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ABSTRACT 
 

Thermal Barrier Coatings (TBCs), and plasma spray coatings in general, require critical 

control over the deposited thickness to achieve reliable coating performance. Currently, 

the plasma spray industry quantifies thickness by sampling the part before and after TBC 

deposition. Approximate thickness is thus inferred from previous runs.  However, process 

variability can allow errors to propagate in this result that leads to wasted time and 

resources, and can ultimately lead to non-reliant coatings. To this end, an in situ optical 

fringe profilometer is developed that enables coating thickness measurements across a 2-

dimensional surface.  The initial profilometer concept is explored through requirements 

and trade studies, leading to a hardware and algorithm design family and prototype build 

to capture and compare real-world data to simulation and model predictions.  This initial 

result shows a viable path-forward and the ability to achieve micrometer-scale depth 

resolution. 

 

Modifications and alterations to the in situ profilometer are then explored to 

improve the performance limits achievable.  In specific, industrial spray coatings operate 

by dropping fine-grain media into a high pressure gas line aimed through a plasma torch 

to impart enough thermal and kinetic energy to stick to the part surface.  This presents a 

challenging operational environment for an optical depth measurement sensor, working 

with a variable high-temperature blackbody stray light source; constant part rotation and 

plasma gun movement; and a non-isolated vibration environment.  As such, the concept 

of the profilometer is further adapted specific to this end-purpose, by developing and 
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reviewing both dual-fringe projection and plenoptic imaging.  These techniques allow an 

improvement to both the system micro- and macroscopic depth retrieval limits, allowing 

a method to solve for an extended range of phase ambiguities and relax object focus 

requirements (respectively).  The end result is a system concept and algorithm design that 

presents a feasible manner for automated in situ geometry and depth measurements in the 

plasma spray industry.  The in situ fringe profilometer work described herein allows a 

flexible path to recover object depth information remotely, and is especially relevant for 

asymmetric and complex non-planar geometries, which are experiencing renewed interest 

with additive manufacturing processes and generally quite common to the thermal spray 

industry. 
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CHAPTER 1:  Scope  
 

Introduction 
 

Thermal spray processes and resulting ceramic coatings are a key technology enabler in 

many industrial applications, including aerospace, automotive, and energy markets.  

These coatings are typically deposited on metal components to provide protection from 

harsh operational environments; specifically, they prevent part failure by selectively 

increasing resistance to corrosion, elevated temperatures, and/or abrasion (National 

Materials Advisory Board / National Research Council, 1996) (DeMasi-Marcin & Gupta, 

1994).  Due to the important role that these coatings play for increasing a part's 

reliability, maintaining the coating's quality during deposition is critical. The most 

fundamental parameter to control during the process is the deposited material’s thickness 

(50-400 micrometers traditional range) and uniformity.  Yet this has historically been 

very difficult to measure on actual parts (Choi, Hutchinson, & Evans, 1999).  Rather, 

approximate thickness is inferred from previous runs; e.g., the number of required torch 

passes equals the desired thickness divided by the empirically measured thickness per 

torch pass. Validation involves spot checking the thickness using eddy current sensors (if 

material properties allow); calipers or micrometers; or destructive testing of planar 

witness coupons after the coating has already been deposited. This inferred procedure 

leaves the process open to changes in the coating’s deposition parameters, leading to 

reduced yield and reliability.  
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Scope of Dissertation 
 

Given the importance of understanding the surface treatment quality for thermal spray 

processed components, this research evaluated methods to provide for a real-time, in situ 

measurement capability.  In specific, the development and characterization of a structured 

illumination sensor, referred to as “real-time imaging profilometer”, to provide in situ 

measurements of a particular thermal spray process, namely plasma spraying of thermal 

barrier coatings. This research also includes both real-world correlation measurements in 

a production booth, as well as captures future modifications and supporting analysis to 

improve the performance envelope. 

�

�
Goals 
 

This dissertation captures the operational environment, approach, and data analysis 

necessary to measure the deposition thickness of ceramic coatings as applied in a thermal 

spray booth.  Fundamentally, this leads to the analysis of the design and algorithm family 

to achieve the end performance objectives required.  This is functionally decomposed 

into the primary research goals as follows (categorized): 

(1) System Design & Analysis: 

a. Geometric and interference model of the projector optical system 

b. Sensor prototype design and build, future path identified 

c. Review of tolerances and impact on performance objectives 

(2) Sensor Assembly & Calibration 



 16

a. Prototype integration of sensor components, 

b. Sensor algorithm development & optimization 

c. Calibration of sensor in laboratory environment 

d. Prototype test in thermal spray environment. 

(3) Data Collection & Analysis: 

a. Laboratory & field measurements collected and compared to 

performance / modeling estimates 

 

From another angle, this dissertation captures the necessary background on the 

problem scope relevant to the thermal spray industry.  It then characterizes the process to 

analyze the possible optical sensor methods to measure the desired information, namely 

the coating thickness as it is being applied.  This includes observing and measuring the 

production spray process current state to quantify its intended use, as well as coordinating 

with the customer on the expectations of future performance.  From here, algorithm and 

sensor design studies were initiated and lead to various analysis tools and experimental 

data collections to support the path-forward.  In addition, a prototype sensor was built 

based upon the analysis and research, and captured measurement data to contrast against 

predictions and model expectations.  Finally, sensor modifications to further improve 

performance were analyzed and reviewed in the context of the problem statement, 

providing a path-forward to expand upon the research herein.  This dissertation does not 

however discuss the details of implementing, design-for-manufacture, or marketing a 

sensor design in this application space. 
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Process Description & Assumptions 
 

Thermal spray is a relatively generic title that captures many inherent sub-processes and 

industrial methods.  As such, this dissertation was focused on measuring the deposition of 

plasma sprayed thermal barrier coatings; comprised of a top-layer of ceramic (namely 

yttria-stabilized zirconia, or YSZ) overlaid onto a substrate metal (usually with a 

transition sub-layer such as nickel alloy, to help with CTE mismatch).  This deposition 

process is inherently limited by the quality and underlying knowledge of the ceramic 

surface treatment, as it provides the core protection from high temperature environments 

(such as those that exist in an turbine engine).  An example of a standard plasma spray 

booth robotic arm is provided in Figure 1.  This illustrates a traditional plasma gun as 

mounted on a multi (4 to 6) degree-of-freedom robotic arm to accommodate variable part 

geometries in the booth.  The plasma gun has hoses connected to supply the requisite 

electrical connections; gas pressure feed line to sustain the plasma as well as deliver the 

powder feed stock when required; and the input / return of water cooling to extract the 

waste heat by-product.  Given that the booth setup is complete, the plasma gun then 

ignites an arc in the front chamber orifice in the presence of the high pressure / volume 

gas flow (required for plasma creation as well as supporting thermal and deposition rate 

management), which is shown in Figure 2.  In the background of this figure, the part to be 

coated is also shown setup and rotating as mounted on a spinning mandrel to improve 

coating uniformity.  At this point, the robotic arm is activated, and would bring the 

plasma gun over to the part to start warming up the surface to improve adhesion of the 

coating.  
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Figure 1. Example of plasma spray gun as mounted on articulated robotic arm.  Also 

details the associated electrical, gas / feed stock, and water cooling lines present. 
 
 

 

Figure 2.  Demonstration of thermal spray setup.  Same setup as shown in Figure 1, with 
ignited plasma arc moving to begin deposition process on rotating sample in background. 

 

YSZ is then fed into the plasma / gas stream as a powder to start the gradual build-up of 

the surface treatment, with an example image of the media as captured in Figure 3.  By 
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tuning the combination of powder properties; gas exit volume and velocity with resulting 

plasma temperature; and robotic arm behavior to control the dwell time over any 

particular point of the part surface, the coating build-up rate can be programmed to 

improve the repeatability from one lot to another for a production environment.  Given 

the nature of the media (white visibly reflective ceramic), it is assumed that any optical 

measurement signal to aid in thickness determination would be from the reflection off of 

the top highly diffuse surface.  In addition, the sensor would need to operate around / 

within the presence of the plasma source, effectively a very high temperature blackbody 

emitter, which also has spectral emission lines present based upon the gas properties 

(constituents and pressure / volume flow rate).  This sets the process background and 

limitations on the modalities and physics of the problem, for what could be studied to 

understand the coating thickness as it is being deposited. 

 

 

Figure 3. Example of zirconium dioxide powder.  Visually equivalent to YSZ which 
would include a small percentage (4-8% traditionally) of yttrium oxide added to stabilize 

the crystal structure at room temperature (Wikipedia, 2014). 
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Summary 
  

Although this dissertation focuses on a specific plasma spray process and material family, 

it can be leveraged to the more general industrial thermal spray processes.  An 

understanding needs to be made that the media will be equivocally non-transmissive and 

optically diffuse; but all other assumptions would be per the specific setup or operation in 

the booth environment.  This research and identified techniques are important as it 

provides a manner to measure and understand the plasma spray process while it is being 

applied, to help enable an improvement in yield and reliability of the surface treatments.  

In addition, these methods and tools can improve the ability to design and develop new 

coating formulations, providing real-time feedback to the designers and industry partners 

for performance evaluation at both nominal and thickness tolerance limits. 
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CHAPTER 2:  History  

Thermal Spray Background 

In the early twentieth century, Dr. Max Schoop and associates developed the pre-cursor 

technology and equipment (International Thermal Spray Association, 2007) for 

producing coatings using molten and powdered metals.  This ultimately led to the class of 

technology referred to as ‘thermal spraying’, which can be defined as:  

 
A group of coating processes in which finely divided materials are  
deposited in a molten or semimolten condition to form a coating.   

 

Today, the thermal spray industry is seen as a critical and enabling capability, 

serving over thirty (30) technology sectors and conceivably helping generate billions in 

sales per year.  The range of applicable coatings allows selective improvements in 

material strength; thermal protection; metal fatigue, corrosion, or abrasion resistance; and 

electrical grounding or conductivity improvements, etc.  This implies that there are 

multiple material classes to work with and therefore multiple methods to deposit onto 

substrates.  To illustrate the range of processes encompassed, Figure 4 presents a view of 

the top recognized thermal spray methods, as separated by heating source.  Of all these 

processes shown, “Non-transferred Plasma Arc” or plasma spraying operates through the 

generation and sustainment of plasma, to reach very high temperatures (5,000 to 16,000 

Celsius) necessary for the deposition of high melting temperature ceramics, such as YSZ 

for thermal barrier coatings.  In addition, through manipulation of both the gas species 

(argon, nitrogen, hydrogen, helium, or some combination thereof) and pressure / volume 
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flow, the end-user can dial in the particle nozzle exit velocity and plasma thermal 

temperature to tune the process recipe to meet the stated coating objectives. Due to this 

inherent flexibility, plasma spraying serves a large fraction of the markets for the broader 

thermal spray industry, and specifically provides a path to cater to the high performance 

thermal coating insulation need.  This is achieved through a sub-process family of 

vacuum plasma deposition techniques.  This is utilized where material surface properties 

are absolutely critical to the efficiency and reliability of the system, and requires 

operating the plasma spray in a vacuum environment to help remove the potential for 

sub-layer contamination or temperature perturbations.    

 

��������
	
���

���
����
��
����

�����

����
�����

������
�����
��

���������

�������

��������������
���������������

��� �������!��

���"�
���
���

�������#����
����$��

���!�����%��

����&��#����%'���������%���$��
 

Figure 4. Thermal spray application methods by heat source.  Adapted from ITSA 
(International Thermal Spray Association, 2007), showing focus on “Non-Transferred 

Plasma Arc” thermal spray process for research efforts. 
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Thermal barrier coatings (TBC) are just one class of surface treatment enabled by 

plasma spraying, but account for a dramatic change in technology and material design 

options.  The ability to isolate and protect against peak temperature loads helps to 

increase operating lifetimes and reliability across numerous applications.  One simple but 

important example to illustrate this is through the ceramic thermal insulation on an 

automobile engine exhaust manifold, which is shown as deposited with a hand-held 

plasma spray setup in Figure 5.  This allows the system to operate more efficiently while 

protecting neighboring components from otherwise severe thermal loads.   

 

�

Figure 5. Example of hand-held plasma spraying process.  As would be utilized in the 
deposition of a thermal barrier coating (Wikipedia, 2014) 

 

Thermal barrier coatings are usually comprised of a metallic bond coat on top of a 

metal substrate, which then has a ceramic topcoat applied.  This topcoat is typically YSZ 
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as previously mentioned, and has a very low thermal conductivity while retaining its 

strength at high operating temperatures.  This sandwich coating approach allows a 

comparably thin insulation layer to isolate potentially very large heat loads that could be 

prolonged in nature, such as that within a gas turbine engine.  In that application, by 

allowing a higher operational temperature internal to the turbine, the compression ratio 

can be subsequently increased, leading to more efficient combustion and fuel energy 

extraction.  This is useful for both direct energy-generation activities, as well as 

improving the fuel efficiency for transportation, such as what is currently utilized for 

most modern commercial airlines.  However, today the limitation for maximum turbine 

engine operational temperature is not limited by the base media or material properties, 

but rather on the reliability and lifetime impact for the internal coating application.  This 

highlights one of the base desires for an in situ thermal spray coating thickness 

measurement capability, to improve the coating process tolerances; aim for 100% 

sampling and automated acceptance; and help enable a path to run engines hotter by 

further relying on the coating reliability (referred to as “prime reliance”) to push energy 

extraction efficiency closer to the stoichiometric limit (Langston, 2015).  

 

Thermal Spray Current Measurement Approach 
 

Successful application of thermally sprayed coatings relies on many interrelated 

variables.  Small deviations in these variables (e.g., torch power, arc strike, powder size 

distributions, booth ventilation, gas flow rates, etc.) can create a substantially different 
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coating in terms of both geometry and reliability (Fauchais, 1995) (Beele, Marijnissen, & 

van Lieshout, 1999) (Dwivedi, Wentz, Sampath, & Nakamura, 2010).  To compensate for 

these errors, deposition variables are currently maintained by implementing process 

controls on the impact plume's properties, including particle velocity, diameter, 

temperature, and dispersion (Fauchais, Understanding plasma spraying, 2004) (Prystay, 

Gougeon, & Moreau, 2001) (Vardelle, et al., 2001).  Yet, even with this feedback, 

coating failures and yield issues still persist, especially on critical components that 

operate near the temperature, thermal cycling, and high-velocity impact limits of the 

material and coating.  Ultimately, since many of these procedures do not test the 

deposited coating, increased time and resources are required to assess a pass or fail 

criteria. Thus, an in situ thickness measurement of the coating would help to understand 

the real-time variations of the process, enabling more consistent results.  Furthermore, an 

active mechanism to understand the coating thickness and uniformity would help both 

designers and fabricators to optimize the numerous variables based on actual part 

feedback.   

 

With the aim of increasing reliability and coating yield, several noncontact 

thickness gage approaches have been demonstrated in the past, such as photothermal (PT) 

or laser-ultrasonic (LU) techniques (Fabbri & Oksanen, 1999).  However, utilization of 

these technologies is limited by the inherent complexity and costs, and usually requires a 

priori knowledge of the coating properties or geometry, which adds additional complexity 

and uncertainty.  Furthermore, the spray process imparts a significant heat load and 
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therefore temperature gradient to the part's substrate.  This causes the part to 

geometrically expand; a situation for which PT and LU techniques are inadequate to 

compensate against and adds a potentially large error source if left unmitigated.  This 

type of error means that the measured coating thickness could have a smaller magnitude 

than the net substrate's thermal expansion change.  Lastly, optical techniques, such as line 

projection, have been successfully attempted; however, their applicability is primarily 

limited to simpler part geometries (Nadeau, et al., 2006) due to the single dimension of 

measurement sensitivity and inability to handle large swings in object surface height. 

 

In this dissertation, a viable approach to in situ coating thickness measurement is 

described.  Leveraging the sensitivity of optical interferometric methods, while 

ruggedizing it for use in the harsh environment of thermal spray production, a fringe 

projection sensor is demonstrated that enables real-time and per-pass thickness 

measurements.  In addition, computational imaging features are analyzed to show the 

capability for focus depth improvements and passive depth retrieval estimates to support 

measurement of more complex geometries and/or relaxed booth implementation 

requirements.  This new approach allows for the direct measurement of the coating 

layer's thickness, independent of material properties and localized thermal expansion.  �
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CHAPTER 3:  Fringe Projection  
 

Fringe projection involves projecting a known pattern onto an object and then viewing 

the result from a different direction.  With the knowledge of the pattern input, and the 

angle difference (between projection and viewing), information is garnered about the 

surface topology.  First presented in 1967 by Rowe and Welford (Rowe & Welford, 

1967), fringe projection allows a novel method to study surface shapes and slopes that are 

beyond the dynamic range limits of more traditional interferometry and usually diffuse in 

reflection, with a non-optical surface finish.  Due to the requirement of an angle offset 

between the projection and imaging paths, projection techniques are a class of 

triangulation and follow the limitations therein.  That said fringe projection 

measurements can operate beyond any single projected point or line behavior, to help 

capture and represent a 2-dimensional surface.  Then, by control over the characteristic 

fringe behavior and focus attributes of the recording / imaging system, the method can 

record surface depth deviations from the micrometer to the centimeter or larger scale.  

This singular attribute is fundamental and critical for the measurement of plasma spray 

coatings where the base surface figure has no known geometry or guarantee, and the 

desire is to measure over a large 2-dimensional region where the full coating thickness 

build-up can approach a millimeter or more. 

 

In one of the simpler projection techniques to retrieve a surface slope or contour, 

a series of straight lines can be illuminated onto the object under test.  Then assuming a 

consistently spaced pattern with a collimated illumination beam and viewing path, the 
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measured line separation interval would correlate to the integrated surface slope between 

any two (2) consecutive line edges, which would allow an average surface profile to be 

extracted on the same sampling basis or resolution as the line pattern itself.  This is 

illustrated in Figure 6 where the internal spacing between any two lines is correlated to 

the height change (with D1 equaling less than D2).  In the same way, the viewed line 

thickness would give insight into the average surface slope over that region illuminated, 

with the “wider” viewed lines implying that the surface had a slope more normal to the 

viewing direction (less than a as shown), and thinner lines on regions with an average 

slope at an angle greater than a, as captured in the figure. 

a
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Figure 6. Example of projected lines onto coarse object.  Viewed at an angle a, showing 

the variability in perceived line spacing 
 

This behavior is more clearly showed in the example provided in Figure 7.  Here a 

face mask is illuminated with a series of straight-line fringes (in the vertical direction as 
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shown), and viewed with an imaging system to the left-side of the face mask 

(respectively).  The resulting image captures the behavior and departure of the straight-

line fringes, which are correlated to the surface slope at each resolution element (whether 

limited by the camera system or the thickness / spacing of the periodic linear 

illumination).  When the surface normal angle merges closer to the normal angle to the 

imaging system, as exists on the left-hand side of the nose and cheek region, than the 

fringe spacing starts to decrease its perceived spatial period.  Conversely, on the right 

side of the mask’s nose and cheek, the line spacing density and spatial period are 

increasing, until ultimately it exceeds the sampling resolution of the camera system and 

loses any potential information therein.  

 

 

Figure 7. Example of projected lines providing surface slope and contour information.  
Here as presented on a face mask where the edge of the nose region has a steeper slope 

facing the viewing direction and equates to an increase in line spacing (Creath, Schmit, & 
Wyant, 2007). 
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This highlights the potential capability of projection measurement systems, as 

well as their limitations.  The facial slope and contour on the right-hand side of the mask 

are pushed to a higher frequency by the slope behavior and therefore have less spatial 

samples.  This leads to potential of aliasing (or incorrectly sampling a carrier frequency 

and therefore misidentifying it at a lower fundamental frequency) or data dropout at the 

optical system cut-off frequency.  One can reduce the input spatial period to help reduce 

this possibility, thereby increasing the capable dynamic range of the fringe projection 

system.  However, the trade-off is a lower spatial resolution for the acquired surface 

slope, which will mean fine-resolution features, such as the curvature around the lip 

edges are either reduced in resolution or averaged out altogether.  This is a trade-off in 

both resolution and instantaneous dynamic range for the projection system measurement 

limits, and is later explored in the context of the plasma spray coating system. 

 

 

Fringe Projection for Plasma Spray 
 

In fringe projection the target under test is illuminated with an off-axis sinusoidal 

intensity pattern. After including a triangulation factor, this projected pattern modulates 

the 3D spatial information of the target onto its phase. Comparison of the measured 

phase, to that of a reference measurement (for this instance, taken of a flat planar target) 

enables one to relate the measured phase to the sample’s physical depth. An illustration 

of the fringe projector’s geometry is provided in Figure 8. 
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Figure 8. Optical geometry for measuring the 3D surface profile.  Reference geometry 
using fringe projection, adapted from (Srinivasan, Liu, & Malioua, 1984). 

 

The geometry of Figure 8 shows that the projected sinusoid's illumination is 

incident onto the reference plane at an angle � o with an observed fringe period p0 

(Srinivasan, Liu, & Malioua, 1984). The detected reference plane intensity can be 

represented at point C by 

 ( ) ( ) ( )0, , cos 2 ,p= +CI a x y b x y OC p  (1) 

where a(x,y) is the background light level, b(x,y) is the modulation or contrast of the 

sinusoid and OC is the distance between those two points (and O is the origin, defined as 

the intersection of the optical axis with the reference plane).  Therefore, Equation (1) 
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establishes a reference phase 02 .f p=R OC p  When the reference is removed and the 

sample is measured at point D, the detected sample plane intensity can be expressed as 

 ( ) ( ) ( ) ( )0, , , cos 2 ,p= +� �� �DI r x y a x y b x y OE p  (2) 

where ( ),r x y  is the sample’s reflectivity. The phase difference, � � CD between points C 

(the reference measurement) and D (the sample measurement), can be related to the 

distance EC by 

 ( )0 2 .p f= D CDEC p  (3) 

Assuming � n is small (Srinivasan, Liu, & Malioua, 1984) means that the physical distance 

between the reference and sample surfaces can be calculated as 

 0tan .q=FD EC  (4) 

Thus, measuring the phase difference � � CD can be accomplished at each spatial location 

within the scene. Such a phase extraction can be achieved, within a single snapshot, using 

Fourier transform techniques (Kudenov M. , Jungwirth, Dereniak, & Gerhart, 2010) 

(Kudenov M. W., Jungwirth, L., & Gerhart, 2009) (Kudenov, Pezzaniti, Dereniak, & 

Gernart, 2008) (Luo, Oka, DeHoog, & Kudenov, 2008) (Chen, Brown, & Song, 2000) 

(Su & Chen, 2001). Expressing Equations (1) and (2) in terms of the general spatial 

coordinates (x, y) yields 

 ( ) ( ) ( )0, , cos 2p= +RI a x y b x y x p  and (5) 

 ( ) ( ) ( ) ( ) ( )( )0, , , , cos 2 , ,p f� �= + + D� �S CDI x y r x y a x y b x y x p x y  (6) 
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where the spatial frequency is assumed to vary only along the x dimension. Taking the 

two-dimensional (2D) Fourier transformation of Equations (5) and (6) yields 

 ( ) ( ) ( )0 0, 1 1d x d x= + * - + * +� �� �RI x y A B p B p�  and (7) 

   
( )

( ) ( ) ( ) ( ), ,
0 0

,

1 1 ,CD CD

S

i x y i x y

I x y

R A B e p B e pf fd x d x- D D

=� �� �

� �� � � �* + * * - + * * +� � � �� �

�

� �
 (8) 

where ( ),x h  are the Fourier transform variables of ( ),x y , while A, B and R are the 

Fourier transforms of a, b and r, respectively, d  is the Dirac delta function, and *  stands 

for the convolution operation. Note that A, B, and R are implicitly dependent upon ( ),x h . 

Fourier filtering one of the sideband’s delta functions, in both the reference and sample 

data, yields 

 ( ) ( )0, 1x h d x= * +REFC B p  and (9) 

 ( ) ( ) ( ),
0, 1 .fx h d xD� �= * * * +� �

CDi x y
SAMPC R B e p�  (10) 

Inverse Fourier transformation of CREF and CSAMP produces two exponential functions 

within the spatial domain 

 ( ) ( ) 02, , p= i x p
refc x y B x y e  and (11) 

 ( ) ( ) ( ) ( )0 ,2, , , .fp D= CDi x yi x p
sampc x y R x y B x y e e  (12) 

Lastly, division of Eq. (12) by Eq. (11) demodulates the sample data as 



 34

 ( ) ( ) ( ),, , fDF = CDi x yx y R x y e  (13) 

Taking the argument of Eq. (13) extracts the phase information � � CD(x,y). The surface's 

depth can then be calculated using Eq. (3) and (4) provided previously, which equate the 

measured phase to the systems equivalent wavelength to return to spatial units. 

 

As a working example of this approach, Figure 9 captures the primary data 

collections for mapping a portion of the back surface relief features of a United States 

quarter.  Figure 9 (A) shows the sample quarter as it would be viewed to an external 

observer under standard illumination, while (B) captures the intermediate result when a 

moderate spatial fringe frequency is projected onto the quarter and imaged at an angle set 

to 30 degrees.  It is also mentioned that all three sub-images in the figure are rotated 90 

degrees from actual acquisition, to present a “right-side-up” view of the quarter image.  It 

is not recommended to project the fringes in parallel to the projection angle, as it can 

cause a blind spot or null return to depth changes in that direct.  In that situation, any 

depth changes purely parallel to the projection axis would be oriented 90 degrees to the 

fringe spatial period and the cross-product would be zero.  After applying the Fourier 

transformation and filtering as previously disclosed, the depth information is retrieved 

and shown in (C).  Here the base “eagle” relief detail is clearly evident.  That said this 

example also shows two issues clearly as well.  First, passing spatial information without 

any fringe projection overlay causes erroneous noise to be interpreted as a phase shift 

(captured to the left of the quarter image), and would need to be screened prior to 

implementing in the algorithm in real applications.  The second is that the reconstructed 
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spatial resolution of the surface features directly follows the base fringe frequency, which 

was discussed above.  However, this provides a good example of the implementation of 

the fringe projection data products and resulting outputs. 

 

     

(A) (B) (C) 

Figure 9. Example 3D scene reconstruction with fringe projection.  Capturing (A) source 
image of quarter, (B) intermediate image with fringe pattern overlaid on quarter, and (C) 
final 3D extraction result with depth color-coded between white (closer to optical system) 

and black (further away) 
  

 
Differential Measurement Technique 
 

Both precision and accuracy in the aforementioned measurement methodology relies on 

critically measuring the phase difference between the sample and reference planes. 

Typically, the designs of such systems are configured to avoid any modulo 2p phase 

unwrapping errors (Ghiglia & Pritt, 1998). This leads to the assumption that the target 

geometry is smoothly varying within the region of a single fringe. For thermal spray, this 

is often the case, as most surface coatings have continuous derivatives (smoothly varying 
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geometry as imparted by the plasma process). However, other sources of phase ambiguity 

and error can arise due to part motion. Herein, we refer to such motion errors as "jitter", 

or "jitter error".  For instance, a nominal part undergoing thermal spray may be mounted 

on a spindle chuck, rotating in excess of 300 rotations per minute (RPM), with a run-out 

greater than 10 millimeters.  This translates into a variable and cyclical imager-to-object 

distance versus time. Unaccounted for, this error is substantially larger than the 

micrometer-level changes in coating thickness that is desired to be measured.   

 

As part of our system development, we selected a fringe period � 0 to maintain the 

peak-to-peak phase error, caused by jitter, to within +/- p/2. Additionally; the jitter error 

is compensated by incorporating a single object-based reference frame in combination 

with a differential technique between two separate regions on the target's surface. While 

differential measurements, to compensate jitter, have been implemented by others in past 

research using line projection (Nadeau, et al., 2006), its application to fringe projection 

within the context of thermal spray, to the best of our knowledge, has not been studied.   

 

By incorporating a differential approach, we can reduce the measurement's 

sensitivity to target jitter. However, there are also differential effects that occur due to the 

geometry of the target or part. Part geometry can be accounted for with a measuring pass 

prior to the coating process's start, thus acquiring a part-dependent reference image. The 

differential operation is described by expanding � � CD(x,y) in Eq. (13) to include both the 

part's geometry and the coating's thickness for two unique spatial locations in the scene. 
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This geometry is depicted in Figure 10 for a cylindrical target of radius RS. In this case, a 

reference frame is taken of the uncoated but sandblasted (e.g., diffusely reflecting) part. 

At a later time, the coating is deposited on the surface at the previously measured 

location. However, due to jitter, it is separated by a distance dj away from the original 

reference plane. To quantify dj and to isolate it from the coating thickness dc, two points 

are compared: one with (D1) and without (D2) the coating.  

 
 

 
 
Figure 10. Exaggerated geometry for the differential phase measurement. The reference 
measurement is now a frame taken from the data of the part without coating. Vibration 

and jitter creates a phase shift away from the reference plane upon a subsequent 
measurement. 

 

Assuming that � n1 and � n2 are close to 90 degrees enables us to use Eq. (13) as 

before to calculate the phase � � CD(x,y) at both locations D1 and D2, yielding � � CD1 and 
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� � CD2, respectively. These phase terms can be represented as a combination of the 

coating's thickness dc and the jitter separation dj as  

 1 2 /
1 1 1

f p lDF = =CD j EQi i dR e R e , and (14) 

 2 2 / 2 /
2 2 2

f p l p lD -� �F = = +� �
CD j EQ c EQi i d i dR e R e e , (15) 

where � EQ is the equivalent spatial wavelength, expressed as 

 0 0tanl r q=EQ . (16) 

Taking the argument of Equations (14) and (15) yields  

 1 2 /f p l= j EQd , and (17) 

 ( )2 2 /f p l= -j c EQd d . (18) 

The difference of the arguments results in the differential phase term, with both the 

geometry and coating effects present. Subtracting � 1 from � 2 isolates the coating's 

thickness from the measurement such that  

 1 2 2 /f p l-D = c EQd  (19) 

An example of this differential technique is illustrated in Figure 11, which depicts 

an image of a stainless steel witness coupon as viewed under fringe illumination.  This 

coupon has a layer of Yttria-Stabilized Zirconia (YSZ) on the right half (denoted within 

the box labeled ‘a’) and sandblasted metal on the left half (box ‘b’).  Following any 

fringe (black or white line set to a diagonal direction) there is a noticeable phase shift in 
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the transition from the bare metal to the YSZ deposited layer at this magnification.  This 

relates to a change in thickness between the two regions due to the coating.  This 

boundary layer is also clearly captured by the change in relative image irradiance, due to 

reflection differences; as the YSZ coating is nearly a white Lambertian surface while the 

sandblasted metal has an appreciably lower reflection value. In the differential 

measurement approach, two regions are identified on separate sides of the image that are 

aligned with the torch's motion. This way, by comparing the two regions, the common 

mode defocus in the system can be effectively rejected, while having the torch lay down a 

coating layer would be picked up first by one side before the other.  Then by treating one 

as the reference, a snapshot differential phase measurement can be produced.  

 

�

�   

Torch Motion  

�  �  
Part Motion  

 
Figure 11.  Example Image of Surface under Fringe Illumination, Coated (Right) and 

Bare Substrate (Left). 
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�

 
Figure 12. Demonstration of differential image division approach to extract 2D map. 

 
 
 

Assuming the plasma torch deposits the coating material over the surface, moving 

from the right to the left in Figure 11, then the increase in thickness would be detected by 

box (a) before box (b). This change can be directly related to an increase in the coating's 

thickness.  Applied more generally, as depicted in Figure 12, this differential (single 

frame) measurement approach can occur over many points in the image at once. For 

instance, Figure 12 demonstrates that if the image were broken up into 5x5 zones, then 

the phase difference across the image could be measured and calibrated to thickness 

across a larger 2-dimensional space. This approach assumes that the plasma torch's spot 

size is small (approximately less than half of the camera's field of view) so that the full 

deposition at point (a) is completed before it hits point (b), otherwise, multiple frames 

would need to be summed as part of the calibration process.  In addition, if the system is 

mounted off the robotic arm, it will require an acquisition frame rate that is high enough 
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to capture the torch at several positions as it transitions across the FOV. This allows a 

significant increase in sampling points and measuring area for any given snapshot and for 

each individual coating pass.  Otherwise, it will need its field of view matched 

appropriately to the torch deposition position to maintain alignment as the robotic arm is 

maneuvered (per previous statements).  Thus, by measuring these individual passes, and 

summing the total phase change during the transitions, a measurement of the overall 

coating thickness can be determined across the part's surface.   

 

Structured Light Illumination Sources 
 

Previous examples and figures have shown an implementation of a fringe projection 

system.  However several options exist for creating a fringe projection, or more 

generically a structured illumination (SI) pattern on a target.  As part of this research 

effort, two (2) methods were built-up in the laboratory. The first consists of a shearing 

Sagnac interferometer based on polarization optics. While this interferometer produces 

straight line interference fringes that can be projected onto a target, it is not robust 

enough to insert into an actual thermal spray process. Consequently, the second system 

under investigation consists of birefringent Savart plates. These produce an identical 

shearing effect to the Sagnac interferometer in a more compact and robust package.  Both 

systems are described in more detail herein. 
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Sagnac Interferometer Development 
 

The polarization Sagnac interferometer (PSI) that was configured is depicted in 

Figure 13.  It consists of two mirrors, captured as M1 and M2, with a polarizing cube 

beamsplitter (PBS) which projects two sheared convergent (or divergent) wavefronts onto 

a sample path.  Note that a lens is situated at the input with focal length fcon to produce a 

convergent beam in this example.  The distance between the PBS and the mirrors, M1 and 

M2, is denoted as d1 and d2, respectively.  Two beams, with a shear SPSI, are created when 

d1 is not equal to d2.  If the distance, d1, is offset by an amount � , such that d1 = d2 + � , 

the shear is, 

 a= 2PSIS . (20) 

 
 
 

 
Figure 13. Sagnac interferometer configured to project straight line fringes onto a sample. 
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Straight line interference fringes are generated when the incident beam is 

convergent or divergent.  In this architecture, if we look at the interfering region per 

Figure 14, we have two spherical wavefronts with a non-zero sag distance, or the distance 

between the reference plane (the horizontal, y-axis here) and a surface of constant phase 

on the wavefront.  

 

 

 
Figure 14. The two sheared wavefronts are incident upon a sample, which is coincident 

with the y axis. 

 

 

Given that each wavefront is a sheared copy of the input beam, both wavefronts 

have a radius of curvature R that is equal to the focal length of the convergent lens fcon.  

Therefore, the sag for each wavefront can be calculated using the parabolic 

approximation as, 
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( )-
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2

0
2 ,

2

y y
sag

R
 (22) 

 

where y0 is one-half the amount of shear induced by the Sagnac interferometer.  

Subtracting the two sags enables us to calculate the optical path difference between the 

two wavefronts as 
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 (23) 

 

Since this approach takes a difference between the two wavefronts, a shearing 

interferometer is referred to as a differential interferometer.  Here, the resultant fringe 

pattern is essentially a measurement of the wavefront derivative.  This is also evident in 

the result, as we started out with a quadratic wavefront (y2) and received a linearly 

varying OPD (y).  This is converse to what is seen in a Michelson wavefront (non-

shearing) interferometer, where interference between a quadratic wavefront and a flat 

wavefront produces a quadratic OPD.  A view of the developed Sagnac interferometer is 

depicted on the benchtop per Figure 15 (A), while coarse fringes that were generated are 

portrayed in Figure 15 (B).  It should be mentioned that the camera system incidence 

angle � o, was set to 54 degrees. 
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Figure 15. Experimental Sagnac setup on the benchtop, with (A) overhead view and (B) 

photo of the interference fringes that are projected onto the 50x50 mm2 ceramic tile. 
Note that these fringes have a much lower spatial frequency, for clarity, than the ones that 

are used in actual profilometry. 
 

 

 

  

(A) (B) 

Figure 16. Sheared wavefront detail, showing (A) macro image of full pupil overlap, and 
(B) inset detail at edge of shear and overlap region. 
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A more detailed view of the Sagnac interferometer shear image and resulting 

fringe period is shown in Figure 16.  Here, the full pupil overlap and shear is captured in 

the full inset image of Figure 16 (A), while a zoom-in on the detail near the edge of the 

overlapped pupils is provided in sub-figure (B).  This geometrically illustrates the shear 

magnitude and effect, in allowing linear fringes to exist only in the overlapping pupil 

area.  The perceived projected fringe spatial frequency is then a combination of the 

diverging / converging wavefront radius, and the camera offset angle (� o) from the 

sample or target surface normal vector. 

 

 

Savart Plate Interferometer Build 

 

While the Sagnac interferometer is robust with respect to vibrations (i.e., its common 

path design allows both beams to transmit along identical optical paths), it is still 

relatively large, and sensitive to misalignment and thermal fluctuations. Therefore, a 

more robust interferometer is needed for insertion into a thermal spray environment. One 

design that was then investigated experimentally is based on birefringent Savart plates. A 

schematic of a Savart plate shearing interferometer is depicted in Figure 17, and it 

consists of two uniaxial crystal plates with a fast axis cut 45 degrees with respect to either 

face. 
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Figure 17. Savart plate interferometer. An incident unpolarized beam is sheared into its 

orthogonal polarizations by a distance proportional to � . 
 

The shear of the Savart plate can be defined as, 

 a
-
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+
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n n
, (24) 

where t is the thickness of each plate (i.e., the half thickness of the overall Savart plate) 

while ne and no are the extraordinary and ordinary indices of refraction, respectively. 

Therefore, this monolithic and compact plate represents the same functionality as the 

Sagnac interferometer described previously. Substituting the Savart plate for the Sagnac 

interferometer in Figure 13 yields the equivalent birefringent system per Figure 18.  In 

this configuration, a converging laser beam is shown, with the first linear polarizer (LP1) 

ensuring the stability and orientation of the input polarization state to split the energy 

equally into both the ordinary and extraordinary crystal axes (to preserve the visibility 

function).  After passing through the Savart Plate (SP), the fringes are put everywhere in 

object-space through the inclusion of a second linear polarizer (LP2).  This polarizer is set 
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notionally between the two orthogonal polarization states to ensure that coherent 

interference can occur.  In practice, the exact angle can be slightly varied to account for 

differences in throughput (due to Fresnel effects or tolerances) between the two 

polarization states to achieve the highest visibility at the object location. For this testing, 

a Savart plate was currently on-hand and available, as made from calcite birefringent 

crystal, with a shearing distance of approximately 1.78 mm. A photo of the Savart plate 

interferometer laboratory setup is provided in Figure 19 (A) while fringes that were 

generated from the setup are provided in  

Figure 19 (B). 

 

 

 
Figure 18. Savart plate interferometer. An incident unpolarized beam is sheared into its 
orthogonal polarizations by a distance proportional to �  and straight line interference 

fringes are present in the overlapping region of the two beams. 
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Figure 19. Experimental Savart plate setup on the benchtop. (A) Overhead view, with the 

sample slightly out of frame, but consists of a white ceramic tile that the fringes are 
projected onto. (B) Images of the interference fringes from the Savart interferometer. 

 

 

Laboratory Results 
 

With a functional laboratory system, preliminary profilometry results have been acquired 

on a variety of representative targets, including a ceramic tile and thermal spray witness 

coupons.  An example of the ceramic tile is provided in Figure 20, with the projected 

fringes.  The tile was first imaged to acquire a reference measurement (A) before it was 

tilted by approximately 2 degrees and a sample frame was acquired (B).  Comparing the 

phase between the reference and sample is accomplished by Equations (11) and (12), and 

extracting the phase � � CD(x,y) through Equation (13) yields the quantity that is directly 

proportional to the surface's depth. For clarity of the fringe behavior, Figure 20 (a) and 

(b) represent a 200x200 pixel sized region that was extracted from the full 1280x960 

pixel image. 
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Figure 20. Raw data of the ceramic tile, with (a) reference and (b) sample images. Note 

the small phase shift in the interference fringes between both images, which is indicative 
of the tilt that was induced between the reference and sample. 

 

Post processing these data sets yields the expected linearly varying phase, as 

illustrated in Figure 21.  Notable also in the figure is the phase or depth noise, which is 

reviewed to determine the limiting source as part of the development path (discussed in 

next section). 
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Figure 21. Processed data qualitatively illustrating the linearly sloped phase change. 
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Plasma sprayed witness coupons (outer layer comprising YSZ, base material 

sand-blasted steel) were also measured on the laboratory fringe projection interferometer 

system.  Raw reference and sample data are provided in Figure 22 (A) and (B), while the 

reconstructed phase map is provided in Figure 23. These data contain a higher spatial 

fringe frequency than the previous data, which aids in detecting high spatial frequency 

features such as the step between the base metal (nickel metal substrate) and the ceramic 

coating.  From the data provided, it is quite evident that the chosen parameters of the 

system were able to correctly retrieve a 2D depth map of the witness coupon and identify 

the sharp slope of the ceramic coating and its respective edge (Figure 23 (B) illustrates 

this clearly with a central cross-section view).  

 

 
Figure 22. Raw data for the (A) reference and (B) sample. Data is of the ceramic coating 
after thermal spray deposition of approximately 304 microns of ceramic and base coat. 
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Figure 23.  Processed phase map, in radians, calculated from the raw data depicted 
previously. (A) 2D phase map, and (B) 1-dimensional profile through the center. 

 

In addition, it is again apparent that the YSZ ceramic coating has an increase in 

the surface reflectivity across the visible spectrum, and this translates into a higher signal 

in that region of the image.  That said one of the strengths of this technique is that above 

a certain signal-to-noise limit, the perceived image scene irradiance does not bias the 

depth retrieval measurement scheme.  However, in the future, it could provide a form of 

logic for “first-pass” quality assessment when the material is initially applied to the base 

substrate. 

 

Quantifying the relative field of view and physical fringe spacing allows for the 

phase, in radians, to be converted into a physical depth.  A subsequent measurement of 

the same coupon, this time with a quantified fringe spacing, is depicted as raw data in 

Figure 24 (A) with an associated processed phase map per Figure 24 (B).  
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Figure 24. (A) Raw and (B) reconstructed phase data from the second measurement. 
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Figure 25. One-dimensional surface profile of the ceramic coating, calibrated to an 
absolute thickness in millimeters. 

 

An extracted 1-dimensional cross-section across the middle of the surface shown 

previously in Figure 24 (B), subsequently converted to spatial depth coordinates, is 
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depicted in Figure 25.  Here is it evident that the deposited base-layer (nickel metal 

substrate) and top-layer (ceramic coating) constituted a mechanical thickness of just over 

0.20 mm (or .008 inches).  For reference, the deposition process was aiming to achieve 

between 0.25 – 0.30 millimeters of total material application on the coupon.  

 

Depth Noise Analysis & Quantification 

In order to quantify the measurement accuracy of the current Sagnac interferometer, and 

to investigate the limiting sources of noise, the ceramic tile previously discussed was 

imaged while translating it longitudinally in 12.7 micrometer increments. A total of 16 

measurements and 1 reference were taken, yielding a total translation of 203.2 

micrometers. Each image, including the reference, was taken without temporal averaging 

and no techniques were implemented to reduce the influence of laser speckle noise.  

Three of the raw data frames, corresponding to overall translations of 12.7, 127, and 

203.2 micrometers, are depicted in Figure 26(A, B, and C), respectively. 

 

 
Figure 26. Raw data of the translated ceramic tile, for (A) 12.7, (B) 127, and (C) 203.2 

micron translations. 

(A) (B) (C) 
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Performing the reconstructions on these data enables the noise and accuracy to be 

quantified by calculating the standard deviation on the measured data, as a function of 

translation, for each pixel in the scene.  Note that since the scene is not fully illuminated, 

only the central 500x500 pixels in the 1280x960 pixel image was used for these 

calculations.  From this analysis, the standard deviation in depth was calculated to be 9.7 

� m, which is on the order of the ideal step size of 12.7 � m.  Since a typical coating's 

thickness is on the order of 10-40 � m, this sensitivity is too low to perform accurate 

measurements of a coating. Therefore, the limiting noise of the system must be 

determined in order to mitigate against it. 

 

 

Accuracy & Noise Simulations 
 

A simulation was developed to theoretically analyze the limiting noise.  Both detector 

noise and speckle noise were included and initially only one reference measurement and 

one sample measurement, with no averaging, were simulated.  Furthermore, the reference 

and sample measurements are of flat uniform surfaces with no lateral or longitudinal 

features; therefore, only the noise is changing between both measurements.  Lastly, the 

standard deviation and noise calculations were performed spatially over the extent of the 

image, unlike the previous measurement which investigated the noise versus translation.  

The results are summarized in Table 1 as a function of the illumination angle, � o, per 

Figure 8 previously.  
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Table 1. Standard deviation (� ) with shot and speckle (� SS) and shot (� S) noise, with no 

frame averaging. 
 

� o (degrees) � SS (� m) � S (� m) 
20 2.14 0.051 
30 3.36 0.081 
40 4.79 0.120 
50 6.80 0.167 
60 9.77 0.247 
70 15.91 0.400 

 
 

Since the reference image could potentially be taken ahead of the sample 

measurement, a second simulation was performed by assuming that the reference image's 

noise can be minimized.  This was achieved by assuming that the speckle noise can be 

nearly fully eliminated by use of a rotating diffuser, while shot noise can be reduced by 

averaging across multiple measurements.  Meanwhile, it was assumed that the sample 

data must be taken with a single-frame only; thus, the two previous cases - shot + speckle 

and shot only - were included in the sample measurement.  These results are depicted in 

Table 2.   

 
Table 2. Standard deviation (� ) with shot and speckle noise, and shot noise only.  

Calculated by averaging 20 speckle-free reference images and single-frame shot- and 
speckle-noise contaminated (� SS) or shot-noise contaminated (� S) sample images. 

 
� o (degrees) � SS (� m) � S (� m) 

20 1.50 0.040 
30 2.29 0.063 
40 3.39 0.091 
50 4.86 0.130 
60 7.03 0.185 
70 10.93 0.305 
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From these results, it is evident that speckle noise is the dominant issue that 

prevents sufficient accuracy.  Ideally, reducing speckle noise will enable us to achieve the 

values of � S as shown in either Table 1 or Table 2.  

 

 

Speckle Noise Reduction 
 

Speckle noise is generally reduced by influencing the spatial or spectral coherence of the 

laser illumination source (Leith, 1990). One method is by incorporating a rapidly 

spinning diffuser within the collimator close to the collimation lens's focus. This slightly 

reduces the spatial coherence of the source and enables time-averaging over multiple 

speckle patterns across a given camera integration.  Since the probability density function 

of a speckle pattern is exponential (Frieden), the time-average approach enables the mean 

value to be measured, thereby reducing the overall noise.  An illustration of the Savart-

plate based system with the rotating source diffuser is illustrated in Figure 27 and is 

adapted from Ref. (Hershey & Leith, 1990) in holography. Such a system would enable a 

diffuser (Captured as “D” in the figure), rotating at 10,000 RPM, to pass through 

approximately 30 degrees within a 0.5 millisecond integration time.  In addition, the 

diffuser itself could be fabricated from either classical ground glass or opal (creating a 

Lambertian product), or an engineered diffuser (Sales, 2003) with a prescribed 

divergence cone product. The latter would allow an increase in laser power conservation, 

by preserving a higher percentage of the incident optical power within the utilized optical 

path and fringe pattern.  
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Figure 27. Savart plate interferometer with diffuser (D) included in the collimator.  

Diffuser is rapidly rotated to reduce the spatial coherence of the source. 
 

However, another method to reduce the apparent speckle magnitude is by 

controlling the operation of the laser source itself.  For instance, the laser is traditionally 

operated CW and/or can be synced as desired to the imaging system integration window.  

However, within that integration window, the laser can be driven at a quasi-CW rate, by 

modulating the power supply to the laser itself.  By overlaying a megahertz class duty-

cycle onto the laser supply, the spatial and temporal (spectral) coherence characteristics 

of the laser are similarly modulated during the integration window at the much higher 

modulation frequency.  To the detector system, this is akin to averaging the laser speckle 

pattern by approximately the ratio of the square root of the camera integration time to the 

equivalent laser supply modulation rate. 

  

Finally, the act of plasma spraying itself provides a means to help reduce the 

speckle noise.  Because most plasma sprayed parts are chucked onto a rotating table 

during the plasma process, there is continuous object motion during the integration time.  

On one hand, this puts a limit on the maximum integration time, as the scene is constantly 
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changing, so the desire to limit scene smear exists.  However, by purposefully allowing 

1-2 pixels of object scene motion during an integration time, this allows the speckle 

pattern to be averaged out to a lower net magnitude (especially given the diffuse nature of 

the object media), effectively reducing its impact on depth noise.  Now, because the 

illumination projector is tied to the inertial coordinate frame of the imaging system, there 

is no blur or smear in the image, simply in the correlation product of the object.  That is 

to say that resulting depth maps will be the average of a region approximately 3 pixels at 

the object in the rotation direction (and 1 pixel in the orthogonal axis), versus achieving 

the geometrical or diffraction limit (closer to 1 by 1 pixel).  For this effort and the 

prototype collection data (discussed in Chapter 4), this was seen as a good compromise 

and trade to minimize system complexity and leverage the variables already present in 

the process. 

 

 
Figure 28. Excerpt raw projected fringe data, (A) with example input speckle on top of 

fringe projection pattern, and (B) illustrated pattern with speckle reduction through 
spatial averaging. 

(A) (B) 
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CHAPTER 4:  Plasma Spray Process Data & Measurements 
 

As part of the development effort, research was then invested into better understanding 

the plasma spray environment and its potential impact on the sensor performance.  Here, 

historical data was not readily available or published, to help determine the potential 

plasma properties that would exist during the deposition; either due to the proprietary 

nature or the potential to “tune” the process variables to meet the desired end-product and 

thus invalidate any general rule-of-thumb that might exist for some length of time.   

 

Plasma Spray Spectral & Radiance Measurements 

One of the drivers in the development of a laser projector system is to determine the 

operational wavelength range and required output optical power to establish a minimum 

signal-to-noise ratio (SNR).  For both specifications, the dominant noise source to 

contend with is from the plasma stream and heated particles radiance, as part of the 

deposition process itself.  As such, key measurements were made of the plasma source 

behavior during the most likely gas mixtures for the YSZ deposition process, which 

helped to refine the path-forward for the fringe projector system. 

 
 
Plasma Spectral Bandwidth 

To capture the plasma's spectral emittance versus wavelength, various setups inside the 

spray booth were mocked up. Emphasis was given to the various parameters that affect 

the detected spectral content, including:  gas mixture (argon vs. argon and hydrogen, as 
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the base gas constituents), particle flow (none, aluminum-nickel base, vs. YSZ ceramics), 

view angle (in-field view, vs. reflection off of stainless steel target).  These various 

configurations were all captured with a calibrated Ocean Optics USB (300 to 1,000 

nanometers) spectrometer, as mated to a 100um core fiber optic cable and 0.5” diameter 

collimator / collection aperture.  From here, a test matrix was developed to capture the 

dominant modes of operation for the gas and particle media, as captured in Table 3.  This 

list of test configurations helped to establish what spectral power content would be 

evident during the multi-step process of a thermal barrier coating, plasma spray process.    

 
Table 3. List of Primary Studied Plasma Spray Setups 

No. Description Gas Mixture (LPM*) Particles 
Included 

Geometry 

1 
Ceramic, 
Reflection 

Argon (37.6), 
Hydrogen (12) YSZ‡ Reflection† 

2 
Base Metal, 
Reflection 

Argon (68.1), 
Hydrogen (14) 

Aluminum 
Nickel Reflection† 

3 
Gas Only, Direct-

View 
Argon (68.1), 
Hydrogen (14) None 

Side-view of 
Plasma 

 *LPM = Liters Per Minutes 
 †In reflection, plasma stream is orientated normal to stainless steel flat target, and camera / spectrometer is set 40 degrees 
off-axis viewing target area. 

 ‡
 Yttria-stablized Zirconia 

 

For each case described, the relative spectral output from 400-1000 nanometers 

was captured, as depicted in Figure 29.  Here it is apparent, that with only the gas “on” 

(case 3) the signal is fairly broadband across the whole visible spectrum, with mainly the 

Hydrogen spectral lines super-imposed.  In fact, with just the gas blowing across the 

plasma stream, the integration time had to be increased by a factor of five (5), to 15 

milliseconds, and have the camera aimed directly at the plasma side-stream view to 

increase the signal proportional to the other two (2) cases, when particle media was then 
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injected into the gas stream.  A view of the configuration for the “side-view” plasma 

geometry is presented in Figure 30 for clarity.  
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Figure 29. Plasma Spray Relative Spectral Radiance, by Case, Across Visible / Near-

Infrared. 
 

For example, when the aluminum-nickel base layer particles are sent through the 

plasma stream (case 2), there is an increase in overall emission, but it preserves the same 

spectral-lines, indicating both a significant rise in the plasma stream temperature profile 

and that the specific spectral emission lines are a by-product of the gas species.  Finally, 

when the YSZ ceramic particles are injected, the output profile temperature dramatically 

increases again, with an apparent blackbody temperature near 4,500 Kelvin. However, 

the spectral content is still otherwise preserved.  These data sets illustrate that the main 
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noise source in the visible to near-infrared region is from the super-position of the 

particles' “blackbody” temperature profile and the gas spectral emission lines, which is 

illustrated by the deposition of the ceramic particles (namely as this is the highest 

temperature step in the deposition process).   

 

 
Figure 30. Test setup for measuring emission spectrum of plasma source, as setup for 

“side-view”. 
 

Ultimately, since the spectral radiant emission is fairly flat for each case, our goal 

in choosing the operating sensor wavelength (laser or other device) is mainly focused on 

staying outside of any atomic emission lines created by hydrogen and argon. This will 

ensure the minimal noise and interference possible for the chosen illuminators.  As such, 

a region around 625 to 640 nanometers is highlighted in Figure 29 to showcase a 
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potential region of operation for the projection system prototype, where known 

commercial laser diodes are available that could fulfill the requirement of the fringe 

projection system, to be discussed in more detail later. 

 

 
Figure 31. CV-A10GE Camera Spectral Response, courtesy of JAI (JAI, 2014). 

 

Related to this trade is also the sensitivity and performance of the detector 

package.  To control cost and preserve easy availability for larger detector array sizes, a 

self-derived requirement that the detector package operate with a monochromatic silicon 

detector was enforced. These detectors typically have a cut-off wavelength spanning near 

900 to 1050nm, depending on operational temperature and vendor. For this phase, the 

selected GigE camera operates from 400 to just beyond 1,000 nm, per Figure 31, and will 

accommodate a large viable spectral window that provides opportunities for low cross-

talk with the plasma noise (as would be set by the inclusion of an appropriately matched 

notch-filter to the laser operational bandwidth).   
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Plasma Relative Radiance & Source Selection 
 

Equally important, to the spectral content of the plasma, is an understanding of the total 

radiant flux that is being emitted.  In order to help benchmark that expectation, a GigE 

camera with a 10 nanometer Full-Width, Half-Maximum (FWHM) notch-filter was setup 

to look at the reflected plasma and particle plume while also viewing a reflected in-band 

laser source.  For the same three (3) setups as captured in Figure 29 and Table 3, the 

camera viewed a 300 mW laser diode source (wavelength of 664nm) as reflected off of a 

diffuse (assumed Lambertian) flat stainless steel target.  This allowed the known laser 

power source to be directly compared to the plasma's output within our filter's spectral 

passband. In addition, this wavelength overlapped just the top flux of the 656 nanometer 

peak spectral emission line present in the plasma, so the result points to a “worse-case” 

scenario, for performance expectations.  Overall, it provided a direct comparison of the 

camera's digital counts from the plasma to that of the known laser, effectively giving us a 

relative radiometric measurement.  A view of the setup is shown in Figure 32, detailing 

the location of the camera to the target and plasma source geometry during data 

acquisition.  
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Figure 32. Image of plasma relative radiance data capture setup. 

 

For this study, the camera gain was held constant, and the exposure time was set 

to 1.0 millisecond. This exposure time was based on the optimal value, factoring in the 

robotic arm's movement speed (holding the plasma torch) and the setup's geometry, while 

simultaneously avoiding motion blur and over-saturation of the camera's output.  Also, as 

the spectrum data previously illustrated, all three cases emitted the same relative spectral 

envelopes and emission lines, but case number one (1) provided the largest total signal 

output, and thus was the focus of this relative radiance study.  As such, the plasma feed 

was set to distribute YSZ ceramic particles onto the stainless steel target, making passes 

in the camera field-of-view, while the reference laser target was imaged simultaneously 

on the right-side of the camera field-of-view.   
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Figure 33. Extracted image of reflected plasma and laser relative object irradiance, in the 

provided camera integration frame. 

 

An extracted frame from the video stream is shown in a false-colored image in 

Figure 33, illustrating the comparison between the plasma and laser relative scene 

irradiance.  From this data set, it is clear that the laser and plasma peak radiance are 

approximately equal (peak digital counts are similar in range), but the plasma's total 

surface area is significantly larger than that of the laser image area.  By summing and 

comparing the total counts between the two source regions, it was determined that the 

plasma's equivalent energy, as seen by the detector, is approximately 28 times greater 

than the laser. Note that this measurement includes streaking of the particles before 

plasma impact, which would also exist in a fielded system since this geometry mimicked 

the eventual projection system layout desired (with the camera to the side of the plasma 

source).   
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Options exist to improve the ratio and thus limit the plasma impact on the imaged 

scene, one of which is directly tied to the notch-filter employed.  The camera had an 

optical notch (narrow bandpass) filter with a center wavelength of 670 nm and a FWHM 

of 10 nm, which implied that the 664 nanometer wavelength laser itself was reduced in 

transmission to approximately 40%. This means that 80%, or 2x more energy, is readily 

achievable, by simply using an optimized filter.  Also, there was a small amount of out-

of-band transmission through the filter at lower wavelengths around 650-660 nanometers, 

especially taking into account off-axis angle cosine behavior for a dichroic filter 

bandpass. This happens to overlap the strongest hydrogen-�  emission line coming from 

the plasma, centered at approximately 656.3 nanometers.  This could account for 

approximately a 5X increase in perceived plasma radiance as-seen by the detector.  

Consequently, care must be taken in selecting a filter that maximizes the laser's 

transmission while simultaneously maximizing the out-of-band rejection of the plasma 

emission lines.  Overall, the combination of filter transmission (approximately a 2X 

improvement feasible) and minimized plasma emission background (approximately a 5X 

improvement feasible) puts the plasma power output comparable to approximately three 

(3) times the 664nm returned laser source flux (output given at 300 mW).  With this in 

mind, the chosen source would need to have a;  

(1) minimal coherence length (> 0.5 meter) to ensure consistent and good 

visibility for fringe generation;  

(2) wavelength that fits within our chosen Phase I camera system's FWHM 

responsivity (~400 to 700nm);  
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(3) source with minimal volume profile to fit within the test setup on / around the 

robotic arm (approximately one (1) cubic-inch); and 

(4) operates in a wavelength region that avoids direct spectral overlap with any 

background light (plasma or heated particle media "noise") within the chamber.   

 

With this information in-hand, it was determined that operating within the 630-

640 nanometer region presented the best system choice.  Operating at ~640nm allowed 

the projection system to work within the commercial detector's peak spectral sensitivity, 

and avoided any direct emission spectra overlap by staying within the 500 to 650 nm 

range.  Also, there are commercially available laser diodes operating near 640 

nanometers, easily exceeding one (1) Watt total output optical power, which facilitates 

the potential for a broader illuminated area under study.  In addition, there is an upper-

bound on the allowed optical spectrum bandwidth (FWHM traditionally), in order to 

preserve a minimum coherent path-length disparity and thus fringe visibility on the target 

under test.  This enforces a minimum spatial coherence over the source for the same 

reason, or predictable phase over the source profile given any point in the profile.   

 

For this prototype development, the Mitsubishi Electric ML501P73 laser diode 

was then chosen.  This laser diode is housed in a 5.6 mm open-can package, per Figure 

34, and can operate at (equivalently) over 1 Watt when used in a pulsed fashion (duty 

cycle < 33%), which matches per the operational use of the projection system (as synced 

to the camera frame rate and exposure time).  This laser diode facilitated a small 
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completed package, providing a cost effective high performance source at less than $100 

each, even at small quantities.  All subsequent images and data measurement events 

within this dissertation are also as captured with this source.  Laser diodes such at this 

generally output an asymmetric irradiance profile for the emitted numerical aperture 

(NA).  However, for this system, that effect is mitigated both by the source's alignment, 

relative to the fringe's orientation, and by partially overfilling the projection lens's exit 

pupil.  The net effect is a small, robust source that allows rapid integration and test 

deployment.  In the future, if similar or more powerful sources are utilized in a 

commercial venue, than a laser safety review would need to be completed.  Fortunately, 

due to the nature of the process, and for sustaining a plasma arc, the deposition booth is 

already well-equipped and easily updated to allow a Class IIIB or IV laser operation 

(namely integrating laser power supply into door interlock and adding proper signage). 

 

 

Figure 34. Outline drawing of projection system laser source. 
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Prototype Fringe Projector Development 

As a proof of concept, a prototype of the fringe projection system discussed above was 

demonstrated in a relevant coating chamber environment.  This helps to flow back actual 

measurement results to compare and contrast with the model simulations; as well as 

determine the best path-forward to improve upon the foundational concepts.  The system 

needed to be ruggedized to withstand transportation, handling, and the vibration / 

temperature swings anticipated in the coating chamber.  Therefore the design decision 

was made to keep the projection system centered around the Savart plate interferometer, 

as previously discussed, because of the common optical path that will directly mitigate 

the environmental challenges listed.  Building upon that decision, the collimator and 

objective lens (fcon) were also combined into a single lens element (Collimator / Relay), 

to provide a set divergence product and thus object/image size on the target under test.  

This is captured in Figure 35 for clarity.  Also, based on the chosen laser diode source, 

the focus element and pinhole were left-out in order to maximize power throughput, and 

allow some overfill to help clean-up and circularize the beam.  Note that the pinhole is 

primarily used to set the spatial coherence and clean-up any higher-order transverse 

modes exiting the laser, which was not required for the chosen prototype laser diode 

source.  Following the optical path, from left-to-right, the laser source expands per its 

designed numerical aperture into the collimator / relay lens, which will allow tuning of 

the divergence product to set the desired fringe spatial period.  Because the Savart plate 
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interferometer resulting fringe spatial period varies as a function of the samples working 

distance, this will allow per setup optimization.  The resulting spherical wavefront then 

goes through a linear polarizer (LP1) in order to ensure a stable and known polarization 

state into the Savart Plate (SP).  By careful alignment of the laser fast-axis and the 

polarizer, the majority (90% or more) of the laser energy can be preserved through this 

element, ensuring an efficient overall throughput.  Going through the SP next, the beam 

is split into its two orthogonal polarizations states.  From here, the output's analyzing 

polarizer (LP2) sets the fringe coherence and visibility, viewable everywhere in the 

“object space”, where the spatial frequency of the fringes (lp/mm) can be set by the 

source's divergence and the sample's working distance (as previously discussed).  Note 

that in Figure 35, this diverging beam is exaggerated to illustrate the operational concept.  

In future versions of this system, the ability to tune the fringe frequency can be removed 

to decrease alignment needs and increase user friendliness (such as switching to a 

Wollaston prism). However for this prototype scenario, this is a useful feature for initial 

data capture flexibility. 

 

 
Figure 35. Schematic of the fringe projection system, designed for incorporation into the 

Phase I in situ prototype. 
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Prototype Opto-Mechanical Design 
 
In order to support an iterative design, this prototype will be mocked-up utilizing 

commercially available optical and opto-mechanical components, specifically down-

selecting to the Thorlabs© 30mm cage system.  This cage allows easy modification and 

alignment to the optical system while providing a robust “exoskeleton” of support for 

mounting and stability requirements.  With that chosen as the prototype opto-mechanical 

framework, the requisite lenses, polarizers and other mounting brackets were chosen 

from that family to fit the optical components required.  Another feature of this approach 

is that the laser agnostic interface allows the prototype to remain flexible for future needs.  

In effect, any source within the wavelength range under consideration, which can be set 

to the proper F/#, can be mounted to this fringe projection prototype and operated with 

minor modifications (e.g., by fine-tuning the collimator and objective lenses).  The cage 

system also has standard interfaces for both fiber-coupled and direct-inject diode sources.  

A solid model view of the end-design result for the prototype fringe projector system is 

shown in Figure 36.  Here, the selected 5.6 mm diode laser is mated to the cage system, 

and the necessary optics are down-stream in the optical path (moving towards the right of 

the image), as described above.  For clarity, a half-cut view of the system is also 

presented in Figure 37.  This cage system is then mounted onto an interface adapter, and 

subsequently mated to either the robotic arm or test booth appropriately.  A block 

diagram of the fringe projection operation in-line with the plasma deposition process is 

captured in Figure 38.  This helps to illustrate the in situ nature of the proposed fringe 

projection system. 
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Figure 36. Prototype fringe projector mechanical solid model, from external off-axis view 

with annotated features. 
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Figure 37. Prototype fringe projector system with center cut view, annotated with core 

components. 
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Figure 38.  Block diagram of fringe projector operation with plasma spray operation. 

 
 

A view of the completed optical path of the fringe projector prototype is presented 

in Figure 39.  As shown, the source is hidden at the back of the Z-axis mounting stage on 

the right-hand of the image, and would project photons to the left, where the collimator / 

relay, polarizers and Savart plate reside.  After validation that the system was operational 

and tuned appropriately to maximize the fringe visibility envelope, it was then integrated 

into its sealing sleeve, per Figure 40, which included a 50 millimeter diameter glass 

window in front to help limit the potential of particulate contamination and thermal 

gradients entering the system.  This exoskeleton approach is also compatible with 

commercial off the shelf (COTS) brackets that can facilitate easy adaptation for any 

mounting orientation desired during testing.  The final length of the projection system 
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was close to 280 millimeters, and 70 millimeters square (width and height).  This is 

considered acceptable for the prototype, although a much smaller package (2-3X by 

volume) is feasible with the ability to customize the optical and mechanical components 

in the future. 

 

 
Figure 39. Front view of prototype projection system on benchtop. 

  
 
 
 

      

Figure 40. View of front and back of completed fringe projection prototype system. 

 
 



 77

 
 
Prototype Data Capture Architecture 
 
The fringe projection system provides the necessary illumination and surface profiling in 

order to discern thickness changes in time (over a 3-dimensional region), but needs to be 

integrated with the camera and software capture approach.  In specific, it would not be 

efficient (on both electrical power and thermal performance) to run the laser in a 

continuous-wave fashion, being always on.  Instead, the system is developed to allow the 

laser to be synced to the camera integration time, which reduces the duty-cycle down to 

the range of 0.5 – 5.0%.  This in turn allows the laser to be driven in a pseudo-pulsed 

fashion, allowing a higher in-scene illuminated irradiance for improved SNR capture.  

The synchronization control is completed through the camera itself, which sends a TTL 

(+5V, “on”) pulse right before integration start.  This triggers the output of the laser, 

which is held up during the full TTL pulse, as it coincides with the full length of the 

integration time.  The approach described here allows the laser to be driven at any 

arbitrary frame rate and integration time to fit the scene and coating conditions with 

minimal overhead.  This pulse logic is directly imbedded into the constant-current laser 

driver, as shown exposed behind the system enclosure in Figure 41 .  This driver is then 

interfaced to a keyed military-qualified connector on the back plate, allowing easy 

integration throughout testing and qualification.  Overall, this package allows the laser 

diode and power supply to be isolated and protected throughout the numerous tests, and 

points to the future capability of the system to operate in an imbedded system.  
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Figure 41. View of prototype fringe projection system laser driver electrical interface. 
 

 

Prototype Laboratory Performance Results 
 
As part of the prototype characterization, a known coating sample was then measured as 

illuminated by the fringe projection system.  Here, the prototype was set to approximately 

40 degrees relative to the camera capture system, and for 380 millimeter separation 

distance from the sample.  The corresponding captured raw data (image) is shown in 

Figure 42 (A), and the as-processed 3-dimensional thickness result (in millimeters) is 

shown in sub-figure (B).  Here a clear delineation is made for the applied thermal barrier 

coating (TBC) on the right hand side of the stainless steel coupon, with an average height 

of 0.20 millimeters, which matches very well to the physical measurements.  Collecting 

these samples will also allow a built-up calibration scale factor to remove any systemic 
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error, for example from distortion in the imaging system, to achieve 1:1 consistency in 

future measurements.   

 
 

   
(A) (B) 

Figure 42. Coating sample image, (A) as illuminated from prototype fringe projector, 
with (B) processed 3-dimensional thickness result (mm, Z-axis). 

 
 
 

To facilitate in situ measurements, the prototype fringe projection spatial period 

was then tuned to 300 micrometers for the nominal 40 degree off-set angle to the camera 

system.  This will ensure that each coating pass, which may only put down 10-30 

micrometers at any given time, is within the measurement capability and sensitivity of the 

system.  From here, the prototype was locked down and sealed for operation in the 

coating environment. 
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In situ Coating Deposition Measurement Results 

As part of the next step in the prototype verification, in situ testing was performed on a 

thermal barrier coating (Yttria-stabilized Zirconia) as deposited on a rotating steel 

cylinder, using a plasma torch. This is captured in Figure 43, showing the inherent 

geometry, test cylinder as mounted on the rotating table, and the sample illuminated area 

from the prototype fringe projector system.  The cylinder was rotated at a speed of four 

(4) hertz, and with an outside diameter of 100 millimeters had an exposed linear velocity 

of just over 1,250 millimters per second.  To simplify the data collection, and ensure that 

similar regions of the cylinder were measured throughout the coating process, a COTS 

optical trigger was aimed at the base of the rotation stage.  This trigger was setup to 

provide an active pulse for the fringe projection system at the same area on the part, 

regardless of inconsistencies in the table rotation rate.  Although the trigger took just a 

few minutes to setup and could be utilized in a future implementation, the system 

approach could just as easily be mounted on the robotic arm, or integrated into the 

coating program to provide the similar function of measuring the surface over larger 

regions multiple times to monitor the coating build-up.  This approach taken with the 

optical trigger is simply an effective way to function with multiple coating booths and 

parts for the prototype development.  
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Figure 43. Typical physical setup of the fringe projection system. 
 

Raw data from the measurement results was chosen for one of the torch passes over 

the part.  This corresponded to frames 1438 to 1453, some of which are shown below in 

Figure 44 to aid in the post processing’s description.  As part of the measurement 

extraction, a reference frame was selected from the image sequence. This corresponded to 

Image 1440, since this represents the frame that was taken just before the coating enters 

the field of view. Next, the data were processed in accordance to our previous reports: 

1. The 2-dimensional (2D) Fourier transform was taken of both the reference and 
sample images. 

 
2. The carrier modulation was isolated using a Hamming window filter in both 

frames. 
 

3. An inverse 2D Fourier transform was taken of both filtered sample and reference 
images. 

 
4. The filtered sample image was divided by the reference image. 
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5. Extraction of the phase, which is multiplied by � /2� , where �  is the projected 
fringe period. 

 
 

Image 1438 Image 1440 Image 1443 

   
Image 1445 Image 1446 Image 1448 

   
 

Figure 44. Raw data for selected frames spanning 1438 to 1448. The coating can be seen 
being deposited from the top to bottom of the frames, and shows up as a slightly brighter 

region. 
 

 

First, these data were post processed and the thickness profile was observed at the 

location identified in Figure 45. This location was chosen because it represents the 

maximal coating thickness that can be measured before the coating reaches the bottom of 

the frame. This will be important for the jitter correction that was implemented in 

subsequent post processing steps. 
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Figure 45. Spatial location for which the thickness data was observed (red circle) and 

area that was used for jitter compensation (blue square). 
 

For now, without jitter correction, the thickness map appears as detailed in Figure 

46. Jitter from the setup creates a relatively noisy thickness profile. Additionally, the jitter 

across some frame sequences appears as a fairly large signal that could easily be mistaken 

for a change in thickness.  The jitter terms seen in this measurement set are primarily a 

result of the optical trigger performance limitations and mechanical setup relative to the 

robot / plasma arm.   
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Figure 46. Thickness profile without jitter correction. 
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In order to alleviate jitter in the data set, an automated image registration 

algorithm was used in the lower right-hand corner of the raw data. This area is indicated 

previously in Figure 45 and is bounded by a blue square. This algorithm registers the 

phase of the fringes in the sample image, within a region that the coating has not been 

applied, to the fringes in the reference image. From this alignment on the small image 

area, a translation offset (dx and dy) is calculated and applied to the entire sample image. 

This removes jitter-induced phase changes between the sample and reference. However, 

since this procedure assumes that the region has no coating, once the coating is applied 

within this region, the phase is re-compensated back to its original reference value. 

Therefore, any thickness measurements made using this technique are differential with 

respect to the uncoated region. In the future, an uncoated and coated region could be 

imaged simultaneously by attaching the camera and fringe projection system to the torch 

head; in this case, the region without a coating and the region with a coating could always 

be in the field of view and differential comparisons could be made and accumulated 

across the entire part. 

 
Ultimately, with jitter compensation, the thickness data appears as Figure 47.  For 

this system configuration, the projected fringe pattern's period was approximately �  = 

300 � m. Using this to calibrate our phase data yielded a differential thickness of 62.5 � m. 

Comparing this to our pre- and post-measurements of the cylinder's thickness, we 

estimated an average per-pass coating of approximately 0.0025'' or 63.5 � m. This is close 
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for this particular pass; however, as will soon be demonstrated, the per-pass thickness 

appeared to vary as the part was coated. 

 

1440 1445 1450
0

10

20

30

40

50

60

70

Frame Index / Time

T
hi

ck
ne

ss
 ( m

m
)

 
Figure 47. Thickness profile with jitter correction.  Note that the thickness profile is 

diffferential due to the correction technique that is implemented. 
 
 
 

The data were also processed across the entire 2500 image data set, as captured 

during the deposition process using the same reference frame. This yielded the 

differential thicknesses depicted in Figure 48.  Of note, the data depicted in Figure 47 

corresponds to peak number 3 as labeled in the bottom plot of Figure 48.  The total 

thickness deposited onto the sample can be calculated by adding the peak values from the 

differential measurements of each pass, as shown in Table 4.    
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Figure 48. Captured in situ thickness data. (Top) Differential thickness profile for the 
entire sequence of images. (Bottom) Magnified region of the coating deposition. Two 

coating passes are separated by approximately 82 images. 
 
 
 

Table 4. Peak differential thicknesses for each pass of the torch, in addition to the 
cumulative thickness. 

 
Peak Index Peak Value 

(� m) 
1 35.5 
2 98.7 
3 64.5 
4 86.7 
5 74.1 
6 88.8 
7 54.2 
8 85.1 

Cumulative Thickness 587.6 � m 
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In addition, the part was measured after the coating was deposited using a 

micrometer. This yielded a thickness of 533.4 � m, yielding an error between the post-

measurement and our system of approximately 54 � m. Residual error could be caused by 

cooling of the coating after deposition, stress, uncertainty in our projected fringe period 

� , or residual influences of jitter. Note that jitter could still be a concern, even with jitter 

compensation, because the peak differential value is only 1 datapoint out of the many 

data points that were collected. Essentially, only 8 datapoints from the 2500 datapoints 

were used to calculate the cumulative thickness, meaning that Jitter could statistically 

influence our measurement. That being said, with the proper geometry, we could improve 

our estimate against such fluctuations by taking more samples across the field of view. 

 

The above cumulative thickness measurement procedure could be done 

automatically with a synchronized thresholding operation. For instance, any peak with a 

maximum value exceeding a threshold value (as an example, the green line in Figure 48 

(Bottom)) and synchronized to a known pass could be accumulated. However, further 

noise reduction would be required yet, as the first pass of the coating has a tendency to be 

very thin due to poor adhesion to the basecoat (and subsequent coating passes are much 

thicker due to the foundation deposited) (Schroeder, 2012). Additionally, the current 

analysis is not taking into account the direction of the torch (i.e., whether or not it goes 

from the top of the field of view to the bottom or vice versa). This could introduce 

additional error into the measurement; however, results are still fairly consistent with the 

post-micrometer measurement. 
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Updated Production Booth Prototype Performance Resu lts 

After the positive initial testing results, the prototype was re-evaluated and characterized 

again to facilitate the next opportune testing at Tinker Air Force Base (AFB).  Following 

the similar approach and algorithm as described previously the prototype system was 

setup in Tinkers production plasma spray booth to test the deposition depth and depth-

rate on a 100 millimeter diameter steel cylinder, as the base layer of the thermal barrier 

coating (aluminum-nickel alloy) was deposited.  The geometry of this configuration is 

captured in Figure 49, where the robot arm and plasma gun are out of the image to the 

right-hand side.  The substrate was mounted in a rotation chuck that was operated at 300 

RPM (5 Hertz), while the fringe projection sensor was mounted to a tripod and positioned 

perpendicular to the plasma stream (left in figure).  During the test deposition phase, the 

robot arm would move into place next to the substrate, and make 14 individual passes of 

the coating (7 as transitioning up and down, respectively) onto the steel substrate.     

 
 

 

Figure 49. Image of the thermal spray booth at Tinker AFB, illustrating the geometry for 
jitter correction and differential thickness measurements. 
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The sensor took an image on each rotation and created a database of 

measurements over the course of approximately 6 minutes.  Indexing each measurement 

according to time and displaying the full time sequential database, Figure 50 shows the 

unaltered measurement phase (green and blue lines), and the extracted actual deposition 

measurements (red line) utilizing the differential approach. As is evident, without the 

differential technique, the induced jitter from this setup masks any single-pass 

measurements that are clearly depicted in the peaks and nulls of the jitter compensated 

data set, although the general increase in phase from the full coating is visible in the trend 

of the uncorrected measurement.   

 
 

 
Figure 50. Full dataset (right) with extracted singe image (left), showing full scan phase 

results versus time during the deposition process. 
 

Processing and calibrating the jitter-compensated results of Figure 50 yields the 

calibrated data depicted in Figure 51.  Starting at time t = 0 s, the plasma torch is first 

moved over the target to provide uniform heating (no powder), which registers a spike in 

the data set due to the large thermal gradient that is initially applied.  Subsequent thermal 

passes however are not as severe and do not register above the background.  This is 
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required to pre-heat the surface to improve the initial adhesion and avoid imparting 

thermal shock or locking in further stress / strain in the coating.  The torch then returns to 

the “home” position as it awaits a stable feed of powder stock (denoted as no activity 

from 40-130 seconds approximately).  After this point, the plasma operation proceeds 

with the coating passes (14 individual passes), which are captured for the next 

approximately 230 seconds. These are denoted by an individual pass number in Figure 

51, according to the coarse time-table at the top of the figure.   

 
 

 
 

Figure 51.  (Differential) measured single-pass metal base coating, as-deposited on 
cylindrical steel target. 

 
 

Each single-pass measurement is then tabulated, as shown in Figure 52, and 

accumulated to yield the total deposited coating thickness.  This operation calculated a 

coating thickness of 316 +/- 20 micrometers, where the traditional measurement, taken 

with a digital caliper, estimated 330 +/- 25 micrometers; less than 5% deviation and well 

within significant value of each other.  The instrumental accuracy was calculated by 

taking the standard deviation during the “no pass” image set from the time block of 40 to 
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130 seconds, while the micrometer measurement was averaged over four measurements 

across both the inner and outer diameter, to mitigate residual heating and localized point 

effects. 

 

 
Figure 52. Stem plot of resulting coating passes, isolated above background signal. 
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CHAPTER 5:  Depth Resolution and Sensitivity Improvements  

 

Ceramic coatings are a key technology enabler in many industrial applications.  As 

previously mentioned, these coatings are typically deposited on metal components to 

provide protection from harsh operating environments, including protection against 

thermal stress / fatigue and abrasion.  The primary attributes for a reliable coating are to 

achieve both good adhesion and proper thickness profiles across the surface.  Good 

adhesion is primarily addressed in the surface’s preparation, chosen stoichiometry of the 

layers, and deposition parameters (e.g., temperature, gas pressure and volume, feed rate, 

etc.).  Meanwhile, thickness is typically determined through trial and error and controlled 

by the process timing and duty-cycle exposure.  After the coating is deposited, witness 

samples are historically created and tested, using both non-destructive and destructive 

methods, to determine if the coating’s parameters (e.g., thickness, porosity, and density) 

are acceptable.  If not, then the part will require further deposition passes, or if unable to 

be reworked, would be failed and scraped.  However, even the combination of process 

controls and sample testing leaves the potential for error and latent failures to be missed, 

as the actual part is untested for either thickness or overall uniformity, which can be 

critical to both the fit and function in its end-use application. 

  

As has been discussed in previous chapters, a novel approach to provide real-time, 

in situ thickness measurements has been demonstrated.  This method, utilizing optical 

fringe projection on the 3-dimensional surface topography, allows for near instantaneous 
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feedback for the applied plasma spray coating layer(s), providing a new tool for 

automated process refinement and control.  However, this technique is still limited by the 

optical imaging system employed for the overall object depth of field.  With defocus 

present, the fringes modulation transfer function drops in visibility and goes to zero.  This 

presents limitations on part geometry that can be measured, namely due to sharp 

transitions or edges, which can result in 2p wrapping errors, hereafter referred to as phase 

ambiguities.  To help overcome these hurdles and provide greater capability to the fringe 

projection method, two unique techniques are discussed; (1) a plenoptic detector 

approach, and (2) inclusion of multiple (static or dynamic) projected fringe periods. 
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Figure 53. Qualitative figure of merit for depth resolution capability limits. 
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These potential additions to the base system architecture allow for maintaining the 

desired depth resolution while improving the operational dynamic range.  Figure 53 

qualitatively illustrates the operational range to measure and correlate smoothly varying 

depths profiles for a given object scene measurement (ie.. non-zero but continuous slope, 

such as from a tilted plate through the depth of focus).  Here, due to spatial resolution and 

depth-of-focus limitations, any given system architecture will only be able to operate 

within a given depth range.  This boundary is continually evolving, based on new 

technology and research; which is estimated with the gray dashed lines in the figure to 

“bound performance capability”.  Ultimately, the goal of adding a multiple fringe 

frequency or plenoptic component to the fringe projector is to expand both the fine 

resolution and large depth range measurement capability, respectively.  This is idealized 

through the red box in the figure as well, which captures the anticipated dynamic 

operational range of the fringe projector with these improvements.   

 

Multiple Spatial Fringe Frequencies 

The ability to project multiple spatial frequencies on the target allows a direct path to 

improve the depth resolution limit and dynamic range.  For the application of measuring 

plasma spray coatings, the depth resolution of a focused scene is constrained by the 

combination of the camera system magnification, as-resolved pixel resolution (including 

motion induced loss in contrast during integration time), and fringe spatial period (with 

stability and residual characterization errors).  For the former two, the imaging system 
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performance can be tuned for the application, including increasing the illumination 

irradiance on the scene to allow a decrease in integration time, as well as operating with a 

faster (lower) f-number objective.  However, these variables can only be tuned so far as 

the system operational requirements and ultimately diffraction limit allow.  In order to 

improve the system design trade-space further, modifications to the fringe spatial period 

can be assessed.  Specifically, by simultaneously projecting two (2) or more spatial fringe 

patterns onto the scene, that have different periods and possibly orientations, a net 

improvement in the operational dynamic range is feasible.   

 
In addition, by careful selection of the periods and orientations, a solution to a 

finite range of phase ambiguity errors is achievable.  Specifically, an unambiguous 

solution for the measured depth change is possible over the effective wavelength, l e, 

given two (2) spatial fringe wavelengths of l 1 and l 2, where (Malacara, 2007) 

l l
l

l l
×

=
-

1 2

1 2
e .     (25) 

If the spatial fringe wavelengths (l 1 and l 2) are defined when viewed at an angle a 

relative to the projection direction, than this directly gives the maximum depth change 

that can be resolved.  Otherwise, if those spatial wavelengths are as viewed normal to the 

projection direction, then they would need a weighting factor to convert to the projection 

geometry desired, which effectively shifts the measured spatial fringe frequency as, 

( )
l l

l
l l a

×
D = =

- ×
1 2

,
1 2 sineffective viewed angleDepth ,   (26) 
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As an example, assume l 1 and l 2 are respectively 0.30 and 0.50 millimeters, and the 

angle from the projection normal, a, is set to 30 degrees.  For this scenario, the 

equivalent wavelength in the projection system would be 1.50 millimeters, allowing a 

larger unambiguous measurement range 

 

If the fractional phases at both the shorter and equivalent wavelengths are known, 

than the equivalent wavelength can be used instead as a correction for the smaller spatial 

wavelength and provide an even larger dynamic range (de Groot, 1994).  For example, 

the unambiguous depth can be extended to multiples of the effective wavelength, N, 

defined as 

l l
l l

� �
� �

= � �
� �� �- � �� �	 
� �1 1

1
int

inte e

N .    (27) 

For example, assume the previous case has instead spatial wavelengths, l 1 and l 2, at 0.30 

and 3.20 millimeters respectively.  Using this equation, the unambiguous range would be 

ten (10) times longer than the equivalent wavelength of 0.33 millimeters, or 3.30 

millimeters.   

  

 As described, the noise in a two-wavelength measurement is still proportion to the 

equivalent wavelength utilized.  That is to say that if the noise was measured at 0.1 waves 

for any of the constituent spatial wavelengths, it would still be 0.1 waves at the longer 

equivalent wavelength, which can cause issues with resolution as that value increases.  
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To maintain the single wavelength noise figure while extending the unambiguous range, 

one can use the second wavelength purely in a phase correction mode.  In this manner, 

the scaled equivalent wavelength measured phase is compared to that of the single 

wavelength, to account and correct for any phase ambiguities (Creath, 1986).  The 

drawback here is that noise or errors in the perceived effective wavelength phase that are 

bigger than 0.5 waves can cause erroneous 2p jumps. 

 

There are numerous approaches to consider in generating the multiple spatial 

frequencies.  For instance, one can generate multiple spatial fringe frequencies through 

the same projector system, within the same illumination spectral bandwidth.  This is 

discussed in further detail in external papers (Kudenov M., 2014); but in short it allows 

the projection of multiple spatial frequencies onto the scene simultaneously, and utilize a 

modified Fourier filtering process to extract the respective carrier frequencies (which 

would be separated in the frequency domain).  For this research, the path to generate 

multiple illuminated spatial periods is completed through spectral diversity, as illustrated 

in Figure 54.  Effectively, each spatial period projected onto the scene would be 

accomplished through a separate spectral source, to provide independent control over 

performance attributes, and more importantly, minimize the potential for cross-talk in the 

frequency domain as deployed with a plenoptic system (which inherently places more 

requirements and trade-offs for scene spatial resolution and/or field of view).  Of note, 

this approach relies upon the ability to discriminate each respective spatial frequency 

through spectral diversity.  For example, this can be accomplished through separate 
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camera systems with appropriate notch filters, through the patterning of spectral notch 

filters on the pixel array directly, or by applying the filters directly to the microlens array. 
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Figure 54. Conceptual operation of dual-fringe projector system, illustrating both fine 
(red) and coarse (blue) spatial frequencies. 

 

 

As such, the same algorithm used to extract scene depth for a single fringe period 

(Trail, Kudenov, & Dereniak, 2014) continues to apply, with the caveat to first leverage 

the approach to each spatial period individually, and then contrast the results to solve for 

phase ambiguities if present.  In particular, the phase ambiguities can be solved for a 
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range at least equal to the unambiguous wavelength, which is effectively the beat 

between the two fringe spatial periods utilized.  In this manner, the resolution can be 

maintained as related to the smallest spatial period (and imaging system diffraction 

limits), while still allowing a larger dynamic range.  The primary trade-off is then related 

to the overall increase in system complexity (including final packaging size and cost).  

 

Plenoptic Imaging 

Plenoptic imaging is a computational imaging approach to passively acquire 3-

dimensional (3D), or ‘depth to every scene resolution cell’, to improve dynamic range in 

a distance measuring capacity.  Here, the potential is to allow significant object defocus 

and still recover the required depth information, as well as provide a way to benefit other 

techniques; e.g., dynamic refocusing of a projected fringe or spatial pattern, as utilized in 

this application, to preserve depth sensitivity.  

 

 The plenoptic camera was first proposed by Lippman as “integral photography” 

(Lippman, 1908), and subsequently improved through the following years (Ives, 1928) 

(Levoy & Hanrahan, 1996) (Adelson & Wang, 1992).  Recently, with the advent of 

digital imaging and improved processing capabilities, plenoptic imaging has found 

resurgence.  Even so, its utility has been traditionally hampered by the associated 

reduction in image resolution in most applications; effectively trading object spatial 

resolution for angular resolution, and thereby depth information.  For the application 
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discussed herein, spatial resolution is not a key requirement and can be traded in the 

system architecture to improve the dynamic range.  
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Figure 55. Plenoptic 1.0 (A), and Plenoptic 2.0 (B) Camera Configurations. 
 
 

Over the last few years, a few variants of the Plenoptic camera architecture have 

surfaced.  However, most of them can be reduced to either the “Plenoptic 1.0” or 

“Plenoptic 2.0” (Lumsdaine & Georgiev, 2009) design families shown in Figure 55, 

which primarily consists of an objective lens followed by a microlens array, which is 

located in front of the detector array.  Plenoptic cameras sacrifice spatial resolution to 

capture the greatest angular information for the purposes of ‘digitally refocusing’ the 

resultant image.  The first architecture, Plenoptic 1.0 as shown in Figure 55 (A), positions 

the microlens array coincident with the objective’s image plane, and positions the 

detector slightly behind the microlens array, by a distance equal to their focal length, such 

that the objective’s exit pupil is imaged by the detector array.  In this configuration, the 

spatial resolution is directly linked to the number of microlenses, as the system is 
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otherwise defocused.  The pixels, which sample the light from any given microlens, thus 

provide the angular resolution that supports processing algorithms to estimate depth.    

Meanwhile, Figure 55 (B) depicts an optical design form of the Plenoptic 2.0 camera 

system.  Here, the microlens array is displaced behind the objective’s image plane, and 

acts as a lens which relays part of the scene to the detector (Georgiev, New results on the 

plenoptic 2.0 camera, 2009).  From paraxial optics, this follows the form of 1/a + 1/b = 

1/f, where f is the microlens focal length, and variables a and b are the microlens object 

and image distances, respectively, as illustrated in Figure 55 (B).  With the focused 

plenoptic camera, a final image can be rendered that utilizes many pixels behind a 

microlens, preserving more spatial resolution while sampling the scene’s angular 

information.  Taken from another viewpoint, the Plenoptic camera can be seen in 

comparison to a Shack-Hartmann Sensor, whereby information about the local ray 

gradient in angle-space can be determined.  For the purposes of this evaluation, the 

aforementioned Plenoptic 1.0 is deemed to be the most viable for our application, as it 

obtains the highest angular resolution.  Specifically, in the application of thermal spray 

reducing the scene spatial resolution to determine surface profiles is considered an 

acceptable trade, as the information of interest is related to the fringe frequency and 

higher frequency content, such as surface roughness or texture is not desired.  For this 

application, the Plenoptic 1.0 design architecture, also known as a Lippman sensor or 

“Plenoptic Camera”, is utilized. 
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The plenoptic camera allows simultaneous position (q-dimension) and angle (p-

dimension) measurements to be made of the scene content.  In three dimensional space, 

q  and p  are two-dimensional vectors, and the lightfield or radiance profile of the 

recorded scene would be represented as the four-dimensional product, r( q , p ).  As 

derived in industry for a plenoptic camera (Lumsdaine & Georgiev, 2009), this formulism 

can be used to determine the irradiance of any point in the image, as an integral over the 

radiance for incident angular directions, such that 

 

det

1
( ) ( , ) ( , q)ector f

p p

E q r q p dp r q f p dp
f

= = - ×� �  .  (28) 

where r f represents the local radiance at the detector plane (behind the microlenses) per 

Figure 55(A). Taking into account the finite diameter of the microlenses d, which is also 

equal to the lenslet pitch, the respective lenslet focal length (f), and assuming r is constant 

across the microlens for a given p direction, then the integral can be completed as 

 

1
( ) 0, qdetector

d
E q r

f f
� �

= � �
� �

.    (29) 

 

 From this relationship it can be seen that: (1) The spatial resolution of the 

captured image irradiance is linked to the microlens area; and (2) Each spatial point at the 

detector, behind the microlens, corresponds to a different angular direction.  This can also 

be visualized through the representation of a number of pixels, corresponding to two (2) 
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microlenses in the two-dimensional (q,p) plane, as provided in Figure 56.  Beyond the 

variables previously defined, d represents the detector array pixel pitch, and graphically 

demonstrates a pixel resolution in both spatial (X-axis) and angular (Y-axis) coordinates.  

Here it is evident that the plenoptic camera provides both spatial and angular (directional) 

sampling of the scene’s content to preserve the 4-dimensional radiance, with the caveat of 

sacrificing image resolution for angular ray information.   

 

An image is generated from the raw measured data set in two steps.  First, the 

sensor image E(q) is converted into radiance r( q , p ), with the detector pixels as sorted 

by common reference angles.  Then the respective pixels under each equivalent microlens 

are integrated over the sorted directional anglesp .   
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Figure 56. Radiance sampling at a distance f behind the microlens array.  Example pixel 
resolution in both spatial position (q) and angular direction (p) is captured by a rectangle 
box, while the microlens sampling space is provided as d and (d/f), respectively. Adapted 

from  (Georgiev & Lumsdaine, Focused plenoptic camera and rendering, 2010). 
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Plenoptic Model Implementation 
 

A model of the projection and imaging system was developed to study the plenoptic 

function.  This model, incorporated into FRED Optical Engineering, captures the input 

scene illumination, variable target conditions, and a representative plenoptic imaging 

system.  This is idealized in Figure 57, with an example cylindrical object shown under 

test.  Here the general optical path is illustrated, which mimics the anticipated geometry 

of the plasma booth system.  For this simulation, a diffraction-limited (“blackbox”) 

optical system was utilized in the imaging path.  The imaging pupil was then set at a 254 

mm distance from the object under test (on-axis), and given a focal length of 80 mm, with 

an f-number of 3.15 (4.60 working f-number).  This results in a magnification of -2.175 

for the intermediate image plane, which is where the entrance pupil of the microlen’s in 

the array are located.  The lenslets were chosen to be a square array to maximize 

packaging efficiency (nearly 100% fill-factor); however, the optical parameters were left 

as a variable based upon the illumination scenario, described in each respective approach 

(section 4.0).  Based upon desired system requirements, these attributes can obviously be 

refined as necessary to improve angular or spatial sampling fidelity, but provide a starting 

point to evaluate the system performance. 
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Figure 57. Representation of Plenoptic Function in Plasma Spray System (Overhead 
View). 

 

To capture the flat-field illumination and illustrate the role of the microlenses, a 

flat panel was placed into the object scene at 30 degrees relative to both the illumination 

and imaging system normal vectors.  A uniform irradiance field was then incident on the 

panel, which behaved as a white Lambertian surface.  The result is captured in Figure 58 

to illustrate the general geometry of the simulation, and shows the preservation of the 

square microlens field of view, as well as the vignetting the occurs near the edges, both 

due to the limited illumination size and the tilted panel orientation (with overlaid outlines 

of example square microlens positions for clearer illustration). 
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Figure 58. Example plenoptic image for flat-field illuminated scene.  Denotes square 
microlens array apertures and respective images. 
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Figure 59. Relationship between (A) Plenoptic microlens images across an array, to (B) 
Source Scene Irradiance Distribution Showing Overlap and positional shifts across the 

Plenoptic Microlens Array. 
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 In addition, the flat panel was also simulated as illuminated with a collimated 

cross or “X”, with one leg/line in focus throughout by the plenoptic camera, and the other 

along the object scene in line with the 30 degree tilt  direction.  The resultant detector 

irradiance (across multiple microlenses) was captured.  The image result is presented in 

Figure 59 (A), along with the previously described input object illumination profile 

captured in Figure 59 (B).  The result highlights both the inherent field-of-view of each 

microlens at the object scene (discussed previously) as well as the behavior in image 

irradiance from one microlens to another in the array, as the scene is relatively defocused.  

This is useful to visualize the Plenoptic process in generating neighboring images behind 

each microlens.  The combination of these sub-images and associated irradiance patterns 

allows a 3D view of the scene, functionally similar to stereoscopic vision.  As is 

graphically evident, the detector irradiance for this configuration shows a changing 

irradiance distribution as a function of object defocus, and immediately highlights the 

inherent ability to extract focus behavior. 

 

 

Sparse Illumination 
 

Sparse illumination departs from the fringe projection technique, and implies working 

with illumination features (at the object location under study) that when imaged onto the 

detector have finite irradiance patterns less than a microlens dimension.  Each source 

radiance, Li, would be mapped to a corresponding irradiance region on the FPA, Ei, and 

allow a correlation of the feature size to focus attributes such that 
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 ( )(x , y ) x , y , ,i i i sys i o oE T L u v= , and (30) 

 ( )object i iD K x y= D ×D , (31) 

where Tsys represents a generic imaging system transfer mapping function (irradiance and 

magnification); xi/o and yi/o represent the spatial coordinates at the image and object plane 

(respectively), while u and v capture the angular directionality of the source ray.  Once 

the critical area of the source is determined (summing image area associated with each 

illumination source), it can be directly converted into the depth map through a system 

calibration factor, K, taking into account the optical path, aberrations, tolerances, 

environment, etc.  Therefore, measuring the critical image area of each source, there is a 

1:1 mapping to focus depth within the dynamic range of the system (and the ability to 

determine when the result is out of the dynamic range).   

For instance, an array of illuminated “dots” can be envisioned at the object plane, 

which is separated appropriately to present an image through the Plenoptic system that 

does not overlap neighboring sources.  Here, relatively large and square microlens 

diameters were chosen (0.25mm), with a focal length of 0.86mm (allowing 50 pixels at 5 

um diameter across each microlens dimension).  With the constraint of avoiding image 

overlap met, the system can avoid cross-talk errors and allow operation even as the 

microlens field-of-view does not align centered with the illumination pattern (which 

would then require summation of neighboring microlens signals and correlated to a 

unique source).  This allows the system to directly measure the transfer function, the 

effective point-spread function (PSF), through the imaging system to correlate image size 
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and irradiance distribution to absolute focus.  An example from a simulation of this 

scenario is presented in Figure 60 (A), showing the resultant detector image for an array 

of 19 x 19 dots (here behind a 19 x19 array of microlenses) as illuminated on the 

previous flat board target set to a 10 degree slope in the object focal plane (correlates to 

vertical dimension in the figure).  Here, it is visually evident that the average irradiance 

of each microlens image has a vertical linear slope (higher at the bottom of the figure as 

presented). This graphically shows the ability to correlate average image size / irradiance 

to scene depth for the scenario presented.  In addition Figure 60 (B) shows the extracted 

depth map from this resulting image for a target area of 10 x 10 millimeters, based upon 

each individual microlens pixel critical signal area dimensions.  This depth map also 

highlights the primary residual depth error, related to the illumination source being offset 

relative to the microlens axis (which will occur in the physical implementation), causing 

both vignetting and distortions / aberrations.  The result is a slight radial depth 

component error as well as a bias at the edge of the scene. Overall, this error can be 

effectively mitigated with sensor calibration and masking results to remove edge effects.  

Even with this residual error though, the result still correlates very well to the truth model 

(±0.035 in limits, within ±10% bounds) and shows a method to achieve depth sensitivity 

through sparse pattern illumination.  Looked at through another direction, this approach 

can be viewed as an analogy to the “Shack-Hartmann” approach, with the twist of 

operating in a non-collimated beam and requiring increased pixel density / sampling 

behind each microlens. 
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Figure 60. Sample (A) image for 19 x 19 point source on 10 degree tilted (vertically) 
object plane, as imaged through microlens array, and (B) extracted depth map, showing 

correlation of microlens image dimension to object defocus. 
 
 

The trade-off with this approach is the relatively larger microlens diameters 

and/or sparse illumination sources, which both lead to comparably low spatial 

information versus other approaches.  In addition, this approach has its dynamic range set 

around the initial focus position.  This makes it uniquely sensitive to small depth changes, 

but will not be able to handle large depth changes (either as the defocused converging 

beam illuminates more than the neighboring microlens or starts to interact with the image 

of other sources).  This can be overcome in part by sampling the field at a faster rate 

(integration time constrained however), as well as including some extended sources, such 

as structured illumination described next. 
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Extended Illumination 
 

By contrast to the previous topic, structured illuminated is defined as possessing features 

that are large as-compared to the microlens sampling area in object-space.  In effect, each 

microlens captures the angular directionality of the rays for a given image spatial 

position.  Since the illumination source covers multiple microlens positions at the image 

plane there are effectively multiple views of the object plane present.  By comparing the 

angular coordinate frames from the microlens, a parallax or shear in the result is evident 

if there is any defocus present.  By quantifying this shear, a correlation is directly made to 

the degree of defocus from the object plan.  This approach was also simulated in the 

model, to demonstrate the functionality and utility to in situ measurements.  In this setup, 

the microlens diameters were reduced to .125mm, to improve the scene spatial sampling 

(reducing the angular resolution by a comparable factor, as compared to the sparse 

illumination method).  For demonstration purposes then, two uniformly illuminated 

letters “U” and “A” were placed as the object scene; first with both at the object focal 

plane, and then with one aft and the other fore, to showcase the difference and method to 

retrieve depth information.   
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(A) 

 

(B) 

 

(C) 

 

 
(D.1) 

 
(D.2) 

 
(E) 

Figure 61. Focused plenoptic image analysis flow, with both letters "U" and “A” set at 
the Plenoptic system object focus plane. Inset (A) captures traditional camera image at 
same resolution; (B) Raw image through plenoptic system; (C) Re-organized plenoptic 

image by angular coordinate with two boxed sub-image views shown in respective detail 
in (D); and then showing the overlay of these two sub-images to denote no parallax / 

image shear is present. 
 

 

 With the two uniform letters at the focus of the plenoptic imaging system, the 

result is as captured in Figure 61 with the image analysis steps involved in generating the 

necessary sub-image views.  First, inset (A) captures what the scene would look like to a 

traditional (non-plenoptic) camera system, as a direct comparison.  Sub-figure (B) shows 

then the raw image as taken by the plenoptic camera, while (C) captures what it looks 
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like after each microlens pixel stack is instead arranged by angular coordinates.  This is 

accomplished by combining the same pixel coordinates for each respective microlens into 

“sub-images”, where the extracted pixel is placed at the virtual location of the microlens 

coordinate.  This method groups pixels based upon angular orientation, rather than spatial 

coordinates.  From this view, two (2) sub-images are identified with a “red” and “blue” 

bounding box.  These sub-images are then shown in detail under sub-figure (D), 

respectively.  Finally, these two (2) sub-images are overlaid 1:1 in Figure 61 (E), to show 

that that they fall exactly on top of each other in angular coordinates.  This illustrates that 

for object points at the focus plane, there is no parallax evident in the resulting plenoptic 

image.  In fact, the result is effectively identical to a traditional camera and allows all 

standard approaches to be utilized, barring the subsequent reduction in spatial resolution 

given the camera detector properties. 

 

 From there, the model was modified to put the letter “U” at 12.7mm closer to the 

plenoptic imaging system (setting object distance to 241.3mm), and the letter “A” at 

12.7mm further away (object distance of 266.7mm).  For contrast, the similar image 

results for each stage of analysis are also captured in Figure 62.  As is visually evident, 

the raw plenoptic image, shown in sub-figure (B), appears to have more blur associated 

with the objects, as would be expected given the rather significant defocus values 

attributed to the model.  Similarly, after converting the microlens images to angular 

coordinate sub-images and then extracting two in specific to show in detail, shown in 

Figure 62 (C) and (D) respectively, there are both differences in the illumination 
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irradiance and by close examination the position of the letters relative the sub-image 

centroid.  In fact, as the two (2) sub-images are overlaid in Figure 62 (E), color-coding is 

applied to show when one sub-image has a recorded value while the other is absent 

(keeping to the red and blue scheme respectively).  This showcases the fact that any 

defocus is translated into image parallax / shear through the plenoptic system.  More to 

the point, it also captures the net direction of the defocus.  For instance, both of the letters 

have “red” features closer to the center of the image, and “blue” features at larger radial 

distances.  This offset also falls along the 45 degree vector relative to the image, which is 

in line with the orientation of the two (2) sub-images from the overall array sampling per 

Figure 62 (C).  In addition, keeping just to these two (2) sub-images for simplicity, to 

sharpen focus of any single letter would require a lateral displacement of one sub-image 

relative to the other.  However, sharpening one would degrade the focus of the other.  For 

instance, moving the red sub-image to overlay on top of the blue letter “U” would then 

move the red letter “A” even further from its best overlay position, and conversely.  This 

highlights the ability to extract the both the magnitude and direction of the defocus in the 

extended scene, as each letter is defocused differently, by comparing the necessary sub-

image movements to achieve best-focus (peak in correlation factor).   
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(A) 

 

(B) 

 

(C) 

 

(D.1) (D.2) 
 

(E) 

Figure 62. Defocused plenoptic image analysis flow, with letter "U" set to 12.5 mm 
closer and letter "A" set to 12.5 mm further away from sensor. Inset (A) captures 

traditional camera image at same resolution; (B) Raw image through plenoptic system; 
(C) Re-organized plenoptic image by angular coordinate with two boxed sub-image 

views shown in respective detail in (D); and then showing the overlay of these two sub-
images to capture the image parallax /shear for each letter going opposite directions (blue 

/ red corresponding to areas of no overlap) due to different defocus directions. 
 

 

For clarity, this shift and overlay procedure is graphically captured in Figure 63 

by showing both the overlaid source sub-images similar to that of Figure 62 (E), and the 

necessary vector sub-image displacements to achieve “best-focus” for the letter “U” and 

“A” in the scene (Figure 63 (A) and (C) respectively).  At this point, the scene can be 

both compensated for focus (either locally or globally as desired for the purpose), and the 
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necessary lateral displacement and directions can be calibrated and utilized to derive the 

defocus direction and magnitude.  Ultimately, the plenoptic system depth resolution as 

operated in this manner is related to the objective and microlens array optical parameters 

(including focal length, F-number, and magnification).  For the configuration herein, the 

depth sensitivity and resolution is approximately 1.5 millimeters, as limited by the final 

pixel angular resolution.  However, there is one inherent limitation with extended 

illumination, in that no depth retrieval can occur within the confines of a uniformly 

radiant scene or feature.  Effectively, a uniform scene cannot provide any depth cues for 

defocus within its interior area, only along its edges, or with great care and calibration by 

varying the illumination signal in order to utilize radiometry to assist in nulling depth 

cues.  Overall though, this allows both a comparably coarse defocus metric to help solve 

any potential 2p-modulo rollover errors, and potentially even more importantly provide 

the ability to dynamically refocus and sharpen the captured image.  This would facilitate 

further depth determination with the aforementioned fringe projection approach, which 

would have potential issues as the scene depth content moves beyond the purview of the 

traditional camera limits.  For industrial thermal spray coatings, the inherent geometry 

and setup means this occurs on essentially every run.  Therefore, this approach can be 

considered an enabling technology to allow more free-form, in situ part measurement and 

verification for the industry and other similar purposes.   
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(A) 

 
(B) 

 
(C) 

Figure 63.  Sub-image analysis, capturing net vector of image displacement required to 
achieve "best-focus" for (A) the letter "U" and (C) the letter "A" separately, with (B) the 

source overlaid sub-image for reference. 
 

 

 

Spatial Fringe Illumination 
 

Up until this section, generic illumination patterns were utilized to present the approach 

and methods to leverage the plenoptic sensor for relatively fine depth retrieval in a real-

time manner.  In effect, this is one of the inherent strengths of the method, in that the 

analysis and depth retrieval only requires certain minimal requirements to be met to 

utilize a technique, and is otherwise agnostic to the illumination approach taken.  That 

said, when operating with the unique illumination features of the fringe projection 

system, that carrier frequency can be extracted in a novel manner. 

 By utilizing a spatial fringe period on the target scene, there is a continuous slope 

in the retrieved irradiance across the image, to encode depth characteristics on the carrier 

frequency’s phase.  Just as with a traditional image of the fringe projection scene, a 

plenoptic camera can exploit the same algorithms and techniques.  In fact, when the 
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object scene content is set away from the best-focus, there is the same parallax evident 

between the sub-image locations across the array (with pixels as re-organized in angular 

coordinates).  Because the image was mapped through the same system, there is no 

magnification change, only a shearing or spatial offset of the resulting image position.  

This preserves the carrier frequency (with a calibration for the spatial resolution 

difference), and the resulting shear or parallax can then be viewed as a phase offset.  

Therefore, between any two (2) of the sub-images, there will be a spatial offset which can 

be processed as a normal pair of images (one being the reference) with the Fourier 

filtering process (Trail, Kudenov, & Dereniak, 2014), and/or by differing the apparent 

spatial / phase shift versus the net distance in the angular coordinates between the sub-

images, to derive a characteristic slope, which can both be directly equated to defocus 

magnitude and direction.  An example of two sub-images overlaid on top of each other is 

presented in Figure 64, with the separate sub-images color coded appropriately to 

highlight the offset spatial relationship.   
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Figure 64. Captured Plenoptic Sub-images, Showing Parallax (through color coding, 
green versus pink) as Corollary to Phase Offset in Carrier Frequency for Projected Spatial 

Fringe 
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CHAPTER 6:  Discussion 

 
The theory, models and analysis presented in this dissertation are valuable tools in the 

development of future in situ optical metrology methods and sensors, specific to the 

plasma spray process, and more generally to the larger industrial thermal spray industry.  

This industry has a need for new techniques and methods to help reduce process costs 

while maintaining or improving the quality and reliability. 

It has been shown that the model and hardware prototype solution developed in 

this dissertation can be used in situ to measure the deposited coating layer thickness from 

a plasma spray process.  It has also been shown that the inclusion of multiple projected 

spatial fringe periods and plenoptic (computational imaging) techniques can significantly 

increase the depth measurement dynamic range while removing ambiguity.  The analysis 

herein provided a modeling tool to determine the best path-forward to measure the 

coating layer passes from the plasma spray torch, on the order of 10-80 micrometers.  

This led to the development of the differential fringe projection method, which achieved 

a standard deviation noise floor of 2.5 micrometers, facilitating a measurement of each 

coating pass and thereby the total deposited layer coating.  This led to a measurement of 

the in situ deposited nickel alloy bond-coat thickness, at 316 micrometers, within 4.3% of 

the physical measurement, and within one (1) sigma standard deviation given the 

statistical variability.  In addition, advanced techniques to further improve the inherent 

capability of the fringe projector were captured.  This included the dual-fringe projector 

technique, which allows a method to solve for the single-wavelength approach phase 
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ambiguities.  Example architectures were provided and methods to extend the depth 

(step-height) dynamic range by 4-10X, above the single spatial wavelength / fringe (for 

most testing, near 300 micrometers).  Simulation and analysis was then completed for 

improving the sensor acquisition component to the system.  A plenoptic sensor 

architecture was reviewed, modeled, and analyzed for the potentially to dramatically 

increase the allowed depth-of-field for object phase / depth retrieval.  In the example 

provided, this allowed a 10X increase in the range of object focus, as related to the 

number of linear pixel elements paired to a microlens.   

 The concepts and options pursued herein validate the approach for measuring in 

situ plasma spray depositions, while capturing the discussion for performance objectives 

to allow future modification and tailoring to the implementation desired. 

 

Accomplishments 
  

 There are many accomplishments in this dissertation.  First, a review of the fringe 

projection theory is conducted.  This review shows the background, theory and dynamic 

capability to perceive 3-dimensional cues.  Second, a particular solution was identified 

for the problem statement of plasma spray deposition.  This included the derivation of the 

projection system design, as well as initial laboratory data collections.  Third, the solution 

was extended to include differential measurement capability in order to improve the 

resiliency of the measurement, and remove potential sources of phase noise / errors in the 

deliverable product.  Fourth, a prototype fringe projection system was designed, 
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integrated, and tested in the laboratory to update the simulation and model behavior 

developed.  Fifth, the prototype sensor was mated to a production spray booth with a 

commercial sensor to acquire real-time, in situ measurement results and validate the 

process.   The measurement results were then compared and contrasted with the 

simulation, to better understand the inherent capability and path-forward.  Sixth, analysis 

was completed on the viability of dual-wavelength fringe projection techniques to 

improve the overall dynamic range for depth retrieval beyond any single wavelength 

limitation (especially in the presence of step-height changes, whether intentional or 

defects).  Seventh, simulation and modeling was completed on the acquisition sensor, in 

order to analyze the benefits of leveraging computational imaging, such as a plenoptic 

sensor, to further reduce the requirement for maintaining critical object focus.  This is 

especially important given the nature of the deposition process, current established 

equipment and facilities which lack traditional optical metrology tools, and a desire to 

leverage the work for more complex geometries and similar processes. 
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CHAPTER 7:  Conclusion 
 

The purpose of this dissertation is to develop the theory and model for an in situ imaging 

profilometer that can support the desired dynamic range in the plasma spray deposition 

process.  The biggest achievement was in the realization of a prototype sensor design, 

which led to the real-world capture and sensor validation with a plasma coating setup.  

This sensor architecture was then extended to more advanced functions, such as dual 

wavelength and computational imaging methods, in order to demonstrate the manner to 

further improve upon the baseline.   

 Chapter 1 provides an introduction to fringe projection profilometry and the 

desired data products.  An overview of the thermal spray process and governing 

assumptions are also identified. 

 Chapter 2 provides more details on the plasma spray process in particular, as well 

as capturing the current state-of-the-art in thermal spray processes for measurement 

techniques and technology. 

 Chapter 3 introduces the fringe projection solution space, and background theory 

to supports it operation and performance limits.  This includes highlighting the specific 

differential technique that would be employed in the relatively noisy plasma spray 

process.  In addition, the initial laboratory results to confirm the development model and 

analysis are captured.  Finally, the optical noise terms and limits were explored and 

defined, in order to determine the resolution and sensitivity of the method. 

 Chapter 4 captures the prototype profilometer development, integration, and test.  

This includes a section detailing the source characteristics, given the nature of the 
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concept and the environment of operation.  From there, the optical and opto-mechanical 

build were captured, including reviewing the data capture method and confirming initial 

results in the laboratory.  This then led to the fielding of the prototype in a production 

environment, to allow an in situ measurement of both ceramic and metallic plasma spray 

coatings.  The results were very positive, mapping well to both the theory and model, as 

well as matching with 4.2% of the caliper measurement, and well within the statistical 

significance, for the metallic bond-layer coating thickness.   

 Chapter 5 then shows potential advanced functionality to add to the base fringe 

profilometer system to improve both its overall dynamic range.  This included a review 

of dual-wavelength interferometric methods, as can be applied to profilometry.  Plenoptic 

imaging was also analyzed for its potential to significantly increase the allowed depth of 

object focus (by factors) and still retrieve an adequate fringe visibility function to support 

profilometry methods.  In addition, illumination modifications and techniques were 

captured to both facilitate and improve the plenoptic function, in order to passively 

retrieve depth cues and object scene content. 

 The design and analysis of in situ plasma spray sensors are enabled by the 

development of the model, background and tools described in this dissertation.  The 

fringe projection approach was demonstrated as a viable in situ coating thickness 

measurement technique, accurate to the micron scale level, by accumulating thickness 

changes on individual plasma coating deposition passes.  This work allows a path-

forward to retrieve per-pass deposited thickness measurements of both the ceramic and 

metal layers required in most thermal barrier coatings and similar protective thermal 



 125

spray processes.  Overall, this novel measurement capability will allow improved control 

for key plasma spray deposition processes, and demonstrates a practical manner to 

implement in an industrial setting.   

 

Suggestion for Future Work 
 

This dissertation demonstrated the approach to an in situ coating thickness measurement 

process.  However, more work could be completed to help demonstrate its feasibility for 

a particular customer or commercial pursuit.   

 In particular, the prototype method for the fringe generation was the Savart plate 

crystal, and as previously mentioned this provided the necessary variability in the fringe 

period during the development phase.  In the future, this could be modified to a 

Wollaston prism in order to remove the sensitivity of object distance from impacting the 

perceived fringe spatial period (leading to a potential error source, if unaccounted for).  

The difference in approach between the Savart and Wollaston architectures are captured 

in Figure 65 (A) and (B) respectively. 
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Figure 65. Structured illuminator architectures based on (a) Savart Plate (SP) and (b) a 

Wollaston prism (WP). 
 
 

 In the modeling and analysis of the dual-wavelength fringe and plenoptic 

architecture a few variables were discussed relative to the inherent performance trades.  

Prototyping a sensor configuration to further explore the trade-space would help to isolate 

the desired end-state configuration and physical limitations.  Given this approach, further 

testing in the laboratory and field would then help to mature the hardware and software 

solution, and provide further confidence to move forward with any point solution or 

customer in mind. 
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