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Optofluidic Flow-Through Biosensor
Sensitivity — Model and Experiment

Joel G. Wright Jr.
Holger Schmidt

Abstract—We present a model and simulation for predicting the
detected signal of a fluorescence-based optical biosensor built from
optofluidic waveguides. Typical applications include flow experi-
ments to determine pathogen concentrations in a biological sample
after tagging relevant DNA or RNA sequences. An overview of
the biosensor geometry and fabrication processes is presented.
The basis for the predictive model is also outlined. The model is
then compared to experimental results for three different biosensor
designs. The model is shown to have similar signal statistics as
physical tests, illustrating utility as a pre-fabrication design tool
and as a predictor of detection sensitivity.

Index Terms—Anti-resonant reflecting optical waveguides
(ARROW), integrated waveguides, model design, optofluidics,
predictive simulation.

I. INTRODUCTION

PTOFLUIDIC lab-on-a-chip devices for clinical diagno-
O sis of pathogens tagged with fluorescing molecules are
currently in commercial development [1]. These devices work by
passing pathogen DNA or RNA, labeled with fluorescent mark-
ers, through hollow waveguides on a biosensor chip. Labeled
particles flow past an optical excitation point and the resulting
fluorescent light is coupled into a solid waveguide and guided
off-chip to an avalanche photodetector. These biosensors have
been used to detect viruses and bacteria, with some work spurred
by a recent Ebola outbreak [2], [3] and the need to test for an-
tibiotic resistant superbugs [1], [4]. Cancer biomarker detection
is another possible application [5]. As with any optical sensor,
achieving the highest possible sensitivity is important. For this
particular biosensor, that requires getting as many fluorescent
photons as possible to the photodetector.
These optofluidic biosensors rely on a complex microsys-
tem that incorporates optics, waveguiding, fluid dynamics, and
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fluorescence. This paper outlines a comprehensive model that
combines known models of physical behavior from each of
these elements to predict the overall biosensor’s performance.
Having such a model will allow us to predict the sensitivity of
a particular biosensor design when changing parameters such
as waveguide length and cross-section. Design geometries and
material characteristics affect the optical signals generated and
collected. Factors such as fluid flow speed and fluorescence
behavior also influence the signal strength of a biosample. All
these factors were built into the comprehensive model.

The paper will proceed as follows. We first briefly describe the
fabrication process of a biosensor. Then we explain the theory
of the prediction model and how the physics of the individual
elements fit together. We then simulate three design variants. We
compare experimental results of fabricated chips to simulation
results from the model. Examining how closely the simulated
and experimental results match, we show that the model can be
used as a tool for the development of further biosensor designs.
To make this comparison, we show simulated and measured
optical peak signals for flow conditions. These data are presented
in histogram plots binning expected signal strengths for a particle
distribution, which have become our standard for reporting
biosensor performance.

II. FABRICATION

Flow-through optofluidic biosensors are based on anti-
resonant reflecting optical waveguides (ARROWSs) [6], [7]. The
devices are made by depositing periodic dielectric layers onto
a blank silicon wafer. This series is three pairs of SiOy and
TasO5 with SiO; deposited first. These layers are critical for
guiding light in the liquid-core ARROW. The ARROW channel
is formed by a layer of SUS, a negative photoresist. The resist is
spun onto the wafer, baked, exposed, and developed. The result
is a rectangular sacrificial structure, shown in Fig. la. Typical
biosensors have a SU8 core 5-6 pum high, but a different design
could call for a different height.

A pedestal is etched by deep reactive ion etching (DRIE) for
the waveguides, shown in Fig. 1b. Next, a layer of silicon dioxide
(silica) is deposited by plasma-enhanced chemical vapor depo-
sition (PECVD), as shown in Fig. 1c. Typical designs require
a 6-um layer with a refractive index of 1.51. Next, we form a
4.5-pm tall ridge waveguide by RIE, though different designs
may require different waveguide heights. The ridge is illustrated
in Fig. 1d.
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Fig. 1. Overview of the biosensor fabrication process. (a) The SUS sacrificial
core is patterned and developed. (b) Pedestal is patterned and etched by DRIE.
(c) A layer of silicon dioxide is grown over the pedestal and SUS core. (d) The
core of the ridge waveguide is etched into the silica layer by RIE. (e) A second
silica layer of lower refractive index is grown as a cladding. (f) The sacrificial
core is etched out to make the hollow channel.

Fig.2. Overview diagram of biosensor chip. The fluorescent particles, bonded
to pathogen targets will pass through the blue-shaded ARROW. An excitation
mode is guided in a ridge waveguide that orthogonally intersects the ARROW.
Fluorescence photons generated by the particles passing through the waveguide
mode are collected into another ridge waveguide that couples with the ARROW,
to be detected by an off-chip single-photon detector.

A low-index layer of silica, typically 6 pm with an index of
1.46, is deposited to protect the waveguides. This is shown in
Fig. le. Finally, the SUS sacrificial core is etched out with a
sulfuric acid/hydrogen peroxide solution, leaving the ARROW
channel open for a fluid solution to flow during a biosensing
operation. The final structure is shown in Fig. 1f.

III. THEORY AND MODEL CONSTRUCTION
A. Overview

Prior to introduction into the biosensor, a fluorescent marker
solution is mixed with a processed biosample. The fluorescent
markers will bond to a pathogen’s genetic material and can be
identified by fluorescent light emitted by the markers. Some
selected fluorophores also have quenched/unquenched feature,
such that they will become unquenched and fluoresce only when
bonded to a specific target.

The biosensor chip is built around a liquid-core ARROW as
illustrated in Fig. 2. One prominent design uses an ARROW with
an optically active segment 300-,/m long and each end extending
to a fluid reservoir. The 300-pm active segment couples with a
ridge waveguide that collects fluorescence photons and guides
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Fig. 3. A close-up view of the excitation region in the biosensor. Fluorescent
bioparticles flow through the active hollow core and pass through an excitation
waveguide mode. Fluorescent light then guides down the length of the hollow
core for detection.

TABLE 1
SIMULATION PARAMETERS FOR EXAMPLE MODEL CONSTRUCTION

Excitation Ridge Waveguide y/z Dimensions (pm) 5/2
Ridge Simulation Region y/z Mesh Grid 25/25
Input Laser Power (mW) 3.0
Excitation Waveguide Transmission 2.2
Channel x/y Dimensions (pum) 12/5
Channel x/y Mesh Grid 60/25
Mean Fluid Flow Velocity (cm/s) 22
Excitation Region Profile x/y Dimensions (um) 11.6/4.6
Final Excitation Region Profile x/y Mesh Grid 58/23

them to the edge of the chip to a single-photon detector. Another
ridge orthogonally intersects the ARROW’s 300-um segment.
This second ridge guides excitation light to the ARROW, cre-
ating an excitation region (ER) for fluorescent particles. These
particles pass through the hollow ARROW, from one reservoir
to the other. As the particles pass through the ER, fluorescent
photons will generate and be collected by the collection ridge
waveguide. These photons are the signal used for pathogen
detection.

The excitation waveguide mode typically has a power profile
that can be analyzed with a 2D Gaussian distribution, which ex-
tends across the width of the hollow ARROW channel, roughly
illustrated by Fig. 3. This volume forms the ER, and the num-
ber of fluorescent photons a bioparticle emits depends on the
x-y position of the bioparticle within the cross-section of the
ARROW channel and the number of excitation photons incident
on the bioparticle Passing through a more intense region of the
waveguide mode, spending more time in the ER, and crossing
through a more coupling-efficient part of the channel are all
effects that will lead to a larger fluorescent signal delivered to
an off-chip avalanche photodiode detector.

An overview of the model construction process is given in
Fig. 4, and a summary of model parameters used in this section’s
figures are listed in Table I at the end of the section.
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Overview of model construction process. The final excitation region profile is created by the matrix multiplication of power and time factors to create

a profile that represents the energy that would be incident on a particle passing through the excitation region. The incident energy is multiplied by a coupling
efficiency matrix to create the excitation region profile. This matrix is then sampled to simulate a physical device’s behavior.

B. Fluorescent Marker Behavior

The maximum rate at which a fluorophore can emit a signal
photon (I'},,) is the inverse of its natural lifetime (7,,) [8]. The nat-
ural lifetime can be found by dividing the fluorescence lifetime
value (7) by the quantum yield (Q). Using the ThermoFisher
Scientific Alexa Fluor 647 (AF647) as an example (Q = 0.33;
7 = 1 ns) [9], the maximum fluorescent photon emission rate is
3.3x 10® s'!. The actual emission rate, however, is often limited
by the incident exciting photon rate, as is the case in our system.

Im=— ey

The rate that excitation photons are incident on a fluorophore
(I';) s the product of the photon flux (®) and the absorption cross
section (o,) of the fluorophore. The flux is the power density,
power divided by area (A), of the excitation source divided by
the energy of an individual photon. In a typical setup, continuing
the example of using AlexaFluor 647 as the signal source, we use
a 633-nm excitation laser (Pjaser) set to 2-4 mW, but waveguide
and facet transmission will reduce incident power in the ER.
When the flux is multiplied against the fluorophore absorption
cross section (1.03x 10" cm? for AF647) [10], [11], the typical
photon incidence rate ranges from 6.1x10° s! to 6.3 x 107
s”!, depending on the excitation mode power and area. Since
the incident photon rate is order(s) of magnitude lower than
the maximum possible fluorescence photon emission rate, the
effective fluorescence emissionrate (I'y) is limited to the incident
photon rate.

Pl(lSeTA‘
¢ =" 2
Ahc 2)
I, = ®o, 3)

C. Waveguide Mode Profiles

By design, the excitation mode in the solid core waveguide
has a 2D Gaussian-like profile, but depending on the excitation
ridge geometry and index of refraction, the mode profile may
have different areas or be divided between multiple mode lobes.
This affects fluorescence generation as explained previously.
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Fig.5. Example Excitation Waveguide Mode Profile. Generated in Lumerical
MODE Solutions. (a) Mode profile with 0.2x0.2 m? mesh size. (b) Example
of a profile with a very fine mesh size (1x 1 nm?).

Using Lumerical MODE Solutions mode simulations, we
built a cross section of the excitation ridge waveguide that inter-
sects the ARROW channel. Fig. 5 gives example illustrations. A
mesh size was chosen such that a single mesh cell approximated
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Fig. 6. Example of a summed-power vector. The mode power profile is
condensed to a single-column vector that contains the summed power values
of every row.

the size of the fluorescent particle under consideration. In the
case of the experiments, further described later, we used a
fluorescent bead with a 0.2 pm diameter; a rectangular mesh
size of 0.2x0.2 m? was selected to contain a single simulated
particle, as shown in Fig. 4a. An example of a very fine mesh, if
called for in simulation, is shown in Fig. 4b.

With this mesh, we simulated possible modes and selected
those likely to occur in experimental tests. We exported the
matrix of mode intensity values to MATLAB and normalized it
by summing all the intensity (I, ,) values within the mode and
dividing the matrix by that sum. We multiplied this normalized
profile input laser power with the input laser power. Additionally,
if the excitation ridge waveguide’s transmission (Twgex) 18
known, it can be multiplied against the normalized power profile.
The power profile matrix (P) is defined as

I
P i,k = P, aser Ty ex : . 4
& 1 waG ] “4)

The resulting matrix is a power profile, defined by y-z dimen-
sions. The y-dimension corresponds with the mode height and
ARROW channel height. The z-dimension corresponds with the
mode width and ER depth in the channel. Since the waveguide
profile is orthogonal to the ARROW channel, the fluorescent
particles will flow across this laser profile. The bioparticles’
average velocity (0.9-3.0 cm/s) is great enough that in a laminar
flow regime there is negligible deviation in their x-y positions
while passing through the ER. Thus, we can assume that such
deviation provides no error to the predictive model.

Under the assumption there is no x-y deviation in the particle’s
path in the ER, the particle’s z-path is further assumed to be
contained within a single row of the mode profile matrix. As
the particle flows through the mode, it will be exposed to each
mesh cell’s power value. To calculate the energy incident on
the particle, we summed the power values in every row to
create a single summed-power vector, illustrated in Fig. 6; this
vector is one column wide and has an equal number of rows as
the mode profile matrix. This summed-power vector will later
be matrix multiplied with a time matrix to create an energy
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Fig. 7. (a) Velocity profile of ARROW channel with an average velocity that
can range from 0.8 to 3 cm/s. (b) Time spent in excitation region by x-y position
in channel, defined as the depth of the excitation region divided by the flow
velocity.

profile, explained below. This summed-power vector (Pgum m)
is mathematically defined as
> P )
k

Psum,i =

D. Flow Velocity and Excitation Time Profiles

Based on a parabolic, laminar flow profile, fluid velocity in
the channel varies with position, being fastest in the center and
slowest at the sides and corners [12], [13]. When we define
the depth of the ER in the direction of fluid flow, we divide the
velocity of a given x-y position by the ER depth to determine the
time a particle spends in the ER, absorbing light and fluorescing.

In MATLAB, we used a fully developed fluid velocity model
for a rectangular duct to create a velocity profile matrix (v; ;) for
the ARROW channel [14]. An average flow velocity was chosen
to match the velocity observed in experimental testing; the
example model given in Fig. 7 was constructed with an average
velocity of 2.2 cm/s. This average velocity changes based on
both the channel cross sectional area and the applied pressure in
the channel inlet/outlet. The average velocity is typically 0.9-3.0
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cm/s, and later sections will be more explicit in velocities used
in simulations and physical experiments.

The sides of the duct were set to match the width and height of
the channel. The number of rows was set to match the number of
rows in the summed-power vector, and the number of columns
was set to keep the same aspect ratio as the channel. At the
above-stated velocities and in a laminar flow regime, we assumed
anegligible x-y position deviation while the particle is in the ER.
An example flow velocity profile matrix is illustrated in Fig. 7a.

To create the excitation time matrix (example givenin Fig. 7b),
we divided the depth of the ER (dggr) by the velocity matrix
calculated previously. The excitation region depth corresponds
with the z-direction, and we defined it by the equating it with
the exciting ridge waveguide width. The time profile matrix
(t;,;) corresponds to the amount of time a fluorescent particle
will spend in the excitation region based on its x-y position
in the channel. The particle’s time in the ER can be defined
mathematically as

_dgr
ti)j = —.
Vi,j

(6)

E. Incident Energy and Coupling Efficiency Matrices

To determine the number of photons a particle in a given
position within the channel will emit, we multiply the power a
particle will absorb as it flows through the ER by the time in
the region. The most fluorescence energy will be produced in
an optimal x-y position that allows for intense excitation power
and a slow velocity.

With the time matrix and a summed-power vector, we pro-
duced an incident excitation energy matrix (E;,. ;) that calcu-
lates the amount of energy per area a fluorescent particle will
receive based on the x-y position of the particle in the channel.
The summed-power vector first was converted into a diagonal
matrix of ixi size, with the vector’s values placed in the main
diagonal of the new matrix. This summed-power diagonal matrix
was then matrix-multiplied by the excitation time matrix. These
processes can be defined as

Psum,l
Psum72
Psum,i = . ) (7)
_Psum,m
-Psum71 e 0
0 o Psum,i
Einc;i,j = dzag (Psum7 i) * tivj' (9)

When an element of this matrix is multiplied against the
absorption cross section of a fluorophore, we calculate an energy
amount that the fluorophore will absorb based on its position.
This energy can be converted into a number of photons produced
from a fluorophore passing through the ER. An example of the
incident energy profile is given in Fig. 8.

It has also been observed that the percentage of generated flu-
orescence coupled into a mode in the ARROW channel depends
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Fig.9. The FDTD-calculated coupling efficiency profile of the channel based
on a fluorescent particle’s x-y position.

on the fluorescent particle’s x-y position [15]. The coupling
efficiency was found by a series of finite differential-time domain
(FDTD) calculations [16]-[18]. We swept a dipole across the
channel’s cross section and performed a FDTD simulation (using
Lumerical FDTD Solutions) at each sweep-point, measuring
the power transmission value at a distance equal to the point
the channel couples with the collection ridge waveguide. We
performed this sweep with a dipole at various polarizations and
at a wavelength equal to that of the fluorescence. We averaged
the coupling efficiency matrices for each polarization to create
an effective coupling efficiency profile (CE; ;). The coupling
efficiency matrix was calculated to have the same dimensions as
the incident excitation energy matrix so that a later Hadamard
product may be found. Multiplying the energy matrix by the
effective coupling efficiency matrix relates how many photons
are coupled into a mode in the ARROW. Fig. 9 illustrates an
example profile of the ARROW'’s coupling efficiency.

F. Final Excitation Region Profile and Simulating the Signal

After calculating the fluorescence production and coupling
efficiency profiles, we get the form of the excitation region pro-
file, with an example profile shown in Fig. 10a. Calculating the
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(a) The model of the final excitation region profile is the product matrix of energy density and coupling efficiency matrices. This profile will change

based on simulated optical mode, flow velocity profile, and ARROW cross-section dimensions. The outer rows and columns of values are removed as particles
typically do not flow there in experimental findings. (b) Example simulated signal graph over chip run time. The signal magnitude is measured in “Counts/0.1ms”,
the number of photons detected in a 0.1ms time bin. (c) Example distribution of signal magnitudes. The number of events (No. Events) is the number of particles

detected within a signal bin.

ER profile matrix (Egg;; ;) is done by calculating the Hadamard
product of the incident excitation energy and coupling efficiency
matrices [19]. This calculation is shown as

EgRij= Eincijo CE; ;. (10)

In the case of excitation modes with a single lobe centered
vertically in the channel’s y-direction, local peaks occur in the
center of the channel where the peak intensity intersects with
the peak coupling efficiency point. These local peaks can be
lower than the peaks closer to the sidewalls of the channel due
to the longer flow time on the sides. If the excitation mode is
multi-lobed, the power will be divided between the lobes and
will likely not intersect with the centered coupling efficiency
peak. However, the lobes will intersect with a slower part of the
channel and more photons may be emitted.

We next randomly selected a number of elements from the
final energy matrix. This random selection is done with a uniform
probability distribution, and the sampling was done with replace-
ment to allow for particles to pass through the same position
multiple times. Experimental results indicate that particles do
not drag on the surface of the walls of the ARROW, but rather
have a 0.2-0.5 gm minimum separation from the wall [20], [21].
Since the mesh cell size was 0.2 pm, we excluded from sampling
the single rows and columns abutting the inner walls of the
ARROW as defined in the model. This amounts to an exclusion
of 10-16% of mesh cells from sampling; explicit sizes mesh
dimensions of the ER profiles will be given below.

The selected energy values are converted into a number of
photons incident on the particle. As the effective fluorescent
photon generation rate is assumed to be the same as the incident
photon rate, explained above, we approximate the photon signal
count rate as the total number of photons generated by a fluo-
rophore in a given position divided by the time spent in the ER.
This conversion is done mathematically as

Photon Count = <;> (E) .
Egri,j A

This photon count is then divided by time the respective
particle is in the ER. This creates the signal as measured in

(11)

counts/0.1 ms, where 0.1 ms is the time bin set to approximate
a passing particle’s time.

The model also assumes that only one event (a particle flowing
through the ER) occurs at a time. For a given ER volume at
a given instant and a test sample concentration of 107 parti-
cles/mL, there are approximately 3.6 x 107 events for every
ER volume passed through the channel. For the purposes of this
study, the frequency of double events is considered negligible.

We can simulate a signal measurement by placing the photon
signal values on a time scale, as shown in Fig. 10b. For a given
number of particles, we can find a mean signal (counts/0.1ms)
and a distribution of signal magnitudes (Fig. 10c).

IV. SIMULATING THREE DESIGNS

To observe the biosensor’s design parameters’ effect on the
expected signal, three designs were modeled and simulated for
comparison. One is the standard biosensor geometry previously
outlined and reported [22], [23]. Two newer designs are also
studied, both with excitation ridge widths of 2 ;sm; the intention
behind the reduced ridge width was to have a tighter, more
intense excitation mode profile. The first new design is similar
to the standard, but the heights of the ARROW core and ridge
waveguide core are shortened. This design’s purpose was to
increase the signal by having the mode field fill more of the
channel’s height, leaving few low-intensity interactions. The
second new design has an ARROW channel height of 5 pm,
and the excitation waveguide is a rectangular high-index core
centered on the ARROW height and completely “sandwiched”
by low-index silica. The design here was to ensure a single-lobed
mode would be centered on the peak of the coupling efficiency
profile, increasing the maximum and mean signals.

These designs were fabricated, tested experimentally, and
simulated. The avalanche photodiode used for photon counting
was the Perkin Elmer SPCM-AQR-14-FC, which has a stated ef-
ficiency of 65% [24]. For test fluorescent markers, we used Ther-
mokFisher Scientific FluoSpheres Carboxylate-Modified Micro-
spheres. They were 0.2 ym in diameter and excited at a 633-nm
wavelength. The sample we tested had a concentration of 107
beads/mL.
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(a) Standard biosensor excitation ridge profile. (b) Excitation region profile of ARROW channel for a standard design with a double-lobe excitation

mode. (c) Excitation region profile for a standard design with a single-lobe excitation mode.

TABLE I
DESIGN AND EXPERIMENT TEST PARAMETERS

Parameter Standard "Three-Micron" "Sandwich"
Channel Dimensions 126 123 12%5

[x by y] (um)

Channel Mesh

(Sampleable) [x by y] 60%x30 (58x28)  60x15 (58%x13)  60x25 (58%23)
Excitation Region

Depth (um) 3 2 2
Laser Power (mW) 39 3.6 33
Ridge Waveguide 0.15 0.43 0.38
Transmission

Average Flow

Velocity (cm/s) 0.90 0.88 2.25
Sample Test Time (s) 40 55 55
Sample Test Volume 56 29 75
(nL)

Number of Detected 512 3 1770
Beads

In the model and simulations, we used the solid waveguide
transmissions that were found when characterizing the chips
prior to bead flow-through testing. We chose to do this rather than
simulate the waveguide losses as waveguide facet transmissions
can vary based on the quality of the chip’s cleave from the silicon
wafer. The test parameters for each device are listed in Table II.

A. Standard Design

The most common (“standard”) design that has been used for
these optofluidic biosensors consists of an ARROW core that is
6 pm high, and the excitation ridge is a 6-pum layer of 1.51-index
silica and etched down 3.15 pm with a 5-pm width, illustrated
in Fig. 11a. The mode profile in the standard design’s excitation
ridge typically has one or two lobes in experimental tests, usually
the result of coupling alignment by the excitation fiber; both
cases are included in the simulations under study. The applied
laser power was set to 3.9 mW, and the average flow velocity
was 0.90 cm/s. Figs 11b and 11c show the respective excitation
region profiles.

One of the peaks of the double-lobed mode is not entirely
contained within the ARROW channel, therefore some of the

power from the laser does not reach the ER. Neither lobe inter-
sects with the peak of the coupling efficiency profile, but both
lobes do put most of their power in some of the slower regions
of the flow velocity profile. By contrast, the single-lobe mode
puts the power in the high-coupling efficiency and high-velocity
portions of the ER. The simulation x-y mesh for the standard
design was 60x30, and after the channel wall-adjacent mesh
cells were excluded, the ER profile had a 58 x28 mesh grid;
1624 cells were available for sampling. In the experiment, a
sample volume of 56 nL. was tested in a time of 40s (1.40 nL/s).

The signal from the two waveguide modes is similar, the main
difference being the single-lobe mode has a higher maximum
signal than the two-lobe mode. This is due to the mode being
closely aligned with the peak of the y-component of the cou-
pling efficiency profile. The difference in signal distributions is
because the double-lobe mode has more counts in the lowest
signal bin, and the single-lobe mode sees that bin reduced and
higher-magnitude bins slightly increased.

B. Three-Micron Channel and Ridge

The fabrication process for the “Three-Micron” design is the
same as the standard procedure except the ARROW channel
has a height of 3 um and the ridge waveguides are made of a
silica layer 3 pm thick and etched down 2.25 pm, shown in
Fig. 12a. The applied laser power was set to 3.6 mW, and the
average flow velocity was 0.88 cm/s. The simulation x-y mesh
for the “Three-Micron” design was 60X 15, and after the channel
wall-adjacent mesh cells were excluded, the ER profile had a
58x 13 mesh grid; 754 cells were available for sampling.

The shorter channel height also restricts fluid flow through
the channel, so a fluorescent particle will take a longer time
to pass through the ER and produce more photons. A sample
volume of 29 nLL was tested in a time of 55 s (0.53 nL/s). The
“Three-Micron” ER is shown in Fig. 12b. The intent of this
design was to increase the mean signal by illuminating a greater
proportion of the ER, and the simulation and experiment results
will be explored below.

C. “Sandwich” Ridge Waveguide Design

The fabrication of the “Sandwich” waveguide follows the
standard fabrication procedure except the silica layer for the
ridge waveguide is a “sandwich” of three layers. The layers
are 1 pm of low-index oxide, 3 pum of high-index oxide, and
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TABLE III
COMPARISON OF SIMULATED SIGNALS AND PHYSICAL TEST RESULTS

Standard Design

Single Lobe Double Lobe

"Three-Micron" Design "Sandwich" Design

Signal Statistic Simulation® Simulation Physical Test Simulation Physical Test Simulation Physical Test
Maximum Signal 796 1317 1769 4113 3339 2366 3252
(cts/0.1ms)

Mean Signal 241 249 241 1251 1144 826 802
(cts/0.1ms)

Mean Signal - 95%

Confidence Range 228-254 232-266 227-255 1171-1331 1086-1202 804-847 783-824
(cts/0.1ms)

Median Signal 231 203 209 1226 1070 817 703
(cts/0.1ms)

Standard Deviation 150 192 161 855 626 458 413
(cts/0.1ms)

Standard Deviation -

95% Confidence 142-160 182-205 152-172 802-915 588-670 434-474 400-427
Range (cts/0.1ms)

cv 0.62 0.77 0.67 0.68 0.55 0.56 0.51

*Simulation used to scale up the fluorophore-per-bead factor. This scalar was then kept constant across all other simulations.

(a)
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index oxide
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Fig. 12. (a) Geometry of “Three-Micron” excitation ridge waveguide. (b)
Excitation region profile of ARROW channel for “Three-Micron” design.

another 1 pim of low-index oxide. The ridge will be etched down
by a minimum of 4 pm (past the interface between the bottom
low-index oxide and the high-index oxide layers). When the chip
is later covered by a low-index oxide layer, the effective wave-
guide is a rectangular high-index core completely surrounded

(a)

5um 3 um high index
ARROW core
channel

Fig. 13.  (a) Geometry of “Sandwich” excitation waveguide. (b) Excitation
region profile of an ARROW channel for a “Sandwich” design.

by a low-index cladding, as shown in Fig. 13a. The applied laser
power was set to 3.3 mW, and the average flow velocity was
2.25 cm/s. The simulation x-y mesh for the “Sandwich” design
was 60x 25, and after the channel wall-adjacent mesh cells were
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excluded, the ER profile had a 58 x23 mesh grid; 1334 cells were
available for sampling. In the experiment, a sample volume of
75 nL was tested in a time of 55 s (1.36 nL/s).

The intended behavior of this design was to have a very
tight and intense excitation mode that intersects the peak of
the ARROW coupling efficiency profile. Fig. 13b shows the
predicted for the “Sandwich” design.

V. COMPARISON TO EXPERIMENTS

To compare the results given by the model and simulation to
experimental results, the three biosensor designs were fabricated
and tested with fluorescent microspheres flowing through the
ER. The maximum, mean, and median signal statistics were
found and compared between each simulation and its corre-
sponding physical device.

To make this comparison between the model/simulation and
the physical tests, some normalization was required. The first
normalization requirement involves the magnitude of the de-
tected signal. Because 0.2-pm diameter fluorescent beads were
used and a quantified fluorescent equivalence between the beads
and a single fluorescent marker was unknown (i.e., each bead
is covered with many fluorophores and is brighter than a single
fluorophore), a scalar multiplier was applied to the simulation to
make the single-lobe standard simulation mean signal statistic
roughly equivalent to the single-lobe standard physical test re-
sults. The scalar we found was 610, which would approximate to
the number of illuminated fluorophores on one of the beads. This
number was found by scaling up a multiplier on the randomly
selected elements of the ER matrix for the standard device with
a single-lobed excitation mode (Fig. 11c) until the simulated
mean signal matched the respective experimental mean signal.
This same scalar was then kept constant across all the designs’
simulations. As shown in Table III, using this common scalar
produced intensity results between simulation and experiment
that were quite comparable.

A second normalization was required to keep equivalent the
number of events in simulation and experiment. This was done
by counting the total number of events registered in a physical
test and simulating an equivalent number of beads, placed in
random initial positions in the cross section of the fluid channel.
This normalization effectively accounts for different bead con-
centrations from experiment to experiment and for different flow
speeds within the channel. Using our two normalizations allows
for direct comparison between the shape of the distribution
curves between experiment and simulation and between the three
designs in this study.

The signal distributions were also compiled and compared,
along with standard deviation and coefficient of variance values.
In a biosensor test, the desired output is a mean signal that is
both high in intensity and as uniform as possible. The higher
signal will make it more likely to detect a present target, and
the greater uniformity will make that detection more reliable.
The signal uniformity is measured by the standard deviation
of signal peaks and their coefficient of variance (CV). As the
standard deviation can increase with increasing mean signal,
the coefficient of variance provides further information, defined
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as the standard deviation divided by the mean signal. Ideally, the
standard deviations and coefficients of variance would be very
small. Included in Table III are the 95% confidence ranges for
the mean signals and standard deviations.

Additionally, the maximum signal and median signal statistics
are included for comparison. The value of the maximum and
median statistics, however, is limited to aiding an understanding
of the respective histograms. The primary statistics used in
evaluating a design’s behavior are the mean signal, standard
deviation, and coefficient of variance. These statistics are shown
in Table III.

The standard design had the smallest signal magnitudes in
both the simulated model and physical tests. The maximum
signal of the single-lobe simulation is significantly less than
the found maximum of the “standard design” experiment, a
55.0% reduction; the simulated double-lobe maximum signal
was 25.6% less than the experiment. The simulated single-lobe
mean was used as the “anchor” for the fluorophore-per-bead
scaling, so the matching values between simulation and experi-
ment is to be expected. The double-lobe mean was 3.3% greater
than the experiment. The standard design in experimental tests
had a noise level of 3 counts/0.1ms and a signal-to-noise ratio
(SNR) of 70.

The simulated mean signal of the “Three-Micron” design was
9.3% higher than the experiment. The maximum and median
signals of the “Three-Micron” design were, respectively, 23.2%
greater than and 36.6% greater than the experiment statistics.
Critically, the mean signal of the “Three-Micron” design is
approximately 4.0-4.2X greater than the standard design in
simulation and 3.75X greater in physical experiment, making
it the most sensitive of the three compared device designs.
Physical tests also show a 18% smaller “Three-Micron” CV
than the standard CV. The distributions of the “Three-Micron”
signal (Fig. 14) reflect these improvements by having the mean
extended furthest to the right than the standard. This distribu-
tion also appears to be the flattest of the three designs. The
“Three-Micron design in experimental tests had a noise level of
11 counts/0.1ms and an SNR of 104, the highest SNR of the
three studied designs.

The maximum signal of the simulated “Sandwich” design
was 27.2% lower than the experimental maximum signal. The
mean and median simulated signals were 3.0% greater and
16.2% greater, respectively, than the experiment statistics. The
“Sandwich” mean signal is 2.3-2.4X greater than the standard
in design in simulation and 2.3X greater than the standard
mean signal in experiment. Physical experiments show an 18%
smaller “Sandwich” CV than the standard CV and the smallest
CV of all studied designs. The distributions of the “Sandwich”
signal (Fig. 14) reflect these improvements by having the mean
extended further out than the standard and a smaller spread
relative to the mean. The “Sandwich” design in experimental
tests had a noise level of 11 counts/0.1ms and an SNR of 73.

In each of the histogram distributions in Fig. 14, while each
can be fitted with a normal distribution, the simulated distribu-
tions can still differ from their experimental counterparts. The
simulated standard single lobe in Fig. 14a and the simulated
“Three-Micron” in Fig. 14b are slightly more uniform than
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Signal distribution comparisons of simulated and experimental signals. The signal magnitude is measured in “Counts/0.1ms”, the number of photons

detected in a 0.1ms time bin; the number of events (No. Events) is the number of particles detected within a signal bin. (a) Standard design. (b) “Three-Micron”

design. (c) “Sandwich” design.

the respective experiments. The simulated “Sandwich” signal
distribution in Fig. 14c has a few local peaks. Each ER profile
will have its own distinctive effect on the distribution of sampled
energy values, but these values are sampled with a uniform
distribution with respect to x-y position. While no hydrodynamic
focusing feature was intentionally included in these device
designs, based on the discrepancies between simulation and
experiment it can be conjectured that there is some particle x-y
position preference for physical tests. There is no information
at this time to comment further on this point. The model and
simulation however do appear accurate enough to inform a future
design’s signal performance.

The “Three-Micron” and “Sandwich” designs both show an
increased mean signal over the older standard design. They
both have higher standard deviations than the standard design
partly due to the increased signal, but they have lower coeffi-
cients of variance than the standard, with the “Sandwich” CV
being slightly lower than the “Three-Micron’s”. However, in
a practical application, the mean signal (counts/0.1ms) is the
primary statistic for measuring device performance and indeed
pathogen detection. Simulation and experiment bear this out.
The “Sandwich” has a faster fluid flow rate (1.36 nL/s) than the
“Three-Micron” (0.53 nL/s) which would translate to a shorter
test time in practice; in practical applications it may be the
preferable option.

VI. DISCUSSION OF MODEL CAPABILITIES

The work presented here is a first attempt to model the
behavior of the ARROW biosensor and to predict signal results
based on design parameters. At the time of this paper’s writing, it
does depend on the user selection of the excitation mode profile;
this user selection will be influenced by prior knowledge of
what mode is likely to occur in a physical device. Additionally,
waveguide loss, facet transmission, and coupling transmission
can vary based on defects in the fabrication process, quality
of facet cleaves, and fiber alignment. Future development of
the model should implement Monte Carlo simulations of the
design parameter variabilities in a fabricated device. A model
and simulation of noise levels in our devices would also be of
interest for further development.

However, the model as presented here, when aided by known
parameters, such as ridge waveguide transmissions and mode
profiles, does present signal information that will assist the
designer in planning a device fabrication process.

VII. CONCLUSION

Creating a model that can simulate an optofluidic biosensor’s
performance required the integration of several areas of study.
When microscopic waveguiding, microfluidic dynamics, and
fluorescent behavior were properly integrated, we created a sys-
tem that predicts the statistical behavior of a series of fluorescent
particles passing through the excitation region. These predicted
statistics are similar to physical test results and can inform the
designer’s expectations of a device prior to device fabrication.
Both the “Three-Micron” and “Sandwich” have an increased
signal and improved signal uniformity compared to the standard
design. The “Sandwich” design does not have quite the same
signal magnitude as the “Three-Micron” design, but it is still an
improvement on the signal from the standard design and has a
shorter test time. Using the predictive model, we hypothesized
the “Sandwich” design to be an improvement on the optofluidic
biosensor technology and this was confirmed by experiment.

Disclosures: A.R.H. and H.S. have a financial interest in
Fluxus Inc., which commercializes optofluidic technology.
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