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A B S T R A C T  

Modern non-invasive medical sensors can continuously provide vital information such as blood oxygenation, 

hemoglobin and glucose, based on substance-specific spectral or electrochemical properties. Cells and other 

geometrical formations are difficult to observe non-invasively due to the absence of a distinctive substantial 

signature. Optical scattering angle measurements could provide geometrical information but multiple scattering 

results in diffusion profiles, limiting their direct applicability. Mie scattering correlation to blood cell size has been 

demonstrated in the lab and various biomedical optical techniques are under intense investigation towards 

decoupling direct from indirect scattering, requiring specialized equipment. In this paper, a portable sensor is 

introduced for in-vitro and potentially in-vivo study of light scattering from blood. A microcontroller-based prototype 

has been designed and fabricated, with a 650 nm laser source, a 128 × 1 photodiode array and a custom dual-core 

real-time data acquisition algorithm. The prototype has been evaluated using latex sphere solutions calibrated to 

emulated red blood cells, white blood cells and platelets. Distinct scattering signatures are demonstrated for the three 

blood cell sizes. Reproducibility and repeatability tests analyzing data from multiple independent experiments 

demonstrate the reliability of the demonstration.  This device platform provides a flexible and simple means for 

evaluating optical processing methods towards non-invasive continuous counting of blood cells. 

A R T I C L E  I N F O  
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1. Introduction 

Non-invasive technologies for monitoring human health 

are expected to drastically improve life quality and open up 

new possibilities in medicine. Examples of benefits include 

simplification of medical practices, reduction of invasive 

probing and the associated health risks, patient comfort 

improvement as well as cost-effective and fast examination, 

monitoring and treatment services. In addition, frequent or 

continuous monitoring of health parameters over time can 

revolutionize the treatment of chronic medical conditions, 

both through personalised care and data analysis for 

treatment-response correlation. An example of the impact 

that continuous monitoring can be found in the glucose 

monitoring and closed loop insulin delivery technology, 

which has improved the life quality of millions of people 

with diabetes in the last decade [1-3]. Continuous counting 

of blood cell concentrations could be equally beneficial for 

medical cases where cell counting is critical, such as in 

conditions related to anemia, leukopenia, leucocytosis, 

thrombocytosis or thrombocytopenia. 

Existing non-invasive systems are able to measure 

medical indicators such as oxygenation [4, 5], bilirubin [6] 

and hemoglobin [7] by spectrophotometric methods, and 
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glucose by electrochemical analysis of epidermal fluids [2]. 

These methods are difficult to use directly for cell 

concentration, but they provide significant background 

knowledge and a range of valuable techniques for sensor 

design and development, signal detection and processing and 

data interpretation. 

Light scattering has been shown in the lab, using large 

scale equipment, to provide a different signature for different 

cell sizes, due to a Mie scattering mechanism [8]. Mie 

scattering refers to the elastic scattering of light from 

particles whose diameter is similar to or larger than the 

wavelength of the incident light. A detailed description and 

full mathematical analysis of Mie scattering were given by 

Bohren and Huffman [9]. The difference in scattering profile 

due to different cell size, is illustrated by simulation using 

the MiePlot simulation software in Fig. 1 [10, 11].  The Mie 

profile repeating wave period as a function of particle size is 

shown in the inset, demonstrating the size / angle profile 

correspondence. Based on this mechanism, we have 

previously proposed a portable device design for monitoring 

blood cell concentration [10].  

While this is a very promising correlation for non-invasive 

in-vivo sensing, the small photon mean free path in tissue, in 

the 0.1 mm scale [12], obstructs its use. Light undergoes 

multiple scattering even through short distances on the tissue 

surface, resulting in very weak directionality and diffusive 

profiles. Significant research effort has been invested in 

studying and separating single from multiple scattering 

effects towards advanced optical sensing [13]. Polarization 

gating has been shown to distinguish between surface and 

deep backscattering, utilizing the level of depolarization of 

polarized photons. Circular polarization has been shown to 

be advantageous in this direction due to its lower relaxation 

through multiple scattering events [14]. Interferometry has 

also been used to obtain the scattering angle profile at 

different penetration depths, by a backscattering 

measurement setup [15]. The combination of scattering 

spectroscopy with confocal microscopy, to allow the 

detection of scattering from only a specific target volume 

through a pinhole has also been proposed [16, 17]. On the 

other hand, diffusive scattering and optical spectroscopy can 

also provide significant information on the size of cellular 

structures [13, 18]. 

 While research on these methods has been growing 

rapidly in recent years, experiments often involve large scale 

and high cost specialized optical equipment. Portable optical 

analysis sensors would offer flexibility and practicality in 

method testing. This is especially true for in-vivo 

measurements, where exploitable mechanisms such as blood 

flow are difficult to emulate in the lab. In contrast to the 

market of end-user biomedical devices, where a variety of 

portable products is available, portable laboratory equipment 

is not as diverse, typically limited to established optical 

methods. Previously reported portable devices for optical-

scattering biomedical sensing include a low-coherence 

 Fig. 1. Indicative simulated Mie scattering from blood cells using 

the MiePlot software [10, 11]. The inset shows the relation between 

cell size and angle profile. 

interferometry device for nuclear size detection [19], and a 

portable device design for sensing scattering on blood cells 

[10]. 

 In this framework, a flexible and cost-effective optical 

sensor platform that would permit implementation and 

testing of various promising methods and their combination 

both in laboratory and in-vivo, would be highly desirable. 

Here, such a portable device platform is proposed, with the 

potential of using multiple light sources and detector 

geometries, to allow diffusion and scattering 

characterization. A specific implementation for measuring 

the angle distribution of scattered light through blood 

samples is presented. Its capability of distinguishing among 

blood cell calibration solutions, from their light scattering 

profile is demonstrated. The repeatability and the 

reproducibility of the results is evaluated by multiple test 

runs. Finally, the potential of such methods towards non-

invasive blood cell concentration monitoring is briefly 

discussed. 

2. Sensing concept 

 The proposed sensing concept is illustrated in Fig. 2. A 

directional light source is used through a blood-carrying 

specimen. The light is scattered by blood cells as well as by 

other structures towards different angles. The size of blood 

cells relative to the wavelengths of visible light correspond to 

Mie scattering. The intensity of Mie scattering is a wave-like 

function of angle, with an oscillating period and amplitude 

depending on the particle size and refractive index, as shown 

in the simulation data of Fig. 1. Single event scattering is 

extremely rare, and multiple scattering is expected to 

dominate, resulting in a diffusion angle profile, especially in 
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Fig. 2. Illustration of the scattering-angle analysis sensing concept. 

the case of in-vivo measurements. Nevertheless, the scattered 

light angle profile contains significant geometrical 

information and can be enhanced by optical filtering. The 

profile can be measured over time using a photo detector 

array. Optical polarization and directionality filters can be 

used such as to amplify the Mie scattering signal or to 

enhance light scattered from a specific region. The acquired 

measurements can be analysed, providing information on the 

cell size distribution. 

 For in-vivo measurements, similarly to pulse oximetry, 

the blood volume changes in the microvascular bed of tissue 

and hence the pulse profile can be detected by the average 

light intensity across the array over time. Then, by 

subtraction between the image frames at maximum and 

minimum capillary volume, a differential measurement of the 

blood scattering profile can be obtained. This technique 

could be combined with other non-invasive sensing 

techniques such as occlusion [20, 21]. 

3. The prototype system 

3.1 Hardware setup 

A block diagram of the prototype system is illustrated in 

Fig. 3. As lighting source, a SYD1230 class 3a red laser 

pointer has been chosen with an emission wavelength of 650 

nm, a power of 5 mW and a spot diameter of around 1 mm. 

The photodiode array (PDA) sensor, an AMS AG TSL 

1401CL chip, was placed at a distance of 50 mm away from 

the laser pointer. This PDA sensor contains an array of 128 x 

1 photodiodes with an active area length of 8.064 mm and 

analog output. The PDA captures the intensity of light at 

different positions across its length, thereby acquiring a 

profile of light intensity over a range of scattering angles. For 

each frame, all photodiodes of the PDA accumulate charge 

into capacitors during a light exposure interval. Subsequently 

the voltage of each one is sequentially provided to the PDA 

chip output by switching, where it is sampled by the system’s 

analog-to-digital converter. The full specifications of this 

device can be found in [22]. 

 The laser pointer was manually calibrated to aim at the 

edge of the PDA, by running no-specimen measurements, 

and selecting the position such that only the first few pixels 

are saturated by the laser. This geometry technique was 

 Fig. 3. Block diagram of the proposed system. 

chosen in order to increase the range of the measured 

scattering angle.  

For PDA and laser driving, data acquisition and analysis, 

the BeagleBone Black (BBB) development platform was 

used, with an AM3358 System on Chip (SoC), housing an 

ARM Cortex A8 and two Programmable Realtime Units 

(PRUs). The full specifications of this device can be found in 

[23]. The BBB delivers 5 V powering voltage to the laser 

diode and 3.3 V to the PDA sensor. It includes an integrated 

12-bit analog to digital converter (ADC) in an input voltage 

range between 0-1.8 V. 

The PDA’s output voltage range is 0-3.3 V, and therefore 

it was adapted to the ADC input range by a voltage divider. 

To avoid any possible impedance problems, buffer 

operational amplifiers, with a slew rate of 350V/μs, (LT1810 

- Linear Technologies [24]) were placed before and after the 

voltage divider. Decoupling and filtering capacitors were 

also used. 

All these components are arranged in a single PCB, 

designed to fit the BBB cape interface. The implemented 

circuit is shown in Fig. 4. 

While local data storage and analysis is possible in the 

BBB architecture, external data analysis was preferred for 

practical reasons during the device evaluation tests. 

Therefore, the optical frames are time stamped and stored in 

the BBB’s flash memory card. The acquired measurements 

are transferred to a computer for subsequent data analysis via 

USB connection. The USB interface is also used for 

powering the BBB with 5 V. Once the BBB is programmed, 

data scanning is triggered by an external button and an RGB 

LED is used to indicate the status of the scanning activity. 

The whole system is attached on a temporary plexiglass 

structure as shown in Fig. 5a. A customized housing of the 

device providing protection, optical shielding and easy 

specimen fitting was 3D printed using acrylonitrile butadiene 

styrene (ABS) and it is presented in Fig. 5b. 
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 Fig. 4. Schematic diagram of the sensor's circuit. 

 

Fig. 5. (a) Photograph showing the prototype device with a 

specimen been in place and (b) Photograph showing the 3D printed 

housing. 

3.2 Software setup 

The functional requirements of the proposed system 

include the deterministic acquisition and accurate time 

stamping of frames with programmable exposure time and 

frame rate. For each frame, the analog-to-digital conversion 

of 128 values is required, at a high (clocking) speed to 

minimize delay between pixels. This is important to maintain 

a uniform exposure time as well as to suppress any motion 

effects to a frame.  

In order to address the requirements, a custom parametric 

driver for the photodiode array was developed, utilizing both 

the 200 MHz PRUs of the BBB. The PRU0 remains in 

deterministic operation throughout, driving the digital signals 

of the PDA. The PRU1 controls the ADC and stores the data 

to the RAM, for collection by the ARM processor after the 

completion of the sampling run. The PRU0 triggers each 

ADC sampling by sending an interrupt to PRU1. The high 

clocking speed of the PRUs and the ADC ensures negligible 

delay between samples, in the range of a few tens of 

nanoseconds. This is negligible in comparison to the A/D 

conversion time which is 625 ns, as well as to the PDA 

integration time, which for this application is in the 36-60 μs 

range. The maximum framerate is therefore limited by the 

required exposure time for a given set of light source, 

specimen and environmental lighting conditions. 

The driver software was developed as an integrated 

routine, with a four-argument input vector. The vector 

consists of the number of frames to be captured, integration 

time in microseconds, frames per second (fps) and the 

frequency of the PDA’s CLK signal in kHz.  

The algorithm checks whether the values given are within 

the acceptable range and continues by calculating the number 

of clock cycles for the PRU delay routines. The next step for 

the ARM processor is to write the calculated data to the 

predefined addresses in RAM and load each PRU with its 

corresponding code file. After the PRUs complete their 

initializations, a three-way handshake takes place in order to 

synchronize the CPUs. When the driving procedure is 

complete, the ARM collects the captured frames from the 

shared RAM and saves them in text file format into the flash 

memory. The implement algorithm is shown in Fig. 6. 

 
Fig. 6. Block diagram of the system software. 
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4. Evaluation 

4.1 System configuration and data acquisition 

The system’s ability to distinguish Mie scattering from 

cells of different sizes was tested using calibration buffers 

containing particles with size almost similar to that of normal 

blood cells. At this point there is no need for using particles 

with diameter exactly the same as that of the blood cells. 

Specifically, the samples used for calibration are 

monodisperse polystyrene spheres in aqueous suspensions 

with a nominal diameter of 2 μm (BCR-165), 4.8 μm (BCR-

166) and 9.6 μm (BCR-167). The particle concentration is 

approximately 30 х 109 particles/L [25]. Three different 

samples were prepared, each one containing a different 

particle size. The samples were placed in rectangular glass 

cuvettes with a light travel distance of 10 mm. All the 

cuvettes were cleaned carefully with distilled water and 

blow-dried. For each sample, 0.1 ml of polystyrene spheres 

were injected into the bottom of the cuvette using a syringe.  

Also 0.8ml of distilled water were added into the cuvette, 

thus creating a 1/8 ratio solution (the particle concentration is 

approximately 3750 particles/μL). Other dilution rates were 

also used to evaluate the ability of the system to characterize 

high and low particle concentrations.  These solutions were 

then mixed well into the cuvette. All the samples were 

prepared and measured at room temperature. 

The cuvettes were placed between the PDA sensor and the 

laser diode at a distance of 25 mm and 20 mm respectively. 

This distance allows monitoring scattering angles between 0° 

and 15°, enough to extract conclusions about the measured 

particle size, as it will be shown in the next subsection of this 

paper. The laser beam aims the cuvette at its center at an 

angle of 90° with respect to the glass surface. To minimize 

ambient light noise, temporary special canopies were 

constructed around the cuvette and the PDA sensor. The 

canopies consist of black cardboard, internally coated with 

velvet paper to minimize light reflection from the cuvette and 

the cardboard itself. The canopies were placed as close as 

possible to the PDA and the cuvette with a maximum 

distance of 20 mm. The PDA’s PCB (showed in green at 

Figure 5a) was covered (except the sensor) with velvet paper 

too. 

The measuring setup using the 3D-printed housing is 

shown in Fig. 7. For placing the cuvette at the right height, a 

3D-printed calibration platform was attached to the cape. 

This setup was used for all measurements.  

 For each measurement, an acquisition duration of five 

seconds was used, in which the PDA sensor collected 40 

frames per second. Hence, each measurement comprises 200 

frames of 128 12-bit samples per frame. The PDA optical 

exposure (charge integration) time was 38 μs for all 

experiments presented in this section. This value was 

experimentally determined to provide a good signal-to-noise 

ratio for the specific setup, parameters and conditions. 

 Fig. 7. Photograph showing in perspective view, without the cap, 

the measuring setup using the 3D printed housing. A top-front view 

is shown in the inset. 

The laser power was kept at 5 mW for all the experiments as 

well.  

The frequency of the PDA clock signal was chosen at 100 

kHz for all experiments. 

In total, 15 indicative experiments are presented, 5 for 

each sample. After each measurement the buffer samples 

were allowed to sedimentate and they were subsequently 

shaken well, before the next measurement. Using this 

method, several experiments (over 200) were performed in 

order to evaluate the repeatability and the reproducibility of 

the device measurements. 

4.2 Experimental results 

For the processing and the plotting of the signals, the data 

text file was loaded into Matlab. From the 200 frames that 

were collected by the PDA sensor, 50 of them were chosen 

randomly for processing. All the frames were converted into 

analog signals. Voltage is the unit of measurement for these 

signals (PDA’s output), but they correspond to arbitrary units 

for light intensity. Taking the average for each bit of the fifty 

frames including a signal smoothing technique (median 

filtering), results in the blue lines as shown in Fig. 8.  

As mentioned in section 1, at this particle size, Mie 

scattering is expected to dominate. In order to evaluate the 

obtained experimental results against the Mie theory, 

simulations were run using the diffraction software MiePlot. 

The refractive index values used were 1.59 for polystyrene 

spheres [26] and 1.33 for the medium (distilled water) [27]. 

A light wavelength of 650 nm was assumed and the light 

source type was set point-type, with parallel polarization, and 

a monodisperse particle solution. The maximum angle was 

chosen at 15° with an angular resolution of 0.1, in line with 

the experimental conditions. The Mie simulations and the 

measured data are plotted together in Fig. 8. No parameter 

fitting was used, in order to provide a direct comparison 

using only nominal values for refractive index   and particle 

size. The deviation from a wave-like scattering



 
Fig. 8. Calculated primary Mie scattering profiles for polystyrene spheres with a diameter of (a) 2 μm, (b) 4.8 μm and (c) 9.6 μm, plotted 

against the corresponding experimental measurements. 

profile is attributed to the high concentration of the solutions 

under study which results in multiple scattering, thereby 

weakening the primary Mie signature. However, some 

similarity in overall trend between the measurements and the 

Mie theory is observed, in the 2 μm and 4.8 μm solutions. 

For the 9.6 μm spheres, the larger size results in higher 

density for the given 1/8 concentration. As a result, the 

intensity and the resolution of the scattered light wave drops 

significantly. In Fig. 9, scattering measurements are 

presented for six different solutions using 9.6 μm diameter 

spheres. As the dilution rate increases, the concentration 

becomes lower, which leads to a sharper fall and a more 

pronounced curvature of the scattering angle profile between 

0° and 5°. This corresponds well to the simulated Mie profile 

at this angle range.  

In Fig. 10, the experimental measurements of Fig. 8 are 

re-plotted in the same diagram for comparison. The 

measured angle profile from distilled water is also included 

for reference. A distinct signature for each particle size is 

observed. This result demonstrates the ability of the 

implemented system to detect and distinguish different 

particle sizes at the μm diameter range, corresponding to the 

average size of different blood cells. The reproducibility and 

repeatability of this results are evaluated by multiple 

experiments in the following subsection. 

4.3 Repeatability and reproducibility 

In order to evaluate the distinguishing ability of the 

implemented system, the reproducibility and the repeatability 

had to be examined. Reproducibility refers to the variation in 

measurements made on a subject under changing conditions. 

Conversely, repeatability of measurements refers to the 

variation in repeated measurements made on the same 

subject under the same conditions, over a short time period. 

To assess the reproducibility of the results, the 

experiments described in the previous sections were repeated 

five times during different conditions including time of day, 

date and temperature. The results for each particle size are 

shown in Fig. 11. Significant reproducibility is observed.  

To investigate the distribution of the collected data, 

histograms for each bit were constructed and merged into a 

single 3D plot. In Fig. 12 the 3D histogram plots are 

presented for each particle size. The X-axis represents the 

scattering angle, while the Y and Z axes represent light 

intensity grouped  

 
Fig. 9. Measured scattering angle profile results for 6 different 

dilution rates on solutions with 9.6 μm particle diameter. 

 

Fig. 10. Comparison between the three different diameter 

polystyrene particles and distilled water. 



 
Fig. 11. Reproducibility of the measurements during five different experiments for each particle size (a) 2 μm, (b) 4.8 μm and (c) 9.6 μm 

 

Fig. 12. 3D histogram plots showing the number of occurrences (z-axis) in 35 bin-grouped light intensity for each scattering angle 

measured. The insets show the distribution of bit-40 indicatively (a) 2 μm, (b) 4.8 μm and (c) 9.6 μm. 

 

Fig. 13. Repeatability of the measurements for each particle size (a) 2 μm, (b) 4.8 μm and (c) 9.6 μm

in 35 bins and the number of occurrences respectively. The 

insets in each diagram show a histogram, using also 35 bins 

with a normal distribution fit (plotted as a red line), 

indicatively for bit No 40 (approximately 4° of scattering 

angle). The mean value and the variance of this bit for 2 μm, 

4.8 μm and 9.6 μm particle diameters is x̅2=0.7545 and 

σ2
2=0.0091, x̅4.8=0.6187 and σ4.8

2=0.0067, x̅9.6=0.2446 and 

σ9.6
2=0.0003 respectively. It is evident that the measured data 

follow significantly the normal distribution with a 

remarkably low deviation.  

Fig. 13 demonstrates the 50 frames that were randomly 

chosen for each particle size, as mentioned in the previous 

section. Along with Fig. 12 it shows that the implemented 

system also presents significant repeatability, demonstrating 

a reliable distinguishing ability among these particle sizes. 

4.4 Measurements over time 

In in-vivo measurements, sampling over time is an 

important capability because it can allow the observation of 

dynamic events such as the changes of blood’s volume inside 

the tissue’s microvascular bed due to the blood flow. Such 

mechanism can be exploited for amplifying the scattering 

signal emerging from blood, similarly to pulse oximetry, as 

also explained in the introduction. 

The performance of the system was tested for framerates 

up to 350 frames per second (clocking test results not shown 
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here). Higher rates are nominally possible and given the sub 

μs conversion time of the ADC, the framerate is only limited 

by the exposure time which was 38 μs in the presented 

scattering experiments. In order to evaluate the capability of 

the system for dynamic measurements under more light 

intensity - demanding conditions, scattering measurements 

were performed on the finger of an adult athlete at rest, for 

sampling periods of five seconds. After light intensity 

calibration runs, it was found that an integration time of 1 ms 

was suitable, in order to acquire a strong enough signal 

without leading the PDA sensor to saturation. Indicative 

results are presented in Fig. 14, using a framerate of 40 

frames per second. The contraction of the finger’s capillaries 

is clearly visible, corresponding to the athlete’s heart pulse 

which was 60 bpm during measurements. In addition, in the 

marked circles the dicrotic notch is appearing clearly on each 

pulse. These results demonstrate the ability of the device to 

obtain measurements over time and detect pulse profiles. 

Preliminary experimental results of scattering from two 

real blood samples, containing different blood cell 

concentrations, are indicatively shown in the inset of Fig. 14.  

 
Fig. 14. Experimental measurements over time, showing the 

average intensity across the PDA sensor, through the finger of an 

adult athlete. A pulse rate of 50 bpm is clearly observed. The inset 

shows experimental data of Mie scattering from real blood samples. 

5. Conclusion 

In this paper, a portable system for studying light 

scattering on blood cells was presented. The system was 

tested by analysing calibration polystyrene microparticle 

solutions with sizes almost equivalent to those of blood cells. 

The capability of reliably distinguishing among solutions 

with different particle sizes from their scattering angle profile 

was demonstrated, without the use of optical processing. The 

weak Mie scattering profile is attributed to multiple 

scattering events. While the distinguishing capability focuses 

on blood cells, the detection of sizes in the 1 μm range and 

higher resolution (below 1 μm) is expected by extending the 

measured angle range and similar data analysis on other 

calibration particle sizes. The particle size detection ability is 

fundamentally limited to the light wavelength, while 

resolution is expected to be restricted by the Mie-scattering 

to diffusion signal ratio and data analysis capability. Using 

this sensor platform, optical filtering methods such as 

polarization gating, confocal microscopy and interferometry 

could be evaluated in order to enhance the Mie scattering 

signal. The sampling over time capability of the sensor is 

adequate for observing hemodynamic events, allowing the 

employment of differential pulse measurement and other 

dynamic measurements methods. The demonstrated features 

of the proposed device show promise for integrating state-of-

the-art laboratory biomedical imaging techniques into 

portable non-invasive blood monitoring sensors. 

While the proposed system demonstrates a size-

distinguishing capability, differentiation among different-

type, similar-size cells would expand the potential 

applicability of the system. Towards this direction, the 

consideration of the refractive index effect to Mie scattering 

in measured data analysis and the combination of the system 

with spectroscopic methods, for instance by using multiple 

wavelength sources or a prism-grating approach would be 

highly promising. 
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