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ABSTRACT
Design and Development of a Temperature Control System for Blood Optical Characterization

Dawson Garner
Department of Physics and Astronomy, BYU
Bachelor of Science

This thesis presents the design and validation of a temperature control system for bioptics
experiments involving whole blood. The system was developed to simulate physiologically relevant
thermal conditions and maintain stable temperatures between 36°C and 40°C over extended dura-
tions. A six-thermistor monitoring array was constructed to track spatial temperature distribution
within the experimental enclosure, and custom Python software was implemented to log real-time
data and visualize thermal behavior. To eliminate signal interference between thermistor channels,
the data acquisition code was redesigned to sample sequentially, resolving crosstalk issues and
restoring sensor independence. A custom foamcore heat box was constructed to surround the
optical setup, with cotton insulation added to reduce thermal leakage through the base and cable
ingress points. Iterative tuning of the Arduino-based PID controller enabled reliable heating input,
with optimal performance achieved when set to 50°C. Results showed that the insulated system
maintained thermal consistency across the experimental plane within a narrow two-degree range,
compared to over ten degrees in the uninsulated case. These outcomes demonstrate the system’s
suitability for long-duration, temperature-sensitive optical measurements and provide a low-cost,
modular framework for thermal regulation in bioptic research environments.

Keywords: optical properties, absorption coefficients, near-infrared spectrum, whole blood, temper-
ature dependence
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Chapter 1

Introduction

Understanding how light interacts with biological tissue is essential for advancing non-invasive
medical diagnostics. One particularly important area of study involves analyzing how whole
blood absorbs and scatters light in the near-infrared (NIR) spectrum. This project focuses on
the development of a temperature control system capable of maintaining physiologically relevant
conditions for optical experiments involving whole blood. The central goal is to enable future
studies on how temperature influences the optical absorption properties of blood, with the broader
aim of supporting advancements in medical diagnostics.

The optical behavior of blood is governed by its physiological composition, which includes
red blood cells (RBCs), plasma, and water. Scattering of light arises from differences in refractive
indices between these components, while absorption is primarily driven by chromophores like
hemoglobin and water. These properties vary with several physiological factors—including wave-
length [1], oxygenation [5, 6], hematocrit [2, 3], and temperature [3, 6]—making blood a complex
but highly valuable model for optical study.

Light interaction with tissue can be described by the Beer-Lambert law:

I = lge X(Ms+Ma)



where |y is the incident light intensity, | is the transmitted intensity, X is the path length, and mg
and M, are the scattering and absorption coefficients, respectively. These coefficients quantify how
much light is lost due to scattering and absorption as it passes through a medium. The reduced
scattering coefficient, ms0 = (1 g)ms, accounts for the angular distribution of scattering, where g is
the anisotropy factor.

Several foundational studies have shaped current understanding of blood’s optical properties and
inform the design of this project. Early work by Yaroslavsky et al. [1] used double-integrating sphere
measurements and inverse Monte Carlo simulations to characterize the scattering and absorption
coeffecients of blood in the near-infrared (NIR) range. Their findings highlighted the distinct optical
behavior of blood compared to other tissues, as well as the sensitivity of derived properties to the
scattering phase function model-—emphasizing the need for precision in experimental design.

Building on this foundation, Amerov et al. [2] extended the analysis across a wider spectral range
(up to 2500 nm), identifying hemoglobin and water as the primary absorbers and confirming that
blood’s scattering follows a wavelength-dependent trend approximately proportional to I 17, They
also demonstrated that physiological parameters like hematocrit and oxygen saturation substantially
impact absorption, making clear the importance of environmental and biological conditions in
optical measurements.

This emphasis on physiological factors was furthered by Bosschaart et al. [3], who specifically
investigated the temperature dependence of blood’s optical behavior from 500 to 1100 nm. They
found that the most significant temperature-induced changes arose from water absorption, particu-
larly near 960 nm. Their results motivated the need to extend thermal studies to longer wavelengths
and highlighted the practical challenges of measuring temperature effects in whole blood—rather
than in simplified or isolated blood components.

Complementary to these studies, Friebel and Meinke [5] examined how the absorption behavior

of hemoglobin changes with concentration and oxygenation state. They validated the use of Beer-



Lambert law at high hemoglobin concentrations and identified a stable isosbestic point at 805 nm,
reinforcing the role of hemoglobin as a consistent diagnostic marker. Their work supports the
assumption that absorption behavior in whole blood remains linear and interpretable even under
varying physiological conditions.

Finally, Sfareni and Quaresima [6] provided direct insight into the temperature sensitivity of
hemoglobin spectra across its oxygenation states. They observed that while oxy- and methemoglobin
absorption changed minimally with temperature, deoxyhemoglobin exhibited a measurable reduction
in absorption intensity—underscoring the need to control and monitor thermal conditions during
spectroscopic measurements.

Together, these studies establish a clear trajectory: from foundational spectral characterization,
through recognition of key physiological dependencies, to the realization that temperature must
be carefully regulated in blood optics research. This thesis builds on that trajectory by develop-
ing a system designed to meet the experimental demands of future temperature-sensitive optical
measurements in whole blood.

While previous studies have highlighted the importance of controlling physiological variables
like temperature during optical measurements of blood, less attention has been given to the practical
development of systems capable of maintaining such control in a laboratory setting. In particular,
achieving stable, physiologically relevant temperatures across a complex optical setup—such as
the one used at BYU for tissue optics measurements involving integrating spheres and dynamic
flow systems—remains a technical challenge. To support future investigations into temperature-
dependent optical behavior, a robust and consistent temperature control system is essential.

The purpose of this project is to design, refine, and implement such a system. This includes
enhancing the pre-existing thermistor monitoring network by expanding from four to six sensors,
resolving data interference across channels in the DAQ system, constructing and insulating a custom

heat box to enclose the optical experiment, and calibrating the heating input to achieve and maintain



biologically relevant temperatures. Each of these improvements was iteratively tested and optimized
to ensure system stability, accuracy, and reproducibility. Ultimately, this work lays the groundwork
for future studies on the temperature dependence of blood’s optical properties by providing a system
capable of maintaining constant physiological temperatures, thereby contributing to the broader
goal of enabling more reliable experimentation within bioptics.

This project builds on foundational work completed by Jared Roth, who originally constructed
the foamcore enclosure and installed the perforated ceiling for airflow distribution. The Arduino-
based PID controller and the dehydrator-fan heating system were conceived and implemented by Dr.
Richard Vanfleet. The issue of thermistor signal interference was identified with the assistance of
Jared Logan, whose insight helped resolve critical data acquisition problems. Additional improve-
ments to the thermal insulation of the enclosure were made with the help of Rees Stenson and Jared

Roth.



Chapter 2

Methods

2.1 System Objectives and Design Constraints

The objective of this project was to develop a temperature control system capable of maintaining
physiologically relevant conditions for a bioptic experiment simulating human body temperature.
The system is intended to support experiments involving the optical characterization of whole
blood, where temperature stability is essential to reducing thermal noise. The design—mimicking
in vivo conditions—aimed to maintain blood temperature within approximately 1°C of a target
value—ideally within 1°C, but with up to 2°C variation still considered acceptable—over extended
periods, potentially lasting as long as eight hours.

Several practical constraints guided the system’s construction. These included the physical
overhang of the optical table, which limited the allowable height of the enclosure; the spatial
footprint of the experiment itself, which required the thermal box to fit as tightly as possible around
the experimental region; the need for the enclosure to be lightweight and easily removable for access
and adjustments; and the requirement for a material that would provide strong thermal insulation

while remaining simple to build with. These factors led to the selection of foamcore, which was
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reinforced with painter’s tape for structure and sealed edges. The final enclosure also interfaced
with an Arduino-based PID controller and LCD screen to allow manual temperature regulation.
Success for the system was defined by its ability to maintain thermal consistency within the target

range under realistic experimental conditions involving flow, heat loss, and environmental exposure.

2.2 Thermistor Network Expansion and DAQ Integration

To monitor the temperature at various locations within the enclosure, a network of six thermistors
was implemented. These thermistors—marketed as 100K 3950 NTC sensors—were selected for
their sensitivity and ease of integration. Although the system initially employed four sensors, they
were all replaced to ensure that identical hardware and calibration profiles were used across the
expanded six-point configuration. Each thermistor was calibrated individually by determining its
Steinhart-Hart coefficients, a process that enabled consistent and accurate temperature readings
across the setup.

Calibration was performed using an ANOVA Precision Cooker Nano 3.0 to precisely control the
temperature of a water bath. Each thermistor (sealed in plastic bags) was submerged in the bath
alongside a reference thermometer, and resistance readings were recorded at specific temperature
intervals. From 20°C to 36°C, resistance values were measured at 4°C increments. From 36°C to
40°C—a physiologically critical range for blood experiments—measurements were taken at 1°C
intervals to maximize resolution. Additional calibration points were collected at 44°C and 48°C to
expand the usable temperature range of the system.

These temperature-resistance pairs were then used to compute the three Steinhart-Hart coeffi-

cients (A, B, and C) for each thermistor. The standard Steinhart-Hart equation was employed:

1

= A+ BIn(R) +C (In(R))*
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whereT is the temperature in Kelvin aridis the measured resistance in ohms. By performing a
nonlinear regression on the calibration data, the optimal coef cients were derived to t the equation
for each sensor. These coef cients were then hard-coded into the software, enabling real-time
conversion from measured voltage to accurate temperature for each thermistor during experimental
runs.

These sensors were integrated into a National Instruments DAQ system (model USB-6211),
but the increased number of channels and the frequency of data acquisition quickly revealed a
technical limitation. When the DAQ attempted to collect simultaneous temperature data from all
six thermistors every half second, the resulting values showed irregular interference. Speci cally,
when a single thermistor registered a sharp increase—such as from being touched by a human
hand—corresponding tugs appeared in the data of the other channels, even though no actual thermal
change had occurred in those regions. This phenomenon indicated that data from one channel was
bleeding into others, compromising the accuracy of the system.

To resolve this issue, the Python code used to collect and log thermistor data was rewritten
to adopt a sequential sampling approach. Instead of reading all six channels at once, the code
now cycles through each thermistor one at a time, recording a value for each every second. Since
real-time synchronization of all sensors was not essential for the application—only a general
spatial pro le of the temperature distribution was needed—this adjustment eliminated interference
and restored reliable temperature readings across the system. This approach ensured that each
thermistor independently reported localized temperatures in the plane of the blood ow path, which
includes tubing, ow chambers, and reservoirs situated between pairs of integrating spheres in both

experimental branches.
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2.3 Heat Box Construction and Circulation Design

To create a thermally stable environment around the optical setup, a heat box was constructed
using foamcore. The structure was open at the bottom and was designed to enclose the entire
region of interest, including the blood reservoirs housed in a water bath, the syringe pump driving
ow, and the tubing and ow chambers connecting each component. The box fully covered both
the experimental and control branches, each of which contains two integrating spheres with ow
chambers positioned in between.

The enclosure stood just under two feet tall and slightly more than two feet wide, carefully
measured to accommodate the optical system while tting beneath the overhanging support structure
on the lab bench (see Figure 2.1). At the top of the box, a fan was installed in a cutout, forming the
centerpiece of the thermal distribution system. This fan—pumped with heat from components of a
repurposed dehydrator—blew downward into the interior of the box, pushing warm air throughout
the volume and forcing it down to the experimental plane. A second internal layer, positioned just
beneath the fan, served as a perforated ceiling. Holes were manually cut into this surface to allow
air ow and improve thermal mixing (see Figure 2.3). This two-tier design leveraged basic principles
of pressure and uid dynamics to create a more uniform distribution of heat, preventing hotspots

and stagnation.
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