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Abstract  

 

Aerogels are a diverse class of high-porosity solid-phase nanostructured materials that exhibit 

a wide range of extreme materials properties, such as low bulk density and low thermal 

conductivity.  Aerogel products can be made in various form factors, with the most common 

commercial form factors being blankets and particles.  Aerogel monoliths (i.e., shaped 3D aerogel 

forms) offer unique opportunities for applications such as insulating windows and polymer aerogel 

products that can be machined into complex shapes without collapsing.  However, monoliths can 

crack, deform, or otherwise undergo mechanical failure during supercritical drying, requiring 

overly conservative and thus time-consuming and expensive processes to achieve usable parts.  

The mechanisms for such failure are not fully understood, as they could possibly be due to solvent-

solid interactions or nonuniform strain states.  It is necessary to be able to make in situ strain 

measurements during the drying process to understand these failu re mechanisms.  Volumetric 

optical strain mapping during supercritical drying is a promising method for measuring strain in 

real time.  Here, we develop a technique for strain mapping by utilizing photon upconversion 

fluorescent particles and mapping the f luorescence intensity of upconversion nanoparticles to the 

strain state of the drying gel.  To demonstrate this capability, we first establish the ability to 

illuminate a voxel within an aerogel with infrared lasers.  The voxel is used as an optical probe for 

interrogating a given location within the monolith.  A silica aerogel nanocomposite is embedded 

with inorganic NaYF4:Yb/Er upconversion nanoparticles (UCNPs).  We demonstrated the 

feasibility of utilizing UCNPs for volumetric strain mapping in ex situ analysis, and with 

modification to the technique there is promise for in situ applications.  
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Chapter 1: 

Introduction 

 

Aerogels are a diverse class of high-porosity solid-phase nanostructured materials that 

exhibit a wide range of extreme materials properties, such as extremely low bulk density, high 

internal surface area, high strength-to-weight mechanical properties, and low thermal 

conductivities [1–3].  The materials properties of an aerogel can be tuned over a wide range of 

values by adjusting the composition and synthesis parameters.  For example, silica aerogels can 

be transparent and are electrically insulating [1,4], while carbon aerogels have high opacity and 

are electrically conductive [1].  Such extreme and tunable properties make aerogels useful for a 

wide range of challenging technological applications, such as thermal superinsulation for buildings 

[5,6], winter apparel [7,8], automotive thermal engine covers [9] and vehicle thermal management 

systems [10], and carbon dioxide capture [11–13], all of which can help to solve pressing issues 

such as the mitigation of climate change.   

For most types of aerogel materials, manufacturing of an aerogel involves four stages: sol-

gel-based formation of a wet-gel precursor, aging of the resulting gel, solvent exchange of the pore 

fluid in the gel for a pure solvent, and finally, removal of the pore fluid from the gel.  A gel has 
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two components, a nanoporous solid skeleton that gives the gel its s tructure, and a liquid 

permeating the pores of that skeleton.  The skeleton of the gel will eventually become the aerogel.  

The composition of the gel precursor and the subsequent morphological, chemical, and mechanical 

changes the skeleton of that gel experiences as the gel is processed into an aerogel define the 

properties of the resulting aerogel.  For example, in the case of  silica-based aerogels, the first 

manufacturing step involves formation of a silica wet-gel precursor, in which the silica skeleton 

of the gel is formed when the silica precursor polymerizes into nanometer-scale particles that 

crosslink to form the skeleton [1,14].  Next, the gel is aged to increase the mechanical strength of 

the silica structure; unreacted monomers add to the initial skeletal network, and silica precipitates 

out of solution to further strengthen the network.  After aging, a solvent exchange step is 

performed, where the gel is placed in sequential baths of a pure solvent, during which the target 

solvent displaces the solvent within the pores of the gel via diffusion and dilution.  This prepares 

the gel for the drying stage, in which the pore fluid of the gel is extracted and replaced by a gas.  

There exist several methods for extracting the pore fluid from gels to produce aerogels , such as 

supercritical drying, evaporative ambient pressure drying, and freeze drying.  If the solvent in a 

gel is evaporated under ordinary ambient conditions, the solvent within the pores undergoes a 

phase change from liquid to gas, creating a gas-liquid interface.  This interface creates very high 

capillary stresses due to the small pore size within the gel (~20-40 nm), and typically leads to 

collapse of the solid structure of the gel [1].   

The resulting low-porosity material is called a xerogel [15], and it is structurally distinct 

from an aerogel.  To dry a gel and produce an aerogel, the pore fluid of the gel must be removed 

from the gel's solid skeleton such that the nanoporous skeleton of the gel does not undergo 

significant irreversible shrinkage. Supercritical drying with carbon dioxide (SCCO2 drying) is the 



3 
 

method most commonly utilized to make aerogels today [16].  Supercritical drying is a process 

through which the pore fluid is heated and pressurized to beyond the pore fluid’s critical point (the 

temperature/pressure beyond which the gas and liquid phases can no longer be distinguished), and 

so the pore fluid is now called a supercritical fluid.  There is no gas-liquid interface for supercritical 

fluids, so the removal of the pore fluid will not produce the capillary stresses that result in the 

structural collapse of the gel skeleton.  Since supercritical drying typically involves high 

temperatures and pressures, it is safer to first exchange a gel’s pore fluid for a nonflammable 

solvent such as CO2.  SCCO2 drying circumvents the problem of capillary stresses by exchanging 

the original solvent with liquid CO2, then heating/pressurizing the new CO2 solvent.  As the 

pressure and temperature increase beyond the critical point, the liquid CO 2 transitions to a 

supercritical fluid.  Supercritical fluids exhibit no gas-liquid interface and thus exert no capillary 

stresses throughout the pore structure as they diffuse out of the gel's solid structure.  The SCCO 2 

becomes gaseous following an isothermal reduction in pressure, and the gel becomes an aerogel. 

Aerogels are commonly produced in several different form factors, including 

particles/granules used for insulation of pipes, and blankets used when flexible insulation is 

required [1].  While particles and blankets are cheap and simple to produce compared to other form 

factors, they lack structural rigidity and do not have isotropic properties (particles are nonuniform 

in size and shape, and blankets are fibrous).  Monolithic aerogels (shaped contiguous aerogels such 

as plates) are used in applications that particles and blankets cannot be.  For example, transparent 

monoliths can be used in insulating windows [17], and polymer aerogels with high strength and 

stiffness properties and low friability can be machined into complex shapes that hold their form 

without collapsing, allowing for use in applications such as lightweight airline interior wall panels 

[18]. 
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However, the manufacture of monolithic aerogels introduces challenges not faced by the 

manufacture of particles or blankets.  In particular, aerogel monoliths can crack, deform, or 

otherwise undergo mechanical failure during the drying process [16].  This hinders broad 

commercialization of monoliths, resulting in low part quality, low product yields, difficult-to-scale 

manufacturing processes, and/or increased costs, thereby making large-scale production of 

monolithic aerogel parts difficult.  However, the mechanisms for such failure modes during 

supercritical drying are not fully understood. Supercritical drying involves the heating and 

pressurization of fluid within nanoscale pores to beyond the critical point, resulting in complex 

stress and strain states dependent on fluid composition (the interaction of the liquid pore fluid with 

liquid CO2 and SCCO2 changes as more of the original solvent is exchanged out), time (the 

aforementioned fluid composition changes over time), and space (the geometry of the gel affects 

stress and strain), all of which can invoke unexpected and undesired mechanical responses. 

Having the capability to make in situ strain measurements during the drying process is a 

desirable but missing technique for understanding these failure mechanisms.  Presently, the 

techniques used to investigate the mechanical properties of aerogels include uniaxial and biaxial 

tension tests, FTIR spectroscopy, and SEM imaging [19,20].  These methods can be performed 

only on monoliths post-manufacturing, because the equipment required for these techniques is 

incompatible with the complex pressure vessels used for aerogel drying due to size, transparency, 

and/or harsh environmental conditions.  Strain mapping is a technique that could be used to 

measure envelope strain [21–24], but it is usually limited to surface strain as it lacks the penetrative 

ability to see within complex geometries (such as those of a 3D aerogel part), where the strain state 

can be very complex.  This necessitates the need for a technique that can see within  a monolith, 

even while it is still drying in a pressure vessel.  Volumetric optical strain mapping during 
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supercritical drying would thus be a promising method for measuring 3D strain states within 

aerogels in real time and could enhance our understanding of the origins of part failure in the 

manufacturing of monolithic aerogel materials. 

Here, we develop a technique for volumetric strain mapping within a post-drying 

transparent silica monolith by utilizing fluorescent upconverting particles and mapping the 

fluorescence intensity of the particles to the strain state of an aerogel as a first-step towards in situ 

volumetric strain mapping of aerogels during supercritical drying.  To demonstrate this capability, 

we establish the ability to illuminate a visible voxel (“volumetric pixel”) within an aerogel using 

an infrared laser.  The voxel is then used as an optical probe for spatially scanning and interrogating 

the strain state at a given location within the monolith. 

 

1.1: Motivation 

Supercritical drying is the technique most often used when manufacturing aerogel products 

[16].  Aerogel form factors such as particles and blankets can be made efficiently with large-scale 

supercritical drying, but such techniques are not always practical or amenable for the manufacture 

of monoliths; particles are made with subcritical drying techniques that result in large deformations 

and pulverization, while blankets do not need to preserve their mechanical properties because the 

gel is reinforced with fibers [1].  Monolith manufacture is slower and more complicated than the 

manufacture of other form factors due to issues like solid-solvent interactions (e.g., the interactions 

between the solid gel skeleton and the liquid pore fluid) and nonuniform strain states that lead to 

structural failures of the monoliths, such as cracks and fractures [16].  Supercritical drying of 

monoliths is also diffusion-limited and involves the exchange of one fluid for another, which 
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introduces entropy of mixing effects.  The gel skeleton may also undergo unexpected distortions 

due to the high temperatures and pressures of supercritical drying, and the compositions of certain 

gels may trap solvents within the pore structure/skeleton and prevent complete solvent exchange.  

These issues further complicate monolith production. 

Since supercritical drying involves exposure of the gel to (supercritical) fluids at elevated 

temperatures and pressures, it must be performed in heavy-duty stainless steel pressure vessels that 

make direct measurements of drying gels challenging.  The inability to observe and quantitatively 

measure monoliths as they are drying has limited the opportunities to understand the exact 

mechanisms that can lead to failure.  Thus, it is necessary and crucial that in situ observation of 

drying monoliths be developed. 

 

1.2: Thesis Outline 

In this thesis, the development of a volumetric optical strain mapping technique for 

measuring the 3D strain state within aerogels using strain-dependent upconversion emission from 

micro- and nanoparticles in an aerogel nanocomposite is discussed.  This works serves as the 

foundation for future work which will focus on applying such a technique to the observation of 

drying aerogel monoliths in situ for measuring the strain state of a drying aerogel monolith in real 

time. 

In Chapter 2, an overview of aerogels and their properties is discussed, as well as the 

significance of aerogels in technological applications, including those that can serve to mitigate 

climate change.  This is followed by a discussion of the physics of upconversion emission and its 
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applicability to this work and overview of strain mapping techniques that have been used before 

for measuring strain states. 

In Chapter 3, the objectives and the methodology of this thesis are presented.  The approach 

used to develop a volumetric optical strain mapping technique is described. 

In Chapter 4, the synthesis of novel monolithic silica aerogel nanocomposites embedded 

with upconverting micro- and nanoparticles is detailed.  Synthesis and characterization of silica 

nanocomposites using commercially-available upconverting micro- and nanoparticles is 

described, as well as efforts made to synthesize various types of upconverting nanoparticles. 

In Chapter 5, the development of a volumetric optical strain mapping technique for 

measuring the non-linear optical response of  upconverting silica aerogel nanocomposites 

presented in Chapter 4 is described.  The approach used to develop the technique is presented, 

including the design of supporting instrumentation used such as laser optics, motorized linear 

stages, and data collection, along with efforts undertaken to achieve an approp riately-shaped 

millimeter-scale single-voxel probe. 

In Chapter 6, measurements of emission intensity of upconverting silica aerogel 

nanocomposites using the aforementioned instrumentation are presented.  Measurements of voxel 

brightness in nanocomposite monoliths versus applied compressive load are made at the single-

voxel level.  The evolution from performing measurements with single voxels to full-monolith-

volume brightness intensity mapping is detailed in support of developing a method for volumetric 

optical strain mapping of already-dried silica aerogel nanocomposites ex situ of a supercritical 

dryer. 
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In Chapter 7, the results of numerical simulations of compression of multiple aerogel 

formulations are presented.  Models of silica aerogel, cellulose aerogel, and two formulations of 

graphene aerogel with different Poisson’s ratios are subjected to varying levels of stress, and the 

effects of variable stress and variable particle size on volumetric strain are described.  The results 

of the simulations are used to inform the direction of potential additional physical experiments. 

In Chapter 8, important discoveries of this thesis are summarized, and recommendations 

for future work and practical implementation of this strain mapping technique are presented. 
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Chapter 2: 

Background 

 

The various properties of aerogels have made them very attractive in many applications, 

from the commonplace (e.g., cosmetics) to the exotic (e.g., collection of comet dust).  Their 

potential use in mitigating climate change through improving energy efficiency in industry, 

commercial buildings, and transportation has been explored by many, as discussed in this chapter.  

In this chapter, we survey the fundamentals of aerogels as a materials system, their production, 

and their applications, as well as review the physics of upconversion emission and its applicability 

to this work and the state of the art of optical strain mapping as it applies to related material 

systems. 

 

2.1: Properties of Aerogels and Aerogel Production 

Aerogels are a diverse class of dry, porous, low-density materials that have a wide range 

of extreme properties.  For example, silica aerogels have pores on the nanoscale (average pore 

diameter of 20 to 40 nm), high pore volumes (typically above 90%), high surface areas (around 
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1000 m2 g-1), and low densities (on the order of 0.020 g cm -3) [1–3].  Silica aerogels are generally 

nonflammable and have low thermal conductivities (typically around 0.015 W m -1 K-1, in 

comparison to polyurethane foam at 0.025 W m -1 K-1) [1,25], making them excellent for use as 

thermal insulation.  Of particular interest for our current work is the high optical transparency of 

silica aerogels (with a transmission coefficient of 93%) and their low refractive index 

(approximately 1.05) [1,4].  These properties have made silica aerogels a viable option in certain 

niche applications where the brittleness and difficulty of manufacture are outweighed by their 

unique materials properties, such as Cherenkov radiators in nuclear experiments [26], or as 

insulation for the electronics of the Sojourner Mars rover from the extreme temperature swings of 

Mars [27].  However, their high cost of production limits aerogel product usage. 

Production of aerogels can be separated into four distinct stages: sol-gel-based formation 

of a wet-gel precursor, aging of the resulting gel, solvent exchange of the pore fluid in the gel for 

a pure solvent, and finally, removal of the pore fluid from the gel (Fig. 2.1).  The first stage, 

gelation, results in the formation of the gel skeleton.  For silica-based aerogels, silica molecules in 

aqueous solution undergo polymerization and bond together to form particles.  These particles 

further bond together to form yet larger particles that eventually crosslink, creating chains of silica 

particles.  These chains constitute the gel skeleton, with the gaps between the chains forming the 

nanoporous structure of aerogels [1,14,28].   
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Figure 2.1  A silica precursor undergoes gelation to form the skeleton, aging to strengthen the 
network, solvent exchange to purify the pore fluid, and drying to become an aerogel. 

 

The next stage, aging, strengthens the skeleton.  After gelation, the solution still has 

unreacted silica monomers, so leaving the wet-gel to sit in the solution for several hours or days 

after gelation allows for those unreacted monomers to bond to the skeleton.  The dissolution-

reprecipitation of silica enhances the inter-particle necks that connect the particles of the skeleton 

together [1,16,29,30].   

The next stage is solvent exchange.  Gels can be formed in many different solvents, like 

water, n-hexane, methanol, and ethanol [31,32].  However, not all solvents are miscible with liquid 

CO2, and if the next stage, drying, utilizes SCCO2, the solvent within the pores of the gel must be 

miscible with CO2.  In addition, even if the solvents are miscible with CO2, if the pore fluid has 

impurities that are not miscible (e.g., water from the gelation stage), then drying the gel will likely 

lead to structural failure due to capillary stresses.  Thus, the gel is placed in sequential baths of a 

pure solvent, displacing the impure pore fluid via diffusion and dilution.  This prepares the gel for 

the drying stage, in which the pore fluid of the gel is extracted and replaced by a gas.   

The final stage of aerogel production is the drying stage, where the pore fluid within the 

gel is replaced with CO2/air.  There exist several methods for extracting the pore fluid from gels 

Gelation Aging Solvent Exchange Drying 
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to produce aerogels, such as supercritical drying, evaporative ambient pressure drying, and freeze 

drying.  Ambient pressure drying can produce larger quantities of aerogels, but if the solvent in a 

gel is evaporated under ordinary ambient conditions, the solvent within the pores undergoes a 

phase change from liquid to gas, creating a gas-liquid interface.  This interface creates very high 

capillary stresses due to the small pore size within the gel (~20-40 nm), and typically leads to 

collapse of the solid structure of the gel [1]; the resulting low-porosity material is called a xerogel, 

due to its properties being very distinct from those of an aerogel’s.  Much progress has been made 

to improve the viability of ambient pressure drying, with Aerogel Technologies prod ucing the 

largest monolithic aerogel in the world using ambient pressure drying [33–37].   

Freeze drying and supercritical drying both avoid capillary stresses by circumventing the 

phase change from liquid to gas, though they do so in different ways.  Freeze drying freezes the 

liquid pore fluid into a solid before subliming the solid solvent directly into a gas.  This avoids 

capillary stresses, but it still can damage the gel structure through the growth of the solid solvent 

crystals.  The transparency of freeze-dried silica is also decreased when compared to 

supercritically dried monoliths.  The process is very time-consuming and energy-intensive [38], 

so it is not used often to dry aerogels, but recent efforts have been made to improve the viability 

of the drying method [39–43]. 

To dry a gel and produce an aerogel, the pore fluid of the gel must be removed from the gel's 

solid skeleton such that the nanoporous skeleton of the gel does not undergo significant irreversible 

shrinkage. To this end, SCCO2 drying is the method most commonly utilized to make aerogels 

today [16].  SCCO2 drying circumvents the problem of capillary stresses by exchanging the 

original solvent with liquid CO2, then heating/pressurizing the new CO2 solvent.  Many studies on 

SCCO2 drying have been motivated by a desire to increase understanding of the fundamentals 
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governing the transport process, for example, diffusion coefficients and densities of dynamically-

changing fluid mixture compositions [44–47], solvomechanical responses of porous substrates 

[48,49], and drying rates [44,50,51], but none have attempted direct measurements of the strain 

state of an aerogel monolith while drying in situ.  Kocon et al. investigated a technique to 

supercritically dry ultralow density uncracked transparent silica aerogels with low shrinkage [52].  

García-González et al. studied how drying time duration affected the end textural properties of the 

dried aerogels; for silica aerogels, they found that short drying times resulted in nontransparent 

monoliths with cracks and shrinkage, while longer drying times increased transparency and 

mechanical stability [50].  Sanz-Moral et al. found that the majority of noticeable aerogel shrinkage 

of silica monoliths occurred during CO2 decompression at the end of the drying process [53].  

Griffin et al. investigated the kinetics of the SCCO2 drying process by continuously measuring 

alcohol extraction rates; their results were comparable to a conjugate mass transfer model 

assuming pure diffusion [44].  Quiño et al. used one-dimensional Raman spectroscopy to perform 

in situ analysis of the ethanol-CO2 concentration profiles within a drying silica monolith [54].  

These studies have furthered understanding of the mechanisms that can affect the monolith as it 

dries.  Quiño et al. in particular recognized the importance of in situ analysis; before their work, 

there were no measurements directly revealing the mass transport mechanisms within drying gels 

[54].  However, none of these studies directly determined the strain state of the aerogel skeleton 

as the monolith dried, an important consideration that is missing from the literature.  
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2.2: Significance of Aerogels: Environmental, Economic, and Societal 

Importance 

The extreme properties of aerogels allow for a wide range of applications.  One of those 

applications is in the mitigation of climate change.  Due to the threat of anthropogenic global 

warming, there is a desire to decrease global greenhouse gas emissions, particularly CO2 released 

through the burning of fossil fuels.  Improving energy efficiency of major sources of emissions is 

one important way this could be achieved.  According to the EPA [55], in 2017, the largest sources 

of CO2 emission in the US came from transportation (28.9%) and electricity production (27.5%).  

While new and improved technologies have been and are currently being developed to decrease 

energy consumption in the transportation and power generation sectors, the effects of these 

improvements are largely long-term; immediate progress must be made to decrease CO2 emissions 

to meet the proposed goal of a stabilized atmospheric CO2 concentration below 500 ppm [1,56].  

The porous nature of aerogels has prompted the exploration of their application in carbon capture 

[11–13,57–59], and recently aerogels were investigated for methane adsorption [60] and storage 

[61].  However, it is through the use of aerogels as superinsulation in buildings and as lighter-

weight alternatives to existing structural materials used in automobiles and airplanes [18] that they 

can provide immediate reductions in greenhouse gas emissions. 

The buildings sector accounts for roughly 40% of global energy consumption, and HVAC 

(heating, ventilation, and air conditioning) accounts for the bulk of a building’s energy costs.  

However, the effectiveness of thermal insulation in many buildings globally is poor [5].  In Europe, 

buildings are responsible for about 36% of total CO2 emissions, and about 68% of a building’s 

energy consumption is spent on heating and cooling [62].  It is through this that immediate 

improvements may be made worldwide.  This is an application where the thermal insulation 
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properties of aerogels make them very attractive [6]. 

In 2014, the global aerogel market was estimated to be about USD 353.88 million.  Almost 

91% of that market was in the oil and gas and construction segments; most aerogel products used 

in these sectors are for insulation, as there is a high demand for materials with very low thermal 

conductivity.  Predicted global aerogel market will be USD 547.96 million in 2019, with 84% of 

that in the oil and gas and construction segments [63].  However, the global insulation market was 

valued at USD 52.30 billion in 2017 [64].  Thus, despite the superlative insulative properties of 

aerogels, the market share of aerogel products used as insulation was less than 0.9% of the global 

insulation market.   

When aerogel products are used in insulation, they are usually  blankets, as they are flexible 

and easier to produce than monoliths.  Two of the leading manufacturers of aerogel insulation in 

the world, Cabot Corporation and Aspen Aerogels, primarily produce blankets (and particles, for 

Cabot) and usually sell only to industrial partners and government labs [37,65,66].  In 2004, 

Aerogel Technologies sought to commercialize monoliths with the goal of making aerogel 

products readily accessible to the public.  Over the next 15 years, Aerogel Technologies developed 

and commercialized a mechanically robust aerogel monolith without compromising its low 

thermal conductivity, and they collaborated with private companies like Ford and Airbus and 

government agencies like NASA to explore the potential applications of these new monoliths  

[9,18,37].  This development suggests that monoliths are a very promising new form factor, as 

they can be utilized not just for thermal insulation, but also for acoustic insulation, construction, 

and transportation.   

However, monolith production introduces difficulties that blanket production does not.  

During the drying process, aerogel parts can undergo various failures.  They can shrink, crack, 
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warp, fracture, and otherwise deform; if the aerogel part was intended to have a specific shape or 

uniform properties, any of these failures could render the aerogel unusable.  For blankets, 

deformations are not usually a concern, as the fibers of the blanket bind with the aerogel.  However, 

for the applications that require monoliths (e.g., insulated windows; approximately 20% of the 

energy loss of a one-story house is through the windows [67]), deformations are very important.  

Scherer has done much work in analyzing stress mechanics during supercritical drying.  His work 

with Smith and Anderson [68] demonstrated that gel shrinkage is largely caused when the capillary 

pressure exerted by the pore fluid (affected by drying rate and fluid composition) exceeds the 

modulus of the solid skeleton.  He also found that pressure gradients in the pore fluid result in 

differential strain, creating additional drying stresses, and that severe stresses occur wherever the 

gel is in contact with its container and when the heating rate and/or depressurization rate are 

excessive [29,69,70].  Bisson et al. also had similar results, where shrinkage occurs due to the 

imbalance between capillary pressure and resistance to compression of the skeleton, and that gel 

fracture can result from rapid heating and depressurization causing the evaporative flow rate to 

become too high [16]. 

Thus, the complexity of avoiding these failure modes increases the difficulty (and the cost) 

of aerogel monolith production, especially when it is not always known exactly what it was that 

caused any one failure.  To better understand the underlying mechanisms that cause these failure 

modes, it is necessary to understand the stresses and strains throughout the monolith as it dries.  

While capillary stresses are one known source of stress during drying, there are other stresses 

which can cause aerogel failure during drying.  For this reason, one must observe the drying 

process in situ; it is not always known which of these stresses caused any particular failure, so 

observations as the failure occurs are crucial.   
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2.3: Upconverting Nanoparticles for In Situ Observations 

Supercritical pressure vessels are generally made of thick-wall stainless steel bodies that 

offer limited optical access and other direct measurement techniques, but for this project, a pressure 

vessel with six orthogonal sapphire windows was commissioned, allowing the observation of any 

monoliths placed inside throughout the drying process.  The monoliths used were silica monoliths 

embedded with upconverting nanoparticles (UCNPs).  These UCNPs absorb light of a specific 

wavelength (e.g., infrared), then emit light of a shorter, high-energy wavelength (e.g., visible).  We 

propose that by mapping the concentration of the UCNPs to the intensity of their emission, the 

strains that occur within the monolith structure during the drying process can be mapped as well, 

thus furthering understanding of the reasons for structural failures.   

In typical single-photon fluorescence, a single photon of a certain wavelength and energy 

is absorbed by an orbital electron of an atom, molecule, or nanostructure.  The energy from the 

absorbed photon excites the electron to a higher energy state.  When the electron relaxes back to 

its ground state, part of the absorbed energy is released as a photon with a longer wavelength and 

less energy than the absorbed photon; the rest of the energy is lost to thermal modes.  In two-

photon absorption, two photons arrive at a single electron “simultaneously” (within 0.5 fs) and are 

absorbed together.  Their combined energies push the electron to a higher energy state than would 

a single absorbed photon.  Thus, when that electron relaxes back to its ground state, the emitted 

photon has a shorter wavelength and higher energy than either of the two individual photons that 

were absorbed [71,72].  In this way, infrared light can be absorbed by a nanoparticle and reemitted 

in the visible spectrum.  Two-photon imaging has many applications in the biomedical sciences, 
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as it allows researchers to perform experiments on live animals and cells with minimal tissue 

damage [71,73–76].  The infrared radiation used has less energy than ultraviolet, which decreases 

the likelihood of causing damage to living tissue.  Similarly, infrared light is unlikely to damage 

silica aerogels monoliths; silica aerogels have low absorption of near-IR radiation [77], limiting 

any damage that could occur from high levels of IR light. 

While similar to two-photon absorption, upconversion emission has a significant 

difference: two-photon absorption requires the two photons to be absorbed within femtoseconds 

of one another (and thus the process requires very high instantaneous power densities), but with 

upconversion, the time between the absorptions of the two photons is on the range of 10 -5 s (i.e., 

microseconds).  Thus, upconverting phosphors can visibly emit light at much lower power 

densities than can two-photon phosphors.  This makes upconversion an attractive and viable 

alternative to two-photon in low-scattering, deep-penetration imaging [78,79], such as the imaging 

that is desired for this project.  Additionally, because upconverting phosphors do not require the 

high power densities of two-photon phosphors, weaker lasers that are more compact can be used.  

This feature allows for the utilization of upconversion in experiments with high spatial limitations, 

such as within the confines of a pressure vessel. 

The most commonly studied mechanisms of upconversion are excited state absorption 

(ESA) and energy transfer upconversion (ETU).  ESA is similar to two-photon absorption (2PA), 

with the most significant difference being the time scale.  In ETU, the mechanism is more distinct 

from 2PA.  Two electrons absorb one photon each, and each electron moves to the first excited 

state S1.  One of the excited electrons transfers its energy to the other electron.  The first electron 

falls back to the ground state, while the second electron jumps up to the second excited state S2.  

Then, the second electron falls back down to the ground state, releasing its energy as a single 
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photon with shorter wavelength than the wavelengths of the absorbed photons.  

The fluorescent materials used in this work are lanthanide-doped nanoparticles.  The 4f 

orbitals of lanthanide ions allow for a large number of possible excited states, thus promoting the 

circumstances in which upconversion can occur.  NaYF4:Yb/Er nanoparticles are very commonly 

used, and so there is an abundance of work demonstrating their effectiveness [80–88].  A recent 

paper by Lei et al. demonstrated a viable method of synthesizing NaBiF4:Yb/Er nanoparticles [89].  

Substituting bismuth for yttrium allows for a quick and simple process for cheaply producing large 

quantities of nanoparticles, and the mechanisms of fluorescence for both the NaYF4:Yb/Er 

particles and the NaBiF4:Yb/Er particles are very similar.  These NPs undergo ETU; the ytterbium 

absorbs the photons and passes the energy to the erbium, which then emits the new photon.  The 

absorbed photons have a wavelength of 980 nm (infrared light), whereas the emitted photons have 

a wavelength of 540 nm (green visible light). 

 

2.4: Strain Mapping Techniques 

Digital image correlation (DIC) is a computer vision technique that compares the features 

in a pair of digital images of a subject before and after deformation, thus extracting whole field 

displacement data.  It is a powerful technique for measuring surface strain and is used often in the 

literature [22,90–93].  X-ray tomography has been used in the development of digital volume 

correlation (DVC), the 3D analog to DIC [21,24,94].  However, neither DIC nor DVC can be 

utilized in situ.  Thus, having the capability to make in situ strain measurements is a necessary but 

missing technique for understanding the strain state of complex objects like 3D aerogel parts.   
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2.5: 3D Illumination and Volumetric Displays 

While the focus of this work is on strain mapping in aerogel monoliths, the demonstration 

of voxel illumination of embedded fluorescent particles has applications in other areas, such as in 

3D volumetric displays. By focusing and aiming IR light at specific voxels within the monolith, 

an image in 3D space can be created.  As demonstrated by Wang and Liu [80], by varying the 

lanthanides used in the synthesis of the UCNPs and the wavelengths of the IR incident light, one 

can control the wavelength of the emitted visible light.  Thus, not only can a three -dimensional 

image be formed, but that image can also be in full RGB color as well.  Though other groups have 

published work on 3D volumetric illumination and displays [95–102], no other groups have used 

aerogels as the solid medium for the UCNPs.  This potential application of the illumination 

technique is an interesting topic to pursue in future experiments, though the technique has had 

more development as a strain mapping tool in this work.  
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Chapter 3: 

Objectives and Approach 

 

The goal of this work was to develop a technique that enables measurements of the strain 

state of a transparent aerogel monolith in real time.  Collecting real-time information on the strain 

state of a drying aerogel monolith would further our understanding of the mechanics of drying 

aerogels.  We can then reduce manufacturing costs by implementing that knowledge to decrease 

the number of mechanical failures that often occur during drying.   

We hypothesized that embedding fluorescent particles into the solid skeleton of transparent 

silica monoliths would allow us to optically probe the strain of said monolith.  The known 

concentration of particles would correlate with fluorescence intensity, thus changes to the intensity 

of the fluorescence was hypothesized to correlate to changes to the structure of the monolith (i.e., 

strain) (Fig. 3.1).  By mapping fluorescence intensity to strain, any changes to the intensity could 

be used to determine the strain state of the monolith in situ, including during the drying process. 

To test this hypothesis, we used fluorescent upconversion NaYF4:Yb/Er nanoparticles and 

embedded them within silica aerogel monoliths at known concentrations.  These fluorescent silica 

nanocomposites were subjected to known loads while voxels were systematically illuminated 
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within the monolith by a focused 980 nm infrared laser.  The intensity of the fluorescence of the 

illuminated voxel was observed with a camera as a function of time, a function of space, and a 

function of induced strain.  These ex situ strain measurements were used to establish a correlation 

between fluorescence and strain.  The conclusions reached through these physical experiments 

were complemented with simulations and modelling in COMSOL. 

 

 

Figure 3.1  A description of the 3D volumetric strain mapping technique.  a) A focused infrared 

laser beam leads to fluorescence at the focal spot (i.e., the “voxel”).  As the focal spot moves 

throughout the monolith, the voxel moves as well.  b) The intensity of the fluorescence of the voxel 

changes based on the particle density of the fluorescent particles.  Increasing volumetric strain 

increases the particle density, which in turn increases the intensity of the fluorescence. 

 

a) 

b) 
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Future steps include 1) applying the established correlation between fluorescence intensity 

and induced strain to determine static strain states during supercritical drying, and then 2) mapping 

the dynamic strain states in situ.  The technology developed in the refinement of this technique 

could be used for real-time strain measurements of any translucent material that can support 

embedded fluorescent nanoparticles.  Novel volumetric displays could be invented using this 

technique as well.  The ex situ strain measurements are a proof of concept to help understand the 

technical and engineering advantages, challenges, and limitations of the technique.   
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Chapter 4: 

Development of Upconversion Silica 

Aerogel Composite Monoliths 

 

The ultimate goal of this work was to develop a technique that could measure the strain 

state of a drying aerogel monolith in real time.  The monoliths would be embedded with f luorescent 

particles during the gelation process, then those particles would be exposed to infrared light to 

induce fluorescence.  To observe the monoliths drying in situ, the monoliths must be produced in-

house and cannot be purchased elsewhere.  The particles can be purchased from external sources, 

but the low quantities and high costs of commercial nanoparticles limit the number of composite 

monoliths that can be produced.  As such, the synthesis of fluorescent nanoparticles in -house was 

first explored, before both commercial microparticles and commercial nanoparticles were 

purchased.   
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4.1: Methods and Materials for the Production of Composite Monoliths 

Two formulations of nanoparticles were followed: the first by Wang and Liu [80], and the 

second by Li and Zhang [81].  These papers outlined how to synthesize NaYF4:Yb/Er 

nanoparticles, though their methods differed (see Chapters 4.1.2 and 4.1.3).  A third protocol, taken 

from a paper written by Lei et al. [89], outlined how to synthesize NaBiF4:Yb/Er nanoparticles, 

substituting yttrium (an expensive rare-earth metal) for bismuth.  After each protocol was 

followed, the resulting nanoparticles were embedded within silica aerogel monoliths at 

concentrations of at least 0.01 mg/mL during gelation.  The aerogel composites were then exposed 

to 980 nm laser light, and any fluorescence was recorded. 

 

4.1.1: Procedure for Setting/Drying Silica Aerogel Monoliths with Embedded 

Particles 

To set the aerogel monolith, the protocol for silica aerogel from Aerogel.org was followed, 

with minor modifications to quicken setting times and to introduce the particles [103].  A 1.458 

millimolar stock solution of ammonium fluoride dissolved in deionized water was prepared.  For 

a fluorescent nanoparticle concentration of 0.01 mg of particles per mL of sol, a solution of 10 mL 

of tetramethoxysilane (TMOS), 10 mL of methanol, and 0.35 mg of particles was prepared in a 

glass beaker.  The catalyst solution was prepared by mixing 5 mL of ammonium fluoride stock 

with 54 µL of ammonium hydroxide and 10 mL of methanol in a separate glass beaker.  The 

TMOS/particle solution was sonicated for 5 minutes, after which the catalyst solution was 

immediately poured into the TMOS/particle solution and stirred for 3 minutes.  The mixed solution  

 



26 
 

 

Figure 4.1  A generic phase diagram of CO2 (temperature and pressure axes not to scale) 

illustrating the path that the supercritical drying pressure vessel takes to dry an aerogel product 

(red dotted line).  The liquid CO2 initially within the pores of the gel is heated and pressurized 

until the liquid CO2 passes the liquid-vapor critical point and enters the supercritical fluid regime 

(i.e., once the temperature and pressure exceed 31.04 °C and 7380 kPa, respectively).  The pressure 

and temperature are then repeatedly decreased and increased until both can be decreased to below 

the critical point, whereupon the supercritical CO2 becomes gaseous CO2 within the pores of a 

dried aerogel. 

 

was poured into molds (the sol should set 4 minutes after the catalyst and TMOS so lutions are 

initially mixed) and allowed to age under methanol atmosphere for 24 hours.  After aging, solvent 

exchange was initiated; the molds were fully submerged in a methanol bath, with the bath being 

replaced with new methanol every 24 hours for up to three exchanges.  After solvent exchange, 

the molds were dried over three days via supercritical CO2 drying in a pressure vessel using the 

facilities of Aerogel Technologies.  The drying process followed the general path traced by the 

dotted red arrows in Figure 4.1, where the temperature and pressure of the liquid CO2 within the 
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pores of the gel were increased until both properties were well-past the liquid-vapor critical point 

of 31.04 °C and 7380 kPa [104].  The vessel was heated until the pressure increased to about 9650 

kPa, then roughly 1550 kPa of pressure was slowly released over 10-20 min through a pressure 

release valve.  This was repeated until the temperature reached 50-60 °C without the pressure 

increasingly significantly with added heat [105].  The vessel was then depressurized to about 3450 

kPa over 60 min, then depressurized further to ambient over 20 min.  The result was a dried aerogel 

monolith with embedded particles. 

 

4.1.2: Synthesis of Nanoparticles: Protocol 1 

The first protocol for the synthesis of NaYF4:Yb/Er nanoparticles was that of Wang and 

Liu [80].  A solution of 70.10 mg of sodium chloride, 145.6 mg of yttrium chloride hexahydrate, 

41.849 mg of ytterbium chloride hexahydrate, and 4.581 mg of erbium chloride hexahydrate in 9 

mL of ethylene glycol and 150 mg of PEI was agitated well in a glass beaker.  Another solution of 

71.1 mg of ammonium fluoride in 6 mL of ethylene glycol was created, and the fluoride solution 

was added to the chloride solution and stirred until the ammonium fluoride flakes were fully 

dissolved.  The mixed solution was transferred to an autoclave and was heated at 200 °C for two 

hours.  The nanoparticles were collected via a centrifuge (4000 RPM), washed with an 

ethanol/water solution (1:1 by volume) three times, and dried under heated vacuum (50 °C) for 24 

hours (Figure 4.2a). 

 



28 
 

4.1.3: Synthesis of Nanoparticles: Protocol 2 

The second protocol for the synthesis of NaYF4:Yb/Er nanoparticles was by Li and Zhang 

[81].  A solution of 156.2 mg of yttrium chloride hexahydrate, 50.3 mg of ytterbium chloride 

hexahydrate, and 5.5 mg of erbium chloride in 3 mL of oleic acid and 17 mL of octodecene was 

created in a glass flask.  The flask was heated under argon atmosphere until homogeneous, then 

cooled to room temperature.  Another solution of 10 mg of sodium hydroxide and 148 mg of 

ammonium fluoride in 10 mL of methanol was created, then slowed added to the flask.  The mixed 

solution was stirred for approximately 30 minutes until all fluoride flakes had dissolved.  The 

solution was slowly heated to evaporate the methanol, degassed at 100 °C for 10 minutes, then 

held at 300 °C for one hour under argon atmosphere.  The solution was cooled to room temperature.  

Adding ethanol to the solution created nanocrystal precipitates, which were centrifuged out at 4000 

RPM and washed with an ethanol/water solution (1:1 by volume) three times (Figure 4.2b). 

 

4.1.4: Synthesis of Nanoparticles: Protocol 3 

The third protocol was by Lei et al. [89].  Unlike the first two protocols, this protocol was 

for the synthesis of NaBiF4:Yb/Er nanoparticles.  A solution of 378.36 mg of bismuth nitrate 

pentahydrate, 89.83 mg of ytterbium nitrate pentahydrate, 8.87 mg of erbium nitrate pentahydrate, 

and 169.98 mg of sodium nitrate pentahydrate in 10 mL of ethylene glycol was created.  Another 

solution of 148.15 mg of ammonium fluoride in 25 mL of ethylene glycol was created.  The 

fluoride solution was vigorously stirred into the nitrate solution.  The time stirred varied depending 

on the desired size of the nanoparticles (according to Lei et al., 5 s for smaller particles with  
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Figure 4.2  TEM of synthesized nanoparticles.  a) NaYF4:Yb/Er nanoparticles synthesized via 

Wang and Liu; scale bar indicates 30 nm.  Nanoparticles ranged in diameter from 15 nm (often in 

large clusters ~100 nm across) to 30 nm (usually individual particles).  b) NaYF4:Yb/Er 

nanoparticles synthesized via Li and Zhang; scale bare indicates 30 nm.  Nanoparticles ranged in 

diameter from 10 nm (often in very large clusters on the order of 100 nm to 1 µm) to 40 nm (usually 

individual particles).  c) NaBiF4:Yb/Er nanoparticles synthesized via Lei et al.; scale bar indicates 

16 nm.  Nanoparticles ranged in diameter from 20 nm (when stirring for 5s) to 480 nm (when 

stirring for 60 s). 

a) b) 

c) 
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diameters ~20-50 nm, and 60 s for larger particles with diameters ~480 nm).  The particles were 

centrifuged out at 4000 RPM, washed three times with anhydrous ethanol, and dried at room 

temperature in a fume hood over 24 hours (Figure 4.2c).   

 

4.2: Results 

After synthesizing the nanoparticles by following the three protocols, the fluorescence of 

the particles was tested.  The particles were exposed to 980 nm laser light from two differen t lasers.  

The first was a 25 mW laser purchased from Roithner Lasertechnik, SHP980-25.  The second was 

a 500 mW laser purchased from BigLasers.com, IRX7.  The particles were exposed to the lasers 

when the particles were in dry powder form, when the particles were in solution (within both water 

and ethanol), and when the particles were embedded within dried silica aerogel monoliths at 

concentrations of at least 0.01 mg/mL and up to 1 mg/mL. 

 

4.2.1: Protocols 1 and 2: Yttrium Nanoparticles 

The synthesis of the NaYF4:Yb/Er nanoparticles using both formulations (Wang and Liu; 

Li and Zhang) was unsuccessful in producing particles that could detectably fluoresce when 

embedded within silica monoliths.  Both formulations took a considerable length of time to 

complete (several hours of exposure to high heat, followed by at least several hours of 

drying/cooling to ambient temperature and pressure), and both produced small quantities of 

nanoparticles.  Li and Zhang in particular required the reagents to be heated to many specific 

temperatures for varying lengths of time, increasing the complexity of the procedure and 
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increasing the likelihood of errors.  Initial analysis under an optical microscope revealed particles 

on the order of several micrometers, but TEM analysis (Fig. 4.2a, 4.2b) showed that both 

formulations were able to produce particles on the nanoscale (~10-40 nm in diameter), and that 

the larger particles were likely clumps of nanoparticles.  When dry, the nanoparticles exhibit weak 

fluorescence when exposed to sufficiently intense infrared laser light (500 mW focused through 

+25.4 mm FL lens), but when put in 1 mg/mL solutions or when embedded in dried monoliths, 

neither formulation exhibited detectable fluorescence. 

 

4.2.2: Protocol 3: Bismuth Nanoparticles 

Lei et al. documented a formulation for the synthesis of NaBiF4:Yb/Er nanoparticles, 

replacing the yttrium for bismuth.  The relatively simple protocol was able to produce large 

quantities of nanoparticles of tunable size.  The bismuth particles visibly fluoresced at lower power 

densities (25 mW focused through +25.4 mm FL lens), in contrast to the yttrium particles.  

However, these also did not detectably fluoresce when in 0.01 mg/mL solutions or 0.1 mg/mL 

solutions or when embedded in monoliths, and they exhibited detectable fluorescence only when 

in dry powder form at high concentrations. 

 

4.3: Monoliths with Embedded Microparticles 

The ability to synthesize nanoparticles in-house was desired due to the high costs of 

purchasing nanoparticles from other providers.  However, all three followed protocols were unable 

to produce particles that could fluoresce when embedded in silica aerogel monoliths.  As such, 
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particles had to be purchased.  Due to the aforementioned high cost of purchasing nanoparticles, 

NaYF4:Yb/Er microparticles were purchased from Sigma-Aldrich instead (part number 756555-

25G).  These particles were able to fluoresce both when in dry powder form and when embedded 

within monoliths.   

 

 

Figure 4.3  A silica monolith (25 mm across) with embedded NaYF4:Yb/Er microparticles that 

absorb 980 nm infrared light and emit mostly 540 nm green light, shown here illuminated with an 

unfocused 25 mW laser. 

 

As seen in Figure 4.3, even without focusing the 25 mW laser, the microparticles were able 

to fluoresce brightly enough to be visible to the naked eye.  However, a line of fluorescence was 

not sufficient for probing singular points within the monolith, for that goal, a smaller voxel with 

an aspect ratio closer to 1:1 was desired.  As such, preparations began for the development of a 

system where the strain at any given point within a monolith could be determined through optical 

scanning.  
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Chapter 5: 

Optical Scanning System for 

Volumetric Strain Mapping in 

Aerogel Monoliths 

 

Before any in situ experiments were performed, a technique was formulated based on ex 

situ experiments by observing how an already-dried aerogel monolith was affected by external 

strain.  Ex situ strain experiments would demonstrate the viability of the strain mapping technique 

and the limitations of its eventual utilization for in situ measurements.  The final set up of the 

equipment used is shown in Figure 5.1, with previous set ups and configurations detailed below 

and in Chapter 6. 
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Figure 5.1  Schematic of equipment for the scanning system, with relative placements of the 1) 

980 nm laser, 2) mechanical chopper, 3-5) lens configuration, 6) camera, and 7) linear stages. 

 

5.1: Lens Configuration 

Early experiments used a +300 mm FL spherical focusing lens without a beam expander.  

As described in Chapter 6.1.1, this was insufficient for probing singular voxels, as the particles 

fluoresced throughout the path of the beam as it travelled through the monolith ; low beam 

divergence from the long focal length lens resulted in low excitation contrast near the focal point, 

thus the entirety of the excited beam path was visible.  An alternative configuration using crossed 

beams was similarly insufficient: a 50-50 beam splitter and mirrors were used to split the laser 

beam and cross them together within the monolith.  Both beams still triggered visible fluorescence 

throughout their paths, with the fluorescence at the intersection of the beams appearing to be only 

linearly increasing instead of quadratically increasing (emission intensity scales as a power of the 

excitation power, where the power is equal to the number of photons required for emission [79]; 

thus, because upconversion requires the absorption of two photons, upconversion should be a 

quadratic process).   

1) Laser 

2) Chopper 

3) Expanding Lens 

4) Collimating Lens 

5) Focusing Lens 

6) Camera 

7) Linear Stages 
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Figure 5.2  Lens configuration; the expanding lens (-25 mm FL) and the collimating lens (+250 

mm FL) must be exactly 225 mm separated for the beam expander to have a magnifying power 

MP = 10.  The collimating lens and the aspheric focusing lens (+25.4 mm FL) are an arbitrary 

distance separated. 

 

To decrease the size of the focal spot such that the fluorescence of the upconver ting 

particles would be a small voxel rather than a line of fluorescence, a beam expander was utilized 

to decrease the size of the waist of the beam.  The IR laser beam passed through a beam expander 

with a magnifying power MP = 10 before being focused by an aspheric lens (FL = +25.4 mm) 

(Fig. 5.2).  The diameter of the beam before expansion was 2.5 mm, so with a beam expander of 

MP = 10, the expanded diameter was 25 mm, very near to the maximum beam diameter that could 

still be focused by the aspheric lens (diameter 25.4 mm).  Both the beam expander and the aspheric 

lens tightened the focus of the beam and decreased the size of the illuminated voxel to a length of 

~2.5 mm and a waist radius of approximately 0.15 mm, as described in Chapters 6.1.2 and 6.1.3.  

For the beam expander to work, the expanding lens and the collimating lens must be separated by 

a distance equal to the sum of the focal lengths of the component lenses.  If the beam expander 

component lenses are properly aligned and positioned, the distance between the collimating lens 

Expanding Lens 

Collimating Lens 

Focusing Lens 

225 mm apart 
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and the focusing lens is arbitrary, as a collimated beam should have limited divergence and should 

not disperse with distance.  To produce a small voxel with low aspect ratio, a focusing lens with 

short focal length was used (FL = +25.4 mm).   

 

5.2: Mechanical Chopper: Decreasing Voxel Aspect Ratio 

A mechanical chopper was added to the beam path (before the beam expander) to eliminate 

photon saturation and decrease the size and aspect ratio of the excited voxel (Fig. 5.3).  Photon 

saturation allows for larger regions than the voxel to fluoresce, increasing the size of the excited 

region [78,79].  The mechanical chopper consisted of discs of aluminum with apertures cut out of 

them that were mounted to a DC motor that could rotate at revolutions ranging from 5,000 RPM 

to 20,000 RPM.  The laser was modulated to decrease the number of photons that any given volume 

of the monolith would be exposed to over a given length of time; due to the limitations of the laser 

used in these experiments, true pulsing of the laser through electronic means was not viable, as the 

laser was unstable when pulsed at lower than 50% duty cycle.  For experimentation, the motor was 

set to rotate at 6000 RPM, and the discs were aligned such that the effective duty cycle of the laser 

was 1% (50 µs “on”, 4950 µs “off”).  This duty cycle was based on the experiments of Hodak et 

al. [78], where they electronically pulsed their laser at 1% duty cycle to induce fluorescence in 

their upconverting nanoparticles. 
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Figure 5.3  Mechanical chopper with 500 mW laser, with 25.4 mm between the set holes of the 

optical table.  During experimentation, the motor rotated at 6000 RPM, and the laser beam passed 

through the slits in the aluminum discs, creating an effect similar to “pulsing” the laser at 1% duty 

cycle. 

 

5.3: Camera: Capturing Intensity of Emissions 

Early experiments used a Canon EOS REBEL T5i camera with aperture set to f/3.5.  When 

capturing the fluorescence of microparticles illuminated by the weak 25 mW laser, the intensity of 

the fluorescence was faint enough that a high gain (ISO-1600) and long exposure time (2 s) needed 

to be used to obtain clear images.  These factors increased the noise of the camera, such that 

analysis of the images was often unable to produce sound conclusions (see Chapter 6.3.1). 

After the Canon was deemed too ineffective due to noise, a CMOS camera (Basler ace 

acA2040-90um) was used to capture images of the fluorescence.  Because the primary wavelength 

of emission of the upconverting particles was 540 nm, the camera was outfitted with a bandpass 

filter with a range of 540 nm ±15 nm.  The camera was also outfitted with an IR filter with an 

optical density of OD 8 at wavelength 980 nm and at least OD 5 for most other near-IR 
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wavelengths.  The camera was connected to both an Arduino Uno and a computer, with the 

computer running Basler’s Pylon Viewer Version 5.2 64 bit.  Pylon allowed for the camera to be 

controlled via a graphic user interface, and the camera was set to automatically take one image 

every time it received a signal from the Arduino (controlled through MATLAB – Appendix A). 

Later experiments utilized another CMOS camera, a FLIR Blackfly S BFS-U3-51S5M-C 

(see Chapter 6.3.1), with another bandpass filter with a range of 335 nm to 610 nm.  The FLIR 

was less noisy than the Basler, with higher EMVA quantum efficiency (72% vs 62.1%), lower 

dark noise (2.31 e- vs 13.8 e-), and comparable signal-to-noise ratio (40.06 dB vs 40.8 dB) 

[106,107].  This new camera was a contributing factor in reducing the noise floor to 0.1%.  A low 

noise floor was crucial in obtaining a high signal-to-noise ratio, as the signal was anticipated to be 

less than 1% due to the range of applied stresses that were accessible in these silica aerogel 

monoliths without yielding. 

 

5.4: Linear Translation Stages: Scanning Within the Monolith 

To perform three dimensional interrogations of the monolith volume, it was necessary to 

scan the illuminated voxel throughout the monolith.  Here we chose to the move the sample while 

keeping the optical system and illumination spot fixed in space.  The position of the aerogel 

monolith was manipulated through Thorlabs’ PT3-Z8 25 mm three-axis motorized translation 

stage.  These stages enabled precise localization of the interrogation beam within the monolith as 

well as scanning capabilities in three dimensions for volumetric intensity mapping.  The stages 

were positioned such that moving the stages in the positive X direction moved the stages closer to 

the camera, moving the stages in the positive Y direction moved the stages further from the laser, 
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and moving the stages in the positive Z direction moved the stages up (Fig. 5.4).   The stages were 

controlled via three KDC101 K-Cube brushed DC servo motor controllers, one for each axis.  The 

controllers were in turn commanded by MATLAB scripts (Appendix A.1.1), which utilized DLL 

files provided freely on the Thorlabs website [108].   

 

  

Figure 5.4  Linear translation stages purchased from Thorlabs.  a) Relative size of the stages, with 

25.4 mm between the set holes of the optical table.  b) Each arrow represents one axis of motion, 

with X (red arrow), Y (green arrow), and Z (blue arrow). 

 

An alternative method of scanning was considered but ultimately dismissed for ex situ 

experiments: mirrors controlled by galvanometers.  The linear stages allowed for interrogation 

throughout the monolith by moving the monolith itself; the voxel (i.e., at the focal point of the 

focusing lens) did not move through the monolith, but rather the monolith moved around the voxel.  

With galvanometers, the laser beam would be reflected off mirrors and redirected to precise 

locations within the monolith.  As the galvanometers rotated, the voxel would truly move 

a) b) 
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throughout the monolith.  While the consideration of galvanometers was intriguing for in situ 

experiments (especially when paired with beam sheets), the use of the beam expander and short 

focal length aspheric lens made moving the voxel unviable, as interrogation would not be possible 

along the axis aligned with the laser (i.e., the Y axis of the linear stages).   
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Chapter 6: 

Voxel Illumination in Silica Aerogel 

Nanocomposites 

 

The ultimate goal of this research was to observe the strain of a drying aerogel monolith in 

situ using the intensity of emissions calibrated by the initial particle density of fluorescent particles.  

To that end, observing upconverting aerogel nanocomposite monoliths under strain ex situ (i.e., 

after it has already dried) was used to vet the viability of the optical strain mapping technique and 

determine whether or not it is possible to observe a change in strain using such an approach.  Thus, 

a series of experiments were conducted in which aerogel monoliths embedded with upconverting 

particles (as described in Chapter 4) were exposed to focused infrared laser light, while applying 

uniaxial compressive loads, and monitored with a camera to measure strain-induced changes in 

voxel brightness.  Once it could be demonstrated that strain within such monoliths could be 

accurately determined ex situ through optical means, plans for in situ experimentation would 

follow. 
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6.1: From Line Illumination to Voxel Illumination 

Early experimentation started with a 25 mW laser and commercial fluorescent 

NaYF4:Yb/Er microparticles (average diameter 1-5 µm) purchased from Sigma-Aldrich (part 

number 756555).  The weak laser was sufficient for triggering fluorescence in the microparticles 

both in solution and embedded in a monolith, even without a focusing lens, resulting in a visibly 

observable line of green illumination throughout the medium.  A lens was then added to focus the 

laser into a voxel that could serve as an optical probe for interrogating the strain state of the 

monolith at a specific point.  However, it quickly became apparent that the equipment and 

materials used were not sufficient for producing a voxel with a low-enough aspect ratio and well-

defined shape, required for robust analysis of the strain state within a monolith.  Thus, multiple 

steps were taken, such as utilizing nanoparticles and an aspheric lens, to decrease the voxel size 

and aspect ratio and to control voxel shape to the point where voxel illumination could serve as a 

viable tool for probing strain states. 

 

6.1.1: Microparticles, Non-Scientific Camera, Low-Power Laser, and Long Focal 

Point Lens 

Initial experiments utilized a 25 mW infrared laser with wavelength of 980 nm (purchased 

from Roithner Lasertechnik, SHP980-25).  The laser was focused through a plano-convex lens 

with a focal length of 30 cm.  A representative image of a monolith and the resulting green 

fluorescence can be seen in Figure 6.1.  The monolith discs were 25 mm in diameter and 10 mm 

in height, and as can be seen in Figure 6.1b, the laser triggered fluorescence throughout the full 



43 
 

diameter of the monolith and along the full path of the beam.  The camera used for these early 

experiments (the Canon camera, described in Chapter 5), was set to ISO-1600, f/3.5, and 2 s 

exposure time.  The relatively long exposure time and small f -number (i.e., large aperture) allowed 

for more light to be captured by the camera, and the high ISO value provided high gain, which 

amplified the signal at the expense of increased noise. 

 

  

Figure 6.1  a) A silica aerogel monolith (25 mm across) with embedded NaYF4:Yb/Er 

microparticles (0.01 mg/mL); b) A monolith exposed to 980 nm IR laser (25 mW), focused through 

a 30 cm FL lens, with resulting fluorescence spanning the diameter of the monolith (25 mm) 

 

To quantify the fluorescence, images of the fluorescence were analyzed using a MATLAB 

image analysis script (Appendix A.1.2).  The camera used for these early experiments was a full-

color camera, so the “green” component of the RGB image was isolated for analysis (since most 

of the emitted light was in the green spectrum).  All pixel values below a certain threshold were 

converted to “not a number” values (NaN) such that those pixel values would be ignored when 

determining the intensity of the beam’s fluorescence.  The threshold was determined based on the 

intensity of the fluorescence; the camera settings were such that the intensity usually peaked at 

around 220 (out of a maximum of 255), so the threshold was set to roughly half of that peak 

intensity value. 

b) a) 
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Figure 6.2 shows the analysis of a representative image.  According to the Beer-Lambert 

law (Equation 6.1), light will attenuate as it passes through a physical medium according to an 

exponential function: 

𝑑𝐼(𝑥)

𝑑𝑥
= −𝜇𝐼(𝑥) 

 𝐼(𝑥) = 𝐼0𝑒−𝜇𝑥 [6.1] 

where I is the intensity, I0 is the initial intensity, µ is the coefficient of absorption of the medium 

(defined as 𝜇 = 2𝜔𝑛/𝑐, where 𝜔 is the frequency of the beam, 𝑛 is the index of refraction of the 

medium, and c is the speed of light in a vacuum), and x is the depth through the medium.   

The Beer-Lambert law can be modified to describe multiphoton absorption, where it is 

known that the absorption is nonlinearly proportional to excitation.  Thus, Equation 6.2 describes 

how multiphoton absorption attenuates according to a power law function: 

𝑑𝐼(𝑥)

𝑑𝑥
= −𝛽[𝐼(𝑥)]𝑎 

 𝐼(𝑥) = [
(1−𝑎)(𝐼0)𝑎−1

1−𝑎−𝛽𝑥(𝐼0)𝑎−1
]

1

𝑎−1
 [6.2] 

where β is the bulk multiphoton optical density and a represents the order of the process.  In 

upconversion fluorescence, the intensity of emissions (and thus absorption) is proportional to the 

square of excitation (i.e., a = 2), thus Beer-Lambert becomes: 

 𝐼(𝑥) =
𝐼0

1+𝛽𝑥𝐼0
 [6.3]  
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.

 

Figure 6.2  a) “Green” component of image of fluorescence through silica aerogel, 25 mm 

diameter.  The fluorescence is fragmented, with brighter and fainter regions, presumably due to 

microparticle clustering.  b) The intensity profile of the fluorescence, with best fit power law  

𝑦 = 206.8131𝑥−0.0562 (R2 = 0.1618, RMSE = 0.0955). 

 

a) 

b) 
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As can be seen in Figure 6.2b, the intensity profile of the line of fluorescence cannot be fit 

to a power law.  The equation fit was 𝑦 = 𝐴𝑥𝑏 , where A = 206.8131 and b = -0.0562.  Due to the 

high variability of the data (R2 = 0.1618, RMSE = 0.0955), the fit is very poor, such that strong 

conclusions cannot be made.  The attenuation through the monolith was low, and the behavior of 

the decay cannot be discerned from the data analysis.   

One source of image noise was likely the clustering of the microparticles (Figure 6.2a).  

Additional sources of image noise likely were due to camera settings.  As noted, the camera was 

set to high aperture, long exposure, and high gain.  Due to the low power of the laser (25 mW), the 

emitted fluorescence was of low intensity, requiring a longer exposure time and higher gain for 

the camera to capture it.  The long exposure time and high gain increased noise, but both were 

required to measure the fluorescence.  In addition, the lens used had a long focal length and low 

aperture, which meant that the camera could not properly focus on the monolith when it was too 

close, requiring the camera to be positioned roughly 1 meter away from the monolith.  This 

decreased the size of the region of interest of the image such that the actual fluorescence accounted 

for fewer than 250 pixels across the image. 

 

6.1.2: Decreasing Voxel Size: Stronger Laser, Beam Expander, and Short Focal 

Point Lens 

To address some of the issues presented discussed previously, such as line of fluorescence 

caused by the long focal point lens, two steps were taken.  The first was to utilize a beam expander.  

Focusing a small-diameter beam with a long focal length lens results in a relatively large waist, 

defined as the radius of the focused beam at the focal point (Figure 6.3).  To narrow the waist, one 
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can either increase the diameter of the beam or decrease the focal length of the focusing lens.  Since 

the goal was to focus a laser to a small point to probe the strain state of a monolith while it dries, 

a narrower waist was desired, so both increasing the beam diameter and decreasing the focal length 

were implemented.  To increase the beam diameter, a beam expander was designed to increase the 

diameter by a factor of 10 (i.e., magnifying power MP = 10).  The equations below were used both 

in designing the beam expander and in calculating the waist: 

 𝑀𝑃 =
𝐷𝑜

𝐷𝑖
 [6.4] 

where Di is the diameter of the beam before expansion, Do is the diameter of the beam after 

expansion, and MP is the magnifying power of the beam expander; 

 tan 𝜃 =
𝐷𝑜

2𝑓
 [6.5] 

where f is the focal length of the focusing lens and θ is the angle of the beam after focusing; 

 𝑃𝐷 =
𝑃

𝜋(𝑤𝑓)
2 [6.6] 

where P is the power of the beam, wf is the waist of the beam, and PD is the power density at the 

waist; 

 𝑤𝑓 =
2𝜆𝑓

𝜋𝐷𝑜
 [6.7] 

where λ is the wavelength of the beam. 
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Figure 6.3  Expanding the beam diameter decreases the waist, according to Equation 6.7.  Thus, 

the beam expander is required to increase the diameter of the beam and decrease the waist, 

sharpening the focus of the beam and decreasing the size of the voxel. 

 

As seen in Equation 6.7, using a focusing lens with a smaller focal length would decrease 

the waist.  Thus, the focusing lens was changed to a 25.4 mm FL lens.  As seen in Figure 6.4a, the 

combination of the beam expander and the shorter focal point lens allowed for a smaller region of 

fluorescence when compared to the line of fluorescence that spanned the full diameter of the 

monolith.  However, the low power of the laser still resulted in low intensity of fluorescence.  Thus, 

the second step made to alleviate the issues noted above was to acquire a stronger laser.  Such a  

 

2× (Waist 1) 

Focal Length 

2× (Waist 2) 

Diameter 1 

Diameter 2 
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Figure 6.4  Two images of the same silica monolith with 0.01 mg/mL of NaYF4:Yb/Er 

microparticles, taken with the same camera from the same position.  a) Fluorescence from the 25 

mW laser, ISO-1600, f/3.5, and 2 s exposure.  The red circle shows the location of the monolith 

(25 mm diameter) with a blue arrow pointing at the fluorescence in the center of the monolith.   

b) Fluorescence from the 500 mW laser, ISO-200, f/3.5, and 0.5 s exposure.  The red circle shows 

the location of the monolith (25 mm diameter) with the fluorescence in the center of the monolith. 

 

b) 

a) 
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laser would result in higher intensity of fluorescence, allowing for shorter exposure times and 

lower gain.  A 500 mW laser was purchased from BigLasers.com, part number IRX7.  A 

comparison of the difference between the 25 mW laser and the 500 mW laser is shown in Figure 

6.4.  As can be seen, the fluorescence has a much larger region of fluorescence with the 500 mW 

laser compared to the 25 mW laser.  The intensity was bright enough that the gain and exposure 

time could both be dropped by a factor of 4 (from ISO-1600 to ISO-200, and from 2 s exposure to 

0.5 s exposure). 

However, while the beam expander, the new focusing lens, and the stronger laser alleviated 

the issues of the line of fluorescence, other issues remained.  Suspected microparticle clustering 

that manifested as local bright spots was still observed.  Additionally, instead of a long line of 

fluorescence or a small voxel of illumination, using the 500 mW laser with the microparticles 

resulted in a cone with a stretched focal spot (Figure 6.4b).  With these issues, it became unclear 

exactly how to measure the intensity of the resulting “voxel,” since the “voxel” did not have clear 

boundaries.  The next goals were to reduce particle clustering and to reduce the size and aspect 

ratio of the illuminated voxel.  The utilization of nanoparticles was believed to address both of 

these problems.   

 

6.1.3: Further Decreasing Voxel Size: Nanoparticles, Aspheric Lens, and Chopper 

It was hypothesized that both the observed particle clustering and the voxel size were 

related to the size of the fluorescent particles.  The heavy microparticles would settle and 

agglomerate during production of the aerogel composites, leading to the nonuniform fluorescence 

pattern; nanoparticles are light enough that they can stay in suspension longer, resulting in more 
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uniform distribution than the heavier microparticles.  Additionally, larger particles compose a 

higher volume fraction of the composite monoliths, resulting in emissions at lower power densities.  

Increasing the diameter of a particle by a certain factor increases the volume of the particle by the 

cube of that factor, so with nanoparticles, which can have diameters two or three orders of 

magnitude smaller than microparticles, only the regions closest to the focal point would fluoresce.  

These hypotheses formed the basis for pursuing the use of nanoparticles. 

As documented in Chapter 4, in-house attempts to synthesize nanoparticles were not 

successful in producing aerogel nanocomposites that could visibly fluoresce, even when exposed 

to the 500 mW laser.  As such, NaYF4:Yb/Er nanoparticles were purchased from Sigma-Aldrich 

(part number 900556).  These nanoparticles were 20 nm in diameter and absorbed 980 nm infrared 

light to emit 540 nm green light.  A representative image of a silica aerogel monolith embedded 

with these nanoparticles can be seen in Figure 6.5a.  When compared to the fluorescence of the 

microparticles, the cone of fluorescence from the nanoparticles is much less bright, while the 

fluorescence from the focal point is stretched out into a short line roughly 5 mm long.   

Though the nanoparticles provided a notable improvement in voxel shape over the 

microparticles, the long aspect ratio of the voxel was higher than desired.  It became clear that 

spherical aberrations caused by using spherical lenses were a significant problem that needed to 

be addressed, so an aspheric lens was acquired.  As seen in Figure 6.5b, the fluorescence achieved 

with the use of an aspheric lens became much more localized, resulting in a voxel measuring 

roughly 2.5 mm in length and a waist of 0.15 mm, with the shape of the voxel changing to an 

approximate bicone centered around the focal point of the laser. 
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Figure 6.5  A monolith (25 mm diameter) embedded with nanoparticles at 0.01 mg/mL, 

illuminated with 500 mW laser.  a) With a spherical lens the voxel is ~5 mm long.  b) With an 

aspheric lens the voxel is ~2.5 mm long. 

 

While this was a definite improvement, the aspect ratio of the voxel was not yet close 

enough to 1:1, and it was believed that the aspect ratio could be decreased further.  Hodak et al. 

2016 demonstrated a method of decreasing the voxel size and aspect ratio through pulsing their 

laser [78], so a similar method was applied here.  Due to limitations of the laser used in these 

experiments, true pulsing of the laser through electronic means was not viable, as the laser output 

would suddenly drop to 0 W when electronically pulsed at greater than 50% duty cycle.  Instead, 

the mechanical chopper described in Chapter 5 was used; the motor spun at 6000 RPM fitted with 

a) 

b) 
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rotating aluminum discs with apertures aligned such that the effective duty cycle of the laser was 

1% (50 µs on, 4950 µs off).  Figure 6.6 shows a representative image of the voxel with and without 

chopper-based pulsing of the laser.  The length of the voxel with pulsing is much shorter, at about 

1 mm instead of 2.5 mm, and the aspect ratio is roughly 1.5:1.  However, the voxel was so faint 

that the camera required high gain (ISO-3200) and long exposure time (4 s) to capture the 

fluorescence.  Monoliths containing higher concentrations of nanoparticles should in principle 

exhibit higher intensity fluorescence, but the quantity of commercial nanoparticles that would have 

been required was cost-prohibitive.  As such, experiments involving the chopper were not pursued 

further. 

 

  

Figure 6.6  Fluorescence of nanoparticles (0.01 mg/mL) from 500 mW laser.  a) Without pulsing, 

the voxel length is ~2.5 mm (ISO-200, f/3.5, and 0.5 s exposure).  b) With pulsing, the voxel length 

is ~1mm (ISO-3200, f/3.5, and 4 s exposure). 

 

a) 

 

b) 

 



54 
 

6.2: Compression Tests, Strain and Emission, and Volumetric Scanning 

Protocol 

With the use of the 25.4 mm FL aspheric lens, the voxel size was decreased to roughly 2.5 

mm in length.  At this point, the voxel was small enough to begin experiments with nanocomposite 

monoliths under strain and scanning the voxel throughout the monolith in an effort to spatially 

map the strain within the monolith.  Both were necessary steps, as they were key features of the 

proposed optical technique and thus needed to be evaluated; if it was possible to observe a change 

in the fluorescence ex situ corresponding to a known strain imposed upon a monolith, and if it was 

possible to determine strain values at any given location within the monolith, then the proposed 

technique could then be applied to in situ strain mapping of gels during supercritical drying. 

 

6.2.1: Brightness of 0D Voxels as a Function of Strain: Straining a Stationary 

Monolith 

To characterize the strain at a single position in the monolith, a silica aerogel monolith 

embedded with upconverting nanoparticles was positioned on linear stages as seen in Figure 6.14.  

The stages were kept stationary for these experiments.  The monolith was sanded flat on both the 

top and bottom surfaces with fine-grit sandpaper, and two platens machined from acrylic were 

placed both over and under the monolith (Figure 6.14).  Both of these actions were taken in an 

effort to create a uniform surface on both the top and bottom of the monolith, such that any optical 

effects experienced by the laser near the top and bottom surfaces of the monolith (such as 

reflection) would be as similar as possible. 
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Figure 6.7  A monolith (25 mm diameter) between two platens, positioned on the translation 

stages.  The platens serve to make the top and bottom surfaces as uniform as possible, while the 

translation stages can move the monolith such that the voxel (seen in the center of the figure) can 

be positioned throughout the monolith.  This image was taken with the monochrome Basler camera 

with the lights on, while images analyzed for Figure 6.8 were taken in complete darkness, with the 

only source of visible light from the illuminated voxel. 

 

The monolith was strained by careful manual application of masses to the top platen that 

weighed 30.83 g, 90.40 g, and 150.20 g, respectively.  Accounting for the area of the top surface, 

those three weights translated into four loads: Load 0 (0.0 kPa), Load 1 (0.73 kPa), Load 2 (2.19 

kPa), and Load 3 (3.65 kPa).  For this experiment, the laser was warmed up for 45 min prior to 

image capture by the Basler camera (instead of the Canon camera used in previous experiments).  

The monolith was held in one position by the linear stages while it was subjected to the four 

experimental loads, with the camera capturing images recording the fluorescence.  The monolith 

was then moved via the linear stages to a different position 0.5 mm away (though the voxel was 

kept relatively close to the center of the monolith) and the four loads were again applied.  The 

intensity profiles of 17 positions were calculated via the “boxing” method, described in detail in  

Chapter 6.3.3 below, then averaged together to calculate the mean trend of fluorescence vs. applied 
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load (Figure 6.8).  In Figure 6.8, the fluorescence has a positive correlation with applied load, 

which matches with initial hypotheses; as the monolith is exposed to higher stresses, the monolith 

will experience volumetric strain, increasing the local number density of particles and thus 

increasing the intensity of the fluorescence of the voxel.  However, the error bars in Figure 6.8 

show that there is enough variability in the data that no strong conclusions can be made from this 

analysis. 

 

 

Figure 6.8  Intensity of fluorescence versus applied load, initialized by the intensity of Load 0.  

The fluorescence seems to increase in intensity with increasing applied loads, matching with 

hypotheses, but with error bars (standard error, 
𝜎

√𝑛
), it can be seen that there is too much variability 

to make strong conclusive comments. 

 

One source of the variability was from the 17 different positions.  As seen in Appendix 

A.3, some of the positions showed a positive correlation between intensity and load, while others 
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showed a negative correlation.  Still other positions showed no clear correlation, increasing in 

intensity with one load then decreasing with the next.  It was hypothesized that this variability was 

not actually caused by the different positions, but rather by the laser having non -uniform power 

output over time (discussed in Chapter 6.3.2 below).  This led to the acquisition of the laser power 

meter to track the power fluctuations of the laser in real time, though this experiment has not yet 

been repeated with said power meter. 

Another source of variability was possibly the loading method of manually placing the 

weights on the monolith.  This loading method was crude and rudimentary, with many 

opportunities to introduce noise; manually placing and removing the weights could shift the 

monolith’s position, thus changing the location of the voxel in between loads.  There were plans 

to improve the loading method, either by automating it or utilizing screws and springs, but those 

plans were not detailed, and other experiments were prioritized.   

 

6.2.2: 1D Line Scans: Scanning Along One Axis 

After the stationary loading experiments demonstrated that the fluorescence within the 

monolith had high variability based on the spatial position of the voxel, the next experiments 

focused on mapping the strain throughout the monolith.  To start, line scans along one axis were 

performed.  The monolith was placed on the linear stages such that the voxel was initially 

positioned near the top surface of the monolith.  The intensity of the fluorescence was recorded 

with the Basler camera, then the monolith was moved such that the voxel was further from the top 

surface (along the Z-axis).  This was performed for 100 positions, starting at the top of the monolith 

and ending near the bottom.  The images were analyzed via the “boxing” method described in 
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Chapter 6.3.3 below.  The results can be seen in Figure 6.9.  Near the top and bottom surfaces, the 

fluorescence was generally lower than the fluorescence at the center of the monolith, with the 

exception of the 10 points at the very top of the monolith.  It was hypothesized that this was due 

to the voxel being too close to the top surface; optical effects like reflection and refraction from 

the top platen and top surface could artificially increase the fluorescence of those first points.  

Beyond those points, the fluorescence intensity profile was relatively symmetric, with the 

fluorescence near the top and bottom being lower than the fluorescence near the center.  It was 

unclear why this was.  One possible reason was a combination of the shape of the monolith and 

settling of the nanoparticles; if the nanoparticles settled during the aging process of production, 

then the fluorescence should be brighter closer to the bottom of the monolith (i.e., where more 

nanoparticles would reside), but if the monolith gradually increased in diameter from top to 

bottom, then the fluorescence should decrease closer to the bottom (as the laser would attenuate 

more due to traveling through more material).  The combination of these two factors could 

contribute to the shape of the intensity profile. 

Subsequent to scanning along one axis, scans along all three axes were performed.  The X-

axis was defined as the axis aligned with the camera’s optical axis, with positive X moving closer 

to the camera.  The Y-axis was defined as the axis aligned with the laser propagation direction, 

with positive Y moving away from the laser.  The Z-axis was the same as in the previous 

experiment, with positive Z moving up.  In this experiment, the monolith was placed on the linear 

stages, which were controlled such that the voxel started at one position and moved along one axis, 

with the camera capturing the fluorescence at 100 positions per axis.  Along the X-axis, the 

monolith moved 18 mm closer to the camera, thus moving the voxel in the relative negative X-

direction.  Along the Y-axis, the monolith moved 13 mm further from the laser, thus moving the 
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voxel in the relative negative Y-direction.  Along the Z-axis, the monolith moved 5.5 mm up, thus 

moving the voxel in the relative negative Z-direction.  Those distances were chosen due to the 

physical constraints of either the monolith (e.g., 18 mm spanned most of the 25 mm diameter of 

the monolith while avoiding edge effects) or the linear stages (e.g., the short focal length of the 

25.4 mm FL focusing lens limited movement along the Y-axis).  The results of the experiment can 

be seen in Figure 6.10.   

 

 

Figure 6.9  Intensity of fluorescence of line scans along the Z-axis, starting at the top of the 

monolith and ending near the bottom, with error bars (standard error, 
𝜎

√𝑛
) derived from four line 

Z-axis scans at the same X-Y position. 

 

Figure 6.10a shows the intensity of the scans (normalized by the mean intensity of each 

respective scan) versus the relative position of the voxel.  The results of the Z-axis scan were very 
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similar to the results seen in Figure 6.9, demonstrating the repeatability of the experiment.  The X-

axis scan had predictable results; the position with the greatest intensity was the position that 

placed the voxel closest to the camera.  As the light from the fluorescence had less mater ial to 

travel through before reaching the camera, there was less attenuation when the voxel was closer to 

the camera compared to when it was further.  Conversely, it is unclear why the Y-axis scan had 

such an intensity profile.  It was assumed that, as the monolith moved further from the laser, the 

voxel would appear to move closer to the laser, thus resulting in less attenuation and thus higher 

intensity of fluorescence.  That is not what is seen in Figure 6.10a, as the intensity of the scan 

increases as the voxel moves closer to the laser before dropping again roughly halfway through 

the scan.  One possible reason for this was the geometry of the monolith; because the monolith 

was disc-shaped, the curvature of the monolith could have refracted some of the light of the 

fluorescence away from the camera whenever the voxel was too far from the center of the 

monolith.  If this experiment were to be repeated, the disc-shaped monoliths should be replaced 

with cuboidal/rectangular monoliths, to prevent the curvature of the monolith from affecting the 

fluorescence captured by the camera. 

Figure 6.10b shows a 3D scatter plot of the normalized intensities of the scans, plotted 

according to the real positions (in millimeters) of the voxels, relative to the center of the monolith.  

As can be seen, the X-axis scan was brightest when the voxel was closest to the camera, when 

there was less attenuation of the emission.  The Y-axis scan was symmetric about the center, with 

the hypothesized reason given above (the shape of the monolith refracted light away from the  
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Figure 6.10  Intensity of fluorescence of line scans along the XYZ axes.  a) Intensities of the three 

scans, normalized by the mean intensity of each scan.  b) 3D scatter plot of the normalized scans, 

showing the to-scale lengths of each scan and relative intensity at each position. 

a) 

 

b) 
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camera).  The Z-axis scan was brighter at the very top before dropping, then steadily rising again 

until it peaked at the center of the monolith.  Using what was learned from these line scans, the 

next planned experiment was to scan a specified volume of the monolith and interpret the results. 

 

6.2.3: 3D Volume Scans: Scanning Along Three Axes 

To push closer to the ultimate goal of  in situ analysis of the strain within a drying monolith, 

scanning a specified volume of the monolith using the linear stages to manipulate the monolith’s 

position was the next experiment to perform.  The scanning protocol was written in MATLAB 

(Appendix A.1.1) to start with the voxel at the top of the monolith, in the corner closest to both the 

camera and the laser.  Then the stages moved the monolith such that the voxel would move away 

from the laser (along the Y-axis), with the camera capturing the fluorescence at 15 positions.  The 

stages then moved one position over along the X-axis (away from the camera) and repeated the 

scan along the Y-axis.  Once a 15x15 position square was captured, the stages moved the voxel 

back to the initial position, moved the voxel one position downward (along the Z-axis), then 

repeated the scans along both the X-axis and the Y-axis.  The scans continued until a 15x15x15 

position cube was captured, totaling 3375 positions.   

The dimensions of the cube were 64 mm3, with each side measuring 4 mm across.  To 

determine the size of the scanned cube, two factors were considered.  The scanned volume was to 

be kept in the center of the monolith, to avoid edge effects.  There also could not be too great a 

distance between the furthest two points, as the camera needed to be able to capture both the 

faintest voxels and the brightest voxels without saturation.  These two factors combined to 

encourage a smaller volume.  At a size of 4 mm per side, and with the Basler camera’s gain set to 
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7 on the Pylon Viewer software, the faintest voxel had a maximum intensity of approximately 

100/255, while the brightest voxel was roughly 225/255.  This was deemed acceptable. 

The number of positions was determined based on a tradeoff between the length of time it 

would take to scan the volume and the resolution of the volume.  Preliminary scans of 1000 points 

took 1845 s (roughly 30 min) to complete.  Extrapolating this to a cube 25 positions long (15,625 

positions total), it would take roughly 7.5 h to complete the scanning protocol.  Dropping the size 

to 15 positions per side (3375 positions total), it was calculated that it would take roughly 1.5 h to 

complete (the actual scan took 82 min – roughly 1.3 h – so this was an accurate estimate).  With 

the size of 4 mm per side, at 25 positions per side, the resolution of such a volume was 6.25 voxels 

per mm (or 0.16 mm between voxels).  At 15 positions per side, the resolution was 3.75 voxels per 

mm (or 0.2667 mm between voxels).  For comparison, the waist of the voxel was measured to be 

approximately 0.15 mm.  Doubling the resolution while quintupling the time required for the scan 

was not seen as a viable trade, and 3.75 voxels per mm was still determined to be sufficient for 

this experiment.  Thus, it was decided that the scanned volume would be a 64 mm 3 cube of 3375 

total positions.   

The results of the volume scan can be seen in Figure 6.11.  The intensities of each voxel 

were normalized by the mean intensity of the entire volume.  The brightest regions were the edge 

and faces closest to both the camera and the laser.  The darkest region was the corner furthest from 

the camera and laser.  Both of these were expected, as the closest parts of the volume had the least 

attenuation to decrease the intensity of the laser or the emissions, while the furthest parts of the 

volume had the most attenuation.  Slices of the volume showing the fluorescence within the volume 

are shown in Appendix A.4. 
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Figure 6.11  Volumetric scan of 64 mm3 region in center of monolith, normalized by the mean 

intensity of the volume; 15 positions in each direction means 3375 total positions. 

 

Figure 6.11 well-demonstrates the proof of concept for volumetric scanning; the voxel was 

scanned throughout the monolith, and its intensity changed due to spatial variability within the 

monolith.  By calibrating to the intensity of an unstrained monolith, loads can be applied, and any 

changes in intensity could be interpreted as changes in signal due to volumetric strain.  The logical 

next experiment would be to strain the monolith while performing the volume scan.  However, 

concerns about the high level of noise in the previous strain experiments suggested that the most 

prudent course was to address the noise before performing any other strain experiments; otherwise, 

any changes in fluorescence due to strain could be masked by the noise, rendering any conclusions 
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impractical.  Once the noise floor was reduced to an acceptable level (e.g., about 0.1% noise), 

strain experiments could continue. 

 

6.3: Mitigation of Noise 

As seen in Figure 6.8, the strain experiments had enough variability that effective 

conclusions on the effect of volumetric strain on fluorescence intensity could not be made.  To 

proceed, it was imperative that the noise floor be decreased.  After careful consideration, it was 

decided that three potential sources of noise would be assessed: the camera, the laser, and the 

image analysis technique. 

 

6.3.1: Noise Introduced by the Camera 

To decrease the amount of noise introduced by the camera, the Canon was replaced by the 

Basler, as noted in Chapter 6.2.1.  As a scientific camera, the Basler had a low noise floor (from 

Basler’s products specifications page [107], EMVA quantum efficiency was given as 62.1%, dark 

noise was given as 13.8 e-, and signal-to-noise ratio was given as 40.8 dB), and it was less of a 

“black box” than commercial cameras (for example, Canon’s analogous specifications page did 

not provide the noise floor [109], though a qualitative analysis of the images showed that the Basler 

was indeed less noisy than the Canon).  The Basler had accompanying software (Pylon Viewer) 

that allowed it to be controlled through a computer.  The software was used to set the Basler camera 

to take one image every time the camera received a signal from an Arduino Uno, which was in  
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Figure 6.12  Fluorescence of nanoparticles, captured by different cameras with similar settings for 

exposure time and gain; a) Canon (voxel size ~2.5 mm); b) Basler (voxel size ~2.5 mm); c) FLIR 

(voxel size ~2.5 mm); d) FLIR with macro lens (voxel size ~2.5 mm). 

 
turn controlled by MATLAB (Appendix A.1.4).  The same MATLAB code was used to control 

the translation stages as well, also described in Chapter 5.4.  These factors combined to allow for 

manipulation of both the camera trigger and the monolith position without requiring a person to 

manually handle either, reducing experimental inconsistencies.  In time, the Basler was itself 

replaced by the FLIR, described in Chapter 5.3.  Once again, the FLIR had a lower noise floor than 

the Basler (from FLIR’s products specifications page [106], higher EMVA quantum efficiency at 

72%, lower dark noise at 2.31 e-, and comparable signal-to-noise ratio at 40.06 dB).  The 

acquisition of a macro lens also allowed for images where the fluorescence represented a 

a) 

 

b) 

 

c) 

 

d) 
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significantly larger portion of the image, thus allowing for the voxel to have more pixels, further 

reducing noise.  Figure 6.12 shows representative images from each of the cameras. 

 

6.3.2: Noise Introduced by the Laser 

The laser was identified as a potentially large source of noise.  It was unknown how much 

time the laser required to achieve thermal stability, so the laser power output at the start of an 

experiment could be very different from the power output at the end.  Thus, to determine the time 

required for the laser to achieve thermal stability, an experiment was set up.  The laser was turned 

on and kept on, with a beam block stopping the beam from reaching the monolith.  Every five 

minutes, the beam block was removed, and the resulting fluorescence from the monolith was 

recorded before the beam block was replaced.  With the laser continuously on but the monolith 

only intermittently exposed to the beam, this experiment would demonstrate how the laser power 

changed with time without introducing the effects of heating the monolith and/or the nanoparticles.  

Figure 6.13 shows the results of the experiment.  It can be seen that the laser required a period of 

at least 30 min before the laser achieved thermal stability, with the intensity of the emission sharply 

dropping over time before steadying at roughly 50% of the maximum.  Future experiments all 

required a minimum of 45 min for the laser to stabilize before capturing any images. 

However, as can be seen in Figure 6.13, the “steady state” of the laser was not truly steady, 

as the intensity of the fluorescence still varied by 1-2%, with occasional spikes and dips that 

measured between 5-10% that would occur seemingly at random.  Thus, to ensure that the laser 

power was known in real time, a laser power meter was acquired from Thorlabs – the PM16-121.   
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Figure 6.13  Intensity of fluorescence of monolith intermittently exposed to laser, normalized by 

initial intensity.  The laser was powered continuously, while the path of the beam was blocked by 

a beam block.  The beam block was removed every 5 min, exposing the monolith to the beam and 

allowing for fluorescence. 

 

Ideally, the laser would have a constant output.  But with the severe and seemingly random 

fluctuations, we corrected the signal by normalizing the measured fluorescence intensity with the 

power meter output.  A glass slide was positioned between the laser and the beam expander setup, 

angled at 45°.  The slide reflected roughly 8-9% of the beam, while the other 91% continued 

through the beam expander to the monolith.  While the power meter took one measurement every  
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Figure 6.14  Intensity of fluorescence and laser power meter data, normalized by the first hour of 

data.  a) The black dots are the measurements of the fluorescence, and the blue line is the power 

meter data; CV = 15.9862.  b) Normalizing the camera measurements by the power meter data. 

 

a) 

 

b) 
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5 s for 2 h, the camera also captured the fluorescence in the monolith at the same rate and time.  

As can be seen in Figure 6.14, the power meter data and the camera measurements followed the 

same general path; when the power meter showed that the laser had a sharp increase or decrease 

in power, the camera measurements also showed a sharp increase or decrease, respectively.  

However, Figure 6.14 also shows that there was a large amount of fluctuation in the camera 

measurements.  The coefficient of variation (CV) of the data was σ/µ = 15.9862, demonstrating 

that there was huge variation in the camera measurements that could not be fully removed by 

normalizing the camera measurements with the power meter data. 

 

6.3.3: Noise Introduced by the Image Analysis Technique 

With a scientific camera and the power meter, two sources of noise (the camera and the 

laser) were well accounted for.  The results seen in Figure 6.14 led to suspicions that the technique 

used to analyze the camera measurements was a possible third source of noise.  Several techniques 

were used, with the coefficient of variability calculated for each technique.   

Before the implementation of the beam expander (and for a few early experiments after), 

image analysis used a “thresholding” technique.  As described in Chapter 6.1.1, every pixel in the 

image that had an intensity value lower than a specified value (the “threshold”) would be treated 

as “not a number” and ignored.  Before the beam expander, the non-NaN pixels would be averaged 

vertically, creating an intensity profile for the path of the beam.  After the beam expander, all 

pixels with intensity values above the threshold would be summed together to provide a single 

value that represented the intensity of the fluorescence of the voxel.  The “thresholding” technique 

was very similar to the “boxing” technique described below, which was very successful in 
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decreasing the noise when used with the FLIR (Figure 6.17).  But when it was used with 

microparticles or with the Canon and Basler cameras, which often had images where the 

fluorescence was non-continuous and/or was a small number of pixels in size, thresholding often 

resulted in very noisy analysis (Figure 6.2b).   

Most image analysis after the implementation of the beam expander utilized a “slicing” 

technique: the brightest pixel in the image was identified and assumed to be the focal point of the 

voxel, then a horizontal slice measuring a specified number of pixels was taken across the voxel; 

that slice was then integrated to give a single value representing the intensity of the fluorescence 

of the voxel (Appendix A.1.6).  This technique usually worked well when the laser had relatively 

small fluctuations, but large or sudden changes in laser output resulted in  dramatic increases in 

variability (Figure 6.14, Figure 6.15).  The effectiveness of the technique was also heavily 

dependent on the camera used.  The data from Figure 6.14 was taken with the Basler, while Figure 

6.15 was taken with the FLIR; the image sets from both figures were analyzed with the same 

slicing technique, but Figure 6.14 had a coefficient of variation of 15.9862, while Figure 6.15 had 

a coefficient of variation of 0.006809.  This dependency on the camera was likely due to the 

relative number of pixels of the voxel in the images.  The FLIR was capable of higher resolution 

than the Basler, so the voxel consisted of more pixels in the images taken by the FLIR.  The larger 

number of pixels meant more data points to help suppress camera noise and thus improve the 

signal-to-noise ratio.  
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Figure 6.15  Intensity of fluorescence and laser power meter data, normalized by the mean.   

a) The black dots are the measurements of the fluorescence, analyzed via the slicing technique, 

and the blue line is the power meter data, CV = 0.006809.  b) Normalizing the camera 

measurements by the power meter data. 

 

a) 

 

b) 
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When it was suspected that the image analysis technique was artificially introducing noise, 

a technique other than slicing was tested: fitting a Gaussian.  The implementation was very similar; 

after identifying the brightest pixel in the voxel and “slicing” out an intensity profile, a Gaussian 

curve was fitted to the profile.  The peak of the Gaussian was interpreted as the single value that 

represented the intensity of the fluorescence of the voxel (Appendix A.1.5).  When analyzing 

images taken with the FLIR, fitting a Gaussian was not as effective as the slicing technique (Figure 

6.16).  However, when analyzing images taken by the Basler, fitting a Gaussian was less noisy 

than slicing.  This was again hypothesized to be due to the relative number of pixels of the voxel 

in the images.  Because the voxel in the Basler images was smaller and consisted of fewer pixels, 

it was possibly a closer match to a Gaussian than with the FLIR, as the FLIR was able to capture 

the cones at the edges of the voxel (Figure 6.12b and Figure 6.12c). 

After seeing the results of the Gaussian analysis, another image analysis technique was 

tested.  As noted above, the boxing technique was similar to the thresholding that was performed 

before.  The brightest pixel in the image was identified and assumed to be the focal point of the 

voxel.  Then a box of a specified height and width was drawn with the brightest pixel at the center 

of the box.  All pixels outside the box were ignored, and all pixels within the box were summed to 

create a single value that represented the intensity of the fluorescence of the voxel (Appendix 

A.1.6).  Using the boxing technique on images taken with the FLIR lead to the lowest noise floor 

so far, with a coefficient of variability of CV = 0.006699 (Figure 6.17).  The laser power meter 

data tracked well with the analyzed images, with notable deviations when the laser power 

fluctuated rapidly.  When the laser power did not fluctuate, the noise floor of the  
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Figure 6.16  Intensity of fluorescence and laser power meter data, normalized by the mean.   

a) The black dots are the measurements of the fluorescence, analyzed via the Gaussian technique, 

and the blue line is the power meter data, CV = 0.008662.  b) Normalizing the camera 

measurements by the power meter data. 

a) 

 

b) 
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Figure 6.17  Intensity of fluorescence and laser power meter data, normalized by the mean.   

a) The black dots are the measurements of the fluorescence, analyzed via the boxing technique, 

and the blue line is the power meter data, CV = 0.006699.  b) Normalizing the camera 

measurements by the power meter data. 

 

a) 

 

b) 
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analysis dropped by a factor of 6, to CV = 0.00113 (Figure 6.18).  With it known that the noise 

floor can be dropped to as low as 0.1% when the laser power exhibits low variation, the noise was 

finally down to a level where a signal-to-noise ratio of up to 10 was assumed would result in a 

detectable difference in the fluorescence.   

 

 

Figure 6.18  Intensity of fluorescence and laser power meter data, normalized by the mean (subset 

of data from Figure 6.17).  The black dots are the measurements of the fluorescence, analyzed via 

the boxing technique, and the blue line is the power meter data, CV = 0.00113.  When the laser 

power does not fluctuate, the noise floor of the analysis technique drops by a factor of 6 . 

 

6.4: Next Steps  

After addressing the camera, the laser, and the image analysis technique, the noise floor 

was reduced to approximately 0.1%.  With the system noise minimized, we were confident in our 
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ability to potentially measure volumetric strains in our system (up to 0.2% before yielding).  

However, the signal generated from the strain resulting from a load of 3.65 kPa (the greatest load 

applied experimentally thus far) was very small; even with the low noise floor, if the signal itself 

was weak, it would be difficult to form strong conclusions.  Thus, the signal must be increased 

before effective conclusions could be made from experimental results.  One way to increase the 

signal would be to increase the applied loads.  However, physical experiments were limited by 

mechanical constraints, such as the yield stress of the monoliths and the availability of different 

monolith formulations.  When testing the viability of this optical technique, it was important to 

determine not only where the limits of physical experiments lie, but also what the limits should be 

in order to properly utilize the technique.  Thus, rather than continuing with physical experiments, 

efforts shifted to numerical simulations, where materials could be tested to beyond their limits.  



78 
 

 

Chapter 7: 

Simulations and Modelling 

 

The noise floor of the image analysis technique was decreased to approximately 0.1%, yet 

the signal itself was still comparable to the noise when a stress of 3.65 kPa was applied to the 

physical monolith.  Two questions became pertinent: 1) what level of volumetric strain would 

result in a change in fluorescence that would be large enough to detect, and 2) what kinds of 

aerogels would be capable of achieving such volumetric strains?  To answer the first question, it 

was assumed that a signal-to-noise ratio approaching 10 would be detectable through the image 

analysis technique.  It was also assumed that the intensity of fluorescence and the reciprocal of 

volumetric strain were linearly correlated: as volumetric strain decreased, the fluorescence would 

increase by approximately the same amount.  Thus, it was assumed that a minimum of 1% 

volumetric strain would result in a detectable change in fluorescence intensity.   Numerical 

simulations would allow for the second question to be answered.  By creating a computer model 

with variable properties, not only could several different aerogel formulations be tested, but they 

could also be subjected to loads well beyond their yield stresses.  This would determine what kinds 

of aerogels would meet the requirements for 1% volumetric strain. 
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7.1: Modelling in COMSOL: Geometry, Boundary Conditions, and Mesh 

The simulations were run using COMSOL 5.2.  In all simulations, the aerogel monolith 

was modelled as a disc with radius 10 mm and height 10 mm, roughly corresponding to the size 

of the silica aerogel discs that were used in the physical experiments.  Symmetrical boundary 

conditions were set such that only one quarter of the disc would need to be modelled.  The particles 

within the monolith were modelled as rigid, incompressible “voids” by subtracting spheres from 

the monolith model and using the “Rigid Connector” boundary condition to treat the voids as rigid 

bodies.  As the physical NaYF4:Yb/Er particles are substantially more rigid than the aerogel matrix 

(the silica aerogel formulation used should have a Young’s modulus of approximately 4.1 MPa 

[derivations in 7.1.1], while the particles have a Young’s modulus of approximately 300 GPA 

[110]), it was assumed that the particles could be approximated as incompressible relative to the 

monolith.  Simulated particle size ranged from radius 0 mm (i.e., no particles) to radius 0.5 mm.  

The applied loads were modelled as pressures applied to the top surface of the monolith model 

(i.e., uniaxial compression), and the bottom surface of the model was restricted with boundary 

conditions such that it could not translate or rotate. 

The mesh element size for the models was set to “Normal;” while a more refined mesh 

increased the accuracy of the simulations for smaller particle radii, this also dramatically increased 

computation times (from 45 s for “Normal” to 20 min for “Finer” for a single computational run).  

The difference between the volumetric strain of a simulation with “Normal” mesh and “Finer” 

mesh was 11.92%.  While not insignificant, when considering the tradeoff between refinement and 

computation time, a “Normal” mesh was deemed sufficiently accurate (Figure 7.1). 
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Figure 7.1  Comparison between mesh element sizes; a) “Normal” mesh, and b) “Finer” mesh.  

 

a) 

 

b) 
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7.2: Uniaxial Compression with No Particles 

The first simulations were for the simplest case: a silica aerogel monolith with no particles 

under uniaxial compression.  The properties used to model silica aerogel were Young’s modulus, 

Poisson’s ratio, and density.  It is well-established that the Young’s modulus of silica aerogels 

follows a power-law relationship with the fabrication density of said aerogels, as seen in Equation 

7.1: 

 𝐸 = 𝛼𝜌𝛽 [7.1] 

Specifically, Rivas Murillo et al. 2010 [15] and Lei et al. 2013 [111] found that the relationship 

followed Equation 7.2 and Equation 7.3, respectively. 

 𝐸 = 3 × 10−6𝜌3.11 [7.2] 

 𝐸 = 2.223 × 10−6𝜌3.168 [7.3] 

The silica aerogel formulation used in the physical experiments was a modified version of 

the formulation found at Aerogel.org [103].  Said formulation has a stated density of 0.095 g/cc, 

thus it was assumed that the modified formulation would have a similar density.  Using that density 

in Equation 7.2 and Equation 7.3 resulted in a Young’s modulus of 4.2446 MPa and 4.0961 MPa, 

respectively.  The Young’s modulus of the silica aerogel formulation used in the physical 

experiments (and thus, the Young’s modulus of the modelled silica aerogel) was assumed to be 

approximately 4.1 MPa.  Patil et al. 2017 [112] found that the Poisson’s ratio of silica aerogel does 

not vary much with density and is actually similar to the Poisson’s ratio of silica glass (i.e., 0.2).  

Thus, the modelled silica aerogel was assumed to have a Poisson’s ratio of 0.2.  
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After the values for the Young’s modulus, Poisson’s ratio, and density were applied to the 

model, the model was subjected to ten loads: 3.65 kPa (the highest load applied in physical 

experiments), 10 kPa, 18.685 kPa (the assumed yield strength of the silica aerogel formulation, 

calculated from Woignier et al. 1998 [113]), 50 kPa, 68.3333 kPa (the load required to reach 1% 

volumetric strain), 100 kPa, 200 kPa, 500 kPa, 1000 kPa, and 3416.6667 kPa (the load required to 

reach 50% volumetric strain).  Table 7.1 shows the simulated volumetric strain as a function of 

applied load.  The simulations match the expected strains calculated using the equation  

𝜖𝑣 =
𝜎

𝐸
(1 − 2𝜈), derived from an algebraic manipulation of Hooke’s Law.  From here, particles 

of varying size were added to the model. 

Table 7.1  Simulated Volumetric Strain vs. Applied Load, Silica Aerogel with No Particles 

Applied Load [kPa] Volumetric Strain [ ] 

3.65 -0.000534 

10 -0.00146 

18.685 -0.00273 

50 -0.00732 

68.3333 -0.01 

100 -0.01463 

200 -0.02927 

500 -0.07317 

1000 -0.14634 

3416.6667 -0.5 
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7.3: Analyzing the Effect of Particles on Volumetric Strain 

After confirming that the simplest case (i.e., no particles) matched expected results, 

particles were simulated through the aforementioned “voids” cut out of the monolith model.  First, 

nine particles with radius 0.5 mm were arranged in a body-centered cubic lattice (Figure 7.2a), 

with the center particle located at the geometric center of the monolith model.  The centers of each 

corner particle were separated by 2 mm from adjacent corner particles.  A load of 68.3333  kPa was 

applied to the monolith, and the volumetric average of the volumetric strain was calculated via 

COMSOL’s built-in functions.  The simulated particle radius was then varied from 0.5 mm to 

0.005 mm, with particle separation and particle number held constant.  The largest particle size 

(i.e., 0.5 mm radius) was selected to model the effect of large particles with length scales on similar 

orders to the radius of the monolith (i.e., 10 mm).  The smallest particle size (i.e., 0.005 mm radius) 

was on the same order as the physical microparticles used in Chapter 6.1 (i.e., 1-5 µm diameter) 

and was also the smallest particle that could be modelled in COMSOL.  The effect of variable 

particle radius on volumetric strain can be seen in Table 7.2.  

As expected, larger particle sizes deviate from the baseline case of “no particles.”  Once 

particle radius drops to 0.01 mm, the relative error of volumetric strain when compared to the “no 

particle” case becomes 0.4445%.  As the physical particles are on the micro- and nanoscales, it 

can be assumed that particle size has little effect on volumetric strain once the particles are no 

longer on the same length scale as the monolith.  Thus, it can be assumed that aerogel monolith 

nanocomposites can be modelled as homogeneous structures, regardless of the presence of 

particles.  After particle size was eliminated as a variable, the number of particles was increased 

to better simulate the physical monoliths (Figure 7.2b).  Over 200 particles were added to the 

model, still following the body-center cubic lattice. 
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Figure 7.2  COMSOL model of silica aerogel disc under uniaxial compression.  a) A full disc with 

nine particles.  b) A quarter disc with 210 particles. 

  

a) 

 

b) 
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Table 7.2  Volumetric Strain vs. Particle Radius, Silica Aerogel with Applied Load 68.3333 kPa 

Particle Radius [mm] Volumetric Strain [ ] 

0.5 -0.00461 

0.25 -0.0058 

0.1 -0.0076 

0.05 -0.00877 

0.025 -0.00966 

0.01 -0.00996 

0.005 -0.01001 

 

7.4: Nondimensionalization of Variables 

With the particle number and particle separation (i.e., center-to-center distance) kept 

constant, there were still three variables that were tested for effects on volumetric strain: 1) particle 

radius; 2) applied stress; and 3) aerogel formulation.  To maintain consistency between the 

formulations, nondimensionalization was utilized.  By nondimensionalizing the stresses and 

monolith properties, it became trivial to test multiple different aerogel formulations, allowing for 

an answer to the second question above to be found: what formulations of aerogels would be 

capable of achieving volumetric strains large enough to detect without yielding?  After identifying 

the dependent variable (volumetric strain) and all possible independent variables, the variables 

were rewritten to cancel out the dimensions, resulting in four relevant dimensionless variables 

(Poisson’s ratio, particle number density, dimensionless particle radius, and dimensionless stress).  

The full dimensional analysis can be found in Appendix A.2.   
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After nondimensionalization, the variable that represented aerogel formulation was the 

Poisson’s ratio (the other relevant variable Young’s modulus was already accounted for through 

dimensionless stress 𝜎̅ = 𝜎 𝐸⁄ ).  Silica aerogel formulations were represented in the modelling 

with Poisson’s ratio of 0.2, so three additional formulations were sought.  To represent 

formulations with very high compressibility, cellulose aerogel was selected, as it has a Poisson’s 

ratio of 0.0 [114], meaning that an applied uniaxial load will not result in any deformation in the 

orthogonal directions.  To represent formulations with very low compressibility, graphene aerogels 

were selected, as they have been demonstrated to have tunable Poisson’s ratio ranging from -0.3 

to +0.46 [115].  Thus, the Poisson’s ratios for relatively incompressible formulations were selected 

to be 0.3 and 0.46 (negative Poisson’s ratios were not simulated). 

Table 7.3 shows the nondimensionalized stress (derived from the dimensional stresses 

applied to the silica model) and the dimensional equivalent stresses to be applied to the cellulose 

and graphene models.  The columns represent, from left to right: 1) the dimensional stresses 

applied to the silica model; 2) the nondimensionalized stresses; 3) the dimensional stresses applied 

to cellulose; and 4) the dimensional stresses applied to both graphene formulations.   The 

dimensional values for particle radius, applied stress, and aerogel properties (like Young’s 

modulus and Poisson’s ratio; see Table 4) were entered into COMSOL, and their effects on 

volumetric strain were simulated.   
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Table 7.3  Nondimensionalized Stress 

Dimensional Stress 

(Silica) [kPa] 

Nondimensionalized 

Stress [ ] 

Dimensional Stress 

(Cellulose) [kPa] 

Dimensional Stress 

(Graphene) [kPa] 

3.65 0.00089 1.42439 0.018695 

10 0.002439 3.902439 0.05122 

18.685 0.004557 7.291707 0.095704 

50 0.012195 19.5122 0.256098 

68.3333 0.016667 26.66665 0.35 

100 0.02439 39.02439 0.512195 

200 0.04878 78.04878 1.02439 

500 0.121951 195.122 2.560976 

1000 0.243902 390.2439 5.121951 

3416.6667 0.833333 1333.333 17.5 

 

Table 7.4  Simulated Formulation Properties 

Formulation Poisson’s Ratio Young’s Modulus 

Silica 0.2 4.1 MPa 

Cellulose 0.0 1.6 MPa 

Graphene (0.3) 0.3 21 kPa 

Graphene (0.46) 0.46 21 kPa 

 

Figures 7.3-7.5 show volumetric strain versus nondimensionalized stresses, separated by 

particle radius.  The volumetric strain is normalized by (1 − 2𝜈), a specific form of Poisson’s ratio 

derived from the algebraic manipulation of Hooke’s Law described in Chapter 7.2.  It can be seen 

from Figure 7.3 that the volumetric strain curves for all four tested formulations collapse, as 
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expected from the nondimensionalization process.  As particle size increases, the curves deviate 

from each other and do not collapse anymore.  However, this reveals that volumetric strain seems 

to increase monotonically with increasing Poisson’s ratio.  In Figures 7.4 and 7.5, it can be seen 

that cellulose (which has the smallest Poisson’s ratio of 0.0) has the smallest volumetric strain, 

while graphene with Poisson’s of 0.46 has the highest volumetric strain.  This also is expected, as 

a higher Poisson’s ratio means that uniaxial compression will result in more lateral deformation 

when compared with smaller Poisson’s ratios.   

 

 

Figure 7.3  Poisson-normalized volumetric strain versus nondimensionalized stresses: no 

particles. 
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Figure 7.4  Poisson-normalized volumetric strain versus nondimensionalized stresses for particles 

with r = 0.5 mm. 

 

Figure 7.5  Poisson-normalized volumetric strain versus nondimensionalized stresses for particles 

with r = 0.05 mm 
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7.5: What was Learned from Simulations 

The simulations of four aerogel formulations with very different properties suggest that the 

best aerogel formulations for identifying a visible change in fluorescence intensity are the aerogels 

that are capable of undergoing dramatic deformations without yielding.  To reach the assumed 

visible minimum of 1% volumetric strain, silica aerogel requires far in excess of its yield stress, 

while cellulose can reversibly undergo strains up to 99% [114].  Graphene has an ultimate strength 

of 990 kPa [115], well beyond the stress required to produce 50% volumetric strain.  Thus, brittle 

aerogels like silica are not preferred over less friable aerogels like cellulose and graphene.   

Using what was learned from these simulations, additional physical experiments should be 

performed.  Previous experiments did not subject the silica monolith to stresses above 3.65 kPa; 

additional experiments should apply at least the yield stress (estimated to be 18.685 kPa for the 

specific silica aerogel formulation used in these physical experiments).   At the estimated yield 

stress, the numerical simulations produced a volumetric strain of roughly 0.27%, which is also on 

the same order as the noise floor of the image analysis technique; if the physical experiment has 

similar results, the experiment would likely verify the limits of using this technique on this specific 

silica formulation.  Thus, physical experiments involving other formulations should be pursued.  

As noted, both cellulose and graphene can withstand strains far beyond 50% volumetric strain, 

much more than the brittle silica formulation used.  However, polymer-reinforced silica aerogels 

have been shown to recover from up to 25% compressive strain [116,117].  Additional physical 

experiments applying uniaxial compression to cellulose aerogels (very compressible), high -

Poisson’s ratio graphene aerogels (very incompressible), and polymer-reinforced silica aerogels (a 

stronger formulation than the silica used previously) would provide results that either support or 

fail to support the conclusions made f rom the numerical simulations: the analysis technique is most 
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viable for aerogel formulations that can experience large deformations (greater than 1% strain) 

without fracture.  
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Chapter 8: 

Conclusions and Recommendations 

 

The goal of this work was to develop an optical scanning technique that could observe the 

strain of a drying aerogel monolith in situ using fluorescent particles.  To determine the viability 

of the optical technique, it was first developed using ex situ experiments, where an already-dried 

fluorescent aerogel monolith nanocomposite was strained while interrogated by a voxel of 

illumination from a focused IR laser.  Any changes in the intensity of the fluorescence of the voxel 

were captured by a camera and analyzed in MATLAB.  The results of the ex situ experiments, 

shown throughout Chapter 6, demonstrate that the optical technique can be successfully used to 

scan through a specified volume of a monolith, with a noise floor as low as 0.1%.  However, the 

maximum applied stress in the physical experiments was small (3.65 kPa, resulting in 0.05% 

volumetric strain).  It was hypothesized that a minimum of 1% volumetric strain would be required 

to produce a visible change in the fluorescence intensity, so the changes in the signal from only 

0.05% volumetric strain were too small to make strong conclusions.  To compensate for the 

limitations of the physical experiments, numerical simulations were performed such that the 

stresses required to produce strains ranging from 1% volumetric strain to 50% volumetric strain in 
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four different aerogel formulations were identified, as documented in Chapter 7.  From those 

simulations, it was concluded that the stress required for 1% volumetric strain in silica aerogel 

(68.3333 kPa) was well beyond the yield stress of silica aerogel monoliths of comparable density 

to the formulation used in the physical experiments (18.685 kPa).   

Using what was learned from these simulations, additional physical experiments should be 

performed; the silica monolith should be subjected to at least the yield stress (18.685 kPa) and 

observed for notable changes in fluorescence intensity.  A laser with more stable power output 

should be utilized.  In-house nanoparticle synthesis should be revisited (either through additional 

attempts of the previous three protocols or through attempting additional protocols found within 

the literature), as the synthesis of large quantities of nanoparticles would allow for the production 

of silica monoliths with high particle densities, increasing the fluorescence intensity.  Other aerogel 

formulations should also be explored, such as cellulose aerogels, graphene aerogels, and polymer-

reinforced silica aerogels.  The results of such experiments would provide data that could support 

the conclusion made from the numerical simulations: the optical scanning technique is most viable 

for aerogel formulations that can experience large deformations (greater than 1% strain) without 

fracture.   

However, uniaxial compression is not necessarily reflective of the forms of stresses that a 

drying aerogel monolith can expect to experience.  It is not uncommon for a drying monolith to 

undergo over 25% volumetric strain while shrinking, permanently deforming but not fracturing 

[29].  Thus, for in situ measurements of strain, this technique can still be viable even for very brittle 

aerogel formulations like silica.  This technique has not been tested with in situ experiments, but 

there is a potential, as seen with ex situ experiments and simulations.  Additional experiments 

should be based around in situ analysis; silica formulations embedded with fluorescent particles 
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should be dried in a pressure vessel with optical access, while a lens configuration focuses the IR 

laser within the monolith.  Similarly to the ex situ experiments, while the monolith is experiencing 

stress during drying, a camera should record any changes to the fluorescence intensity of the 

illuminated voxel.  Such experiments would confirm the viability of the technique in in situ 

applications. 

There is a potential difficulty in applying the strain mapping technique to in situ analysis: 

to produce a small voxel with low aspect ratio, a focusing lens with short focal length (FL = +25.4 

mm) was used for ex situ analysis, thus the monolith must be within 25.4 mm away from the 

focusing lens.  Since the monolith must be dried within a pressure vessel for in situ analysis, the 

geometry of the vessel could be a limiting factor; the walls of the vessel (and any windows created 

for optical access) must be thick enough to withstand the high pressures of the supercritical drying 

process, but such a thick-walled vessel would likely not be able to allow the monolith to be close 

enough to the focusing lens.  This is a problem that could potentially be solved via intersecting 

beam sheets.  By using a cylindrical lens to expand the beam along only one axis, the resulting 

beam sheet could be shown through the monolith.  Hypothetically, intersecting the beam sheet 

with another beam sheet would produce a line of detectable fluorescence along the line of 

intersection; introducing a third beam sheet (and decreasing the excitation power of each beam 

sheet appropriately) would produce detectable fluorescence only at the single point where all three 

sheets intersect.  However, as noted in Chapter 5.1, crossing two beams using a beam splitter did 

not produce a small voxel of illumination; rather, fluorescence was visible throughout the paths of 

both beams.  Intersecting three beam sheets could have similar results.  Experiments varying the 

properties of the cylindrical lenses should be performed before making strong conclusions. 
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There are limitations for the large-scale implementation of this technique.  While there is 

evidence suggesting a positive correlation between induced strain and fluorescence intensity, it 

has not yet been demonstrated in physical experiments that strains on the order of 1% can be 

accurately mapped to changes in fluorescence intensity.  In addition, if this technique is to be 

developed for use in 3D volumetric displays, the voxel of illumination must be smaller , more 

spheroidal, and able to scan through its medium at high speeds.  However, if the signal is large 

enough and consistent enough, by mapping strain to fluorescence in tensity, in situ strain 

measurements can be used for real-time monitoring of any transparent structure undergoing strain. 
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Appendix 1: 

MATLAB Code 

All MATLAB code was written using MATLAB R2018b running on a Windows 10 

machine.  Backwards-compatibility with older Windows machines should be possible (provided 

that the machine can run MATLAB), but compatibility with older versions of MATLAB is not 

guaranteed. 

 

A1.1: Volumetric Scanning Protocol 

The below code was used to perform volumetric scans through the monolith.  

Modifications to the scanning protocol allow for scans along only one or two axes, or for scanning 

different sizes of the volume. 

 

clear; close all; clc; 

  
%% Prepare stages for MATLAB control 

  
% Load assemblies 
fprintf('Loading assemblies.\n'); 
NET.addAssembly('C:\Program 

Files\Thorlabs\Kinesis\Thorlabs.MotionControl.DeviceManagerCLI.dll'); 
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NET.addAssembly('C:\Program 

Files\Thorlabs\Kinesis\Thorlabs.MotionControl.GenericMotorCLI.dll'); 
NET.addAssembly('C:\Program 

Files\Thorlabs\Kinesis\Thorlabs.MotionControl.KCube.DCServoCLI.dll'); 

  
% Initialize device list 
import Thorlabs.MotionControl.DeviceManagerCLI.* 
import Thorlabs.MotionControl.GenericMotorCLI.* 
import Thorlabs.MotionControl.KCube.DCServoCLI.* 

  
DeviceManagerCLI.BuildDeviceList(); 
DeviceManagerCLI.GetDeviceListSize(); 

  
serialX = '27252918'; % x-direction stage 
serialY = '27252934'; % y-direction stage 
serialZ = '27253232'; % z-direction stage 

  
timeout = 60000; % time until time out [ms] 

  
% Set up device and configuration 
fprintf('Configuring stages.\n'); 
deviceX = KCubeDCServo.CreateKCubeDCServo(serialX); % create X device 
deviceX.Connect(serialX); % connect with respective stage 
deviceX.WaitForSettingsInitialized(5000); % wait 5 s for settings 

  
deviceY = KCubeDCServo.CreateKCubeDCServo(serialY); % repeat for Y 
deviceY.Connect(serialY);  
deviceY.WaitForSettingsInitialized(5000); 

  
deviceZ = KCubeDCServo.CreateKCubeDCServo(serialZ); % repeat for Z 
deviceZ.Connect(serialZ); 
deviceZ.WaitForSettingsInitialized(5000); 

  
motorSettingsX = deviceX.LoadMotorConfiguration(serialX); % load motor config 
motorSettingsX.DeviceSettingsName = 'PT1-Z8'; 
motorSettingsX.UpdateCurrentConfiguration(); % update the RealToDeviceUnit 

converter 

  
motorSettingsY = deviceY.LoadMotorConfiguration(serialY); % load motor config 
motorSettingsY.DeviceSettingsName = 'PT1-Z8'; 
motorSettingsY.UpdateCurrentConfiguration(); % update the RealToDeviceUnit 

converter 

  
motorSettingsZ = deviceZ.LoadMotorConfiguration(serialZ); % load motor config 
motorSettingsZ.DeviceSettingsName = 'PT1-Z8'; 
motorSettingsZ.UpdateCurrentConfiguration(); % update the RealToDeviceUnit 

converter 

  
MotorDeviceSettingsX = deviceX.MotorDeviceSettings; % push settings down to 

device 
deviceX.SetSettings(MotorDeviceSettingsX, true, false); 

  
MotorDeviceSettingsY = deviceY.MotorDeviceSettings; % push settings down to 

device 
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deviceY.SetSettings(MotorDeviceSettingsY, true, false); 

  
MotorDeviceSettingsZ = deviceZ.MotorDeviceSettings; % push settings down to 

device 
deviceZ.SetSettings(MotorDeviceSettingsZ, true, false); 

  
deviceX.StartPolling(250); % keep track of device, with delay 
pause(1); % pause uses seconds as units? 
deviceY.StartPolling(250); % this uses ms as units? 
pause(1); 
deviceZ.StartPolling(250); 
pause(1); 

  
% Home all devices 
fprintf('Homing: X stage.\n'); 
deviceX.Home(timeout); 
fprintf('X stage homed.\n'); 

  
fprintf('Homing: Y stage.\n'); 
deviceY.Home(timeout); 
fprintf('Y stage homed.\n'); 

  
fprintf('Homing: Z stage.\n'); 
deviceZ.Home(timeout); 
fprintf('Z stage homed.\n'); 

  
%% Set the positions for the stages 
centerx = 15.5; centery = 6.5; centerz = 12; % coords for center [mm] 
rangexy = 2.0; % define +/- about the center [mm] 
    % make sure that center +/- range <= 25 mm 
rangez = 2.0; % define +/- about the center [mm] 

 
fprintf('\nCentering: [X, Y, Z] = [%d, %d, %d] 

mm\n',centerx,centery,centerz); 
deviceZ.MoveTo(centerz,0);  
deviceY.MoveTo(centery,0); 
deviceX.MoveTo(centerx,timeout); % move xyz simul 
    % by setting quicker devices to 0 and slower device to timeout 
    % change which devices move and in what order, based on timing 
fprintf('Monolith is centered.\n'); 
pause(1); % 1 s delay to give time to complete movements 

  
posx = [linspace(centerx-rangexy,centerx+rangexy,15)]'; % front to back 
posy = [linspace(centery-rangexy,centery+rangexy,15)]'; % front to back 
posz = [linspace(centerz-rangez,centerz+rangez,15)]'; % top to bottom 
    % this should encompass the entire thickness of the monolith, 
    % with points roughly 0.1 mm apart 

     
%% Connect Arduino 
ard1 = arduino('COM6','Uno'); % identify the proper Arduino board 
fprintf('\nArduino connected.\n'); 
pause(1); % pause for 1 s just to make sure everything is set 

  
%% Move the stages and trigger camera with Arduino (Z Scan) 
tv01 = 0; % initialize counting variable 
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% Move the stages (use loops) 
tv02 = length(posz); % total number of positions 
fprintf('\nTotal number of positions: %d\n',tv02); 

  
%{ 
fprintf('\nCentering: [X, Y, Z] = [%d, %d, %d] 

mm\n',centerx,centery,centerz); 
deviceZ.MoveTo(centerz,timeout);  
deviceY.MoveTo(centery,timeout); 
deviceX.MoveTo(centerx,timeout); % move xyz simul 
    % by setting quicker devices to 0 and slower device to timeout 
    % change which devices move and in what order, based on timing 
fprintf('Monolith is centered.\n'); 
pause(1); % 1 s delay to give time to complete movements 
%} 

  
tic 
for k = 1:length(posz) % move in z direction 
    fprintf('\nMoving stages:\n'); 
    deviceZ.MoveTo(posz(k),timeout); % move z stage 
    fprintf('Z stage moved to %d mm.\n',posz(k)); 

     
    for j = 1:length(posy) % move in y direction 
        deviceY.MoveTo(posy(j),timeout); % move y stage 
        fprintf('Y stage moved to %d mm.\n',posy(j)); 

  
        for i = 1:length(posx) % move in x direction 
            tv01 = tv01 + 1; % iterate counting variable 
            deviceX.MoveTo(posx(i),timeout); % move x stage 
            fprintf('X stage moved to %d mm.\n',posx(i)); 

  
            for m = 1 % take one image per location 
                writeDigitalPin(ard1,'D13',1); % set digital pin 13 to high 

for LED 
                writeDigitalPin(ard1,'D4',1); % set digital pin 4 to high for 

camera 
                pause(0.05); % wait 0.05 s 
                writeDigitalPin(ard1,'D13',0); % set digital pin 13 to low 

for LED 
                writeDigitalPin(ard1,'D4',0); % set digital pin 4 to low for 

camera 
                pause(0.01); % wait 0.01 s (sync total pause time with exp 

time) 
            end 

  
            fprintf('Images taken at position %d [%d,%d,%d] 

mm.\n',tv01,posx(i),posy(j),posz(k)); 
            pause(0.05); % wait 0.05 s 
        end 
    end 
end 
toc 

 
%% End the program and disconnect the stages/Arduino 
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clear ard1;  
fprintf('\nArduino disconnected.\n'); 

  
fprintf('\nHoming: X stage.\n'); 
deviceX.MoveTo(0,timeout); % move to 0 mm before homing (saves time) 
deviceX.Home(timeout);  
fprintf('X stage homed.\n'); 
deviceX.StopPolling(); deviceX.Disconnect(); 
fprintf('X stage disconnected.\n'); 

  
fprintf('\nHoming: Y stage.\n'); 
deviceY.MoveTo(0,timeout); % move to 0 mm before homing (saves time) 
deviceY.Home(timeout);  
fprintf('Y stage homed.\n'); 
deviceY.StopPolling(); deviceY.Disconnect(); 
fprintf('Y stage disconnected.\n'); 

  
fprintf('\nHoming: Z stage.\n'); 
deviceZ.MoveTo(0,timeout); % move to 0 mm before homing (saves time) 
deviceZ.Home(timeout);  
fprintf('Z stage homed.\n'); 
deviceZ.StopPolling(); deviceZ.Disconnect(); 
fprintf('Z stage disconnected.\n'); 

  
fprintf('\nProgram is finished.\n'); 

 

 

A1.2: Analysis of Microparticle Fluorescence 

The images of microparticle fluorescence shown in Fig. 6.2 were analyzed by treating all 

pixel values greater than a certain threshold as “not a number” values.  Then the NaN values were 

ignored to plot the intensity of the fluorescence.   

 

clear; close all; clc; 
%% Create length scale, misc., etc. 
x_length = 25; % roughly 25 mm long; this is for disks (blocks ~ 29 mm?) 
tv00 = 1; % create iterative variable that represents figure number 
%% Load images - Sonicated disk, 1% loading (0.01 mg/mL) 
Sonic = imread('Sonic.CR2'); % read in RGB image 
Sonic_bg = imread('Sonic_bg.CR2'); % read in bg image 
Sonic_laser = Sonic(:,:,2) - Sonic_bg(:,:,2); % select only green light 
    % and subtract bg from original (ideally, there is only laser now) 
figure(tv00); tv00 = tv00 + 1; % figure(1) 
imshow(Sonic_laser); % show image with most bg light removed 
title('Laser Fluorescence (Background Removed) - Sonicated Disk'); 
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%% Replace every value except the fluorescence with NaN 
tv_thres = 130; % set threshold value 
figure(tv00); tv00 = tv00 + 1; % figure(3) 
imshow(Sonic_laser); % show image with most bg light removed 
zoom(10) % set zoom factor, zoom in on fluorescence 
% saveas(gcf, 'Zoom.tiff') 

 
[tv_r,tv_c] = size(Sonic_laser); % get size of image 
% for i =  
tv_double = double(Sonic_laser); % convert from uint8 to double 
tv_double(tv_double < tv_thres) = NaN; % overwrite all values 
    % less than threshold, redefine as Not a Number 
figure(tv00); tv00 = tv00 + 1; % figure(4) 
tv_temp = uint8(tv_double); % temp convert to uint8 for plotting 
imshow(tv_temp); % show image with most pixels replaced with NaN 
tv_NaN = mean(tv_double, 'omitnan'); % average over columns while  
    % omitting/ignoring NaN 
Sonic_laser_NaN = tv_NaN(~isnan(tv_NaN))'; % take all values that are 
xlength_NaN = linspace(0,x_length,length(Sonic_laser_NaN))';  
figure(tv00); tv00 = tv00 + 1; % figure(5) 
plot(xlength_NaN, Sonic_laser_NaN, 'b.-') 
xlabel('Length [mm]'); ylabel('Intensity [arbitrary]'); 
% saveas(gcf, 'Sonic.tiff') 

  
[tv01, tv_gof] = 

fit(log(xlength_NaN(10:end)),log(Sonic_laser_NaN(10:end)),'poly1');  
% linear fit to logarithm, avoid Inf by ignoring first 10 points 
A_Sonic = exp(tv01(0)); b_Sonic = tv01(1)-tv01(0); % A = exp(p2) % b = p1 
best_Sonic = A_Sonic*xlength_NaN.^b_Sonic; % define best fit power law 
figure(tv00); tv00 = tv00 + 1; % figure(6) 
plot(xlength_NaN, Sonic_laser_NaN, 'b.-'); hold on; % plot IP of beam 
plot(xlength_NaN, best_Sonic, 'k'); % plot best fit 
xlabel('Length [mm]'); ylabel('Intensity [arbitrary]'); 
ylim([0 255]) 
legend('Intensity Profile','Best Fit Power Law','Location','south') 
% saveas(gcf, 'Sonic.tiff') 
saveas(gcf, 'UseThis.tiff') 

  
tv_gof 
A_Sonic, b_Sonic 
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A1.3: Reading Images 

The following code reads the images into MATLAB and allows for analysis.  It allows for 

averaging of repeated images at the same position. 

 

function [mean_test1] = readimages(tv_test1imgs,num_pos,num_abc) 
%readimages Reads images and averages iterations for analysis 
%   Inputs:      
%       num_pos         number of distinct positions 
%       num_abc         number of iterations of the same position 
%       tv_test1imgs    root name of files to be read 
%   Outputs:     
%       mean_test1      stores values of mean images and associated names 
%                       (might want to rename them instead of default) 
%                       col1: mean; col2: names; col3: std (might as well) 
% 
num_total = num_pos*num_abc; % total number of images in this set 
imgname_test1 = cell(1,num_total); % initialize size; holds names of images 
tv_holdimage = cell(size(imgname_test1)); % temporarily holds images after 
    % they are read by imread 
tv_double = tv_holdimage; % stores images after being converted to double 
for i = 1:num_total % this loads the names to prep for reading 
    if i <= 9 % for the future, make a separate array holding the number 
        tv_garbage = sprintf('%s000%d',tv_test1imgs,i); 
        imgname_test1{i} = tv_garbage; % holds first 9 names 
    elseif (10 <= i) && (i <= 99) 
        tv_garbage = sprintf('%s00%d',tv_test1imgs,i); 
        imgname_test1{i} = tv_garbage; % holds names 10 up to 99 
    elseif (100 <= i) && (i <= 999) 
        tv_garbage = sprintf('%s0%d',tv_test1imgs,i); 
        imgname_test1{i} = tv_garbage; % holds names 100 up to 999 
    else  
        tv_garbage = sprintf('%s%d',tv_test1imgs,i); 
        imgname_test1{i} = tv_garbage; % holds names 1000 up to 9999 
    end % the naming scheme is _0001 through _2000+, so this is needed 
    tv_holdimage{i} = imread(imgname_test1{i},'tiff'); % reads images 
    tv_double{i} = double(tv_holdimage{i}); % convert from uint16 to double 
        % calculations are better in double 
end 
fprintf('Finished reading images.\n'); 
tv_double = reshape(tv_double,num_abc,num_pos)'; % reshape cell array 
    % group [abc] together across columns to prep for averaging 
tv_matrix = cell(1,num_pos)'; % holds cell array for matrix conversion 
tv_mean = tv_matrix; % holds mean of pixels of images 
tv_std = tv_matrix; % holds std of pixels of images 
mean_test1 = cell(3,num_pos)'; % stores values of mean images 
    % and associated names (might want to rename them instead of default) 
    % col 1: mean; col 2: names; col 3: std (might as well) 
for i = 1:num_pos % iterate over number of distinct positions 
    tv_matrix{i} = cat(3, tv_double{i,:}); % convert cell array to matrix 
        % stores all [abc] together as a 3D matrix in one cell per matrix 
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    tv_mean{i} = mean(tv_matrix{i}, 3); % calc mean of pixels of images 
    mean_test1{i,1} = uint16(tv_mean{i}); % first column stores means 
        % convert from double to uint16; plotting is better (?) 
    tv_std{i} = std(tv_matrix{i}, [], 3); % calc std of pixels of images 
    mean_test1{i,3} = uint16(tv_std{i}); % third column stores stds 
        % convert from double to uint16; plotting is better (?) 
end 
fprintf('Finished averaging images.\n'); 
% if I want to keep the default names: 
tv_z = 0; % temp vari; initialize iterative variable 
for i = 1:num_abc:length(imgname_test1) % choose every third name 
    tv_z = tv_z + 1; % iterate index of mean_load0 
    mean_test1{tv_z,2} = imgname_test1{i}(1:end); % no '.tiff' 
        % store truncated names in second column of mean_load0 
end 
% if I want to change the names to match the positions: 
for i = 1:num_pos 
    mean_test1{i,2} = sprintf('test_pos%d',i); % consider changing this 
        % to match the [xyz] positions 
end 

  

  
end 

  

 

A1.4: Voxel Intensity Analysis: Slicing Method 

The “slicing” technique referenced in Ch. 6.2.3 identified the brightest pixel in a given 

image, then took a horizontal “slice” across the image to create an intensity profile.  That intensity 

profile was integrated to create a single value representing the voxel. 

 

function [IPx_test1] = makeIPcuts(mean_test1,mywinsize,myprofwidth) 
%makeIPcuts Horizontal slices for analysis 
%   Inputs:      
%       mean_test1      stores values of mean images and associated names 
%                       (might want to rename them instead of default) 
%                       col1: mean; col2: names; col3: std (might as well) 
%       mywinsize       zoom window half-width [pixels] 
%       myprofwidth     half-width of intensity profile 'cut' 
%   Outputs:     
%       IPx_test1       intensity profiles cut in x-axis 
%       IPy_test1       intensity profiles cut in y-axis 
%                       (isn't generally needed for my analysis) 
% 
y_peakloc = cell(1,size(mean_test1,1))'; % initialize cell array (column) 
    % this holds the y location of the peak intensity spot 
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x_peakloc = y_peakloc; % this holds the x location 
maxint = y_peakloc; % this holds the value of the max/peak intensity 
IPy_test1 = y_peakloc; % this holds the intensity profiles cut in y-axis 
IPx_test1 = IPy_test1; % this holds the intensity profiles cut in x-axis 
for i = 1:length(mean_test1) 
% for i = 1:length(y_peakloc) % iterate over number of mean images 
    % find location of max of each image, i.e., peak of intensity spot 
    [y_peakloc{i}, x_peakloc{i}] = ... 
        find(mean_test1{i,1} == max(mean_test1{i,1}(:)),1); 
    % find value of peak intensity 
    maxint{i} = mean_test1{i,1}(y_peakloc{i}, x_peakloc{i}); 
    % create x intensity profile for each image through maximum 
    tv_x = mean_test1{i,1}(y_peakloc{i} - myprofwidth:y_peakloc{i} ... 
        + myprofwidth, x_peakloc{i} - mywinsize:x_peakloc{i} + mywinsize); 
    IPx_test1{i} = mean(tv_x,1)'; 
    % create y intensity profile for each image through maximum 
    tv_y = mean_test1{i,1}(y_peakloc{i} - mywinsize:y_peakloc{i} ... 
        + mywinsize, x_peakloc{i}-myprofwidth:x_peakloc{i}+myprofwidth); 
    IPy_test1{i} = mean(tv_y,2); 
end 
fprintf('Finished intensity profile cuts.\n'); 

  
end 

  

 

A1.5: Voxel Intensity Analysis: Gaussian Method 

The “Gaussian” analysis technique identified the brightest pixel of the image, took a 

horizontal slice to create an intensity profile, then fit a Gaussian curve to the profile.  The peak of 

the Gaussian was identified and treated as the singular value representing the voxel. 

 

function [peak_Gauss,std_x] = peakGauss(mean_test1,mywinsize,myprofwidth) 
%peakGauss Fits a Gaussian over a data set, then outputs the value of 
%           the peak of the fit 
%   Inputs: 
%       mean_test1      stores values of mean images and associated names 
%                       (might want to rename them instead of default) 
%                       col1: mean; col2: names; col3: std (might as well) 
%       mywinsize       zoom window half-width [pixels] 
%       myprofwidth     half-width of intensity profile 'cut' 
%   Outputs:     
%       peak_Gauss    value of peak of Gaussian fit 
%       std_x           value of standard deviation in x 
% 
y_peakloc = zeros(1,size(mean_test1,1))'; % initialize array (column) 
    % this holds the y location of the peak intensity spot (one per image) 
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x_peakloc = y_peakloc; % this holds the x location 
maxint = y_peakloc; % this holds the value of the max/peak intensity 

  
IPy_test1 = cell(1,size(mean_test1,1))'; % this holds the intensity profiles 

cut in y-axis 
IPx_test1 = IPy_test1; % this holds the intensity profiles cut in x-axis 
gauss_x = IPy_test1; gauss_y = IPy_test1; gauss_x_coeff = IPy_test1;  
std_x = gauss_x; 
peak_Gauss = IPy_test1; % this holds the value of peak of 2D Gaussian fit 
tv_box = cell(1,size(mean_test1,1))'; % box centered around peak 
for i = 1:length(mean_test1) 
    % find location of max of each image, i.e., peak of intensity spot 
    tv_meantest1 = mean_test1{i,1}; 
    [y_peakloc(i), x_peakloc(i)] = ... 
        find(tv_meantest1 == max(tv_meantest1(:)),1); 
    % find value of peak intensity 
    maxint(i) = tv_meantest1(y_peakloc(i), x_peakloc(i)); 
    % isolate a box centered around the brightest pixel of the image 
    tv_box{i} = tv_meantest1(y_peakloc(i) - myprofwidth:y_peakloc(i) ... 
        + myprofwidth, x_peakloc(i) - mywinsize:x_peakloc(i) + mywinsize); 
    % fit Gaussians  
    % create x intensity profile for each image through maximum 
    tv_x = tv_meantest1(y_peakloc(i), ... 
        x_peakloc(i) - mywinsize:x_peakloc(i) + mywinsize); 
    IPx_test1{i} = mean(tv_x,1)'; 
    % create y intensity profile for each image through maximum 
    tv_y = tv_meantest1(y_peakloc(i) - myprofwidth:y_peakloc(i) ... 
        + myprofwidth, x_peakloc(i)); 
    IPy_test1{i} = mean(tv_y,2); 
    % fit gaussians 
    tv_IPx = IPx_test1{i}; 
    gauss_x{i} = fit([-mywinsize:mywinsize]',tv_IPx,'gauss1'); 
    tv_IPy = IPy_test1{i}; 
    gauss_y{i} = fit([-myprofwidth:myprofwidth]',tv_IPy,'gauss1'); 
    tv_gaussx = gauss_x{i}; 
    gauss_x_coeff{i} = coeffvalues(tv_gaussx); % find coeff of gauss fit 
    tv_gaussxcoeff = gauss_x_coeff{i}; 
    std_x{i} = tv_gaussxcoeff(3)/sqrt(2); % find std from coeff 
    peak_Gauss{i} = tv_gaussxcoeff(1); % identify peak of fit 
end 
fprintf('Finished Gaussian fits.\n'); 

  
end 
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A1.6: Voxel Intensity Analysis: Boxing Method 

The “boxing” technique identified the brightest pixel of the image, then summed all pixel 

values within a certain area of that brightest pixel.  This summed value represented the voxel.  

 

function [IPx_test1] = boxingint(mean_test1,mywinsize,myprofwidth) 
%boxingint Sums intensity values around peak intensity pixel 
%   Inputs:      
%       mean_test1      stores values of mean images and associated names 
%                       (might want to rename them instead of default) 
%                       col1: mean; col2: names; col3: std (might as well) 
%       mywinsize       zoom window half-width [pixels] 
%       myprofwidth     half-width of intensity profile 'cut' 
%   Outputs:     
%       IPx_test1       intensity profiles cut in x-axis 
%       IPy_test1       intensity profiles cut in y-axis 
%                       (isn't generally needed for my analysis) 
% 
y_peakloc = cell(1,size(mean_test1,1))'; % initialize cell array (column) 
    % this holds the y location of the peak intensity spot 
x_peakloc = y_peakloc; % this holds the x location 
maxint = y_peakloc; % this holds the value of the max/peak intensity 
IPy_test1 = y_peakloc; % this holds the intensity profiles cut in y-axis 
IPx_test1 = IPy_test1; % this holds the intensity profiles cut in x-axis 
for i = 1:length(mean_test1) 
    % find location of max of each image, i.e., peak of intensity spot 
    [y_peakloc{i}, x_peakloc{i}] = ... 
        find(mean_test1{i,1} == max(mean_test1{i,1}(:)),1); 
    % find value of peak intensity 
    maxint{i} = mean_test1{i,1}(y_peakloc{i}, x_peakloc{i}); 
    % sum all values of image in rectangle around peak 
    tv_x = mean_test1{i,1}(y_peakloc{i} - myprofwidth:y_peakloc{i} ... 
        + myprofwidth, x_peakloc{i} - mywinsize:x_peakloc{i} + mywinsize); 
    IPx_test1{i} = sum(sum(tv_x)); 
end 
fprintf('Finished intensity profile cuts.\n'); 

  
end 
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A1.7: Analysis of Volume Scans 

The following code analyzes the images taken to produce Fig. 6.11.  It then plots the data 

in a 3D scatterplot and creates slices through the scatterplot.   

 

clear; clc; close all; 
tv00 = 1; % initialize figure iterative variable 
folder = fileparts(which(mfilename)); % IDs name and location of this file 
addpath(genpath(folder)); % adds location and all subfolders to path 
%% Read images and make intensity profile cuts 
sidelength = 15; % length of one side 
num_pos = 3375; % number of distinct positions 
num_abc = 1; % number of iterations of the same position 
num_total = num_pos*num_abc; % total number of images in this set 
% num_load = 4; % number of distinct loading levels 
    % num_load might be defined down below as well, so remember to comment 
    % out the below code if num_load is defined up here 
mywinsize = 30; % zoom window half-width [pixels] 
myprofwidth = 10; % half-width of intensity profile 'cut' 

  
% Test 2 
tic 
fprintf('Begin analysis of Test 2 images.\n'); 
tv_test2imgs = 'Basler_acA2040-90um__21775167__20190719_144204422_'; 
[mean_test2] = readimages(tv_test2imgs,num_pos,num_abc);  
    % read and average images together 
[IPx_test2] = windowint(mean_test2,mywinsize,myprofwidth); 
    % make intensity profile cuts in x-direction 
fprintf('Finished analysis of Test 2 images.\n\n'); 
save('fifteencubed.mat','mean_test2','IPx_test2'); % save analyzed images 

 
load('fifteencubed.mat'); % load pre-analyzed images to save time 
toc 

  
tv_15cubed = reshape(IPx_test2,15,225)'; % make new array for calculations 
IPx_15cubed = cellfun(@mean,tv_15cubed); % take mean of each IP cut 
meanIP = mean(mean(IPx_15cubed)); % find mean intensity of entire gel 
% save('IPx_15cubed.mat','IPx_15cubed') 

 
%% Create 3D space of points 
tv_points = linspace(-2,2,sidelength); % predefine this for later 
tv_points1 = linspace(2,-2,sidelength); % predefine this for later 

  
xyz_map = cell(length(IPx_15cubed(:,1)),1); % initialize 
m = 1; % initialize 
for j = 1:sidelength % count along z 
    for i = 1:sidelength % count along y 
        xyz_map{m} = [tv_points;  
            linspace(tv_points1(i),tv_points1(i),sidelength);  
            linspace(tv_points1(j),tv_points1(j),sidelength)]; 
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        m = m + 1; % iterate 
    end 
end 

  
%% 3D Plots 
figure(tv00); tv00 = tv00 + 1; 
myscale = 300; % scaling variable 
for i = 1:length(IPx_15cubed(:,1)) 
    scatter3(xyz_map{i}(1,:), xyz_map{i}(2,:), xyz_map{i}(3,:),... 
        myscale*IPx_15cubed(i,:)/meanIP, IPx_15cubed(i,:)/meanIP, 'filled') 
    hold on 
end 
colormap(jet) 
xlabel('X [mm]'); ylabel('Y [mm]'); zlabel('Z [mm]');  
% title('15^3 Volumetric Scan of Monolith') 
daspect([1 1 1]); colorbar 

  
% saveas(gcf, 'MeanIP_VolumScan_15cubed.jpg') 

  
%% 3D Slices 
A = reshape(IPx_15cubed',[15 15 15])/meanIP; % columns for x 
[X,Y,Z] = meshgrid(linspace(-2,2,15)); % just a guess 

  
xslice = linspace(-2,2,15);    
yslice = linspace(2,-2,15); 
zslice = linspace(2,-2,15); 

  
for i = 1:length(xslice) 
figure(tv00); tv00 = tv00 + 1; 
    h = slice(X,Y,Z,A,xslice(end),yslice(i),zslice(end)); 
    daspect([1 1 1]); colormap(jet) 
xlabel('Y [mm]'); ylabel('X [mm]'); zlabel('Z [mm]');  
    colorbar 
    set(h,'edgecolor','none') 
% tv_text1 = sprintf('Appendix_VolSlices%d.jpg',i); 
% saveas(gcf, tv_text1) 
end 
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Appendix 2: 

Dimensional Analysis 

The dimensional analysis used to determine the relevant dimensionless variables for 

analyzing different aerogel formulations is given below.  After identifying the dependent variable 

(volumetric strain) and all possible independent variables, the variables were rewritten to cancel 

out the dimensions, resulting in four relevant dimensionless variables (Poisson’s ratio, particle 

number density, dimensionless particle radius, and dimensionless stress). 

 

LMT: length (L), mass (M), and time (T) are the relevant dimensions 

Dependent variable [dimensions in terms of length-mass-time]:  

 Volumetric strain ev [ ] 

Create a function where the nondimensionalized dependent variable is a function of 

nondimensionalized independent variables (e.g., 𝑒𝑣 = Φ(𝐴̅, 𝐵̅ , 𝐶̅) ) 

Independent variables [dimensions in terms of length-mass-time]: 

 Applied stress  𝜎 [
𝑀

𝐿𝑇2
] 

 Particle radius  r [L] 

 Particle separation  𝛿 [L] 

 Young’s (matrix)  E [
𝑀

𝐿𝑇2
] 
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 Density (matrix) 𝜌 [
𝑀

𝐿3
] 

 Monolith height h [L] 

 Poisson’s ratio 𝜈 [ ] 

Rewrite length-mass-time dimensions in terms of independent variables, cancelling out 

dimensions: 

 𝐿 = 𝑟 

 𝑀 = 𝜌𝑟3 

 𝑇 = 𝑟 (
𝜌

𝐸
)

1

2
 

Rewrite all variables in terms of the new length-mass-time variables to nondimensionalize: 

 𝑒𝑣 → 𝑎𝑙𝑟𝑒𝑎𝑑𝑦 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

 𝜎̅ =
𝜎

𝜌𝑟3

𝑟3𝜌

𝐸
=

𝜎

𝐸
 

 𝑟̅ =
𝑟

𝑟
= 1 

 𝛿̅ =
𝛿

𝑟
 

 𝐸 =
𝐸

𝜌𝑟3

𝑟3𝜌

𝐸
=

𝐸

𝐸
= 1 

 𝜌̅ =
𝜌

𝜌𝑟3
𝑟3 = 1 

 ℎ̅ =
ℎ

𝛿
 

 𝜈 → 𝑎𝑙𝑟𝑒𝑎𝑑𝑦 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Dependent variable (volumetric strain) as a function of independent variables: 

 𝑒𝑣 = Φ(𝜎̅, 𝛿̅, ℎ̅) 

 𝜈 → 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, 𝑤𝑜𝑛′𝑡 𝑐ℎ𝑎𝑛𝑔𝑒 (𝑠𝑜 𝑤𝑜𝑛′𝑡 𝑎𝑓𝑓𝑒𝑐𝑡 𝑒𝑣) 

 𝑒𝑣 = Φ (
𝜎

𝐸
,

𝛿

𝑟
,

ℎ

𝛿
) 

Hold 
ℎ

𝛿
 constant for all simulations (constant particle number density, reflective of experiments).  

Hold 
𝛿

𝑟
 constant and vary 

𝜎

𝐸
, then change 

𝛿

𝑟
 and vary 

𝜎

𝐸
 again.  
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Appendix 3: 

Variability of Strain Experiments 

The following figures show the variability within the monolith, based on position.  17 

different positions within the monolith were imaged under strain, with the average of those images 

resulting in Fig. 6.8. 
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Appendix 4: 

Plane Slices of Volume Scans 

The following figures show slices of the volume of Fig. 6.11.  Each slice shows a different 

X position, with all points along the YZ plane visible. 
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