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Abstract. Blood sampling is a routine procedure in medical diagnostics, yet precise vein visualization methods remain limited. This project introduces
a system designed to improve vein detection during blood collection. It relies on Near-Infrared (NIR) light, which interacts with the skin and highlights
veins by taking advantage of hemoglobin’s infrared absorption properties. Using a Raspberry Pi and an infrared camera, image acquisition
and processing are handled through MATLAB and Python algorithms, which allow real-time visualization of veins. The system has been tested
on a database of infrared images of hands and arms, effectively enhancing vein contrast in real time. The display is connected to the Raspberry Pi, giving
medical staff a visual guide. This technology aims to streamline procedures for healthcare professionals, including doctors, nurses, and medical students,
particularly in high-volume settings like labs and blood transfusion centers where vein visualization is critical to patient care.
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PROJEKTOWANIE | WDROZENIE SYSTEMU DETEKCJI ZYLE W CELU ZWIEKSZENIA
DOKEADNOSCI POBIERANIA KRWI

Streszczenie. Pobieranie krwi jest rutynowq procedurq w diagnostyce medycznej, jednak precyzyjne metody wizualizacji zyt pozostajq ograniczone. Projekt
ten wprowadza system majgcy na celu usprawnienie wykrywania zZyl podczas pobierania krwi. Opiera si¢ na sSwietle bliskiej podczerwieni (NIR),
ktore oddzialuje ze skorq i uwydatnia zyly, wykorzystujqc wlasciwosci absorpcji podczerwieni przez hemoglobine. Przy uzyciu Raspberry Pi i kamery
na podczerwien akwizycja i przetwarzanie obrazu odbywa sie za pomocq algorytméw MATLAB i Python, ktore umozliwiajq wizualizacje zyl w czasie
rzeczywistym. System zostal przetestowany na bazie danych obrazow dloni i ramion w podczerwieni, skutecznie zwigkszajqc kontrast zyl w czasie
rzeczywistym. Wyswietlacz jest podigczony do Raspberry Pi, zapewniajqc personelowi medycznemu wizualne wskazéwki. Technologia ta ma na celu
usprawnienie procedur stosowanych przez pracownikéw stuzby zdrowia, w tym lekarzy, pielegniarki i studentéw medycyny, szczegolnie w srodowiskach

o duzym nategzeniu ruchu, takich jak laboratoria i centra transfuzji krwi, gdzie wizualizacja zyt ma kluczowe znaczenie dla opieki nad pacjentem.

Stowa kluczowe: NIR, wykrywanie zyl, przetwarzanie obrazu, system wbudowany
Introduction

Blood sampling is a fundamental procedure in medical
diagnostics, with billions of samples collected annually
worldwide. Despite its widespread use, this process often lacks
precise methods for vein visualization, posing a significant
challenge for healthcare providers. Difficulty in locating veins
accurately can lead to multiple puncture attempts, causing stress
and discomfort for both patients and medical staff. This challenge
is particularly acute for vulnerable populations, such as young
children, the elderly, and patients undergoing treatments like
chemotherapy or radiotherapy, where veins may be less visible
or accessible.

To enhance the success and efficiency of blood draws,
this project focuses on developing a real-time vein detection
system based on infrared imaging technology. By leveraging
the properties of near-infrared (NIR) light, this system aims
to improve vein visibility, reduce the risks associated with
unsuccessful punctures, and streamline the sampling process.
The design takes advantage of the unique absorption
characteristics of deoxygenated hemoglobin in the NIR spectrum,
enabling clearer visualization of veins relative to surrounding
tissue. This approach not only increases the accuracy
of venipuncture but also enhances patient comfort and minimizes
procedural time.

The cardiovascular system, consisting of the heart, blood
vessels, and lymphatic vessels, plays a central role in transporting
nutrients and oxygen throughout the body. This closed-circuit
network carries blood to and from the heart, supplying cells with
essential substances and removing metabolic waste. Key
components of this network, including veins and capillaries,
are critical targets in blood sampling but can be challenging
to locate, especially in patients with deep or narrow veins.

Currently, several imaging techniques are available
for vascular visualization, though each has limitations that make
it impractical for routine venipuncture. Angiography and phlebo-
graphy use contrast agents and X-rays to visualize blood vessels
but are generally limited to hospital settings and involve radiation
exposure [7, 12]. Venous Echo-Doppler employs ultrasound
technology for real-time imaging of blood flow, though it lacks

the depth of visualization necessary for precise vein mapping [6].
CT angiography and Angio-MRI provide high-resolution vascular
imaging but require specialized equipment, limiting their
accessibility in everyday medical settings [14, 9]. Venous rheo-
plethysmography measures impedance changes to diagnose
venous abnormalities, yet does not directly visualize veins
for puncture [11].

In light of these limitations, our project proposes a vein
detection system using near-infrared imaging to provide real-time,
clear visualization of veins. By harnessing NIR light, which
is selectively absorbed by deoxygenated hemoglobin, the system
enhances vein contrast, facilitating more efficient and accurate
blood sampling. The system incorporates Raspberry Pi technology
with infrared LEDs and a camera, along with image processing
algorithms in MATLAB and Python, to create a portable,
accessible tool that can be easily used by healthcare professionals.

This project bridges the gap between advanced imaging
techniques and practical clinical needs, offering a user-friendly
solution that enhances the accuracy of blood vein detection
and improves the overall patient experience.

1. Material and methodology

The human skin comprises multiple components, including
fat, veins, arteries, and nerves. As illustrated in Figure 1, when
skin interacts with infrared light, phenomena such as absorption,
diffusion, and reflection occur across its various layers.
For this project, we employ Near Infrared (NIR) technology,
specifically targeting the spectral range between 780 nm
and 950 nm due to its optimal penetration depth, reaching
up to 3 mm beneath the skin where veins are located.

This range allows us to exploit the properties of chromo-
phores, which absorb light within specific wavelength bands
and produce color effects. Key chromophores in blood include
water, oxygenated hemoglobin (in arterial blood), and deoxy-
genated hemoglobin (in  venous blood). Among these,
deoxygenated hemoglobin absorbs more radiation than other
tissues at wavelengths under 780 nm, while water absorption
dominates above 950 nm. Thus, NIR light from our source
interacts with skin and fat, which primarily scatter the light, while
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blood absorbs it due to hemoglobin’s properties. This contrast
results in a clearer view of veins as dark regions against the lighter
appearance of skin and fat.

For our vein visualization system, the patient’s skin is exposed
to NIR (Near Infrared) light, provided through an array of LEDs.
Due to the unique absorption properties of deoxygenated
hemoglobin (Hb) in venous blood, NIR radiation is absorbed more
significantly by veins compared to surrounding tissues like skin
and muscle. A Raspberry Pi [13], connected to a NolR camera,
serves as the primary acquisition device. The acquired data then
undergoes various filtering and processing stages in MATLAB
and Python to produce visual results displayed on a screen.

In our project, we employ a near-infrared light source
achieved through either an 850 nm LED matrix panel, with each
LED rated at 2W, or a custom LED circuit on a prototyping board,
adjustable for optimal infrared output. The imaging system uses
a 5-megapixel Pi camera (OV5647 model), devoid of an infrared
filter (NoIR), which connects via the CSI interface with an FFC
cable. The high-speed data transmission via the CSI bus enhances
image clarity, allowing a rapid flow of graphic data. The camera
module itself is compact (25 mm x 24 mm) and lightweight
(~30 g) with a fixed-focus lens (focal length of 3.6 mm
and aperture of f/1.8).
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Fig. 1. The absorption spectra of water (H;0), deoxyhemoglobin (Hb)
and hemoglobin (hbo2) [2]

A comprehensive database of venous images from various
individuals was compiled using the infrared camera linked
to the Raspberry Pi, enabling robust testing of our processing
algorithms.  After image acquisition, data is transferred
to a computer where MATLAB processes the images to enhance
visualization, reducing noise and highlighting critical features
like edges. The image enhancement process includes
the application of filters, each affecting individual pixels
by considering neighboring pixels to improve the overall image
through denoising and smoothing. Effective filter use requires
a thorough understanding of the algorithm and its parameters.
Spatial filters are defined by [1]:

e filter support, which refers to the neighborhood’s size
and shape,
the central pixel’s position within the support,

e the algorithm to compute output
on neighborhood values.

Edge detection is then performed to highlight essential
structural elements of the object, which may arise from depth
discontinuities or reflectance properties. Among the various edge
detection methods, two main approaches are commonly used:
one based on the gradient extremums of the intensity function
and another that identifies zero-crossings in the second derivative,
often employing the Laplacian or other nonlinear expressions.

To achieve optimal results in our project, we apply multiple
filters to determine the most effective processing algorithm. These
include:

e The median filter, a spatial filter that calculates the average
gray levels of the pixels within a sliding window, similar
to convolution, which effectively reduces impulse noise while
preserving edges and lines [15].

values  based
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e The Laplacian filter, which detects zero-crossings

in the second derivative for edge enhancement [10].
e The Prewitt filter, which applies horizontal

to highlight vertical edges [3].

e The Sobel filter, which applies vertical filtering to highlight

horizontal edges [4].

Through this multi-faceted approach, our vein visualization
system improves the accuracy and efficiency of vein location,
ultimately facilitating procedures for medical personnel in various
healthcare settings [8].

filtering

2. Results and discussions

Following initial image acquisition, as presented in Figure 2,
we evaluated multiple filtering techniques, including
the Laplacian, Sobel, and Prewitt filters. These edge-detection
filters, while useful for highlighting contours, introduced
substantial noise into the processed images. This noise degraded
image clarity by emphasizing non-vascular  structures
and obscuring the targeted venous patterns. The Laplacian filter,
in  particular, amplified high-frequency noise, leading
to exaggerated textures in skin regions, while the Sobel

and Prewitt filters highlighted edges excessively, which reduced
the overall quality and interpretability of the image.

Original
NIR
image

Median
filter

Laplacian
filter
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Fig. 2. The obtained results using different filters

In contrast, the application of the median filter achieved
a substantial reduction in noise without sacrificing image detail,
specifically preserving the edges associated with wvenous
structures. Unlike linear filters, which may blur important
boundaries, the median filter is a non-linear technique that
replaces each pixel value with the median value of neighboring
pixels. This technique is particularly effective in suppressing
impulse noise and small, isolated artifacts without distorting
the overall structure. The median filter's ability to retain essential
edge details while eliminating noise made it the optimal choice
for our project, as it effectively isolated vein patterns from
extraneous textures, providing a cleaner foundation for further
processing.

Once noise reduction was achieved, the next phase involved
adaptive histogram equalization to amplify the contrast of venous
structures. Histogram equalization is a grayscale transformation
method that enhances image contrast by redistributing pixel
intensities across the entire dynamic range of the image, producing
a more balanced intensity distribution that brings out subtle
details. In the context of vein visualization, this contrast
enhancement is crucial, as it maximizes the visibility of veins
that might otherwise blend into surrounding tissues.

We employed CLAHE (Contrast Limited Adaptive Histogram
Equalization), an advanced technique specifically designed
to prevent over-amplification of noise in uniform areas, which
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is a common drawback in traditional histogram equalization.
CLAHE operates by dividing the image into small, localized
sections (or tiles) and applying histogram equalization within
each section independently. To avoid artifacts or excessive
contrast in homogenous regions, CLAHE limits the contrast based
on a predefined threshold. This controlled contrast enhancement
proved particularly effective for veins, where subtle differences
in tissue density and chromophore concentration could now
be more distinctly visualized. The use of CLAHE not only
improved vein clarity but also provided a more balanced image
that highlighted vascular features without overwhelming artifacts.
Figure 3 demonstrates the improved contrast achieved through
CLAHE, along with histograms showing pixel intensity
distributions before and after processing.

To validate the robustness of our approach, we tested
the system on a dataset containing venous images from a diverse
sample of individuals across various age groups, skin types,
and genders. This diversity ensured that the system could adapt
to physiological variations such as skin thickness, melanin
concentration, and vascular structure, which impact infrared
absorption and reflectance differently. As shown in Figure 4,
the enhanced contrast consistently highlighted veins across all
samples, confirming the system’s adaptability and reliability.

For practical application, particularly in medical environments
requiring immediate access to veins (e.g., emergency departments,
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Fig. 3. Results after using adaptive histogram equalization
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blood donation centers), we developed a real-time simulation
using Python. This simulation incorporates the complete image
processing pipeline, from initial image acquisition and filtering
to CLAHE-based contrast enhancement. By optimizing each step,
our Python-based program achieves real-time processing, allowing
healthcare personnel to visualize veins directly on a connected
display. This real-time feedback is essential in fast-paced medical
settings where swift and accurate vein access can significantly
impact patient outcomes.

In the final stages, we implemented edge detection
algorithms to further emphasize venous structures, isolating
them from surrounding tissues for enhanced clarity. Edge
detection is a critical step in image processing, often used
to outline significant structures within an image by identifying
intensity changes, which represent transitions between different
tissue types. In our system, we explored various edge detection
methods as cited earlier.

By combining the median filter’s noise suppression with
the Sobel and Prewitt filters' orientation-based edge
enhancements, we refined the visual representation of veins,
creating a more cohesive image with reduced artifacts.
Edge detection also facilitates automated recognition of veins
by enhancing their boundaries, which could be particularly
valuable for future integration with automated venous access
tools.
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The completed vein visualization system, utilizing median
filtering and CLAHE-based histogram equalization, represents
a significant advancement in vein localization technology.
Through iterative testing and optimization, our system reliably
increases contrast and isolates vein patterns, facilitating clear vein
visualization that aids in medical procedures. This setup has
demonstrated effectiveness across a broad demographic range,
proving its adaptability in real-world conditions.

After applying the median filter
equalization

After adaptive histogram

Fig. 4. Results after applying the median filter and after adaptive histogram
equalization

3. Conclusion

Image processing has become an invaluable tool in medicine,
particularly in diagnostics, due to its capability to transform
images for extracting vital information. Leveraging platforms
like MATLAB and Python, medical imaging can enhance
diagnostic accuracy and streamline clinical procedures. In this
project, we developed a real-time vein detection system
designed to minimize challenges associated with venipuncture
by harnessing the properties of infrared light. This work allowed
us to integrate and apply various interdisciplinary skills acquired
throughout our academic journey, including project management,
image processing, programming, risk management, and market
analysis. Additionally, it provided a practical opportunity
to deepen technical skills, especially with hardware like
the Raspberry Pi. To validate our system, we constructed
a dedicated database of infrared images collected via an infrared
camera, which served as a foundation for testing our vein
detection algorithms based on filtering, segmentation, and contrast
enhancement. By utilizing this custom database, we were able
to rigorously assess the system's efficacy, consistently achieving
satisfactory results across multiple testing phases. We then
extended these efforts into real-time processing, ensuring that our
algorithms could operate effectively under real-world conditions.
Through this project, we have not only advanced our technical
proficiency in medical imaging and hardware-software integration
but have also contributed to the development of a practical tool
that can significantly aid healthcare professionals in improving
the accuracy and ease of venous access.
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