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IN THiS ISSUE (r.29)
HYDROGEN STORAGE, ATOMIC DISORDER, METAL
BORIDES, BOROPHENES, CORROSION RESISTANCE,
AND SUPERCONDUCTIVITY.

Philip Weinsier, [IME Manuscript Editor

According to the U.S. Department of Energy, found that atomic disorder in certain boron-based hydrogen

“developing safe, reliable, compact, and cost-effective
hydrogen storage technologies is one of the most technical-
ly challenging barriers to the widespread use of hydrogen as
a form of energy.” Current approaches to storing hydrogen
include the physical storage of compressed hydrogen gas in
high-pressure tanks, the physical storage of cryogenic
hydrogen in insulated tanks (cooled to -253°C), storage in
advanced materials—such as within the structure or on the
surface of certain materials—and storage in the form of
chemical compounds that undergo a chemical reaction to
release hydmogen.
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IEA, Global demand for pure hydrogen, 1975-2018, IEA, Paris https:/www.ica.arg/data-and:
statisticscharts/globatdemandfor-pure-hy drogen-1975-2018

IEA. License: CCBY 4.0

Scientists are also investigating metalhydrides, adsotbent
materials, and chemical hydrides that may offer greater
potential for hydrogen storage. Hydrogen storage in materi-
als offers great promise, but additional research on the
mechanism of hydrogen storage in materials under practical
operating conditions is needed. Additional factors demand-
ing attention include storage capacity, uptake and release of
hydrogen, management of heat during refueling, cost, and
lifecycle impacts. In a report by Anne M. Statk [Disorderin
Surface Materials Key to Better Hydrogen Storage, Novem-
ber 4, 2021] of the Lawrence Livermore National Laborato-
ry (LLNL) (Livermore, Califomia), the U.S. Department of
Energy and the National Nuclear Security Agency have

storage systems can potentially improve the rate of hydro-
gen uptake. She states that borophenes—a single-layer vari-
ant of metal borides—are believed to have a regular
arrangement of atoms. In many cases, however, LLNL
researchers have shown that these atoms dynamically
become disordered; a surprise, insofar as most solid-state
surfaces typically do not behave in this manner. But while
surprising, the researchers found that such disorder provides
for different local propetties for each atomic site.

e T T s
’f4-ég_';.4 ‘..’. ..

Disordered boron surface structure of magnesium dboride probed by atomistic modeling.

The point is that some of these sites can make dissocia-
tion of hydrogen molecules easier, which in tum is expected
to accelerate activation of the material during hydrogen
storage. Moreover, this characteristic also has applications
for superconductivity, electrocatalysis, optoelectronics, and
as coatings for themal and corrosion resistance. Brandon
Wood—eader of the LLNL team on materials-based hydro-
gen storage—notes that this capability could be used for
custom-tuning surface functionality for faster energy
storage and conversion.

Please refer to the article in this issue of [IME on page 29
foran in-depth analysis of hydrogen storage.
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CONTROL SYSTEM FOR B10-INSPIRED CUTTLEFISH
FIN LOCOMOTION FOR AN AUTONOMOUS
UNDERWATER VEHICLE

Kendra Kim, Arizona State University; Sangram Redkar, Arizona State University

Abstract

By utilizinga fixed-point dynamicalanalysis with applied
statistical methods for further development of bio-inspired
cuttlefish fin locomotion, underwater aquatic surveillance
for exploration and security and safety missions can be
accomplished with autonomous underwater vehicles
(AUV). Monitoring services that can be performed with a
fishlike drone take into account several factors, such as
environmental impact and scientific and business concems,
while preserving ocean resources. Usinga regression analy-
sis, the authors examined the reltionship between current
and depth. This analysis revealed the nfluence of depth on
ocean currents. The ideal system should provide a low-cost,
low-maintenance, high-endurance, and a gile sensor phatform
to feed into an intelligent control system. Most aquatic
dynamical models do not incorporate buoyancy acting on
the system and work with an undulating fin with a simple
sinusoidal variation. This current review of the dynamical
analysis did include the buoyancy factor. In this study, the
authors focused on the fluid-structure interaction of the
wave as it moved through the water, the fin’s forward
motion, and the AUV’s buoyancy properties. This was
based on statistical confirmation of depth impact to current
flow through which the AUV would navigate as well as
confirmation of neglecting buoyancy only when the density
of the cuttlefish was much more significant than the water.

Introduction

In the review of swimming behaviors, developments in
Lighthill’s (1971) theory and results from Wu’s theory were
used to identify areas of opportunity for developing a novel
solution. In a design of propulsion technology of the BCF
mode, Chowdhury, Prasad, Kumar, Kumar, and Panda
(2011) performed an undulation simulation of a fish tail. In
that study, the authors proved that the swimming style of a
fishtail was efficient over large distances and produced
impressive speeds. The system is further explained below,
along with developments on Lighthill’s (1971) theory. In
the study of the braking performance of a biomimetic squid,
various braking strategies were tested in terms of stopping
ability and the forces acting on the controlled stage. The
sizeable negative thmust produced by oppositely directed
waves allowed for a short stopping distance and time.
Therefore, under complex underwater conditions, the undu-
lating fin propulsion system can effectively perform braking
(Rahman, Sugimori, Miki, Yamamoto, Sanada & Toda,
2013). Development of innovative materials can be used for

new actuators, such as piezoelectric, ion-conducting poly-
mer metal composite, and shape memory allow (SMA).
Wang, Wang, and Li (2011) analyzed actuated SMA wires
for propulsive thrust and propulsive efficiency.

This study only included moving forward based on pass-
ing waves along the vehicle’s body and did not include
propulsion as a means of motion. The median paired fin
locomotion fish has two types of pectoral swimming behav-
iors. The first is undulatory locomotion; a wave-like pattem
studied for many years. The second is oscillatory locomo-
tion, which is less commonly studied, based on a review of
the literature. This movement involves undulatory waves
propagated downward from the fish’s anterior to posterior.
This literature review explored both types of locomotion/
swimming maneuvers and mechanisms typically evaluated
via experimental evidence and mathematical models. The
shape of not only the fins but also the body of the cuttlefish
inspired robot was also considered.

Swimming Behaviors

Two primary swimming behaviors are undulatory loco-
motion and oscillatory locomotion. Undulatory swimming
in fish is principally based on Lighthill’s (1960) Elongated
Body Theory and Wu’s Waving Plate Theory (Singh &
Pedley, 2008). Table 1 presents the general notations used
for Lighthill’s and Wu’s equations.

Table 1. The notation used in the Lighthill- and Wu-developed
equations.

M [ Bending moment distribution

Mass distribution alongthe body
(i.e., mass per unit length)

L Lift on the body

® Angular frequency of imposed body-wave

p Fluid density

The elongated body theory concludes that a wave that
increases the body’s amplitude is laterally symmetric i
order to enable forward motion. In response to this wave,
the fish’s body is shaped to minimize the lateral recoil from
the movement. The undulatory swimming mode has longi-
tudinal effects of flow separation that Lighthill addressed in
a proposed combination of resistive/reactive force theory
(Lighthill, 1960). Equation 1 shows how Lighthill’s lateral

INTERNATIONAL JOURNAL OF MODERN ENGINEERING | VOLUME 23, NUMBER 1, FALL/WINTER 2022 5



motion takes the general form of an arbitrary continuous
function of x and time ¢. This equation utilizes the bounda-
ries of the continuous function, where x is within the range
of full body length from almost null to full range noted as b.

y:h(x,t),0<x<b (1)

This atbitrary continuous function allows the flow to be
the sum of the steady flow around a straight fin and results
in the displacements, 4(x,f). Equation 2 represents each
cross-sectional move with lateral velocity relative to the free
stream:

oh  oh
=—4+U—
T T o @

This velocity is used to determine the rate of change of
momentum of the fluid passing to obtain the wotk rate by a
fish’s transverse motion. The woik dependent on the tail
conditions can be translated to thrust using Equation 3:

p- %m(z)ﬁ%f N (?” 3)

=b

The model of steady-state swimming proposed by
Lighthill (1971) required that the rate of change of the
lateral moment equal the resultant of the lateral forces and
the rate of change of angular momentum about the y-axis
equal to the moment of lateral forces about the fixed axis.
Further development extended to the slender body theory,
where rough approximations can be detetmmined, and
Lighthill developed the large amplitude elongated body
theoty. Based on the following three principles, the instanta-
neous force on the fish is shown in Equation 4:

(@)= [me[ 2.2 Lo 22.2]

ot ot) 2 Oa 0Oa)],_, @)
d ( 0z ij

-—— | mo| ——,— |da
dt’o Oa Oa

Principle 1
Water momentum nearany fish sections is perpendicular to
the backbone with a magnitude of velocity in that direction.

Principle 2
Within a volume of a fish’s boundary at each instant, the
thrust can be determined by considering the rate of change

in momentum.

Principle 3

Pressures generated by motions within the plane and the
action of the results are to be taken into account, with the
transfer of motion contrbuting to the momentum balance.
In the instantaneous force equation developed by Lighthill,
the motion occurs in the xz-plane where a isalong the back-
bone of the fish and @ = 0 is at the tail. Thus, the mean

thrust can be found only in terms of the fish’s tail. The
recoil is minimized by havingan anterior body portion with
a cross-sectional depth larger than the tail fin. There is an
opportunity for further development, because the require-
ment of small curvature does not address the starts and tums
of fish locomotion. The assumptions involving large lateral
deformation and curvature do not address unsteady maneu-
vers.

This opportunity for addressing the assumptions is to
have a realistic representation of environmental circum-
stances. Without a fundamental understanding of the control
system, the applications of the AUV are limited. Expanding
these assumptions to include the requirements of curvature
will allow AUVs to maneuver i both starting motion and
managing turns. In the current state, the AUV is only
managed at a level of maintainability once the motion has
reached equilibrium. The unsteady maneuvers are not
addressed based on how the fin is considered an infinitely
thin plate of uniform density hydrodynamically. Due to the
symmetry on the xz-plane and the xy-plane, the only break-
ing from the deformation is on the xy-plne. Assumptions of
large lateral deformations suggest a force against the body
in only the xy-plne that accounts for the transhtion along
the y-axis but does not address the rotation about the z-axis.

Environmental Conditions

In addition to swimming behaviors, the control system
required a consideration of environmental conditions that
can be estimated with the distribution parameters identified
from the residual plot. The CORREL function expresses the
coefficient of the two arrays. This function results in the
east current having a -0.038 relationship to depth. Figure 1
shows the current values across a depth sample from 2 to
10. At a lower depth, the current’s magnitudes are higher
and lower; however, as the depth increases, the current
values come closer to zero. Due to the trendline decreasing
and the current values coming closer to zero, another review
of the current at lower depths was considered. Evaluations
of greater depths will assist in the unmanned underwater
vehicle application, because the department of defense
would need to be capable of having control at a variety of
depths. Therefore, evaluating different depths will afford a
more practical application.

Figure 1. East ocean current versus depth from 2-10.
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Figure 2 shows the ocean current from depth samples of
11 to 22. Opposite to the review from the depth trend line
(2-10), increased depth has a positive slope, due to the
currents being driven by the temperature gradients and
density. Density-driven forces and gravity contribute to the
fluctuation, as shown on the right side of the graph. The
other consideration was that the temperatures were cold and,
therefore, caused the density to increase. To verify this
theoty, the ocean currents were evaluated n a different
direction, North. The evaluation at different directions was
expected to show an opposite trend line, due to the wind
direction affecting the current at lower depth samples and
buoyancy requirements.

Figure 2. East ocean current versus depth from 11-22.

Figure 3 shows that the current had higher variability as
ocean depth increased. The east ocean current had a higher
variability, anging from roughly -60 to 80, whereas the
notth current range was from roughly -20 to 80. The actual
depth for the current range was not as predicted, nor was it
linear. The predicted values included a number of outliers
and a centralized gathering of current variability from -20 to
20. This shows that the east current had not an increased
range of current but a standard current, which means that
the residual plot for the east current was expected to have a
centralized current. The output summary review shown in
Table 2 includes a regression model analysis, and ANOVA
details are considered in Equation 5. The simple linear re-
gression model statts with the study of multiple R. The mul-
tiple R is the correlation coefficient that shows that the posi-
tive relationship was moderate. If this value were one, then
the relationship would be nomial. The coefficient of deter-
mination indicates that the depth of the current explhms
10% of the variation of the current around the mean. There-
fore, 10% of the values fit the model. In addition to only
having one x variable, there were over 1000 observations in
the sample.

The second part of the output is the comparison, where
the sum of squares is divided into individual components—
the review of the ANOVA, including the sum of squares,
regression MS, Residual MS, overall F test for the null hy-
pothesis, and Significant F. The last section of the output
summary exposed specific nformation about the compo-
nents; in this case, the east and north currents. In addition to

the p-value for the hypothesis test, the lower boundaty for
the confidence interval was the lower 95%, and the upper
boundary for the confidence interval was the upper 95%.
The most valuable part of this was detetmining the linear
regression equation. This was the y = slope * x + intercept,
as given by Equation 5:

y =11.02 — EastCurrent * 0.01+ NorthCurrent *0.15  (5)

Ocean Current (East) Line Fit Plot
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Figure 3. East ocean current line fit plot.

Table 2. Output summary of regression statistics evaluating north
currents.

Multiple R 0.325793

R Square 0.106141

Adjusted R Square 0.104362

Standard Error 5.733469
Observations 1008

CONTROL SYSTEM FOR BIO-INSPIRED CUTTLEFISH FIN LOCOMOTION FOR AN AUTONOMOUS UNDERWATER VEHICLE 7



The degree of freedom is the sum of squares divided by
the mean of squares. Since there are 1008 observations, the
sum of squares of the residual was adjusted to equal 1005
based on the regression fixed values. The df(regression)
equals the number of predictor variables. The df(residual) is
the sample size minus the number of pamameters being
estimated. With parameter tests using alpha = 5%, the two-
tail distribution of 2.5% is the critical value. This distribu-
tion is used when the p-value is less than alpha, and the
confidence iterval does not contain the hypothesized mean
and is considered significant. When the parameter is close
to being less than alpha, it is borderline significant. When
the p-value is greater than alpha, there is a risk, meaning it
is the least significant parameter. And, when the p-value is
less than alpha, this is significant, and the zero values are
the most significant. The 95% confidence interval for both
parameters was 1.96 from the t-table. Therefore, the inter-
cept and the north current were significant. When the
p-value is greater than alpha, there is a risk, which means it
is the least significant parameter, the east current.

Buoyancy Fixed-Point Analysis
After reviewing the swimming behaviors and evaluating
the environmental conditions, the cuttlefish dynamics model

utilized the variables in Table 3 to analyze buoyancy.

Table 3. The notation used in buoyancy fixed-point analysis
equations.

A Amplitude of undulation

k Spatial frequency

w Temporal frequency

M Mass of cuttlefish

V, Volume of cuttlefish

D Drag force

Rho | Density of fluid

Rho. |Density of cuttlefish

U Stream velocity

Equation 6 shows the wave equation that utilizes spatial
frequency, temporal frequency, and the amplitude of undu-
lation.

y = Asin (kx—cr) (©)

When applying Newton’s 2™ Law to Equation 6, the re-
sulting equations provide the motion, shown in Equations 7
and 8 in terms of the mass of the cuttlefish.

M5

pAb (A0 U AR 1 .
= - -—C,pS
kL ( 2 2 PR @)

My=-pV, +pV,=(p-p.)V, ®)

Equations 7 and 8 are rewritten as equations of motion as
a three-dimensional dynamical system, which is similar to
the previous dynamical system except that there is a
y-component to the motion now due to the weight of the
cuttlefish and the buoyant force shown in Equations 9-11 as
the amplitude of undulation.

. 204b ( A*w* U?A*kK*>
xlzc:+\/" ( - J ©)

KLC,pS\ 2 2
: 2 [2pA4b,C, pS( A0 U*Ak*
=-= m -~ 10
d M\/ kL 2 2 ¢ a9
u, =—pV,+pV, an

The only major shift in this system is that there was a
linear growth in the 3 dimension of this dynamical
system, which means that the topological properties were
somewhat similar to the previous one. In Equation 12 there
is a focus on the y velocity stream.

U, =(pV.=pJ.)t (12)

The eigenvalue analysis of the system yielded three
eigenvalues to this system, as expected and shown in
Equation 13, where the criteria of Equation 14 are applied.

A=0,-2./CC,.k 13)

k=(p-p.)V, (14)

Lookingat the system’s dynamic behavior, there is a clear
indication that the system will behave quite similarly in the
presence of buoyancy. Therefore, the neglect of buoyancy is
only when the density of the cuttlefish is much more signifi-
cant than water, which is usually not the case. Controlling
the volume of water stored in the cuttlefish UUV design
should improve the controllability of the cuttlefish, which is
very similar to the submarine model. This detail was used in
the software simulation that established the incompressible
flow.

Software Simulation

Figure 4 shows that the software simulation included a
test diagram made up of 12 key aspects. Figure 5 shows that
the first method was the development of the fin model
After the fin was developed, the next method was to create a
simulation space that included 10x the longest axis of fin,
which was 240 mm. This provided the simulation enough
room for tutbulences and any deviation in the fluid for
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confirmation. Therefore, the simulation space was 024m.
After the simulation, the selection of settings for an incom-
pressble fluid flow provided a realistic application of water
flow and neglected density variation. Simulation settings
included a turbulence model of k-omega SST,a steady time
dependency, and zero passive species. Once the simulation
settings were established, the material settings for the water
provided a Newtonian viscosity model that provided a
9.338e-7 m%s kinematic viscosity and a 9973 kgm? densi-
ty. The boundary conditions included inlet, outlet, and static
walls to suppott the proper flow through the simulation. The
simulation control was set with a 1-second delta time and an
end time of 1000s. The mesh region refinement included
physics-based meshing, automatic boundary layers, and a
hex element core. The speed of the fluid was 0.25m/s with a
mesh quality of two non-orthogonal corrections. Residual
contols include 1e® absolute tolerances for velocity,
pressure, and turb kinetic energy. The solver settings includ-
ed smooth solver settings for velocity, turb kinetic energy,
and specific dissipation.

2) CREATE A 3)
ﬁggl\afg?;m | SIMULATION |- INCOMPRESSIR |—
SPACE LE FLUID FLOW r
L, 4)SIMULATION | 1 5) MATERIAL 6) BOUNDARIES
SETTINGS SETTINGS ¥ conDITIONS —{
r 7) SIMULATION J 8) MECH 9) VELOCITY
% CONTROL REGION % AND MESH —
SETTINGS REFINEMENT QUALITY (
L» 10) RESIDUAL [} 11) SOLVER | | 12)RUN
CONTROLS SETTINGS SIMULATION

Figure 4. Test diagram for simulation settings and optimization.

Figure 5. Model of the cuttle fin used in the Simscale simulation.

Simulation and development of the fluid-structure interac-
tions were used through the controller model to showcase
stable conditions. It was based on creating a volume of
space in which the liquid could move in order to show the
fluid-structure interaction as the wave moved through the
water. The dynamic condition showcased the mteraction,
and having an additional representation ensured a more
accurate environmental condition evaluation. It was
completed with a box that was ten times as large for the
fluid to encounter turbulence in order to capture deviations
so that they could be accounted for in the simulation. Figure
6 shows that, in order to ensure that the fin was being
utilized as expected, the back face did not allow fluid to
bypass. Based on the swimming behaviors of the fin, this
model was inclusive of the force that is discussed i
Lighthill’s theory, where thrust is only formed at the tail of
a fish. Due to the recoil being reduced, based on having the
anterior body portion with a crosssectional depth larger
than the tail fin, the overall system was not simulated.
Having the fin mounted in a structure that allowed the full
velocity to be directly impacted by the fin showcased the
overall structural impact of the cuttle fin design utilizing
non-linear motion with the environmental impact captured.

Turbulent Kinematic Viscosity (¥2) = m’s Velocity Magnitude = mis

0 353134 70626e4 10594e-3 141253 17663 0 9898863 1979862 29696e2 395952 49492
| | | | |

A A A A

Figure 6. Full fluid flow against the cuttlefish fin.

The simulation utilized an incompressible simulation of
flow/fluid, which could simulate the flow of a single fluid.
In this simulation, the fluid density variations were negligi-
ble and the fluid could be approximated as incompressible.
The settings of the material set in water in the simulation
model were a Newtonian viscosity model with a kinematic
viscosity of 9.338e-7 m”2/s and a density of 9973 kgm”3.
The simulation worked to a global variable in the x direction
with a velocity of 025 m/s. Figure 7 show the impact in the
z direction of pressure along with viscous and porous forces.

Figure 7 also shows the z direction of pressure and vis-
cous and porous moments. As expected in the equations
shown in the fixed-point analysis, this was significantly
lower than the x and y coordmnate systems but still had con-
sideration upon fluid impact and started to nomalize over
time. Figure 8 show the impact in the z direction of velocity
and pressure, emphasizing the importance of buoyancy, as
described by Equation 13.
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Figure 7. Graphical representation of the simulation with forces
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Figure 8. Pressure (p) and velocity (U).

Conclusions

The software simulation confimed the motion require-
ments per the environmental analysis, in addition to the
fixed-point analysis for buoyancy variables in the cuttlefish
fin application. This notes its relevancy to the ovemll
modeling that would include a wave motion within an un-
derwater application. In addition, the non-linear model
utilized in this system included an architecture that took into
account environmental conditions and fluid-structure inter-
actions that could be used to develop a small-scale model to
confirm the overall system architecture. This system had the
ability to propel with a forward motion based on the
submerged aspects that would be studied to understand the
limitations it would have given the environmental condi-
tions of deployment.
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ASSESSMENT OF AFFINE DISTORTION
IN FLATBED SCANNERS

Martin P. Jones, Missouri State University; Peter A. Jones, United States Patent and Trademark Office

Abstract

Flatbed scanners have been previously used to measure
the dimensions of a variety of objects. Previous studies have
attempted to assess the accuracy of such measurements
using NIST traceable distortion targets, but each only as-
sessed one scanner model/brand. In this current study, three
different scanner models of the same brand were assessed
for affine distortion resulting from their scanned images of
such a target. At least two scanners of each model were
assessed. Also, the potential effects on distortion due to
scanning resolution, target position, and operator were
explored. The authors found that the remaiing overall
distortion of the ima ges was about 2.6%, after compensating
for affine distortion. Statistical analysis indicated there was
no significant effect on this distortion, based on the parame-
ters of operator, target position, and scanning resolution.
However, there was a significant effect based on the model
and individual scanner used to image the target. In addition,
grayscale maps of the remaining distortion were generated
and revealed two superimposed patterns: wavelike and
columnlike.

Introduction

The common desktop (flatbed) scanner has been used to
dimensionally measure a variety of objects. A brief review
of such measurements was given by Jones, Callahan, and
Bruce (2012), which ranged from rice grain size for food
science to wire diameters for the electronics industry (Kee
& Ratnam, 2009), where an accuracy of 2.5 mm was
claimed. While the common flatbed scanner might not be as
accurate for dimensional measurement as other equip-
ment—such as coordinate measuring machines and optical
comparators—they are ubiquitous and relatively inexpen-
sive. Previous studies have attempted to assess the dimen-
sional accuracy of flatbed scanners by scanning NIST
(National Institute of Science and Technology) traceable
calibrated grid distortion targets (Blnco, Femandez,
Noriega, Alvarez, & WValifio, 2020; Jones, Hubbard, &
Buyurgan, 2018; Sampson, Peterson, & Lozowski, 2002).

Of these earlier studies, each only assessed one brand/
model of scanner and none assessed the same brand from
the other studies. Another study did attempt to assess two
different scanner brand/models (Elaksher & Ali, 2018).
However, the study did not use a NIST traceable target. In
this current study, the authors assessed the accuracy of three
scanner models from the same brand usinga NIST traceable
target and modified method developed by Jones et al
(2018).

The original pumpose of this study was to determine
whether the published method by Jones et al. (2018) could
be successfully applied to all three scanner models. While it
was found that all three models could be assessed under
some combinations of scanning parameters (target position,
scanning resolution, etc.), not all combinations could be
assessed. Once the method was modified to compensate for
the shear distortion inherent in all the scanners, all models
under all scanning parameters were able to be assessed as
described below.

Overview of Method

Figure 1 shows the overall method used to assess the
dimensionalaccuracy of the scanners.

| 1: Select Operator and Scanner |

| 2: Position Target on Scanner Bed |

| 3: Select Resolution |

| 4: Acquire 3 Grayscale Images |

| 5: Acquire Centroids of Grid Dots |

| 6: Estimate Rotation and Shear |

| 7: Correct Rotation and Shear |

!

| 8: Order Centroids’ Coordinates |

| 9: Generate Affine Array Points |

| 10: Assess Affine Assumption |

Figure 1. Method for assessing dimensional accuracy.

First, one of two operators selected one of seven desktop
scanners. The operator then positioned the distortion grid
target in either the top or bottom area of the scanning bed.
Then, one of four scanning resolutions was selected via the
manufacturer’s scanning software. Without changing any of
the above parameters, the target was repeatedly scanned
three times in order to acquire three separate 8-bit grayscale
images of the target’s grid of dots.
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Steps 1 through 4 were then looped until all combinations
of the scanning parameters had been performed: 2 operators,
2 target positions, 4 scanning resolutions, 3 repeated scans,
and 7 scanners. This resulted in 336 (2x2x4x3x7) grayscale
images. In Step 5, all images were processed in order to
acquire the coordinates of the dots’ centroids using ImageJ
software (National Institutes of Health [NIH], 2022). The
coordinates of the dots’ centroids were then exported to
Microsoft Excel to be further processed and analyzed in
Steps 6 through 10. The pumpose of Steps 6-8 was to sort the
centroids’ coordinates nto a mathematically addressable
order to enable distortion analysis of the scanners. It was
observed while initially attempting to order the centroids
that a large component of the distortion was affine
(especially shear and rotation factors). Therefore, in Step 6,
the shear and rotation factors were estimated followed by
their correction in Step 7d. This correction enabled the orig-
inal imaged centroids to be sorted into a mathematically
addressable order (Step 8). If the distortion was assumed to
be purely affine, theoretical affine array points could be
generated that would perfectly predict the location of the
imaged dots’ centroids. Therefore, in Step 9, theoretical
(ideal) affine-distorted target army points were generated
that best fit the coordinates of the centroids acquired in Step
5 from the grayscale images. In Step 10, the positions of the
imaged centroids were then compared to the best-fit coordi-
nates in order to assess the assumption of affine distortion
inherent in the scanners.

Equipment and Scanning Procedure

All seven Hewlett-Packard (HP) brand scanners were
purchased new for this current study—two were model
N6310, two were model G4050, and three were model
G3110. Coincidentally, the G3110 was also used by Elk-
sher and Ali (2018). Selection of these models was done in
consultation with a comorate scanner expert from the
Hewlett-Packard company, but no funding (neither cash nor
in-kind funding) from HP was received, nor did their expert
contrbute to the distortion assessment procedure developed
in this study. The authors only asked the expert to recom-
mend three scanner models that might exhibit some varia-
tion in the image distortion among the models; furthemmore,
the authors did not ask what the nature or the source of
those variations might be, nor did they communicate any
data from the present study to the expert. The sole purpose
of seeking variation in image distortion among the scanner
models was to challenge the applicability of the distortion
assessment procedure developed in this study.

Figure 2 shows the two positions at which the distortion
target (dot array) was placed onto the scanners’ glass bed in
order to increase the area of assessment. The depicted x-y
coordinate system was left-handed, which is common in
computer graphics. The distortion target was an Edmund
Optics model 62-207 and consisted of a 151 by 151 square
grid of 22801 etched chromum dots, nomially spaced
1.000 mm apart, each being 0.5 mm i diameter, on a soda

lime glass substrate. It was NIST traceable within the
following tolerances: +0.001 mm from dotto-dot centers,
+0.003 mm from grid corner dots, 0.002 mm for dot diam-
eters, and had an overall accuracy of £0.002 mm. The
square glass substrate was nominally 7.0 inches by 7.0 inch-
es with the dot grid startingabout 0.5 inches from the edges
of the substrate.

Scanner Head Home Position

8.75"
e T} '
! X
g
Y
Gage Dot Array in
Block Top Position
ul ur
Overlap Area 11.75"
U] Ir
_53_3;1 Dot Array in
Block Bottom Position
] Ir
Scanner Glass Bed Frame™—

Figure 2. Target placement on the scanning bed.

Two opernators (students) were chosen to independently
perform aligning and scanning of the target. This was done
to provide the reproduciility basis for a gagerepeatability
and -reproducibility (gage R&R) measurement analysis of
the data. While gage R&R analysis is outside the scope of
the present study, possible operator effect on image distor-
tion was considered. A protocol was developed to minimize
the variability of aligning the target relative to the scanner
bed. As depicted in Figure 2, the target was placed in the
top posttion, flush with the top edge of the target and the top
edge of the scanner’s plastic frame (near “Home Position™).
At the same time, the target was centered in the frame by
using a gage block to align it flush with the left edge of the
target, which is in contact with the left edge of the frame.
A similar procedure was used to place the target in the bot-
tom position. The scanner cover was not closed during scan-
ning of the target in order to avoid stress on the target that
might cause damage ora shift in its position.

Once the target was in the top position, it was scanned
three successive times at resolutions of 300, 600, 1200, and
2400 dots per inch (dpi) without moving the target in order
to obtain 8-bit resolution bitmap images of the dot grid. This
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was done to minimize the potential for damage to the target
from handling. By scanning three successive times, the
repeatability basis for a gage R&R analysis was provided.
Again, while gage R&R analysis is outside the scope of the
present study, the repeatability aspect of image distortion
was considered. The target was then moved to the bottom
position and the above procedure repeated.

Image Processing

Images were processed in order to acquire the coordinates
of the dots’ centroids using Image] software, based on a
procedure developed by Jones et al. (2018). The software
calculates coordinates of the dots’ centroids, based on the
simple average of the x and y coordinates of all pixels that
meet the criteria of being part of a dot. Those criteria
consisted of grayscale threshold, circulrity, and size
requirements. The threshold requirement was set to 180 on a
scale of 0 (no reflection) to 256 (total reflection). Thus, any
pixel with a value of 180 or less was considered patt of a
dot. Also, it was required that an imaged dot have a circular-
ity greater than or equalto 0.5 and a range of area in pixels
(px) depending on scanning resolution. Table 1 shows the
required maged ranges of aras of a nommal 0.5 mm
diameter dot.

Table 1. Criteria for range of area of an imaged target dot.

Resolution | Min. Area | Approx. Ideal Area | Max. Area
(dpi) (px) (px) (px)
300 13 27 52
600 54 110 142
1200 218 438 566
2400 500 1753 3000

The threshold criterion was empirically developed to
result in an average imaged dot size that approximated the
ideal area of a dot. The circularity and size criteria were
empirically developed so that all dots on the target were
detected, and that no “false” dots were generated. False dots
could be generated due to the presence of lint, dust, smudg-
es, etc. on the surface of the target.

Ordering of Centroids

While the Image] software was successfully used to lo-
cate the estimated centroids of all 22,801 dots on the target,
the located centroids were not always output listed in a
mathematically addressable order to enable distortion analy-
sis. Paradoxically, it was found that the inherent distortion
in the scanned images caused the output listed order of the
centroids to vary randomly. It was further found that the
distortion was significantly affine. Therefore, to put the cen-
troids in a mathematically addressable order, the centroids
were first corrected for some of the affine distortion by ap-

plyingan inverse rotation and shear transformation to all the
coordinates of the centroids. While affine distortion
involves translation, scale, rotation, and shear factors, only
the correction of the latter two were needed to enable the
centroids to be put into a mathematically addressable order.
To obtain the inverse rotation and shear transformation, it
was first necessaty to estimate the numerical shearand rota-
tion factors. The following items describe the procedure for
estimating the rotation and shear affine factors and correct-
ing the centroids’ coordinates (Steps 6 and 7 in Figure 1).

1. Export the 22,801 centroids’ coordinates from
Image] to Microsoft Excel in their original output
listed order: x;, y;, wherei =1 to 22,801.

2. Calculate the x and y coordinates of the center-of-
mass (COM) of all the centroids using Equations 1

and 2:
222,801
iz N (1)

=|

22,801
222,801 y
p=izl 1 )
4 22,801
3. Calculate the squared distance of every centroid from
the COM using Equation 3:
d?=(x-x) 3)

4. Order the centroids’ coordinates based on their great-
est COM squared distance to their smallest (using the
Excel “SORT” function).

5. Identify the four corner dots as those centroids with

the four greatest squared distances, defined as d
(m=1 to 4) with corresponding coordinates, x,,,}, .

6. Identify and define comer dots as the u/, ur, /I,and Ir
dots (e.g., ul = upper left as shown in Figure 2) using
the following logic:

e Ifx-x,>0and y-y,>0,thenul dot (upper
left) with coordinates = x,, y,,.

e Ifx-x,<0andy-y,>0,thenurdot (upper
right) with coordmates = x,,, -

e Ifx-x,>0and y-y, <0, then//dot (lower
left) with coordmates = x;, y;.

o Ifx-x,<0andy-y, <0, then/rdot (lower
right) with coordmates = x;,, y;,.

7. Detemine if tilt of target, € is clockwise (CW) or
counterclockwise (CCW), using logic Equations 4
and 5:

If 2472w <0, then @ is CCW “)
xul _xu”
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If 2u " Vur o 0, then € is CW (5)
Xt ™ Xy

8. Calculate the magnitude of & based on the angle
between the upper left and upper right corers
(ul£ur)using Equation 6:

tan—l yul_yur
xul_xur
9. Correct tilt of the four comers’ coordinates and

designate corrected coordinates with prime ('):
e For CCW tilt,use Equations 7 through 14:

0= (©)

x,, = x, cos(6) -y, sin () (7)
Yu =%, sin(0)+y,, cos(0) ®)
X, =x, cos(0)-y, sin(0) ©)
Vi =X, 5i0(0)+,, cos(0) (10)
X, = x, cos(6) — y, sin (0) (an
yy =x,sin(0)+ y, cos(0) (12)
x, =x, cos(8)—y, sin () (13)
Yy =%, sin(0)+y, cos(0) (14)

e For CW ilt, use again Equations 7-14 but make
Onegative.

10. Calculate the averages of the x and y shearfactors S,

and S, respectively, using the corrected four comers
in Equations 15 and 16:

S, = [—xél S j/z (15)
=Y V= Vu

(YuYu VeI
Sy-[f+fj/2 (16)

xur - xu[ xlr - x[[

Note that the tilt had to be corrected prior to calulating
the shear factors, as tilt and shearare mathematically similar
as representing a slope, which would have resulted in an
overestimate of the shear factors.

11. Correct the shearand tilt of all centroids:

e For CCW tilt correction, use Equations 17 and
18:

x, = x,cos(6)—y,sin(6) (17)

y, =x,sin(6)+y,cos(0) (18)
where,i =1t022,801.

e Define the shear-corrected centroid coordinates
as x,, y,. These are related to the tilt-corrected
centroid coordinates x,, y, by Equations 19 and
20:

X =x -8y, (19)

=y -8 (20)

Rearanging the above equation pair results in Equations
21 and 22:

x =(x-855)/(1-55,) @D

vi=(3-8x)/(1-5.5,) 2)
where,i =1t022,801.

e For CW tilt, use again Equations 17 through 22,
but make #dnegative.

The original centroid coordinates were thus able to be put
into a mathematically addressable order (Step 8 of Figure
1), as follows. Sort all the above shearftilt-corrected cen-
troid coordinates pairs (x:, y,) from Equations 21 and 22,
based on increasing size of x, -coordinates along with their
corresponding original coordinates (x;,y,), using the Excel
SORT function. Therefore, the first 151 (x‘", yl) pairs are
those of the leftmost column of dots, the second 151 (xy)
pairs are those of the next column of dots that are to the
right of the first column, etc., ending with the rightmost

column of dots’ 151 (xy) pairs. While the coordinate pairs
are now in the correct columns, they might not be in the
correct order alonga given column. To order the 151 pairs
within each column, those pairs were sorted based on in-

creasing size of y, -coordinates (again using the SORT
function). Therefore, the first coordinate pair was at the top
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of the leftmost column (upper left) and the last pair (151°%)
of that column was at the bottom (lower left). This column
ordering continued through to the rightmost column where
the top (upper right) coordmnate pair corresponded to the
22651 dot and the bottom coordinate pair corresponded to
the 22,801% dot (lower right). Thus, the original coordinate

pairs (x,y,) were simultaneously sorted along with their

corresponding shear'tilt-corrected (x,'f, y,) pairs in the same
addressable order. The addressable order of original
centroids was then designated using k as the subscript for

(XMA»)-
Generation of Ideal Affine Array Points

Estimates of the affine factors were needed to begin to
generate an ideal affine army of points. The estimated
factors thus far are given by Equations 1 and 2 for transla-
tion, Equation 6 for rotation, and Equations 15 and 16 for
shear. The fmal estimated factors for scale are now given by
Equations 23 and 24:

M _Mx“ wF+0umn Y s s+ 12 (23)

' R(150)/25.4

‘i\/(xur - xh yw ylr +\/ ul xll yu/ yll )2 :| / 2 (24)
M =
’ R(150)/25.4

Here, the estimated x and y scak factors, respectively M,
and M, were based on the centroid coordinates of the four
comer dots. The average of the upper and lower edge

lengths was used to calculate the M, factor, and the average
of the left and right edge lengths were used to calculate the
M, scale factor. M denotes magnification. Note that in the
above equations, R is the scanning resolution (px/in or dpi),
150 is the ideal length (mm) of an edge of the target grid,
and 25 4 is the conversion factor from inches to millimeters.
Thus, scale factors less than one would indicate an imaged
edge length smaller than the actual length on the target,
whereas scale factors greater than one would indicate an
imaged edge length bigger than the actual length on the
target (i.e., magnified).

Based on Equations 1, 2,6, 15, 16,23, and 24, the esti-
mated affine factorsare now, X, v,60,S_,S , M ,and
M,, respectively. The following procedure generated an
ideal array of x and y coordinates (in pixels) based on scan-
ning resolution, ideal spacing of target grid dots, and COM.
A left-handed coordinate system was used, as is common in
computer graphics, to generate the ideal x-coordinates using
two nested loops in VisualBasic (VBA) code:

X=0
Forc=1To 151

Forr=1 To 151

IdealX(r+X) = (R/25.4)(-76 + ¢) + Xcom
Next r

X=c* 151

Next ¢

where, (-76 + ¢) represents the x-coordinates of dots (in
millimeters)alonga column, c.

Here, ¢ = 1 represents the leftmost column of dotsand r is
the row number in which a dot is located; so that r=1 is the
uppemost ow and r= 151 is the lowemmost row. Thus, for
all 151 dots in the first column (c = 1), the x-coordinate was
-75 mm. Continuing to column 2 (¢ = 2), the x-coordinate
was -74 mm forall its 151 dots, etc., until the last column
(c =151), where the x-coordinate was 75 mm for all its 151
dots. The factor R/254 was to convert millimeters into
pixels, where R was the scanned resolution (pixels per inch)
and 254 was the conversion of 254 mm per inch. Assume
the x-coordinate of the center dot of the ideal aray was at
the x-coordinate of the center-of-mass, obtained from Equa-
tion 1 as X, and was represented by Xcom in the above
code. The result o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>