood sample was
90(10) µm3, within 0.1σexperimental of the actual value
91 µm3. The abnormal blood sample was 100(16) µm3,
within 0.2σexperimental of the actual value 98 µm3. Again
the values were well within the error bars, but the error
was larger than ideal, which could be improved greatly
with increased microscope resolution.

The RBC values were 4.3(7) × 1 × 106 /mm3 for
the normal blood sample, and 4.0(9) × 1 × 106 /mm3

for the abnormal blood sample, which are both within
0.1σexperimental of the actual values 4.28 × 1 × 106 /mm3

and 4.06 × 1 × 106 /mm3, respectively. This method was
preferrable to the second RBC calculation method, which
had much higher error values of ±2 × 1 × 106 /mm3.

Although the results were accurate, the experiment is
limited by the design of the apparatus and the proce-
dure. If it were possible to achieve a higher magnifica-
tion, different types of cells could easily be distinguished,
allowing for the differentiation of the numerous types of
white blood cells which is advantageous in diagnosing
patients. A higher magnification, and most importantly,
an increased image resolution at this high magnification,
would also improve calculations of RBC by allowing an
algorithm to pick out individual red blood cells. This
would make calculation of the MCV unnecessary, which
is inaccurate because it assumes a fixed height of 2 mi-
crons for red blood cells, since the third dimension of the
volume calculation is not otherwise possible given the
procedure of taking 2-D images. Instead the MCV could
be derived by dividing the hematocrit value by a RBC
calculated directly with a counting algorithm.

The results from this experiment are inspiring for the
prospect of such a device to be developed and manufac-
tured on a larger scale and implemented in the field. In-
tegration with LEGO is a potential avenue the team is in-
terested in exploring. Potentially, an entire line of health-
care related devices could be created, potentially on an
open-source platform, using LEGOs and the iPhone, al-
lowing interchangeability between instruments. All of
this works to aid in the medical needs of those in remote
places through mobile and effective diagnostic tools, us-
ing the iPhone.
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