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Abstract

Development of experimental methods for in situ particle tracking velocimetry (PTV) is fundamental for allowing measure-
ment of moving systems non-tailored for velocimetry. This investigation focuses on the development of a post-processing
methodology for single-camera PTV, without laser-sheet illumination, tracking native air bubbles as tracer particles within a
liquid drop of human insulin in microgravity. Human insulin functioned as a sufficiently complex, non-Newtonian fluid sys-
tem for testing fluid measurement methodology. The PTV scenario was facilitated by microgravity technology known as the
ring-sheared drop (RSD), aboard the International Space Station, which produced an optical imaging scenario and fluid flow
geometry suitable as a testbed for PTV research. The post-processing methodology performed included five steps: (i) physi-
cal system characterization and native air bubble tracer identification, (ii) image projection and single-camera calibration,
(iii) depth determination and 3D particle position determination, (iv) ray tracing and refraction correction, and (v) particle
history and data expansion for suboptimal particles. Overall, this post-processing methodology successfully allowed for a
total of 1085 particle measurements in a scenario where none were previously possible. Such post-processing methodologies
have promise for application to other in situ PTV scenarios allowing better understanding of physical systems whose flow is
difficult to measure and/or where PTV-specific optical elements (such as laser light sheets and dual-camera setups) are not
permissible due to physical or safety constraints.

1 Introduction

Particle tracking velocimetry (PTV) algorithms are a class
of numerical methods that determine the displacement of
tracer particles in an image sequence to calculate veloc-
ity in time and space. Measurement of the velocity field
is fundamental in understanding the behavior of flowing
systems. In nature, flow measurements have the possibil-
ity to describe systems ranging from molecular biology
(Faez et al. 2015; Huang and Choma 2015; Wang et al.
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et al. 2019; Tagliavini et al. 2022) science. Applied engi-
neering systems whose performance analyses depend on
fluid flow measurement span from biochemical reactors
(Devasenathipathy et al. 2002; Kovats et al. 2018; Romano
et al. 2021; Hofmann et al. 2022; Romano et al. 2023)
and fundamental fluid dynamics (Humphrey et al. 1974;
Kasagi and Nishino 1991; Kim et al. 2016) to manufac-
turing (Eschner et al. 2019; Fischer et al. 2022) and civil
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(Bautista-Capetillo et al. 2014; Fu et al. 2015; Zhao et al.
2020) industry. The imaging system must fulfill resolution
requirements relative to the physical system; however, no
constraint is imposed on the overall scale of the physical
system, PTV being applicable to nano, (Faez et al. 2015;
Matsuura et al. 2018; Wang et al. 2018; Bos et al. 2021;
Satake 2022) micro, (Devasenathipathy et al. 2002; Fan
et al. 2010; Choi et al. 2012; Huang and Choma 2015;
Marin et al. 2017; Kawaguchi et al. 2019; Landauer et al.
2019; Dehnavi et al. 2020; McGlynn et al. 2020; Wang
et al. 2020, 2020; Savorana et al. 2022) meso, (Humphrey
et al. 1974; Kasagi and Nishino 1991; Boukany and Wang
2008; Gaudin et al. 2014; Kim et al. 2016; Lee et al. 2019)
and macroscale (Bautista-Capetillo et al. 2014; Fu et al.
2015; Aksamit and Pomeroy 2016; Zhao et al. 2020) sys-
tems. Selection of tracer particles and advanced post-pro-
cessing analyses can improve PTV algorithms allowing
in situ velocimetry measurement in previously unsuitable,
sensitive, or inaccuracy-prone systems.

Many PTV methods involve the addition of an easily-
resolvable, minimally-invasive tracer particle to a physical
system, often with further adjustment for PTV measure-
ments including multi-camera or scanning optics, illumi-
nation such as laser sheets, and system isolation or refine-
ment from a purely natural state (Uemura et al. 2012; Maas
et al. 1993; Malik et al. 1993; Hoyer et al. 2005; Parker
et al. 2022). In some physical systems, the impact of added
tracers unacceptably alters system behavior. However, the
possibility exists for using elements native to a system as
tracer particles if these system elements can be resolved by
the imaging system (Bautista-Capetillo et al. 2014; Gaudin
et al. 2014; Faez et al. 2015; Aksamit and Pomeroy 2016;
Ziegenhein et al. 2016; Wang et al. 2018, 2020; Bos et al.
2021; Choi et al. 2022; de Cerqueira et al. 2023). Another
difficulty with many systems is that the optimization of PTV
setups is often restricted, involving only a single point of
view, complex geometry, or scenarios unsuitable for planar
illumination or adding seeding particles as tracers. Efforts
to extract accurate and minimally-invasive velocimetry data
from a system form the field of PTV algorithm research.
PTV algorithm research features investigations with single-
camera views, (Hou et al. 2021; Noto et al. 2021; Fischer
et al. 2022) novel experimental setups, (Sokoray-Varga and
J6zsa 2008; Choi et al. 2012; Bautista-Capetillo et al. 2014;
Guo et al. 2014; Dal Sasso et al. 2018; Mujtaba and de Lima
2018; Landauer et al. 2019; Sabbagh et al. 2020; Parker et al.
2022; de Cerqueira et al. 2023) and analysis of numerical
(Lei et al. 2012; Patel et al. 2018; Toeneboehn et al. 2018;
Tauro et al. 2019; Janke et al. 2020; Mallery et al. 2020;
Puzyrev et al. 2020; Zhao et al. 2020; Azadi et al. 2021; Cai
et al. 2021; Qureshi et al. 2021; Sciacchitano and Discetti
2022) methods. All such investigations require simplified,
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yet sufficiently descriptive, experimental flow geometries as
testbeds for the assessment of algorithm performance.

Flow within drops produces a 3D flow geometry that
provides a useful and physically-rich scenario for develop-
ing novel velocimetry methods. Further, drop research is
central to many developing technologies including biologi-
cal assays, (Guo et al. 2012; Garcia-Cordero and Fan 2017,
Kaminski and Garstecki 2017) droplet and contact line
PTV, (Humphrey et al. 1974; Trantum et al. 2013; Bautista-
Capetillo et al. 2014; Kvon et al. 2020; Fischer et al. 2022;
de Cerqueira et al. 2023) material actuators, (Malouin Jr
et al. 2011; Vogel and Steen 2010) adaptive optics, (Lopez
et al. 2005; Lépez and Hirsa 2008; Dean and Hirsa 2015;
Tyson and Frazier 2022) and manufacturing (Schuocker
et al. 2012; Murr and Johnson 2017; Scheithauer et al. 2017;
Gilani et al. 2021; Lanzerotti et al. 2021) methods. The study
of drop fluid dynamics is uniquely suited to experimenta-
tion in microgravity. In microgravity, air—liquid interfacial
effects such as surface tension dominate, leading to drops
with higher stability and larger achievable sizes compared
to those on Earth. With this dominance of the interface in
microgravity, many space-related problems in drop dynam-
ics arise including fluid physics and contact line dynamics,
(Trinh and Depew 1993; Pojman et al. 2007; Brutin et al.
2009; Derkach et al. 2009; Xu et al. 2011; Baba et al. 2019;
Torres and Weislogel 2021; Amberg 2022; Ludwicki et al.
2022) combustion, (Dietrich et al. 2014; Guo et al. 2022;
Meyer et al. 2022) technology adaptation for space, (Riz-
zardi et al. 2016; Reitz et al. 2021; Tamim and Bostwick
2021; McMackin et al. 2022b; Weislogel et al. 2022) and
even rheology of planetary (Correia et al. 2014; Samuel
et al. 2019; Suresh and Simranjeet 2020) bodies. Micrograv-
ity research is further translatable to science on Earth, as the
overall benefit to humanity is a central focus of technologies
for space exploration.

The ring-sheared drop (RSD) is a microgravity technol-
ogy aboard the International Space Station (ISS) for complex
fluid research, in situ experimental instrumentation, and bio-
chemical reactor investigations. The RSD consists of a surface
tension-contained drop, nominally 2.54 cm in diameter, pinned
between two contact rings, one stationary and one rotating,
which transmit shear via the drop’s surface shear viscosity
and produce mixing through secondary inertial flow (Fig. 1)
(Gulati et al. 2017, 2018, 2019; Riley et al. 2021; McMackin
et al. 2020, 2022a). The original investigation (2019 and 2021
ISS flight campaigns) of the RSD (McMackin et al. 2022a)
focused on the effects of interfacial shear on the fibrilliza-
tion kinetics (amyloidogenesis) of human insulin, centering
on flow’s effect on the biological system. Aqueous solutions
of human insulin are interfacially active, producing complex
non-Newtonian fluids with air-liquid interfaces exhibiting sub-
stantial changes in surface tension, and surface shear viscosity
(McBride et al. 2015, 2016; Balaraj et al. 2017). Changes in
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Fig. 1 Ring-sheared drop (RSD) containing a native 8§ mg/mL human
insulin solution showing air bubbles used as tracer particles. Here, the
top contact ring is stationary, and the bottom rotates at 30 rpm

the biological system also produce reciprocal changes in fluid
flow. The rich fluid behavior of insulin and other complex flu-
ids of similar proteins require sophisticated surface modeling
that, in turn, depends on validation using accurate experimen-
tal measurements. Here, insulin solutions act as a model com-
plex fluid for testing the efficacy of novel PTV methodologies
for validating complex fluid simulations. In this investigation,
alterations in fluid behavior were originally designed to be
studied using velocimetry within a narrow field of view limited
to only the fluid interface, without bulk data. Further PTV
limitations were imposed by ISS safety constraints regarding
the use of large laser light sheets. However, protein solution
freezing, thawing, handing, and deployment produced air bub-
bles usable as tracer particles. This serendipitous occurrence
of air bubbles allowed for PTV to be performed at the full
scale of the drop throughout much of the drop’s volume. This
investigation focuses on the development of a PTV processing
method for in situ determination of velocimetry, hypothesizing
that if a suboptimal in situ PTV scenario is supported by suit-
able post-processing methodology, then useful 3D velocimetry
data can be acquired within a non-PT V-tailored system.

2 Methods
2.1 Physical system

The physical system consisted of a solution of human insu-
lin (Sigma-Aldrich 91077C). This investigation focused on
a single concentration of native (unfibrillized) 8 mg/mL
insulin in an aqueous buffer (0.1 M NaCl 1.6 pH) which
was pH cycled with HCI and NaOH (Posada et al. 2012;
Adam et al. 2021; McMackin et al. 2022a). After prepara-
tion, samples were degassed at 710 mmHg for 0.5 days,
frozen at — 20 °C, transported to the ISS, and maintained
for several months at — 80 °C then eventually allowed to
thaw at room temperature for 1 day prior to experimen-
tation. Sample preparation followed the same methodol-
ogy as in ground control experiments (Adam et al. 2021).
The solution examined by PTV in this investigation is one
of the cases performed in the 2021 ISS flight campaign
along with the steady shear-fibrillization protein kinetics
(McMackin et al. 2022a) trials.

Human insulin, like many proteins and biopolymers, is
surface active, (Edwards et al. 1991; Adamson and Gast
1997; Doi 2013) having more stable energetic states at the
interface. The alteration of fluid properties due to molecu-
lar adsorption produces complex fluids with non-Newto-
nian interfaces, whose motion can be modeled using inter-
facial boundary conditions such as the Boussinesq—Scriven
surface model (further detailed in the Results section). The
increased intricacy of such mathematical models requires
experimental validation with methods capable of measur-
ing the differences in fluid motion caused by the presence
of proteins. The PTV post-processing algorithm in this
investigation was tested using human insulin solutions for
the purpose of developing a sufficiently accurate meth-
odology for application to complex fluids. In addition to
the alteration of fluid properties, the clustering of insu-
lin at an interface can also produce a stabilizing effect,
in part responsible for the visual ‘soapiness’ of insulin
solutions and the stability of the serendipitous air bub-
bles, with bubbles rarely coalescing or rupturing (disso-
lution into solution occurring on time scales on the order
of days). This constant size and stability of air bubbles
over the 4-s PTV video capture period ensured their suit-
ability as essentially invariant tracer particles. The flow
parameterization furthermore suited PTV analysis, with
two full revolutions of the shearing bottom ring occurring
over 4 s at 30 rpm. Fluid flow produced at these conditions
had characteristic Reynolds number of 180 (Re = Q*a?/v)
and Boussinesq number of ~ 6 (Balaraj et al. 2017) (Bo
= p’l(u*a)) (Edwards et al. 1991). Here, Q is the rotating
ring’s angular velocity, a is the characteristic length scale
equal to the ring radius 0.76 cm, v is kinematic viscosity
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0.0096 cm?/s, u is dynamic shear viscosity 0.0094 g/
(cm*s), and y* is surface shear viscosity 0.043 g/s; all vis-
cosities measured for the native 8 mg/mL insulin solution
using a Cannon—Fenske viscometer (u) and deep-channel
surface viscometer (u*).

2.2 Image projection

The first step of particle tracking is to project the pixel val-
ues, X, of a feature location onto the x—z plane in Cartesian
coordinates, x. For an ideal camera, this change of coordi-
nates can be performed using an affine transformation given
as x = K_lxpx — b. This transformation can be expanded as

follows:

1

x| [d.n/2 —a] |x,| [0
Y= 0 m/2 _dy Ypx | — L, (H
Z 0 1 0 1 0
n/2 m/2
d d=—"°2 g -T2
TS T, YT v, /2) @

Variables in this transformation are, m the image row num-
ber, n the image column number, Hfm, the horizontal field
of view angle, V,,, the vertical field of view angle, and a
the camera sensor’s skewness. Square pixels, d, = d,, and
no skew, a = 0, can be assumed for this camera conﬁgura—
tion, shown in Fig. 2. This transformation converts the loca-
tions of objects detected on the camera’s sensor from pixel
values of the form (X0 Vs 117, to focal length-normalized
Cartesian coordinates with the from [x, y, z]”. For improved
analysis efficiency in this drop geometry, K uses a slightly
different form from other common camera calibration matri-

ces, (Christian and Crassidis 2021) centering the coordinate

Camera
Origin

Fig.2 Schematic of the camera’s projected image plane in relation
to the system’s x-y plane. The camera calibration matrix, K, converts
feature locations in pixel values (x,,, y,,) to physical Cartesian coordi-
nates (x, y, and z), accounting for the drop’s geometry

@ Springer

frame within the sphere (see Fig. 2) such that the z—axis is
the axis of the drop’s rotation.

2.3 Depth determination

Projecting sensor data onto the image plane does not fully
resolve true particle location. The single-camera PTV used
for the RSD restricted data collection to one full-field camera
view, with particle depth determined by position tracking in
time throughout drop rotation. Further, this depth determina-
tion required the assumption of axisymmetric flow, particles
moving in circular constant radius paths. A particle moving
at a constant angular velocity, when viewed in the camera-
observed x—z plane, appears to translate in the x-direction at
a non-constant velocity. During a full drop rotation, a parti-
cle will reach an apex in the x-direction, intercepting the x—z
plane (Fig. 3). At this maximum distance in the x-direction
(or identically when dx/dt = 0x,,, /0t = 0), the exact position
of the particle in 3D space is known. Subsequently, assuming
constant radial position (that the radial velocity component is
much smaller than the primary azimuthal velocity component,
or/dt — 0, (Gulati et al. 2018, 2019)) allows single-camera
determination of 3D particle position in all frames.

Depth determination requires calculation of where an
individual ray intersects the surface of a sphere of radius r
(r defined above as the maximum axisymmetric x-direction
path distance). The intersecting ray in question is the vector
connecting the camera’s origin to the apparent location of the
particle in the image plane (black arrow in Fig. 3b). The para-
metric representation of all points on this line in space can be
given as follows:

P (t,) =Py +Pt,. 3)

Here P, is the origin of the line, the camera sensor, Pis the
unit vector describing the line’s direction, and 7, is a param-
eter used to describe an individual point on the line, P; . In
this application, ¢, > 0 for all data points (forward facing
vectors only). The intersection of this projected line with a

Fig.3 Schematic example of a particle at constant radial position and
constant angular velocity moving within a sphere viewed from the a
camera and b top—down point of view
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sphere of radius 7 can be solved for analytically. The collec-
tion of all points, Pg, on the surface of a sphere with radius
r centered at ¢ = (x,, Y. 2o) 18 given as follows:

G=x + -y +G@—2? =P —cl* = (Pg—c) - (Pg—c) =1~

“
Substituting P; = Py in Eq. 4 allows rearrangement of the
function (Shirley 2020) and solution of the intersection
between a line and the surface of a sphere in the form of a
quadratic function in terms of the parameter 7,:

[P-Ple+ [P (Py= 01, + [Py =) - (Py = )] = 0. (5)

The value of the parameter that denotes the intersection
of the line and sphere, 7,;, can be solved via the quadratic
equation:

o —[P- Py - )] J_r\/[i’-(Po—c)]2—4[i)~13][(P0—c)-(PO—c)]
e 2(P- P '

(6)
The sign of the discriminant determines the type of intersec-
tion: Negative values result for lines which do not intersect
the sphere, zero indicates lines tangent to the sphere inter-
secting at only one point, and positive values result from
lines with two points of intersection. In this application, only
discriminants > 0 are possible as air bubbles are assumed to
remain in a circular path within the drop. Furthermore, like
1,, 1,y must be > 0 for valid, forward-facing solutions. With
these assumptions, the point of intersection, P, can now be
directly calculated:

P = PL(tp,). (7)

For the realistic case of two intersection points, the point
closer to the camera origin is the correct solution, as par-
ticles in the back half of the drop are not resolvable from
image data. Using this near-intersect assumption, an esti-
mate of 3D particle position including depth information
can be calculated.

2.4 Ray tracing

Light scattered from air bubble tracer particles within the
RSD passed through the drop’s liquid bulk and the test cell’s
air interior before reaching the camera’s sensor. The dif-
ferences in refractive index between these materials was
accounted for when estimating a particle’s position in 3D
space (paths depicted in Fig. 4). This correction was per-
formed using a ray-tracing analysis, modeling the path of
light from the camera’s sensor to the particle (Heckbert and
Hanrahan 1984).

Fig.4 Top-down schematic of the ray-tracing technique correcting
3D particle position for refractive index mismatch and drop non-sphe-
ricity. Lines represent: (blue) camera sensor particle position P, (red)
refraction corrected transmitted path 7, and (black) non-sphericity
corrected surface normal unit vectors N

A ray of light’s path after intersecting the sphere’s inter-
face can be determined using Snell’s law, which relates the the
angle of transmission, 6,, and the angle of incidence, 8,, to the
refractive index ratio of two media, #:

sin(6,) ;.

sin@)  n, ®

The transmission unit vector, T (angled by 6,), can be repre-
sented in terms of N and M, the unit vectors for the planes
normal and tangent planes to the intersected surface:

T = sin(0,)M — cos(6,)N 9)

Snell’s law can be utilized to calculate 7" as a function of
the incident unit vector (1), surface normal (N), and index
of refraction ratio (1) as shown in Eqns. 10-14: (Foley et al.
1996)

N cos(6;) — 1

M= @) (10)
T = (ncos(8,) — cos(8,))N — nl, (11)
cos(0,) =N -1, (12)

cos(6,) =\/1 —sin’(6,) = \/1 — n2sin’(8,) = \/1 —2(1 = (V- D),
(13)

~

f=<'7(N'?)—\/1—’12(1—(Nj)z))](f—nl. (14)

Values of 7, ?, and N are required to calculate T using
Eq. 14. n was assumed to be a constant, the ratio of air and
water refractive indices, approximating the protein solution’s
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refractive index as that of water. For the determination of N
and I, the slight non-sphericity of the RSD’s interface was
quantified using the drop profile captured by the camera.
Non-sphericity was a result of slight variations in deploy-
ment tube position, wetting, and total injected volume.
Assuming axisymmetry, the 3D drop surface was defined
by revolving the 2D surface profile of the interface in the
plane of the camera, x = f(z), about the vertical axis. Sub-
stituting 2 = f(z)> + 2% and assuming the drop’s center to
be at the origin (Eq. 4), the revolved surface produced, S,
is: (Gray 1996)

S, y,2) =f(@ — Vx2+y2=0. (15)

Determining the intersection of the drop’s surface and a ray
of light from the camera’s sensor can be performed using the
line parameterization in Eq. 3:

F(t) = S(xo + 1,5,y + 1,8, 20 + 1,5.) = 0, (16)
where
Py = (%,¥0:%) and P = (.. p,.P,). (17)

F (1) = 0, solved iteratively for the parametfzr Lops determines
the intersection point of the incident line / and the surface
S. Here, the Newton—Raphson method was utilized with
an initial guess of 7,, equal to the analytical solution of a
line—sphere intersection (as presented in Sect. 2.3). The solu-
tion for 7 can then be used to determine the surface normal,
N. Parameterizing the same revolved surface in cylindrical
coordinates (azimuthal angle of revolution, ¢, and the verti-
cal axis, z): (do Carmo 1976)

S(,2) = [f(@) cos(h).f(2) sin(¢), z]. (18)
The unit normal can be taken as follows:
S, xS
A ¢ z
N=—, 19
15, XS, (19)

where the partial derivatives are given as follows:

o= 5 = [ sin@). 1@ cos(@).0). 20)
and

05 _[UQ o VD
=% =% cos(¢), oz sin(¢), 1]. 21)

After solving for N, Eq. 14 can be used to determine the
direction of the transmitted ray into the drop’s bulk. The
refraction-corrected location of a particle can then be deter-
mined by the intersection of 7 with an origin-centered
sphere of radius equal to the radial distance determined for a
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particle via the tracking method described in Sect. 2.3. This
correction technique for particle location in a non-index-
matched, non-spherical drop is depicted in Fig. 4.

2.5 Particle history

Extrapolation of particle path history can be used to measure
the velocity of particles which do not intersect the camera’s
projected image plane during the time frame of data acqui-
sition. A particle may not intersect the camera’s projected
image plane for a multitude of reasons including loss of sight
(fluid turbidity, particle size, and optics) and particle motion
dynamics (initial position and speed). These non-image-
plane-intersecting particles cannot be assigned a path radius,
preventing their use as viable tracer particles. However, if a
non-image-plane-intersecting particle can be tracked for a
sufficient number of frames, the resulting horizontal compo-
nent of velocity can be fit to a characteristic particle motion
function such that the location of the x—z plane intersection
(0x/0t = 0x,,, /ot = 0) can be extrapolated. This character-
istic particle motion function must be tailored to the flow
characteristics and assumptions in the observed system.

Using the assumption of axisymmetry, a constant path
radius particle at constant azimuthal velocity would appear
to translate from left to right in the camera’s projected
image plane with a sinusoidal motion, resulting in harmonic
0pr /ot. However, the effect of refractive index mismatch
produces non-harmonic characteristic particle motions in
the camera sensor. Empirical models for the characteristic
apparent horizontal velocity of a particle in camera sensor
pixel coordinates, g(x,,,) = 0x,,./0t, were developed by track-
ing the motion of fully-resolvable test particles. A number of
characteristic functions with different forms were analyzed,
the results of which are presented in Table 1, which assesses
the performance of a fit by the root-mean-square (RMS)
error as a percentage of the characteristic length scale, ring
radius, a. A secant function was found to best fit velocime-
try data at the most relevant particle depths. Applying this
particle history extrapolation technique, the path radius of
well-tracked non-image-plane-intersecting particles can be
determined, resulting in increased flow field data resolution
totaling 1085 data points.

Table 1 The root-mean-square (RMS) error as a percentage of the
characteristic length scale ring radius, a, for each empirical character-
istic apparent horizontal velocity model

Function Form RMS error (%)
Cosine 8(x,,) = p; cos (pyx,,,) 0.117
Parabola g(xpx = plxix + PaXpx +p; 0.088
Ellipse g, = /(1 - x,zu/l’%)p% 0.040
Secant g(x,) = py sec((x,,/p2) + p3) 0.020
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3 Results

The post-processing methodology in support of the in situ
multi-phase air bubble PTV within the RSD in the Fall 2021
ISS campaign analyzing a native 8§ mg/mL human insulin
solution was found to reliably resolve bulk velocity measure-
ments between 0.4 < r/R 5 0.8, 0] $60° and ||¢|| S 60°
(r, 0, and ¢ are radial, polar, and azimuthal spherical coor-
dinates, and [¢, 8] = 0° is defined by the vector connecting
the camera to the RSD’s center). Measurements assumed
axisymmetry tracer motion for depth determination and par-
ticle history calculations. The range of r was limited by the
positions of air bubble tracers. The polar angle 8 was limited
by occlusion from the top and bottom rings. Azimuth angle
¢ was limited by the inability to resolve particles in the back
half of the drop and noise increasing proportionally with
1/ cos ¢ from the geometry involved in this technique. The
volume of individual gas bubbles was not found to have any
correlation with velocity data produced, further validating
their utility as tracer particles.

The validity of this post-processing methodology was
assessed by comparing normalized azimuthal velocity
(V¢/ (Q * a)) acquired by PTV measurements to velocity
calculated by a numerical simulation of the flow within the
RSD (Fig. 5). The use of human insulin solutions, whose
fluid parameters are non-Newtonian, allowed determination
of PTV algorithm performance when measuring a complex
fluid system in comparison with a mathematical model. The
simulation used a Boussinesq—Scriven surface model with
a Newtonian bulk (modified from a previous theoretical
model (Gulati et al. 2019)) with flow properties matched
to experimental parameters and material properties of a
native 8 mg/mL human insulin solution (Re = 180 and Bo
= 6). Exact modifications to the COMSOL model included
no-slip boundaries better approximating a rotating ring and
stationary cap, as well as updated material properties for
human insulin at 8 mg/mL. The 266,952 domain element
mesh consisted of finely distributed nodes at the interface
with a boundary layer mesh of quadrilateral elements and a
bulk of tetrahedral elements, overall with a maximum edge
length of 0.25 mm or 0.03*a.

4 Discussion

This investigation focuses on the development of a post-
processing methodology for improving PTV accuracy and
precision of in situ non-PTV-tailored systems. The sequence
of post-processing methods presented in this investigation
can be extended to a more generalized analysis framework,
applicable to systems outside this investigation’s purview
including different flow geometries, complex fluids with

Fig.5 RSD r-z plane color map of normalized azimuthal velocity
(vg /(& s a)) for an 8 mg/mL native insulin solution shearing at 30
rpm (Re = 180 and Bo = 6). The left hemisphere presents computa-
tional results of a Boussinesq—Scriven surface model with a Newto-
nian bulk. The right hemisphere presents experimental measurements
(1085 data points) obtained using the post-processing PTV methodol-
ogy with air bubble tracer particles, the red line denoting the detected
interface’s departure from spherical

different behaviors, and unstable flow. The steps of this
post-processing framework include: tracer identification
(Methods Sect. 2.1, Physical System), camera calibration
(Methods Sect. 2.2, Image Projection), location refinement
(Methods Sect. 2.3, Depth Determination), optical refine-
ment (Methods Sect. 2.4, Ray Tracing), and data expansion
(Methods Sect. 2.5, Particle History). Such a framework is
applicable to other in situ PTV scenarios, following these
five steps each customized to the specific PTV application
under consideration.

Validation of the experimental post-processing method-
ology for in situ PTV measurement was performed through
comparison to a Boussinesq—Scriven surface model with a
Newtonian bulk. The use of human insulin solutions with
complex fluid behavior for PTV post-processing algorithm
testing enabled algorithm validation not only for standard
Newtonian fluids, but also demonstrated the algorithm’s
applicability to complex fluids. This comparison, presented
in Fig. 5, displays a reasonable agreement between PTV
experimental measurements and theoretical computations.
The qualitative flow profile is well-matched within the accu-
rate measurement area (0.4 $r/R 0.8, [|0]] < 60°, and
@]l < 60°), with dissimilarities occurring more frequently
toward the edges of this region. Imprecision in the experi-
mental PTV methodology arose from several sources: sparse
non-uniform distribution of air bubble tracer particles, opti-
cal occlusion, and secondary flow effects. While serendipi-
tous air bubbles served as the only tracer, their spatial dis-
tribution, size, and stability were uncontrolled, leading to
variations which, respectively, reduced the available field of
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measurable data, required variable particle size identifica-
tion, and the possibility of particle loss by dissolution. Based
on the orientation of the single camera, optical occlusion
occurred by geometric structures (RSD rings) and signal
reduction at further distances within the drop (far drop half).
Post-processing assumed particles followed a constant radius
circular path, incurring error due to the fact that secondary
flow exists in the r-0 plane. Overall, this investigation’s post-
processing methodology for in situ PTV was successful in
extracting full-field bulk velocimetry data, describing fluid
motion in a scenario where such capture was not previously
possible.

Further experimentation with PTV methods that could be
assessed within the RSD include the study of tracer particle
characteristics, fluid rheology, sub-system measurement,
utilization of color data, and measurements of different
flows experienced during drop deployment and extraction.
The use of improved precision tracer particles, such as
adding hollow glass microspheres, is currently under way
to improve bulk velocimetry data in comparison with air
bubble measurements (Fig. 5), allowing the quantification
of method precision in relation to theory. Adjusting depth
determination and particle history characteristic particle
motion functions (such as those in Table 1) can be used to
produce measurements of more complex flows, including
those with instabilities and turbulence, with the potential
to produce empirical flow models or validate novel theories
of unstable flow. Rheological models of fluid behavior can
be validated using PTV methods, comparing measurements
to non-Newtonian or viscoelastic soft matter models. PTV
measurement of sub-system regions within a larger system is
also possible, potentially focusing on important phenomena
such as wetting and contact line dynamics or effects of the
fluid interface. RGB color data from the camera sensor, not
utilized in this investigation, could be applied to dyes, fluo-
rophores, and colored particles for multiple tracers in situ
in situ PTV. Drop deployment and drop extraction present
transient flow geometries that could test the performance
of this PTV methodology on time-dependent flows. Each
of these applications has the potential to improve applied
PTV research and development, as well as benefit physical
understanding of the systems being measured.
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