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Nuclear reactor process control is typically monitored for pure p-emitting radionuclides via manual sampling
followed by laboratory analysis, leading to delays in data availability and response times. The development of an
in situ microfluidic Lab on Chip (LoC) system with integrated detection capable of measuring pure f-emitting
radionuclides presents a promising solution, enabling a reduction in occupational exposure and cost of moni-
toring whilst providing improved temporal resolution through near real-time data acquisition. However, testing
prototypes with radioactive sources is time-consuming, requires specialist facilities/equipment, generates
contaminated waste, and cannot rapidly evaluate a wide range of designs or configurations. Despite this,
modelling multiple design parameters and testing their impact on detection with non-radioactive substitutes has
yet to be adopted as best practice. The measurement of pure f§ emitters in aqueous media relies on the efficient
transport of photons generated by the Cherenkov effect or liquid scintillators to the detector. Here we explore the
role of numerical modelling to assess the impact of optical cell geometry and design on photon transmission and
detection through the microfluidic system, facilitating improved designs to realise better efficiency of integrated
detectors and overall platform design. Our results demonstrate that theoretical modelling and an experimental
evaluation using non-radiogenic chemiluminescence are viable for system testing design parameters and their
impact on photon transport. These approaches enable reduced material consumption and requirement for
specialist facilities for handling radioactive materials during the prototyping process. This method establishes
proof of concept and the first step towards numerical modelling approaches for the design optimisation of
microfluidic LoC systems with integrated detectors for the measurement of pure § emitting radionuclides via
scintillation-based detection.

1. Introduction

The development of in situ technology capable of detecting pure
B-emitting radionuclides is extremely attractive for applications in the
nuclear industry. This technology presents the opportunity for autono-
mous collection of spatially and temporally resolved data, improving the
accuracy of real-time process control in nuclear power plants (NPP) and
processing facilities (NPF) to maintain system integrity and minimise
out-of-core radiation fields [1]. In this context, in situ Lab on Chip (LoC)

systems have the potential to reduce operator exposure and minimise
the production of contaminated waste through the reduced use of
samples and reagents [2,3]. Integrating LoC technology will also reduce
manual sampling, which has additional risks and costs, including;
sample degradation, contamination, and the need for sample preserva-
tion during transportation [4].

LoC radiometric detection for NPFs and NPPs is an emergent field,
and best practices for technology development have yet to be estab-
lished. Presently, reported LoC radiochemical platforms integrated with
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detectors have concentrated on radiotracer synthesis and analysis,
which focus on short-lived (a half-life of minutes to hours) radionuclides
that decay to non-radioactive daughter products. Miniaturised radio-
chemical applications, in particular devices for radiopharmaceutical
synthesis [5-10] and quality control [11-14], radiobioassay [15], and
radionuclide separation for nuclear fuel [16-18], are already well
summarised [7,8,19-28].

Typical LoC systems consist of three pieces of hardware: a micro-
fluidic chip, a fluid control system such as pumps and connective tubing,
and a detector [15]. The most common radiometric LoCs detection
method is optical, utilising either the Cherenkov effect or
scintillation-based methods for photon production [29-32]. Factors
affecting overall sensor efficiency, including detector performance [12],
scintillator efficiency [33,34], and microfluidic chip materials [13],
have already been considered elsewhere [13,14,35,36]. Cho et al. pre-
viously [37] assessed the impact of channel geometry on overall sensor
efficiency in the context of a radiometric LoC system for '®F-labeled
compounds. A channel spacing of at least 1.0 mm was required to
accommodate the spatial resolution of the charge-coupled device (CCD)
[37]. Here we have explored the optimisation of a single straight
channel design, the assessment was expanded to include combinations
and variations of key design parameters such as channel width, height
and coatings. Modelled width and coating parameters were then
compared to experimental evaluation to begin the coupling of modelling
photon detection-based microfluidic systems and radiological systems.

To date, radiometric LoC detection efficiency has typically been
optimised through prototype development and particle penetrability
simulations [13,30,31] utilising Monte Carlo N-Particle (MCNP)
Transport Code or GEANT4 [38]. Both are general-purpose, con-
tinuous-energy, generalized-geometry, time-dependent, radiation
transport codes designed to track many particle types over broad ranges
of energies to simulate the passage of particles through matter. How-
ever, both MCNP and GEANT4 lack the capacity for assessing optical
collection methods alongside simulated particle paths. Numerical
modelling applications have been utilised for radionuclide separation
[39-41], with computer automated design demonstrating potential al-
ternatives to immediate prototyping. Finite element analysis (FEA)
packages have previously been used to model fluid mechanics in various
systems [42-45] to optimise mixing, separation, and bioparticle
focusing. So far, optimisation of optical detection efficiency by model-
ling key design parameters prior to prototyping remains unexplored as a
means of directing areas of development for LoC systems that rely on
photon collection for radiometric analysis [13,30-32].

The average benchtop instrumental detection efficiency of Cher-
enkov photons over the spectral range of visible light is €= 0.1 [46]. For
radiometric LoC systems where small sample volumes limit Cherenkov
photon yield, it is vital to reduce photon loss by optimising channel
design and reducing photon loss at the detector channel interface [47,
48]. The use of radiogenic material in prototyping radiometric LoC de-
vices also carries additional material, labour, and fabrication costs.
Radionuclides of industrial interest generally possess half-lives ranging
from days to years, often taking multiple disintegrations to reach stable
nuclides. Disposal of contaminated prototypes results in prohibitive
costs inhibiting the exploration of novel design features. For successful
rapid prototyping, models must be affordable to build and run; there-
fore, establishing an accurate model with the simplest parameters is
critical.

Numerical modelling currently supports the frontier development
and application of various scientific and engineering disciplines. There
are many numerical modelling and ray-tracing methods that have been
developed based on established modelling techniques for luminescence
in microfluidic or portable systems [49-54]. These methods include
applications for analytes of environmental[43,55,56], clinical [49,50,
52,571, and forensic interest [53]. Here we present the foundations of
best practices for developing novel radiometric prototypes. Our method
can be used to examine the interplay between different parameters in a
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radiometric microfluidic system, including dimensions, surface area,
materials, and surface reflectivity. We demonstrate the validity of this
model using a similar experimental setup employing the
luminol-peroxide chemiluminescence (CL) reaction as a substitute for
photon production that would otherwise be produced from Cherenkov
radiation. Both processes have a medium that is overwhelmingly water
and produce continuous spectra in the blue visible light region. The
luminol peroxide CL produces continuous but time variant photons
allowing the bulk optical properties of the flow cell to be examined with
a flowing analyte. Together these findings demonstrate that numerical
modelling can be used as an economical and rapid prototyping method
for trending optical outputs in developing novel LoC devices. This
approach can be applied to many LoC applications that rely on direct
photon detection or CL, enabling the most promising novel designs to be
evaluated before development and investment without needing
specialist facilities.

2. Finite element analysis of microfluidic system

COMSOL Multiphysics® software was used to perform photon
transport modelling [50] through the microfluidic channel using the Ray
Tracing Optics module. Photon release was simulated and analysed
(Fig. la) in a single idealised microfluidic channel with a detector
directly overhead and separated from the channel by a Poly(methyl
methacrylate) (PMMA) spacer (Fig. 1b).

The configuration simulates a sample being held in the microfluidic
channel under the detector. Photons must pass through the channel and
spacer to strike the detector, modelled as a 2D plane. The detector di-
mensions are based on the Hamamatsu (type H10492-011) Photo-
multiplier tube (PMT) detection window, which was selected for its
spectral response range of 300-850 nm as a direct comparison to the
experimental setup. This detector also represents the type and size likely
to be employed in a final LoC radiological sensor looking at photon
release resulting from § emission.

Most microfluidic radionuclide detector prototypes place the detec-
tor on top of the microfluidic channels [13,30,34,35] to expose the de-
tector to as much fluid surface area as possible. In contrast, some High
Energy Physics (HEP) applications have successfully placed the
multi-anode PMTs perpendicular to metallised channels acting as optical
waveguides [31,32]. Devices developed for spatial resolution within the
microfluidic channel place detectors at the end and experience consid-
erable photon loss along the channel length [48], which is not a target of
this study, so it has not been explored further in this work.

2.1. Physical components of the modelled system

Global dimensions and geometries of the model are summarised in
Table S.1. The range of simulated channel dimensions was selected ac-
cording to current manufacturing capabilities for CNC milling, solvent
processing, and pressure bonding. The channel dimensions also main-
tain laminar flow and adequate fluidic dispersion suppression within a
rectangular microfluidic channel (Table S.2). Channel height and width
were increased by 0.1 mm in isolation for each model dimension
simulated to ensure adequate increase in detector output which can be
compared by an analogous experimental system.

For all models, each material used its refractive index at 420 nm
wavelength (peak of Cherenkov emission spectrum [46]). Typical
extinction coefficients and the optical densities of the materials were
used throughout all models [58]. The channel’s media was water (RI
1.33), and the absorption coefficient is considered negligible at 420 nm.
All models were simulated with an opaque surface (reflection coefficient
0.04) or reflective surface (reflection coefficient 0.96) behind the
channel wall. A reflection coefficient of 1 was not used in the reflective
system to account for potential defects in an experimental setup. The
detector’s quantum efficiency was maintained as 1, and the noise was
not modelled as the performance of the detector is not the focus of this
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Fig. 1. a) Ray tracing over entire model b) labelled cross-section of the model, the channel is not to scale.

work. Mesh and boundary conditions specific to the geometrical optics
system is available in the supplementary information.

All results are assessed relative to a baseline to enable direct com-
parisons across the various parameters to be investigated. The baseline
case has a channel width and height of 0.3 mm, length of 30 mm, and
spacer thickness of 2 mm with an opaque backing (Fig. 1b).

2.2. Photon production and release parameters

The pure § emitter °°Sr with a maximum energy of 546 KeV was
selected as the target radionuclide for the modelled system because of its
capability to emit a significant abundance of high-energy p particles
through its progeny °°Y compared to other pure p emitting radionuclides
of interest (e.g. 3H, 99T¢). Its daughter nuclei 90y has a shorter half-life of
64 h and decays itself via a maximum 2282 KeV beta emission into
stable °°Zr. The short half-life of °°Y means that it is often found in
secular equilibrium with *°Sr.

The average kinetic energy of a p particle emitted from °Sr is ~
182 keV; below the Cherenkov threshold energy of 264 keV in water,
whilst the average energy (Eqg)of a p particle emitted from 0y s
~760 keV. Therefore, most Cherenkov photons produced will be from a
90y B particle emission, and a small proportion arising from p particles
emitted from °’Sr with above average kinetic energy. The number of
photons (N) emitted for a single f particle produced within the sample
volume was estimated with the Frank Tamm equation:N =
27ax(1/42 —1/21)(sin®6.), where 2; and 1, are the upper and lower
limits of the selected wavelength region, respectively, a is the fine
structure constant, 6. is the Cherenkov emission angle dependent on the
emitted p particle energy, and x is the particle path length. The spectral
region was defined as  3.0x10~3 and 8.5x105 cm. For °°Y emitting a
single p particle of E,, with a maximum possible path length (x) of
0.3 cm in water, 90 photons are produced (without deceleration of the
particle).

To guarantee the participation of optical edge case scenarios in the
channel and to eliminate the number of photons acting as a variable, the
number of photons was scaled by a factor of 10, equivalent to 3.7
KBqmL! for the 0.3 mm channel case. The number of photons was then
increased proportionally to channel volume, ensuring the activity in the
channel was kept constant. It was assumed that no Cherenkov photons
were produced in the PMMA surrounding the channel.

In COMSOL [59], release parameters (defined in Table S.5) used a
domain release with an initial position based on a density p proportional to
1 (based on the overwhelming channel contents, which is water). The
release distribution accuracy order was set to 5 and the position refinement
factor to 10. Ray direction vector (mode of release) was set to spherical to
account for any potential direction of the Cherenkov emission cone. The
number of photons in the wave vector space nw was set to 1, and the dis-
tribution was set to random. Released photons had a monochromatic
wavelength (420 nm), with no secondary photons modelled. Corrections

were used for strongly absorbing media, and reflections were counted.
Ray tracing is active and secondary photons are capped at 1000 to prevent
an inordinate number of photons from being generated by reflections.
Photons undergoing total internal reflection (TIR) were not capped.
Recorded outputs included the number of reflections of photons and the
optical path length for each material used.

3. Experimental validation of FEA

To validate the model and to enable design choices, a series of flow
cells of differing designs matching modelled dimensions were manu-
factured, and optical performance was assessed. A series of individual
microfluidic channels were fabricated to compare the modelling results
with an experimental workup. Flow cells with channel widths increasing
by 0.1 mm between 0.3 and 0.8 mm were manufactured. Adding a
mirror behind the transparent test chips also assessed the impact of
adding a reflective channel coating. An analogous non-radioactive in-
termediate was used for photon production to assess the results from the
numerical model without generating contaminated waste. The luminol-
peroxide chemiluminescence (CL) reaction catalysed by the presence of
cobalt (II) exhibits a predictable and repeatable production of light
(420 nm); similar luminol-based detection systems have been employed
in in situ analytical systems [60-63] and is an ideal candidate due to
demonstrated consistent photon production at low sample volumes.

3.1. Materials

The luminol-cobalt solution was prepared by adding the following
reagents to ultra-high purity water (UHP; 18.2 MQ-cm), making up a
total volume of 11; 0.27 g of analytical grade luminol (5-amino-2, 3-
dihydro-, 4-phthalazinedione, Sigma-Aldrich, USA), 22 g of reagent
grade potassium carbonate (Sigma-Aldrich, USA), 3.9 ml of Co(II) so-
lution (1000 ppm standard in 2% by volume HNOg3, Certipur, Merck,
Germany) and approximately 7 ml HCI 30% (Trace Metal grade, Fluka
Analytical, Honeywell, USA) to adjust the pH of the solution to 10.2 for
maximum chemiluminescence [63,64]. The solution was stored at
approximately 6 C in excess of 24 h to maximise luminol response [63,
64] then allowed to warm to room temperature by exposure to ambient
temperature for 6-12 h prior to use.

Stock hydrogen peroxide (H202) (30% w/v ROMIL pure chemistry)
was sequentially diluted to create working solutions of 0.01-0.001 M
using deionised water. The use of narrow-necked, opaque high-density
polyethylene (HDPE) sample bottles, aluminium foil shields over the
apparatus, and reduced lighting in the laboratory minimised the po-
tential for undesired photochemical reactions during reagent prepara-
tion and sample analysis.
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3.2. Flow cell fabrication

The flow cells (Fig. 2) consisted of a single channel and were man-
ufactured from PMMA (theplasticshop, UK) with cell channel widths
ranging from 0.3 mm to 0.8 mm with inlet and outlet ports. The channel
height remained the same for all flow cells (0.3 mm). The flow cells and
channels were micro-milled (Datron Neo CNC, DATRON Dynamics, Inc,
USA) and solvent polished to obtain high-quality optical surfaces [65].

3.3. Equipment

The flow system (Fig. 3) consisted of a peristaltic pump (Watson
Marlow 520 SR peristaltic pump, Watson & Marlow Ltd, UK) used to
propel the luminol solution and H,O5 reagent through the system. A ‘T’
mixer was used to mix the reagents. Teflon tubing (0.5 mm i.d. Merck,
Germany) was used throughout the setup except for the peristaltic pump
tubing (PVC Manifold 0.25 mm i.d. Watson & Marlow Ltd, UK).

Prior to use, both exterior sides of the flow cell were cleaned of
contamination with isopropanol to improve optical transmittance and
placed directly in front of the PMT (Hamamatsu H10492-011, Japan,
which includes a 1 V/uA transimpedance amplifier) with a total distance
of 2 mm between the channel and PMT window. The other side of the
flow cell had an optical mirror positioned behind it, and the remaining
sides and edges were painted over with black paint to prevent ambient
light from entering or stray light from escaping. The flow cell and PMT
were placed in a black foam box with the edges sealed with black tape.
All exposed tubing was wrapped in black tape to prevent unwanted
photochemical reactions of the reagents prior to reaching the flow cell
and to prevent the Teflon tubing from acting as light guides towards the
detector. A LabVIEW Analogue Digital Converter (DAQ NI USB-6001,
LabView, UK) was used to collect the signal from the PMT and trans-
mit the signal in volts to a laptop computer using LabVIEW 2016 with a
signal collection rate of 10 Hz. The PMT was supplied with 11.5 V from
an external power supply.

The volume of each flow cell resulted in different sample residence
times (Table S.6). The residence time of each flow cell was calculated
using the experimentally determined flow rate of 0.231 ml/min.

3.4. Optimisation and baseline determination

A range of Hy0, concentrations (6 from 0.001 to 0.01 M) and gain
settings (from 0.60 V to 0.70 V by increments of 0.01 V) were trialled to
find the optimum configuration to maximise signal output and reduce
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noise. For each HyO5 concentration, the optimal gain setting was also
established; the HyO reaction was equilibrated for 3 min, and the gain
setting was run for 3 min at each 0.01 V interval. Through this optimi-
sation process, the optimal H,O5 concentration and gain settings for this
study were established to be 0.002 M H,0, and 0.66 V, respectively, for
the specific equipment setup and reagent use.

Prior to each analysis, the manifold, including the flow cell, was
cleaned internally by flushing with UHP water (2 mins), HCI (2 mins),
and again UHP water (2 mins) to prevent HCI from adjusting the pH of
the reagents from their buffered state (luminol will only emit light in its
dissociated state [66]). Baseline output from the PMT was determined
by running UHP water through the 0.6 mm flow cell for 5 mins at a flow
rate of 0.231 ml/min after 5 mins of calibration time. The resulting
background output of 0.53 V was subtracted from all experimentally
obtained readings, and the subsequent limit of detection was established
to be 0.05 V, calculated from the mean of triplicate standard deviations
of background measurements.

3.5. Flow cell quality control and testing

Six flow cells were used in the experimental validation, each unique
owing to its cell width or whether it used a mirrored or opaque base
backing. At all times before reagents were introduced in the manifold,
the flow cells and tubing were cleaned by pumping UHP water (up to
3 mins) followed by 0.1 M HCI (up to 3 mins) and then again flushed
with UHP water (up to 3 mins). Flow cell channels were micrographed
(Zeta-20 Profilometer, KLA, USA) before experimentation to confirm
flow cell channel dimensions and check for potential milling defects or
blockages. Each flow cell was checked for leaks by flushing through
coloured dye before cleaning.

Flow cells were primed by running the reagents for 5 mins and then
cleaned using the aforementioned method. For each flow cell, the re-
action was left to equilibrate for 3 mins and then run for 3 mins
following the reaction equilibration. This process was repeated twice for
each flow cell to obtain triplicate results. This process was repeated for
the opaque flow cells by removing the mirror and placing a piece of
black electrical tape against the back of the flow cell.

4. Results & discussion
4.1. Modelled results: effect of dimensional properties

All results are assessed relative to a baseline to enable direct

30 mm
Top view
]
Smm 14 mm
| ¢ 3]
-
r //
|
Side View w
[ 1
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10 mm |
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55mm

Fig. 2. Schematic presentation of flow cell size and dimensions including channel length, inlet port and outlet port (Autodesk Inventor).
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Fig. 3. Flow injection system for the chemiluminescence imaging of a flow cell.

comparisons across the modelled parameters. The baseline case has a
channel width and height of 0.3 mm, length of 30 mm, and spacer
thickness of 2 mm with an opaque backing. Results are considered in
turn through the independent variation of one property, and the de-
tector output was plotted as a function of microfluidic dimensional pa-
rameters, channel width, and height (Fig. 4). Each investigation has a
‘reflective’ and ‘opaque’ case for each dimension change.

Where channel width was increased, a positive linear correlation for
both opaque and reflective channel cases was observed from channel
width of 0.3-0.8 mm. Detector output in the opaque channel case
increased 165% from the baseline case (1), whilst output in the reflec-
tive channel case was 220% higher than the baseline case (an increase of
200% over the reflective 0.3 mm width channel). When increasing
channel height over a range of 0.3-0.8 mm, the detector output in the
opaque channel linearly increased 146% from the baseline, whilst
output in the reflective channel was 191% higher than the baseline case
(an increase of 171% over the reflective 0.3 mm width and height
channel). A wider microfluidic channel increased the surface area
exposed to the detector and did not impact laminar flow with the di-
mensions modelled (Fig. 4a). However, a wider microfluidic channel
increases the possibility for physical quenching within the channel,
reducing the proportion of transmitted photons and does not compen-
sate for reduced detector output in the absence of a reflective surface.

The flow cells with the largest volume were those with a height or
width of 0.8 mm, both these flow cells contained an identical channel
volume and number of emitted photons. The 0.8 mm channel height
flow cell demonstrated 28% less detector output for the reflective case
and 19% less for the opaque case relative to the 0.8 mm channel width
flow cell. The increased distance (0.6 mm) travelled by the photons to
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the detecting face for the 0.8 mm channel height likely accounts for this
decrease in detector output due to increased attenuation and geomet-
rical losses. Additionally, in a wide and shallow channel, the photons are
being released (on average) closer to the detecting face resulting in a
greater number of photons reaching the detector, compared to a deep
and thin channel which exhibits a decrease in overall detector output.

The static cross-sectional surface area (9 mm?) exposed to the de-
tector by the 0.8 mm channel height flow cell is less than the surface
area (24 mm?) exposed to the detector by the 0.8 mm channel width
flow cell, indicating that photon attenuation through diffuse reflection,
refraction, and absorption within the microfluidic channel contributes
to loss of detector output.

The comparison between channel width and height establishes that
increasing sample volume (number of photons emitted) is inadequate to
compensate for the loss of photons through a reduction in the field of
view towards the detector and attenuation processes in the channel’s
overall detector output. An additional component to the reduction in
overall detector output is explained by the opaque PMMA'’s reflectivity
coefficient (0.04) compared to that for the aluminium optical mirror
(0.96). A more significant number of photons that fail to reach the de-
tector are absorbed, refracted, and diffusely reflected throughout the
channel and spacer in the opaque channels. Photons that interact with
the opaque surface behind the channel results in the diffuse reflection of
photons which transport less efficiently due to their lower energy and
are attenuated more rapidly in the spacer. In comparison, photons that
undergo specular reflection transport more efficiently through the sys-
tem and are less likely to be attenuated in the spacer.

Two channel widths were explored, 0.3 mm and 0.6 mm, over
different spacer thicknesses (0.5-4 mm) to examine the relationship
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Fig. 4. Modelled detector output normalised to the opaque 0.3 mm channel width case and channel height for (a) changing channel width opaque channel produced
R? > 0.98 and reflective channels produced R? > 0.99; (b) changing channel height, both opaque and reflective channels produced R? > 0.99.
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between spacer thicknesses and channel width (Fig. 5). The number of
photons released was scaled in proportion to each channel volume. Both
0.3 mm and 0.6 mm opaque and reflective models established a linear
decrease in detector output over the spacer thicknesses explored. For the
0.6 mm channel width increasing the PMMA spacer thickness by 3.5 mm
resulted in 63% less detector output in the opaque channel case and 70%
less detector output for the reflective channel case (Fig. 5a). For the
0.3 mm channel width, the reflective and opaque cases, the increase of
3.5 mm in spacer thickness resulted in 25% less detector output for the
opaque case and 27% less detector output for the reflective case
(Fig. 5b). The general decrease in detector output can be attributed to
several mechanisms of photon loss; increased photon attenuation in the
thicker spacer prior to reaching the detector and photon loss due to
geometry independent of photon attenuation in the spacer.

A parallel study was run to characterise the impact of geometrical
losses on detector output. Spacer walls were set to detect the number of
photons that hit the surface wall. Photon loss was reported as a ratio
(Table S.7) of detector output for each case and was not normalised to
the baseline case. The impact of geometrical losses of photons to spacer
walls increased linearly with spacer thickness until 4 mm. This rela-
tionship then delineates into an exponential increase despite the surface
area of the spacer walls increasing in regular 70 mm? increments. The
maximum geometrical photon loss to spacer walls was 16% of the
overall detector output for the 0.3 mm, 4 mm spacer reflective case.
Attenuation is the dominant mechanism of photon loss in the system
where the spacer thickness is increased.

The channel dimensions and the number of released releases remain
constant for the 0.6 and 0.3 mm cases, respectively. The channel width
has a demonstrable impact on detector output for both reflective and
opaque causes but a more significant effect on the reflective case. When
the channel width is 0.6 mm, the detector output is 130% more than the
equivalent spacer thickness (0.5 mm) case at 0.3 mm for the reflective
system (104% for the opaque system). These results determine that the
model can simulate an increase in channel width to mitigate the effects
of a thicker spacer. Increasing spacer thickness decreases detector
output; ideally, the flow cell should be manufactured with the thinnest
spacer possible whilst not compromising the bond quality between the
two PMMA layers.

0.6 mm width channel
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Fig. 6. Geometrical photon loss due to spacer plotted as a ratio to the detector
output for each case spacer case. The ratio of photon loss was not normalised to
the baseline case. Both opaque and reflective systems producing R? > 0.98.

4.2. Modelled results: effect of reflective material properties

A study was performed using fixed values for channel volume and
dimensions exposed to the detector to isolate the impact of a reflective
plane on detector output. The baseline channel, spacer, and detector
conditions were used. In this study, released photons were increased
linearly, and the reflective coating was adjusted independently to assess
the impact of each reflective pane on detector output. In Fig. 7, the
perfect reflector (reflectivity coefficient of 1) demonstrated a detector
output 208% higher than the baseline case (1), and the gold foil (0.40
reflectivity coefficient) demonstrated detector output 174% higher than
the baseline case. The opaque PMMA (reflectivity coefficient of 0.04)
surface demonstrated a detector output increase of 153% from the
baseline, demonstrating the uniform material absorbance in the model
and the importance of incorporating a reflective surface.
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Fig. 5. Modelled detector output normalised to the 0.3 mm width and height opaque channel case. 0.6 mm channel width opaque results producing R? > 0.98 and
reflective results producing R? > 0.96 (a), 0.3 mm channel width, opaque results producing R? > 0.87 and reflective results producing R? > 0.88 (b) for increasing

spacer thickness from 0.5 mm to 4 mm.
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Fig. 7. Modelled increasing the number of photons released cases for different
reflective channel coatings and. The number of photons released was increased
proportionally. All cases were normalised to the opaque baseline case. All re-
sults produced R? > 0.99.

4.3. Experimental validation of the model

The outcomes of FEA were validated against analogous experiments
to compare and quantify any parameters that could not be modelled. The
data is a mean average of triplicates, and three groups of repeated ex-
periments were used to obtain the error bars. The error bars were
generated from a combined standard deviation of the triplicate readings
and are reported relative to the baseline. Flow cell residence times were
calculated experimentally based on channel width and volume
(Table S.6.) All results (Fig. 8) are reported as a ratio normalised to the
result obtained from the baseline case.

A correlation between the FEA models and experimentally derived
values results were obtained (Fig. 8). Relative differences in detector
output between modelled and experimental opaque and reflective sys-
tems are attributed to variation in extrinsic absorption, scattering, and
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Fig. 8. Comparison of modelled and experimental detector outputs of reflective
and opaque cases. Linear regression has been applied to 6 points of the graph to
demonstrate correlation between experimental and modelled results. Opaque
results produced R? > 0.99 and reflective case results produced R? > 0.95.
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refraction mechanisms in the experimental setup, which are currently
not possible to account for entirely in the modelled system. The impact
of these processes is most significant for the reflective system because of
the increased number of photon reflections and potential photon tra-
jectories. However, the general increase in photon trajectories toward
the detector results in higher overall detector output than the equivalent
opaque system.

The difference in error bar size and associated uncertainty of the
experimental system can also be accounted for through several pro-
cesses; tool marks from milling resistant to solvent polishing, in-
consistencies in pump speed and absorption mechanisms such as
extrinsic impurities and ion scattering caused by microscopic quantities
of metallic ions. The greater variation between error bars for smaller
channel widths can also result from reduced flow cell residence time and
smaller sample volumes where variation in reagent composition and
resultant light output has a greater impact on detector output. The
flushing of 0.1 M HCl limited the presence of metal ions, but this process
may have contributed to the hydrolysis of PMMA’s ester group to an
alcohol. This process can potentially increase photon attenuation due to
hydrogen effects and extrinsic ion absorption if the alcohol group is
deprotonated. Besides the expected reduction in detector output for the
opaque system, the theoretical and experimental values agree within the
opaque and reflective systems.

5. Conclusions

Optimisation based design methodology for the numerical modelling
of LoC Systems designed to detect pure f-emitting radionuclides has
been presented. Numerical analysis has evaluated different bulk design
features on photon transmission and detection. This numerical analysis
has been experimentally validated as a method for inexpensive, rapid
prototyping of bulk optical parameters. Results demonstrated that pa-
rameters that increased surface area exposed to the detector and
reflective planes had the most significant impacts on increasing detector
output and that crude design assumptions (such as increasing volume by
increasing channel height) should not be relied on for increasing de-
tector output. Initial findings suggest a maximum spacer thickness of
3 mm and a wide but flat channel that can expose the maximum surface
area to the detector but still maintain the benefits associated with
microfluidic systems. Work to date has demonstrated the value of FEA
modelling in directing areas for development and optimised solutions
for rapid prototyping of radiometric LoCs. This method provides po-
tential translation to other microfluidic systems that rely on direct
photon detection, highlighting the most promising novel designs for
development—reducing material consumption and requirement for
specialist facilities needed for handling radioactive materials during the
prototyping process.

From a practical perspective, integrating an LoC system with a de-
tector will require consideration of elements not accounted for in this
computational and experimental study. Although we have presented
design information for several cases, this paper has not considered the
impact of radioactive decay kinetics or quenching on the transmittance
of photons through a modelled or experimental microfluidic system.
Depending on the size and activity of the sample that the flow cell can
accommodate, these factors may require compromises and the lengths of
the channels required for separation or extraction to ameliorate these
issues.

The preferred development areas relate to validating the experi-
mental and modelled results using a pure f-emitting radionuclide. In
radiochemistry, developed microsystems are coupled to spectrometers
for elemental or isotopic analyses; therefore, effort should focus on
integrating detection and measurement directly in the LoC, leading to a
considerable decrease in the volumes of samples and reagents. Micro-
fluidic tools already significantly reduce analytical effluent generated by
the methods currently used in laboratories; implementing parallelizable
and automated sample preparation methods will continue to reduce this
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further. The findings of the modelled and experimental results demon-
strate that the potential of a new best practice for designing and pro-
totyping radiochemical LoC platforms is not only viable but crucial to
establishing best practice guidelines for novel prototypes.
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