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ABSTRACT  

   

Energy return in footwear is associated with the damping behavior of midsole foams, which 

stems from the combination of cellular structure and polymeric material behavior. 

Recently, traditional ethyl vinyl acetate (EVA) foams have been replaced by BOOSTTM 

foams, thereby reducing the energetic cost of running. These are bead foams made from 

expanded thermoplastic polyurethane (eTPU), which have a multi-scale structure 

consisting of fused porous beads, at the meso-scale, and thousands of small closed cells 

within the beads at the micro-scale. Existing predictive models coarsely describe the 

macroscopic behavior but do not take into account strain localizations and microstructural 

heterogeneities. Thus, enhancement in material performance and optimization requires a 

comprehensive understanding of the foam’s cellular structure at all length scales and its 

influence on mechanical response.  

This dissertation focused on characterization and deformation behavior of eTPU bead 

foams with a unique graded cell structure at the micro and meso-scale. The evolution of 

the foam structure during compression was studied using a combination of in situ lab scale 

and synchrotron x-ray tomography using a four-dimensional (4D, deformation + time) 

approach. A digital volume correlation (DVC) method was developed to elucidate the role 

of cell structure on local deformation mechanisms. The overall mechanical response was 

also studied ex situ to probe the effect of cell size distribution on the force-deflection 

behavior. The radial variation in porosity and ligament thickness profoundly influenced the 

global mechanical behavior. The correlation of changes in void size and shape helped in 

identifying potentially weak regions in the microstructure. Strain maps showed the 

initiation of failure in cell structure and it was found to be influenced by the heterogeneities 
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around the immediate neighbors in a cluster of voids. Poisson’s ratio evaluated from DVC 

was related to the microstructure of the bead foams. The 4D approach taken here provided 

an in depth and mechanistic understanding of the material behavior, both at the bead and 

plate levels, that will be invaluable in designing the next generation of high-performance 

footwear.  
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CHAPTER 1 

INTRODUCTION 

Polymeric foams are common, finding applications in automotive, aerospace, construction 

and sporting industries. Their unique physical, mechanical, thermal and acoustic properties 

are linked to its cellular structure. Bead foams are one type of foam, composed of fused 

beads (in the size range of millimeters) which themselves are made of microcells as shown 

in Figure 1. 

 

Figure 1: Photograph of the molded foam beads with hundreds of individual beads which 

are themselves composed of microcells (from left to right). 

In the present work, bead foams made from thermoplastic polyurethane (TPU) used in 

midsoles of running shoes are of interest. In the last two decades, there has been a large 

volume of research focusing on new materials and their optimization for production of bead 

foams [1–7]. With the new bead foams, the additional focus of the investigation has been 

in processing these bead foams to achieve good fusion in the final molded part [8–10]. 

Depending on the base polymer, foaming technique, and the local foam density, the 

mechanical properties vary widely. In addition, the loading direction, strain rate, 
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temperature, time-dependent material behavior complicates the mechanistic understanding 

of the material behavior. 

The mechanical behavior of bead foams has been studied through a variety of macro-scale 

mechanical testing methods [11–13]. These techniques range from simple compression 

testing, on commercially available machines to high strain testing in a fluidized chamber, 

which require sophisticated experimental design and execution. Since it is imperative to 

obtain a complete understanding of the deformation mechanism to establish structure-

property relationships, testing is usually carried out under various kinds of mechanical 

loads [14–16]. Special importance has been given to in situ studies, which provide real 

time deformation information using X-ray tomography [17, 18]. These studies give 3D 

visualization of the whole sample volume along with the influence of micro- and 

mesoscopic structures on the macroscopic behavior. A majority of the work done to date 

has focused on expanded polypropylene (EPP) and expanded polystyrene (EPS) foams 

having foamed beads with a uniform cell structure. Their strengthening as well as 

deformation mechanisms are well established from the quasi-static to dynamic strain rates. 

However, such extensive work has not been done on expanded thermoplastic polyurethane 

(eTPU) bead foams. The unique gradation in the cellular structure in the foams studied in 

our work (see Figure 1) and the morphological variations in these bead foams makes the 

understanding of material behavior and validation of existing predictive models more 

complex. Thus, there is a great need to understand how a particle’s cellular microstructure 

influences the mechanical properties during compression.  
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This work is aimed at creating a better understanding of the influence of cell structure of 

bead foams. It answers some very important questions for bead foams that have not been 

previously investigated. The deformation behavior of these eTPU bead foams was studied 

through 4D (deformation + time) X-ray microtomography. The mechanical response to the 

applied strain evaluated through in situ compression in an interrupted and continuous 

fashion. Further, the morphological variation in the eTPU bead foams have been 

characterized. A digital volume correlation method has been developed to elucidate the role 

of cell structure on the deformation mechanism and fundamental material constant. The 

mechanical response was also studied ex situ to probe into the effect of cell size distribution 

present in the microstructure on the force-deflection curves. In addition, an eTPU bead 

foam having homogeneous cellular structure was also studied. The mechanical properties 

of these bead foams were evaluated and correlated with the cellular structure at the micro-

scale. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Thermoplastic Polyurethane 

Thermoplastic polyurethanes (TPU) are an important class of polymeric materials that 

combine the mechanical properties of elastomers with the processability of thermoplastic 

polymers. They present remarkable properties such as good abrasion resistance, low 

temperature flexibility, a wide range of mechanical strength and toughness and low 

compression set [1, 19]. TPU elastomers are multi-block copolymers comprised of 

alternating soft and hard segments chemically linked together along a macromolecular 

backbone as schematically shown in Figure 2. The soft segment (SS) usually has their glass 

transition temperature (Tg) well below the service or ambient temperature and provides the 

spring-like elasticity to the elastomer. The hard segment (HS) has a Tg or crystalline 

melting temperature (Tm) above the service temperature range and behaves as a 

multifunctional tie point functioning both as a physical crosslink and reinforcing filler that 

controls mechanical properties. At the working temperature, thermodynamic immiscibility 

of the hard and soft segments results in phase separation and consequently a micro-domain 

structure of HS domains dispersed in the SS matrix is formed [20, 21]. Such a structure 

was first proposed by Cooper and Tobolsky and is responsible for the peculiar properties 

of TPUs [22, 23].  

Using an Avrami analysis, Begenir et al. [24] studied the isothermal crystallization 

kinetics of TPU with different HS concentrations. From the Avrami exponent values and 

morphological observations they concluded that crystallization (hard segments) in TPUs 
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takes place in three dimensions from pre-existing nuclei. The crystals grow under 

isothermal conditions and drive the microphase separation of crystalline and amorphous 

regions. These HS crystallites in the microstructure can also act as heterogenous bubble 

nucleation sites during foaming and can be used for controlling the microstructure of foams 

[21, 23]. TPU structures and properties change as a function of temperature and these 

changes have been extensively investigated by several techniques such as differential 

scanning calorimetry [25–27], small and wide-angle X-ray scattering [28–30] and dynamic 

mechanical analysis [22, 31]. 

 

Figure 2: Schematic representation of a segmented TPU [20]. 

2.2. Bead Foams  

For years, injection molding and extrusion have been the two major technologies used for 

manufacturing recyclable thermoplastic foams. With extrusion foaming, simple geometries 

with large volume expansion ratios and densities can be fabricated, whereas thin walled 

complex shapes are made using injection molding. In recent times, bead foams have 

received a lot of attention due to their ease in filling intricate shapes and well as their 

relatively low density which cannot be achieved using conventional foams [1, 3]. 

Established base polymers in the market for preparation of bead foams are polystyrene, 

polyethylene, and polypropylene. Bead foams are currently used as packaging materials, 
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bumper cores in the automotive field, in cushioning products, and as midsoles in shoes [1, 

2, 10, 32]. Some of the new candidate materials are thermoplastic polyurethane (beneficial 

properties of elastomers and thermoplastics), polyactide acid (biodegradable), 

polybutylene terephthalate (used at temperatures up to 150°C) and polyether block amide 

[1, 33]. 
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Figure 3: Schematic of (a) autoclave batch process and (b) extrusion process used for 

manufacturing TPU beads. Adapted from Ref. [34]. 

Bead foam processing has two main steps: bead fabrication and bead molding. The 

bead fabrication either creates an initial bead which must then be expanded, or there is a 

direct creation of expanded beads. The final parts made are comprised of small foamed 

particles which are fused together. An overview of the autoclave-based process (Method I) 
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and extrusion method (Method II) to obtain expanded beads is shown in Figure 3. In 

method I, unfoamed microgranules with the required additives are granulated from an 

extrusion line and fed into a pressure vessel or autoclave filled with a liquid. The suspended 

microgranules are impregnated with a blowing agent around its melting temperature to 

saturation. Foaming is initiated by the sudden drop in pressure by opening the valve at the 

bottom of the autoclave. A good description of the influence of processing parameters in a 

lab scale autoclave system on the cellular morphology and crystallization behavior can be 

found in the work of Guo et al.[3], Zhao et al.[35] and others [21, 33]. In method II, the 

polymer is mixed in an extruder (either a single screw/twin screw, tandem setup) to a 

molten state along with the blowing agent (introduced in the system). The gas-loaded melt 

is then extruded through a perforated plate and cut by rotating knifes in water. The pressure 

of the water flow is kept below that of the vapor pressure of the blowing agent to allow 

foaming and, thus, expandable beads. The effect of processing parameters on the shape and 

morphology of the beads can be found in the work of Koppl et al. [4]. 

The commercialized method for processing foamed beads to a finished part is done 

through steam chest molding, wherein steam functions as a heating medium to induce 

interbead bonding [10]. The working mechanism of steam chest molding is similar to that 

of a sintering process. High temperature steam is injected into the mold in multiple cycles 

to soften and fuse the beads. The steam vaporizes the volatile gas present in the beads 

causing an expansion in volume, as well as re-blowing of the beads. Through this process, 

the empty space is filled and at the same time inter-bead fusion is created [8]. This fusion 

is made possible by the unique melting characteristic of foamed beads shown in Figure 4. 

The dual peaks are attributed to the variations in polymer crystallinity resulting from 
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orientation of polymer chains during the bead foaming process. The hatched area in Figure 

4. represents the desirable steam temperature range for the steam-chest processing, located 

between the high and low melting peaks. The unmelted high melting temperature (Tm-high) 

crystals help maintain the overall cell structure, while the low melting temperature (Tm-low) 

crystals melt and aid the surface fusion and sintering of individual beads [3, 10]. The 

formation mechanism for inter-bead bonding in steam chest processing has been proposed 

by several researchers [8, 10, 36]. They believed that the steam heating softened the bead 

foam surface, which allowed inter-diffusion of polymer chains between the beads. 

Subsequently physical entanglement of the chains with or without recrystallization occurs 

based on the type of polymer. The inter-bead bonding strength determines the mechanical 

properties of the molded bead foam product, because the fracture path usually forms and 

develops in the inter-bead bonding regions [5, 8, 9]. A good description of the influence of 

steam chest processing parameters on the surface properties and thermal properties can be 

found in the work of Hossieny et al. [9] and Zhao et al. [35]. 

Figure 4: A typical double-peak melting behavior of the foamed beads. 
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2.3. Mechanical Behavior of Bead Foams 

The macroscopic mechanical behavior of traditional cellular materials has been well 

studied. Under static or dynamic compressions, the foam response exhibits three regimes: 

(a) elastic behaviour, (b) by a stress plateau corresponding to plastic yielding, and (c) at 

higher strains, a rising hardening region corresponding to foam densification [37–39]. Like 

any other cellular material, the mechanical behavior of bead foams should also be 

dependent on the characteristics and properties at different spatial scales. At least four 

spatial scales can be distinguished in bead foams, as shown in Figure 5. At the macro-scale, 

the bead foams are characterized by the overall geometry and physical properties. The 

length scale (>10-1 m) here varies based on the testing methodology, i.e., either a whole 

component or a test coupon with several fused beads. The spatial scale at which the 

individual foamed beads are arranged and connected in space is defined as the meso-scale 

(10-1 to 10-4 m). Further down in length scale, the individual cells within the foamed beads, 

interface region between neighboring beads and constituent base material covers the micro-

scale (10-4 to 10-6 m). The orientation, arrangement and fraction of hard/soft segments of 

polymer chains, porosities and additives which influence/alter the base polymer/foaming 

covers the nanoscale (<10-6) behavior. A thorough fundamental understanding of the 

mechanisms at different length scales in bead foams, under various loading conditions will 

enable designing the optimal structure required for a desired application. 
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Figure 5: Structural features of bead foams (from polymer taken as an example) at different 

spatial scales. Illustration images at the nano-scale are adapted from Ref.[21]. 
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Andena et al. [40] studied the compressive behaviour of expanded polypropylene 

(EPP) and expanded polystyrene (EPS) foam having varying densities in the quasi-static 

regime. Trends of increasing modulus and plateau stress with increasing density and strain 

rates were observed. Similar observations were reported in other studies conducted on EPP 

and EPS foams in compression [12, 41, 42]. This can very well be explained by the classical 

Gibson-Ashby model, i.e., strengthening from additional material and contribution from 

compression of gas within the cells represented by Equation (1).  

𝐸∗

𝐸𝑠
= ∅2𝑅2 + (1 − ∅)𝑅 +

𝑝0

𝐸𝑠(1−𝑅)
   (1) 

where, R is the relative density, Φ is the fraction of solid contained in the cell edges, E* is 

the modulus of foam, Es is the modulus of solid polymer and p0 refers to initial gas pressure. 

With increasing density, there is a direct contribution to the modulus of foam through the 

first term. Experimental evidence on the contribution of strain-rate hardening from the 

increased resistance to gas flow was shown by Bouix et al. [12]. They found the strain rate 

hardening rate to be strongly affected by the entrapped gas in the closed cells by conducting 

compression tests on EPP foams in a fluid chamber. At quasi-static loading (ε̇ - 0.01 s-1) gas 

flow (indicated by bubbles in water chamber) appeared on the foam faces immediately on 

compression and grew slowly. With increasing strains, these bubbles became too large and 

left the foam when the buoyancy forces overcome the surface tension. During dynamic 

tests (ε̇ - 1500 s-1), there wasn’t enough time for the gas to escape until the cell was totally 

crushed (dense) and the internal gas was effectively trapped. This was responsible for a 

large increase in the cell pressure as the volume rapidly decreased, resulting in an increase 

in the plateau stress modulus. The strain rate effect on stress-strain curves was also seen in 
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shear, along with a shear hardening effect in EPP foams [14]. In contrast to compression 

where gas pressure hardening is substantial, polymeric contributions were attributed to 

shear hardening, since the tensile forces acting on stretched cell faces can result in 

hardening of the polymer. Here, moderating the cell face mechanical response by suitable 

choice of polymers (percent crystallinity, orientation of polymer chains) can alleviate the 

detrimental effects of shear hardening.  

Voit [11, 17, 43, 44] has performed several compression studies on EPP and EPS 

foams at various strain rates ranging from 0.01 s-1 to 1500 s-. The macroscopic 

measurements were complemented with microscopic analysis (high speed camera, 

scanning electron microscope (SEM)) which revealed strong localization of the 

deformation in the plastic plateau region. Beads located above and below the damaged 

layer were intact. A multi-scale damage mechanism was observed, characterized by the 

local buckling of cell and bead walls. By coupling the interrupted impact methodology 

with microtomographic analysis the authors had more insight on the multi-scale damage 

mechanism [11, 44]. From a preliminary analysis of bead shapes in 2D tomographic slices, 

they proposed the local loading at the mesoscopic scale cannot be considered as pure 

uniaxial compression, rather a combination of compression and shear forces. A comparison 

of the density of beads (or grey level) with the observed strains from their study [11] is 

presented in Table 1. One can clearly tell that the densest beads are not necessarily the least 

deformed and vice versa, which showed that the deformation heterogeneity is not simply 

correlated with the density field. 
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Table 1 Total applied strain and local strain values of different beads in the 2D 

tomographic slice analysis for several impacts [11]. 

Bead 

Surface 

(pixel) 

Density 

(kg/m3) 

Strain (%) 

Impact 1 Impact 2 Impact 3 Impact 4 

1 250522 77.7 -3.7 -20 -34 -61.6 

2 153920 81.3 -1.7 -8.6 -24.2 -54.5 

3 245959 77.6 0 -24 -41.2 -64.3 

4 274272 78.2 -4 -41.4 -59.2 -72.9 

5 225409 81.2 -4 -35.2 -50.6 -67.3 

Sample 4.6 x 106 82.2 -10 -30 -50 -70 

Contrary to 2D studies wherein planar displacements are assumed, from the 

analysis of 3D data, volumetric strain can be calculated directly from the change of bead 

volume and the bead displacements from its barycenter or centroid. A significant 

correlation between bead volume change and density (size by duality) was established, i.e., 

the lower the density, the greater the bead volume change [17]. Nevertheless, several 3D 

studies using microtomography and finite element modeling agree that the arrangement of 

beads, their shapes and the thickness of bead walls seem to have an influence on the strain 

field [17, 45]. For instance, the thicker walls could act as a more rigid secondary network 

altering the macroscopic response and the local deformation at the cell scale within the 

beads. Variability in bead density can modify the meso-scale behavior by the presence of 

strain localization and sometimes even alter the macroscopic response if the number 

density is significant.  
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Morton et al. [46] reported differences in collapse stress due to cell size difference 

in EPP foams having similar nominal density. This was also reported in the study by Bouix 

et al. [12] on EPP. The higher collapse stress in smaller cell size foams were attributed to a 

combination of factors like Young’s modulus of base material, elastic buckling stress, and 

plastic collapse stress. Larger cell walls are more prone to bending and buckling at quasi-

static strain rates, but the effect is somewhat countered by the thicker cell walls. In general, 

variation in cell sizes, cell wall thicknesses, curvature and corrugations (or pre-buckled 

ligaments) has an important influence on the mechanical response of foams [37, 47]. 

However, sparse are the studies on the effects of micro-scale (at the cell level within the 

beads) on the observed macroscopic behavior in bead foams. More important, an 

understanding of the bead behaviour and how this relates to the plates where the beads are 

bonded together, is an important question. This is an important question that will be 

addressed in this dissertation, which in the future can lead to a bottom-up approach to bead 

foam processing for an engineering application.  

Another important feature in the micro-scale are the bead-to-bead interfaces formed 

after steam-chest molding the individual beads. The quality of interbead bonding affects 

the energy absorbing capacity during impact and general mechanical response since the 

fracture usually forms and develops in the interbead bonding regions [5, 9]. A simple 

method to assess the interbead bonding is to perform a tensile test and examine strengths 

and fracture surfaces. Ge et al. [10] compared the tensile strengths of ETPU foam made 

with different bead sizes under the same processing conditions and Zhai et al. [8] on EPP 

foams with varying steam chest parameters. Similar observations and conclusions were 

reported in both the studies. The tensile strength comparisons showed an increase with 
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decreasing bead size. Given a fixed mold dimension, smaller beads meant larger surface 

area, i.e., more surface of each bead could touch other beads, resulting in higher interbead 

bonding regions per unit volume. Fracture surfaces showed an intrabead failure (crack path 

ran through bead boundaries and across beads’ cell structure), suggesting the strength of 

the beads also affected the trends. In case of larger beads, fused samples showed an 

interbead fracture, possibly due to lower contact area and insufficient polymer chain 

diffusion across the interface. However, the positive effects of foam density and interface 

region thickness variation can’t be ruled out.  

2.4. Digital Volume Correlation (DVC) 

Digital image correlation (DIC) is a technique that has been widely used to measure real-

time displacement and strain data by correlating the pixels in a series of images taken at 

different applied loads. The correlation is possible by the application of a speckle pattern 

on the specimen surface or the use of natural texture of the material which is tracked 

throughout the loading cycle to map the deformations [48, 49]. In principle, the digital 

volume correlation (DVC) method is an extension of the DIC technique in 3D space. By 

finding and tracking the same region of interest (ROI), before and after deformation, 3D 

distributions of local displacement and strains can be obtained [50]. Such measurements 

have been used to understand the fatigue crack initiation and propagation in Al-Si alloys, 

delamination in layered composites [51], compressive behavior of trabecular bone [49], 

and tensile failure in a glass filled polymer matrix composite [52]. These works use 

different correlation procedures and similarity measures for image registration. For 

instance, Gillard et al.[49] used a local approach to DVC, wherein the ROI is divided into 
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small non overlapping sub-volumes. The registration was performed independently on 

each sub-volume without dependency on the neighboring sub-volumes. Conversely in the 

global approach, the registration is performed over the whole ROI [51]. Roux et al. [18] 

developed a new correlation algorithm to study the meso-scale and micro-scale 

deformation in a PP bead foam. They were able to show the strain localization at the cell 

level within a single bead, with a cubic ROI of 176 voxels. It is not clear if this algorithm 

can be applied to large datasets without a huge computation penalty. Foam datasets usually 

lack or have small grayscale variation in the whole image suggesting that correlation 

methods might present its own challenges in image registration for DVC. In addition to the 

correlation methods, the image registration and bulk displacements in DVC can be done 

by tracking features (micro-pores, cracks, second phase particles). In the volume of work 

available on DVC using particle tracking, systems have been carefully chosen, i.e., features 

naturally with high contrast from matrix (quick image segmentation) or artificially 

introducing markers [48, 51, 53]. Though the contrast in the system of interest is uniform 

between voids and ligaments (see Figure 25 (d)), the segmented voids in the foam were 

used as markers in an individual bead foam (Chapter 3) and molded bead foams (Chapter 

4). A complete 3D strain field thus can be obtained which can help in understanding the 

correlation between material texture and deformation [18]. 

2.5 Research Objectives 

In this research, we have focused on individual eTPU bead foams as well as bonded layers 

used in the midsole of high-performance footwear. The intention is to obtain a thorough 
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understanding of the deformation behaviour at the meso and microscale, in individual 

beads and bonded plates, when subjected to compressive stresses.  

The objectives of the current research are: 

1. Study the evolution of damage and its dependence on the microstructure by 

performing in situ experiments using x-ray microtomography.  

2. Perform DVC on 4D datasets for quantitative volumetric deformation and to 

map local strains.  
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CHAPTER 3 

IN SITU X-RAY MICROTOMOGRAPHY OF THE COMPRESSION BEHAVIOR 

OF ETPU BEAD FOAMS WITH A UNIQUE GRADED STRUCTURE  

3.1. Introduction 

Foams are ubiquitous in our modern world, ranging from novel sandwich foam cores in 

aerospace to simple packaging materials [54–56]. In recent times, bead foams have 

received a lot of attention due to their ease in filling intricate shapes compared to 

conventional foams. Several papers have focused on understanding the morphological 

development, processing techniques, and on techniques for developing polymers suitable 

for bead foaming [1]. In particular, thermoplastic polyurethane [2] has been used to make 

beads that are used extensively as the midsole of adidas ‘Energy BOOST’ running shoes. 

The function of the midsole is to absorb the energy generated as the foot lands while 

keeping the peak force below a certain threshold, minimizing the chances of injury [57]. 

These characteristics come from the peculiar stress-strain behaviour displayed by these 

materials which can be altered by changing the deformability of the cellular structure. 

The mechanical properties of bead foams used in midsoles depends strongly on the 

cell geometry, ligament thickness, gas properties and the constituent material per work 

done on closed cell foams [14, 37]. Bead foams are routinely moulded into a plate. The 

effect of density and strain rate on the global response of bead foams in moulded form has 

been investigated [11–14]. Much like closed cell foams, the moulded beam foam stress-

strain behaviour exhibits three regimes: an elastic behaviour followed by a stress plateau, 

and at higher strains, a rising hardening regime due to foam densification.  
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Over the last two decades, the use of micro X-ray microcomputed tomography 

(XCT) has become an essential technique for non-destructively characterizing the 

distribution of second phases, damage evolution, corrosion behaviour, and other aspects of 

mechanical behavior [58–62]. In situ examination of polymeric foams has been conducted 

using both laboratory and synchrotron x-rays [63–65]. Unlike traditional destructive 

techniques, XCT enables a time-resolved understanding of physical mechanisms under 

various conditions in three dimensions (3D) and is well suited for stochastic structures, 

such as bead foams. This is possible using complementary techniques that are combined 

during the analysis. The microstructures obtained from XCT can also be exported to finite 

element models to model the deformation behavior [55, 60, 66, 67]. A complementary 

approach is to determine the internal volumetric deformation and correlate the 

heterogeneous structure with local displacements (and strains) by digital volume 

correlation (DVC) [18, 48, 52].  

A thorough understanding of mechanical behaviour of individual bead foams is 

lacking. Furthermore, the influence of local pore distribution and gradation in pore size, 

with the stress-strain behaviour of the bead, needs to be understood and quantified. In this 

work, we have studied the deformation behaviour of an expanded thermoplastic 

polyurethane (eTPU) bead foam, used in the midsole of footwear, under compression. Lab 

scale micro-CT was used to image its internal cellular structure in an interrupted in situ 

fashion at small strain increments. 3D image analysis was performed to investigate the 

local microstructure and was correlated to the stress-strain behavior. The strain evolution 

was quantified using digital volume correlation (DVC) principle. Mechanisms of void 

collapse buckling, the rate of changes in void volume, and the influence of structural 
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heterogeneities on mechanical response were explored experimentally and analytically and 

are discussed.  

3.2 Material and Methods 

3.2.1 General overview of testing 

The eTPU bead foams used in this study were Infinergy® 32-100 U10 beads manufactured 

by BASF with a resulting bulk density of 85-135 kg/m3. Three bead foams were selected 

at random for investigating their initial microstructure, as well as changes with externally 

applied compressive strain, using a lab-source x-ray microtomography system (Zeiss 

Xradia Versa 520, Carl Zeiss XRM, Pleasanton, CA, USA). Please refer to Table 2 for scan 

details of the samples. A compression loading stage was especially designed to be 

compatible with the lab-scale CT system [68]. The experimental setup is shown in Figure 

6. The loading stage consists of a mechanical setup capable of translating the top platen 

downwards, when the screw (see Fig.6.b) is pushed into the platen. A known displacement 

was imposed (to achieve a desired strain) by calculating the number of turns and pitch of 

the screw. The bottom platen is fixed and has provision for integration of a load cell (see 

Fig.6.b). The platens are made of low friction PTFE to avoid frictional effects at the contact 

zone during compression. An x-ray transparent sleeve using PMMA houses the setup and 

was compression fit into the fixture to directly go on to the rotation stage. 
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Table 2 Details of the x-ray scans of different samples along with their strain state during 

imaging. LR and HR denotes low-resolution and high-resolution scan respectively. 

Sample 

Strain state 

(%) 

Scan Type Voxel size (µm) 

Scan Time 

(h) 

A 0 and 50 LR, HR at the free side LR-4.2, HR-1.3 

LR–8.3, 

HR–11.1 

B 0 and 50 

LR, HR near the bottom 

platen 

LR-3.1, HR-0.9 

LR–11.1, 

HR–11.1 

C 0,5, 10,….,50 

LR, HR near bottom 

platen 

LR-3.7, HR-0.9 

LR–11.1, 

HR–16.7 

Figure 6: (a) Experimental setup of compression in the lab scale CT system with the loading 

fixture. Inset shows the top and bottom platens at a higher magnification. (b) Schematic of 

the loading fixture. 
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3.2.2 Interrupted in situ CT 

An individual bead foam was loaded between the platens in the loading fixture and a full 

CT scan of the sample at a lower resolution (LR) was taken at zero strain. Subsequently, a 

higher resolution CT scan of a small region of the sample near the bottom platen was taken, 

since these bead foams have microstructural heterogeneity within cell structure, as shown 

by the cryo-sectioned SEM cross sections shown in Figure 7. The use of terms lower and 

higher resolution is to emphasize the difference in voxel size used (refer Table 2) and does 

not suggest a limitation of the technique. The bead was compressed in increments of 5% 

strain, by the clockwise-rotation of the screw (see Figure 6 red curved arrow), which 

imparts a downward motion of the top platen (see Figure 6 orange arrow). A combination 

of HR and LR scans, as mentioned above, was taken at every externally applied 

compressive strain. Care was taken to allow for enough time to elapse after compressing 

to the appropriate strain, so that stress relaxation would not lead to image blurring during 

the CT scan [63]. 



  24 

Figure 7: SEM image of the cryo-sectioned bead foam surface showing the variation in 

void size and ligament thicknesses from the surface to core of the bead. (a) Low 

magnification view showing half the bead. (b) and (c) High magnification images of the 

regions within the red (close to surface) and orange (transition area) boxes in (a). 

3.2.3 Image analysis 

Sinogram images were used to obtain a 3D reconstruction using a commercial software 

package (Zeiss XMReconstructor), which uses an algorithm based on a standard filtered 

back-projection algorithm. For data processing, the reconstructed 3D tomograms were 

processed using Avizo (Version 9.0.1, FEI Visualization Sciences Group, Oregon, US) and 

MATLAB R2018b. The raw images were filtered using a diffusion-based smoothing filter 

(non-local means) followed by a sharpening filter (unsharp mask) to reduce noise, reinforce 

the contrast at the edges, and make details appear sharper in the dataset. Image analysis 

was then carried out on the 3D data sets for quantitative analysis by two routes. A simple 

grayscale threshold was used to obtain the binarized image, which was eroded and dilated 

to fill isolated islands of pixels inside the void. Flowchart of this routine is shown in Figure 

8. Thereafter, void equivalent diameter and ligament thicknesses were computed on the 

zero strain datasets. Conventional methods fail to consistently binarize the data in the same 

manner due to complex buckling, as well as variation in grayscale values resulting from 

density changes during compression. Thus, the region growing technique [69] was used on 

datasets planned for DVC, which selects the largest connected area in 3D that contains the 

manually placed seed voxel and all voxels with grey values lying inside a user defined 

range. The DVC datasets required identifying and labelling of the voids using the same 
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“IDs” to ensure a one-to-one correspondence when tracking local displacement and strains, 

as a function of applied strain. Only a limited number of voids were identified in the HR 

and LR datasets for the purpose of strain mapping through DVC. 

 

Figure 8: Image analysis workflow with the different steps during the process. (a) 

Grayscale image, (b) Filtered image, (c) Thresholded image, (d) Dilated image, (e) Eroded 

image and (f) Border killed image. 

3.3 Results and discussion  

3.3.1 Morphological characteristics 

A virtual CT slice of the experimental sample from the mid-section, before compression, 

is shown in Figure 9. A 3D rendering of a portion of the sample is shown in Figure 10 (a). 

A region near the surface of the bead is shown in Figure 9 (b). The bead morphology shows 
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fewer and larger cells near the bead center and a higher cell density region near the bead 

skin. This is characteristic of the vessel expansion batch-foamed beads [3]. Herein, the 

solid beads impregnated with blowing agent are released from the vessel and foaming 

occurs due to the sudden drop in pressure. Cells start to nucleate and grow within the 

polymer matrix creating the foamed beads. During this process, blowing agent could 

escape to the environment before cell stabilization leading to low gas concentration near 

the skin. Consequently, we are left with a structure of smaller cells in the skin and larger 

cells in the center. The structure of this closed cell bead foam is complex, as shown in both 

Figure 7 and Figure 9, consisting of a range of cell sizes, solid cell walls with varying 

thicknesses, curvature, and corrugations (or pre-buckled ligaments). Each of the above has 

an important influence on the mechanical response [70] and computing these can help us 

identify clustering of locally weak and strong zones in the microstructure. However, only 

void sizes and ligament thicknesses were quantified in this work, and the other features 

were used for qualitative comparisons during the analysis of deformation. 
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Figure 9: X-ray CT slice from the mid-section of sample before compression at zero strain 

showing the heterogeneity in cell structure. (a) Slice from LR scan of whole bead along 

compression direction. (b) Slice from HR scan of the region within the dashed orange box 

(close to the bottom of the image) in (a). (c) and (d) Slice in the XZ and YZ axis, which 

are orthogonal to (a). The compression axis is along the X axis. 

 
Figure 10: (a) 3D rendering of the foamed bead, (b) 3D rendering of the compression of 

foamed bead with the coordinate system used throughout this chapter. 

Figure 11 shows the void size distribution of all the three samples before 

compression. Void size here is represented in 1D by reporting the diameter of an equivalent 

sphere of the same volume. The segmented voids were chosen randomly along various 

position in the beads for quantification, since the entire volume was too large to be 

thresholded. The spatial variation in void sizes in these bead foams ranged from 20 µm to 

700 µm and is nearly symmetrical along the compression direction. A perfectly 

symmetrical hypothetical distribution is also shown as reference in Fig.11 (e) and (f). This 

near symmetry seen in the compression axis (X) was also observed in the other orthogonal 

axis (along Y) to compression as understood from Fig.11 (d)-(f) and indicates an overall 
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radial variation in cell size. Similar trends in all the three samples examined, demonstrates 

the control and reproducibility of the foaming process. Such a systematic variation of void 

sizes from the surface to core is typical in functionally graded porous materials (FGMs) 

and possess advantageous physical and mechanical properties [56, 71, 72]. In the next 

section, we explain the role of this morphological variation in the response seen during 

compression.  
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Figure 11: Plot of void position against its diameter showing the variation in size from 

surface to core of the sample along the compression axis (X) and orthogonal to it (Y). a, b 
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and c are data along compression of Sample A, B and C. d, e and f are data along orthogonal 

direction to compression of Sample A, B and C. Open symbols represent data from HR 

scans, while filled symbols represent data from LR scans. Dashed arrow indicates the 

centre of the sample along compression axis. Hypothetical distribution is shown as the 

region bound within the triangle in c and f. 

3.3.2 Structural changes during compression 

Figure 12 shows the rendering of the sample under compression at 0 and 50% strain. Since 

there is no constraint on the sides, there is lateral deformation in the bead. By visual 

examination of the sample in the compressed state, we observed that the external shape 

change is uniform across both halves of the bead. This proportionality is believed to be a 

result of the spatial variation in the morphological features and will be discussed in detail. 
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Figure 12: Grayscale volume rendering of the bead taken at (a) 0% strain and (b) 50% 

strain showing the external shape change. The platens are shown as a thin disc for clarity. 
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Deformation of sample C mid-section during compression is shown in Figure 13 in 

incremental steps of 10% applied strain between 0 and 50%. The section doesn’t 

necessarily display the same voids throughout due to material from another plane coming 

into this plane and vice-versa. A feature in the bottom platen was used as reference for 

selecting the sections. By comparing the images, we notice that the deformation occurs at 

the contact surfaces and spreads inwards (from the platens towards the central region) as 

the compressive strain increases, which is analogous to the contact of a rigid flat surface 

with an elastic sphere described effectively by the Hertzian contact theory [73]. 

Interestingly, the contact surfaces on the upper and lower contact boundaries are very 

similar in size throughout the entirety of deformation. This is indicative of a similar local 

stiffness of the bead at its top and bottom portions and is highly dependent on the internal 

cellular structure of the bead. We attribute this behavior to the near symmetrical distribution 

of voids and increase in ligament thickness from the surface to core. In fact, similar 

observations of local stiffness were reported in a functionally graded porous beam with a 

symmetric porosity distribution [74]. 
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Figure 13: (a-f) Grayscale image of mid-section of Sample C under compression in 

multiples of 10% strain increments from 0 to 50% strain. The top and bottom platens are 

marked on one end for clarity. 

Consider the case of a symmetric cell size distribution mentioned in Chen et al. [74] 

which only has an increasing cell size from the outer region towards the center. Such a 

distribution under compression would show severe strain localization and lead to global 

instability. This is due to the low-density central region having large voids, and weaker 

compared to the high-density outer region. However, in our case, an increase in ligament 

thickness in tandem with the rise in void size is seen from the skin to the center. This meant 

that the density should nearly remain the same, and there were no bands of minimum 

stiffness to being with.   This is manifested by the absence any deformation bands in Figure 

13. To confirm this absence, we visualized the change in volume of randomly segmented 

voids at different locations in the sample at multiple strains, as shown in Figure 14. As 

expected, the voids near the platens are more compressed than the ones in the central region 

of the bead. At higher strains, the decrease in void volume has a plane of symmetry in the 

center. This is indicative of the stability of the structure resulting from the radial variation 

in ligament thickness along with cell size. The other advantage of having relatively thicker 

ligaments in the core is seen by the small change in void volume as we move to the center 

of the bead, even at strains as high as 25%. These thicker ligaments act as anchoring points 

and only buckle at larger strains. Such moderation of the post-buckling behavior of these 

foams from the increase in ligament thickness from surface to core can improve energy 

absorption [71, 72]. 
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Figure 14: Plot showing the change in volume of voids in Sample C at different position 

along the compression axis at 10% and 25% applied strain. The centre along this axis is 

marked by a dashed arrow. 

  From Figure 13, it is also evident that increasing engineering strain also increases 

the lateral deformation homogeneously. It is possible that this is due to the lack of constraint 

at the sides, leading to indirect tensile forces acting on some portion of the bead. With the 

progress of deformation in the bead foam, the transmission efficiency of applied strain to 

the central core decreases due to the strengthening from thicker ligaments at the core. In 

addition, since we have a radial variation in structural features, there is an internal structural 
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symmetry, but out-of-plane to compression axis (Y, see Figure 9 (a), Figure 10 (a) and 

Figure 11 (f)).  The buckling of the cellular structure at this mixed strain state seems to be 

steady which is revealed in Figure 15, which shows a 2D section near the free bead 

boundary at 0 and 50% strain. Such a graded structure with increasing void size and 

ligament thicknesses, with near symmetry in 3D is quite original and stems from the unique 

processing. 

 

Figure 15: Grayscale image close to the free surface of the bead under compression at (a) 

0% and (b) 50% strain. ROI shown is marked with dashed blue line in Fig.9.a. Compression 

axis is in the plane of the figure, top-down. 

Figure 16 shows the grayscale 2D slice from the HR scans of sample C near the 

bottom platen during compression. Consistent with observations from previous work on 

metallic foams [60, 61], deformation occurred in the weak cell wall region. The load is 

then subsequently transmitted to nearby cell-walls and junctions. The material resists 

against bending and buckling, until the next weakest region of cell-walls will begin to 
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collapse, leading to densification. The fact that the deformation advances through local 

instabilities suggests that the cell structure and its relation to those of neighbouring cells 

plays a significant role [61]. However, in our case, the contact surface of the bead is 

changing continuously due to point contact loading of bead between the rigid platens. 

Hence, the initial position of the void might also influence the neighbourhood problem.  
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Figure 16: (a-f) Grayscale image of same section from the HR scan of sample C near 

bottom platen in increments of 5% applied strain from 0 to 25%. Bottom platen is 

noticeable only in (a) and (f). Compression direction is in-plane to the figure (top-down). 

White arrow points to pre-buckled ligament. Red and Yellow arrow points to cell-walls of 

void C having different initial curvature. 

3.3.3 Local deformation inhomogeneities with aid of strain maps 

In the previous section, we have shown that the global stability of the cellular structure is 

a result of the near symmetrical distribution of void size and ligament thicknesses. Here 

we attempt to look at the local stability of the voids by combining the use of segmented 

voids and the strain maps obtained from DVC. A brief introduction to the analysis scheme 

used in this work is introduced before using the strain maps.  

From the in situ CT datasets taken under compression, we obtained a 4D dataset, 

i.e., 3D data sets as a function of time. MATLAB codes were developed and used to 

volumetrically map the strain evolution inside the sample during compression testing. A 

general overview of the DVC method has been described elsewhere [51]. In our case, we 

used a reference state and a deformed state to calculate a three-dimensional displacement 

field based on tracking the voids. A schematic of this method along with the algorithm is 

described later in Section 3.3.3.1 and shown in Figure 18. Only the voids segmented using 

the region growing technique were used as markers. Then, the displacement field is 

converted to a strain field for the three primary volume directions (εxx, εyy, εzz). The loading 

direction, which was parallel to the compression axis, defined here as being parallel to εxx. 

Strain maps were computed for both the HR and LR datasets of sample C only. 
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3.3.3.1 Local Strain Distribution by DVC  

Figure 17.a shows the rendering of voids segmented near the bottom platen with a semi-

transparent overlay of foam structure. Figure 18 shows a schematic of the DVC routine 

applied ((a)-(d)). As mentioned earlier, we tracked the voids for the correlation between 

two consecutive applied strains (see Figure 18 (a) and (b)). This is analogous to tracking 

microstructural features in the work by Kobayashi et al. [53]. Since the voids are 

compressible, their centroids were used as landmarks for this correspondence problem. It 

will be shown later that the strain maps resulting from the use of these landmarks are fully 

capable of identifying mechanisms of local pore collapse. At first, the displacements are 

obtained for the tracked voids by subtracting their centroids in 3D space.  

𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡𝑖 (𝑑𝑖𝑥,𝑦,𝑧
) = 𝑝𝑖𝑥,𝑦,𝑧

−  𝑞𝑖𝑥,𝑦,𝑧
    (2) 

In this manner, we have sparse displacement data only at the location of centroids 

(see Figure 18 (c)). To avoid a computationally intensive process, the correlation and 

calculation of displacement field was limited to volume bounds, surrounding the void 

centroids. The volume bound is a convex hull passing through each marker which is shown 

as a still image in Figure 17 (b) and in 2D in Figure 18 (d). A natural neighbour 

interpolation scheme in MATLAB [75] was used in establishing the relationship of every 

non-landmark voxel within the volume bound using those of the landmarks using the in-

built function scatteredInterpolant.  

𝐹𝑘 = 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑𝐼𝑛𝑡𝑒𝑟𝑝𝑜𝑙𝑎𝑛𝑡 (𝑝𝑖𝑥
, 𝑝𝑖𝑦

, 𝑝𝑖𝑧
, 𝑑𝑖𝑘

, 𝑛𝑎𝑡𝑢𝑟𝑎𝑙)  𝑓𝑜𝑟 𝑘 = 𝑥, 𝑦, 𝑧        (3) 
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Strains were obtained by taking partial derivatives (in-built function - gradient) of 

the displacement field, which gives a measure of how rapidly the displacement changes in 

a deforming material. 

𝑒𝑘𝑘 = 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡(𝐹𝑘) 𝑓𝑜𝑟 𝑘 = 𝑥, 𝑦, 𝑧                                 (4) 

 

Figure 17: (a) Visualization of the voids used as markers in DVC and (b) Volume bounds 

encompassing the voids for calculation of displacement field. Void colouring is random 

and is unconnected. Void renderings are from the HR scan of sample C at zero strain. Foam 

structure is shown semi-transparent in (a). 
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Figure 18: (a) - (d) Schematic of DVC routine with help of 2D visualization. 

Figure 19 (a) shows the strain distribution in the central region superimposed on its 

grayscale image at 5% applied strain. Strain distribution in the region of the sample marked 

in Figure 19 (a) near the bottom platen is shown in Figure 19 (b). Displayed strains are 

along the compression direction, i.e., εxx. The irregular boundary where there is a uniform 

color corresponds to the area of near zero strain. It corresponds to the section beyond 

volume bounds at this planar cut.  The volume bounds represent the 3D region within which 

correlation and interpolation was computed using a convex hull wrapped around the 
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markers. On slicing through the dataset, the bounds show up as an irregular polyhedron. 

The strain values in Figure 19 (b) gradually drop as we move away from the platen and is 

consistent with the previous comment on the deformation contact zone. Note the range of 

the color bar and the uniform nature of strains in Figure 19 (a), indicative of the same. A 

comparison was then drawn with the externally applied strain and the engineering 

compressive strain totalled through DVC from different regions in the sample, as shown in 

Figure 19 (c). These are local mean values, i.e., calculations were limited to a small sub-

volume within the bead. The steep increase in strain near the bottom platen, and the gradual 

increase in strain in the central region demonstrates the likely variation in cell deformation 

due to the gradual progression of load from the contact surface into the core of the bead. 

This trend seen in Figure 19 (c) obtained from the small sub-volume of the tomogram 

agrees with the observations made from both Figure 13 and Figure 14. The measured strain 

at 50% compression near the free surface at the sides was low, since this zone was outside 

the direct influence of applied strain. Strains from DVC using the voids as markers are 

clearly able to capture the global behavior seen in these foams. 
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Figure 19: (a) Strain along loading direction (εxx) in a bead foam under compression 

computed from DVC. (b) Strain field of region near platen marked in (a). (c) Plot showing 

the correlation between the externally applied strain against the measured strain along the 

compression direction using DVC in different regions. 
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3.3.3.2 Local void collapse and deformation instabilities 

To understand this better, we tracked a group of four adjacent voids labelled A-D 

in Figure 16 (a) and its deformation with respect to the original size and shape is presented 

in Figure 20 (a) and (b). The selected void A is relatively large compared to the others 

considered here and is without any extreme irregularity in shape. The complex wrinkling 

observed in voids B to D suggest the presence of either a large cell-wall curvature or a pre-

buckled ligament in the as-processed state (see Figure 20 (b), ε=0). From Figure 20 (a) we 

notice that the voids further away from the contact surface (B and C) have deformed by a 

large amount, at an applied strain of 25% compared to voids A and D. In the case of void 

B, from the its shape change (see Figure 20 (b)), there is strain localization around the weak 

regions, but the situation pertaining to void C is quite different. Up until ε=0.15, the 

deformation in void C was dominated by the effect of its position, in comparison to void A 

and D. This can be explained by the point contact of bead with the platen. The deformation 

zone progresses from the region near the platen toward the central core. Clearly, positional 

effects outweigh the variation in microstructural features, at least until full contact with the 

platen is obtained. However, at ε=0.20 severe heterogeneity in the trends of void volume 

changes are noticed. Both these variabilities are clarified with the help of strain maps 

shown in Figure 21. For the sake of brevity, εxx and εyy data at 5 and 15% strain are shown. 
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Figure 20: (a) Plot showing the changes in volume of four adjacent voids in increments of 

5% strain. Position of the void from the contact surface and its size is also specified. (b) 

3D rendering of the group of voids at multiple strain levels. Data and snapshot are of the 

marked-up voids in Figure 16 (a). Void A is not rendered for clarity. Regions within the 

dotted circles correspond to variation in cell-wall curvature and pre-buckled ligaments. 

White, red and yellow arrows point to same features marked in Figure 16 (a). 

First by looking at both the εxx strain contours at 5% strain (Figure 21 (a)), we 

observe a strong positional effect of voids, i.e., ligaments and voids closer to the platen 

exhibit higher strain values. On examining this map closely, a diffused band of strained 

region, near the pre-buckled ligament (denoted by white arrow), to the left of void B is 

observed. This region is also experiencing a larger amount of lateral tensile strains (Figure 

21 (b)) leading to the early collapse of void B at small applied strains. This behaviour was 

also understood from Figure 20 (a) and (b) showing the changes in void shape and volume. 

However, the complex heterogeneity in trends of the change in volumetric strain seen at 

ε=0.20 in Figure 20 (a) can only be captured by DVC maps. From the ligament strain map 

along compression (εxx) shown in Figure 21 (c), we observed that the collapse of void B 

initiated the formation of a plastic hinge in the ligament between B-C (denoted by red 

arrow, also marked in Figure 16, Figure 20 (b)). This is exacerbated by the existing plastic 

hinge formed on the other side (denoted by the yellow arrow, also Figure 16, Figure 20 (b)) 

due to lower strength from the variation in cell-wall curvature. Under the developed 

bending moments, ligament between B-C rotated, inducing eccentricity and further strain 

to faster collapse. Thus, the heterogeneity in cell-wall strength dominated the onset and 

propagation of instable collapse over void size, shape and its position from the external 
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contact surface. This DVC approach was able to demonstrate the local behavior at the 

microscopic cell level at low strains. Extending this approach at large strains is more 

difficult since it will require an abundance of closely spaced markers and acquiring 

dynamic scans to capture the extreme changes in deformation. This is the subject of future 

work. 
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Figure 21: Strain maps (εxx, εyy) of the ROI in Fig.16 at an applied strain of (a)-(b) 5% and 

(c)-(d) 15%. Units of strain is percentage. Positive and negative values denote compression 
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and tension. Strain in the ligaments and voids are shown separately for clarity. White, red 

and yellow arrows point to same features in Figure 16 (a) and Figure 20 (b). 

3.4 Conclusions 

The deformation behaviour of ETPU bead foam used in footwear midsole under 

compression was studied using in-situ lab-scale X-ray microtomography. Strain maps were 

computed from image correlation on the time-resolved observations which elucidated the 

global and local mechanical response. The major findings of the study are: 

• A correspondence between the morphological parameters and global deformation 

was obtained. The non-uniformly symmetric void size distribution coupled with 

increase in ligament thickness from the surface to the core of bead in 3D resulted 

in uniform contact stiffness near both platens and moderated the post-buckling 

behaviour.   

• The proposed DVC approach by tracking voids to examine 4D datasets was 

adequate and established the link between cell structure changes at different 

locations within the bead with analytically computed strains. 

• Strain mapping demonstrated that the heterogeneities in cellular structure around 

the immediate neighbours influenced the onset of local instability in void collapse 

rather than the position of void and its size in an ever-changing contact surface. 
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CHAPTER 4 

MECHANISMS OF DEFORMATION IN eTPU MOLDED BEAD FOAMS IN 

COMPRESSION VIA IN SITU SYNCHROTRON X-RAY 

MICROTOMOGRAPHY 

4.1 Introduction 

Bead foams are multiscale materials that are used in a wide variety of engineering 

applications. Individual beads have a hierarchical cellular structure. The beads themselves 

are then bonded together to be used in service in a variety of applications such as bumper 

cores and bicycle helmets for impact protection [9, 17, 32]. Expanded thermoplastic 

polyurethane (eTPU) is used in midsoles of running shoes to improve energy return [68, 

76].  

One of the most commonly used material constants is the Poisson’s ratio, an 

important parameter that quantified the compressibility of a material. Depending on the 

cellular structure, positive, negative, and a zero values of Poisson ratio have been reported 

[77–80]. Also, different definitions of Poisson’s ratio exist depending on the material 

behavior and the state of deformation [77, 80–82]. For an elastic material, the ratio of lateral 

to axial engineering strains is used, whereas for materials strained to large deformations, 

stretch ratios (for viscoelastic materials) or true strains have been used in calculating the 

Poisson ratio. Rinde [80] measured the Poisson ratio for three low density foams 

(polystyrene bead (PSB), polyurethane and polypropylene foams) in tension and 

compression using the buoyancy technique, which measures volume change and is directly 

related to the strains. Sanborn et al. [77] studied the strain rate dependent nature of Poisson 
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ratio for silicone foam at quasi-static and dynamic strain rates. Radial strains were 

measured using a diametrical laser sensor and high-speed camera. RD Widdle Jr. et al. [83] 

estimated the Poisson ratio of a flexible polyurethane foam using digital photography in 

conjunction with image processing. These methods of identifying strains and Poisson ratio 

lacked information on the initial cellular structure and its change during the deformation. 

To overcome this, X-ray tomography can be used, which enables a time-resolved 

understanding of physical mechanisms under various conditions in three dimensions. 

However, the use of lab-scale CT for this problem is time consuming due to two reasons. 

Primarily, even in low X-ray attenuating materials, to get high contrast images longer scans 

are required due to the lower flux of the source (up to 14 h or more for one tomogram). 

Secondly, there is an extended wait time between scans after the sample is compressed to 

avoid image blurring from the residual motion due to stress relaxation. This can be avoided 

by the use of synchrotron x-rays where shorter scans are possible due to the high photon 

flux (~ 3-5 orders of magnitude higher than lab-based sources) [65]. Patterson et al. [65] 

used in situ compression using x-rays at Synchrotron to measure axial and radial 

deformation of hyperelastic silicone foams under quasi-static strain rates. They showed the 

change in Poisson ratio with compressive strain depends strongly on cell morphology.  

From review of the literature it is evident that the determination of Poisson’s ratio 

in foams requires simultaneous in situ measurements of 3D strains in the specimen. Digital 

volume correlation (DVC) is one such technique that enables calculation of strains at bulk 

or local scales. It is a 3D extension of digital image correlation (DIC) technique [84]. In 

order to perform DVC, one needs a digitized representation of the volume, which can be 

achieved through x-ray computed tomography (X-ray CT) [85]. Synchrotron X-ray sources 
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provide the best tool for studying the microstructural evolution volumetrically when 3D 

images must be acquired over short timescales. The combination of DVC on CT data has 

been used to understand damage evolution in additively manufactured polymer matrix 

composites, auxetic polyurethane foams, polypropylene, and thermoplastic polyurethane 

bead foams [18, 52, 85, 86]. By use of these tools, both a qualitative and quantitative 

understanding can be achieved in studying the complex mechanical behavior of cellular 

materials at relevant length scales.  

The objective of this work is to investigate the bulk deformation of bead foams with 

varying cellular morphologies. In situ compression experiments were performed using 

synchrotron x-rays to capture the 4D behavior. An image processing workflow was 

developed to extract quantitative measurements of deformation and to relate these to the 

multiscale cellular structure in the material. DVC technique was used to measure the bulk 

strains. Finally, the dynamic 4D measurements enabled accurate measurement of the 

Poisson’s ratio for the foams. The relationship between the Poisson’s ratio and cellular 

structure is described and discussed.     

4.2 Material and Methods 

4.2.1 General overview of testing 

Plates of eTPU were prepared by steam chest molding, i.e., the expanded TPU beads are 

injected into a plate mold (having dimensions 200 mm x 200 mm x 10 mm) wherein 

individual beads are fused by heat from steam and pressure. Two plates with a nominal 

density of 200 kg/m3 and 220 kg/m3, having different cellular structures were chosen. From 

the plates, cuboid-shaped samples approximately 15 x 15 x 10 mm were cut with a 
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sectioning knife at room temperature and the edges trimmed. This sample size ensured at 

least one full single bead was within the field of view, at optimal resolution to study the 

changes in cellular structure within the bead (see Figure 22 (b)) and at the interface between 

the beads.(see Figure 22 (c)). The optimal resolution was determined based on the feature 

of interest that needs to be studied and the volume of material within the FOV (based on 

detector size and sample size). Here such information on the range of ligament thicknesses, 

void sizes were obtained from lab-scale CT of beads. And at this chosen resolution, one 

would want to have enough material within the FOV during the experiment and collect 

meaningful data. Two samples from each plate were cut to study the deformation under a 

continuously applied compressive strain using in situ x-ray synchrotron microtomography. 

In addition to this, individual beads before fusion (from one plate type) were also 

compressed. A pictorial representation of the above is shown in Figure 22 (a). 
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Figure 22: (a) Photographs of the samples used for testing, i.e., individual beads and 

molded plate samples. Scanning electron microscope image of (b) molded plate showing 

multiple bead interfaces and the cell structure within beads and (c) high magnification 

image of the interface. 

4.2.2 In situ microtomography at the Advanced Photon Source (APS) 

X-ray microtomography was performed at the Advanced Photon Source at the Argonne 

National Laboratory, Beamline 2-BM. A schematic of the experimental setup with loading 

fixture is provided in Figure 23. Details of the tomography setup have been described 

elsewhere [87, 88]. The experiments were done during continuous compression of the bead, 
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i.e., the experiment was not paused at all. Thus, the 3D scans had to be extremely fast, i.e., 

in the 1 s range. Typically, monochromatic beams are used in synchrotron to avoid the 

beam hardening effects present in polychromatic lab-source CT. However, the 

monochromator on a beamline, typically transmits less than 0.1%  of the beam, reducing 

the flux and increasing the data collection times [89]. Since the scans were fast, a large flux 

in photons was required. With this in mind, the beamline was configured for polychromatic 

‘pink’ beam imaging with a peak intensity at 24.9 keV. Herein, the monochromator is not 

used, and the x-ray beam is reflected from a grazing incident mirror. The mirror coating 

and angle determines the tunable energies. This high photon flux is more than 1000 times 

brighter than that of the monochromatic white beam and provided the necessary signal-to-

noise ratio in the projections. High resolution x-ray imaging was accomplished using PCO 

Edge CMOS camera combined with 2x magnifying objective lens to provide isotropic 

voxels with a size of 2.1 µm. The tomographic field of view (FOV) measured was 2016 x 

900 pixels, i.e., 4.4 mm in width and 1.9 m in height. Since the samples were larger than 

the full FOV, a vertical stitch scan was done with a 20% overlap to increase the data 

collected along the height of the sample. This was done by programming the vertical 

motion of the stage to move down (after the first scan) and move back up (after the second 

scan) as shown in Figure 23 (b). In this manner, a total FOV of 4.4 mm x 3.4 mm was 

scanned. 

A vertical stitch scan was performed on the sample in its initial state, i.e., at zero 

strain. Dynamic x-ray microtomography was performed on the ETPU molded samples by 

a custom loading fixture shown in Figure 23 (a). This fixture has been previously detailed 

[90] and used for in situ compression studies at a synchrotron imaging beamline [65]. Tests 
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were conducted with a displacement rate of 0.001 mm s−1, and this corresponded to a strain 

rate of 1 x 10-4 s-1 (2 x 10-4 s-1 for beads). Vertical stitch scans were taken at regular intervals 

of every 2.7 % strain (~5.5 % strain for beads) while the sample is undergoing compression 

(see Figure 23 (b)). In all the scans, 1,500 evenly spaced images were acquired over a 180° 

rotation range at a rotation rate of 30° s−1 with 0.5 ms exposure for each image. This 

combination of voxel size, time per scan and displacement rate meant that there was no 

image blurring during the acquisition of a full tomogram. In other words, a voxel only 

moved by a micrometer relative to the first projection before the full scan was completed. 

Since polymers are prone to x-ray damage, the effect of synchrotron x-rays on the plate 

samples were evaluated by compressing the samples both before and after exposure in a 

microforce testing machine. The compressive stiffness did not vary suggesting that the 

short (but high) x-ray dose did not significantly affect the mechanical properties. 
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Figure 23: (a) Schematic of beamline and loading fixture layout for CT imaging with the 

in situ compression testing. (b) Plot of applied strain versus time showing the continuous 

straining and intermittent scans during which the motor Y is programmed to move to 

allow vertical stitched scans. 

4.2.3 Image analysis 

Sinogram images were processed using TomoPy [91] for GRIDREC reconstruction [92], 

using stripe removal filtering [93]. Post processing of the data was done in MATLAB 

R2018b®, following a multistep process graphically shown in Figure 24. The stack of .tiff 

images was loaded as a 3D array and filtered using an edge-preserving smoothing / 

anisotropic diffusion filter, depending on the dataset, to smooth out noise. A simple 

grayscale threshold was used to obtain the binarized image of voids in which a “fill holes” 

algorithm was used. The fill holes algorithm is intended to close small holes within the 

voids that might be present due to image artifacts. This was subsequently eroded to remove 

the small objects, thereby saving time during the labelling process and to remove the 

narrow regions connecting clusters. These eroded voids were then quantified based on 3D 

connectivity of an object using an in-built function called regionprops3, which uses a flood-

fill algorithm to label all the pixels in the connected component containing the unlabeled 

pixel, p. This process was repeated until all the pixels were labeled for quantification . An 

iterative process was then employed to label only voids which fell within the volume 

bounds. Those larger than the user specified limit meant that multiple voids were connected 

as a single island due to leaks during binarization. Such leaks are bound to happen since 

the ligaments and voids had very little difference in grayscale intensities (see Figure 25 
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(d)) and also due to thin ligaments in the foam wherein conventional binarization fails. 

These were then isolated and eroded, checked against volume and shape constraints, until 

there were no remaining islands having a volume larger than the set limit. In this manner, 

we converted the grayscale 3D data into a 3D array of labelled voids at each strain, which 

was then used for strain mapping. 
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Figure 24: Flowchart of the process used in image segmentation, i.e., labelling voids. 

Process involves smoothing the data, isolating voids, and an iterative selection of voids 

based on size criterion. 

The accuracy and validity of the iterative image analysis process is shown in Figure 

25. Figure 25 (a) shows a 2d grayscale image of a molded plate at zero strain. Figure 25 

(c) shows the segmented image based on conventional binarization. The threshold value 

was selected after analyzing several grayscale line profiles like the ones shown in Figure 

25 (d), which shows very little difference in intensity between the ligament and voids. 

Looking at Figure 25 (c), we can see that conventional binarization leads to erroneous 

connectivity and the entire data is lumped as a single entity. This data was then processed 

using the image analysis routine. The final label field shown in Figure 25 (b) demonstrates 

the ability of the algorithm to identify the individual voids. The smaller voids at the bead 

interface in the label filed in Figure 25 (b), were either missing or clustered as a larger void. 

Those missing voids were rejected since they were smaller than the image resolution. 

Clustered voids were not reported in void diameter distribution. The in situ datasets were 

then processed using the same user-defined inputs as in zero-strain. Figure 25 (e) shows 

the variation in total voids available for labelling versus the labelled voids at every iteration 

for three strain intervals including zero-strain. At the end of first iteration, there is a local 

minimum in the plot, indicating that only a few voids match the criterion and that the 

remaining portion of the image consists of clusters of neighboring voids touching each 

other due to the thin ligaments (leading to leaks in segmentation). With increasing 

iterations, a global maximum in the plot is seen, signifying that most of the void clusters 

have been separated. Eventually a global minimum is seen indicating that there are no 
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additional clusters available for labelling in the next iteration. The total number of voids 

labelled at the end of the iterative process is shown versus the respective time steps  in the 

plot. The number of voids that was labelled through this self-exhaustive iterative process 

remains within a close range at various strains. Also, the curves showing the variation in 

identified voids versus labelled voids overlap for different strains. This shows that the 

algorithm can consistently identify voids in the same manner which gives us confidence in 

applying this routine to similar 4D datasets.  
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Figure 25: (a) Grayscale image of molded plate at zero strain from CT. (b) Labelled image 

of the same slice shown in (a) after image segmentation using algorithm in Figure 24. (c) 

Labelled image of the same slice shown in (a) after conventional thresholding. (d) 

Grayscale values of the lines marked in (a) showing the intensity variation between voids 

and ligaments. (e) Plot of voids identified and labelled at every iteration for three strain 

levels plus zero strain with final count indicated against strain state. 

4.2.4 Estimating strains using DVC 

The molded foams were imaged in situ at various points during compression, resulting in 

4D datasets which were ideal for volumetric strain mapping through feature tracking. For 
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this purpose, the centroids of voids were tracked. An overview of the DVC method 

employed here has been previously described elsewhere [86]. The only difference in this 

work is the additional image processing after labelling the voids, which enabled full field 

of view (FOV) for calculating three-dimensional displacement field. In our case, since the 

voids are labelled automatically there is no guarantee that the same voids were identified 

in all the datasets. Also, the void labelling doesn’t necessarily have to follow the same 

order. To ensure a one-to-one correspondence in the voids at all time stamps, a k-nearest 

neighbor search was done based on position at a given applied strain. First, the centroids 

of the preceding strain (data1) were moved along the axis of compression by the strained 

value. Then, for each centroid in the succeeding strain (data2), one nearest neighbor in the 

modified preceding strain (data1) was found per the following syntax: 

[𝑖𝑑𝑥] = 𝑘𝑛𝑛𝑠𝑒𝑎𝑟𝑐ℎ (𝑐𝑒𝑛𝑡𝑟𝑜𝑖𝑑𝑑𝑎𝑡𝑎2, 𝑐𝑒𝑛𝑡𝑟𝑜𝑖𝑑𝑑𝑎𝑡𝑎1,′ 𝐾′, 1,′ 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒′,′ 𝑒𝑢𝑐𝑙𝑖𝑑𝑒𝑎𝑛′) (5) 

Once the indices (idx’s) of the match were found, a size match was conducted and 

the voids re-numbered in the same sequence. The criteria involved examining the change 

in volume of the matched voids. Thereafter, the displacement fields were calculated and 

converted to a strain field for the three primary volume directions (εxx, εyy, εzz). The loading 

direction, which was parallel to the compression axis, defined here as being parallel to εxx.  

4.3. Results  

4.3.1 Morphological Characteristics 

As mentioned earlier, molded plates with varying cellular structure were studied. Figure 

26 shows the stitched virtual CT slices of samples with a radial variation / gradient in 
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cellular structure in the individual beads and molded plates prepared using these beads at 

zero strain. The stitch is clearly noticeable in Figure 26 (b) by a split in grayscale intensity 

between the halves. The direction of compression is top down in the plane of the figure. 

The position of the largest ligament is marked through a dashed circle in the different 

samples. The individual beads with a graded structure and molded plates prepared using 

them are abbreviated as BG and PG respectively. BG1, BG2, PG1 and PG2 refers to the 

sample imaged at synchrotron under continuous compression. BG3-l (full field of view low 

resolution data) and BG4-h (high resolution data of skin region, near the compression 

platens) refers to samples compressed using lab-scale CT in an interrupted in situ modality.  

These microstructures shown in Figure 26 are characteristic of the vessel expansion process 

and are described in detail in Section 3.3.1.  

The other set of microstructures investigated had a homogeneous distribution of 

cells and ligaments and is shown in Figure 27. Figure 27 shows the CT slice of the 

homogeneous cellular structure bead and a molded plate prepared using them. The 

individual bead sample was imaged using lab CT for quantification only, i.e., no 

compression experiments were carried out. 



  66 

 

Figure 26: X-ray CT slice of samples before compression at zero strain. (a) and (b) 

Individual beads with graded cell structure. (c) and (d) Molded plates from graded beads. 
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(e) and (f) Individuals beads with graded cell structure compressed using lab scale CT. ROI 

in (f) is limited to region near the platen. BG- bead graded, PG-plate graded, BG-h-bead 

graded high resolution. Dashed circle represents the largest ligament size. 

Figure 27: X-ray CT slice of samples at zero strain with homogeneous cellular structure. 

(a) Individual bead. (b) Molded plate. BH – bead homogeneous, PH – plate homogeneous. 
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Figure 28 shows the ligament thickness and void size distribution in the individual 

beads and molded plates. The position of the largest ligament is marked by a dashed circle 

in Figure 26. These calculations were done on the zero-strain data, which can help in 

elucidating the deformation behavior, in turn the Poisson ratio. Void size is represented as 

the diameter of a sphere of equivalent void volume, while the ligament thickness is 

computed from the maxima of 3D distance map. On observing Figure 28 (a) and (b), we 

notice that there is variability in the microstructure obtained from the same batch of 

material foamed using vessel expansion technique. This could be a result of the differences 

in local changes in temperature and pressure profile the bead experiences during the 

foaming. Moreover, the variability could alter the void channels that form at the bead to 

bead interface when these are pressed against each other in the mold before steam chest 

process due to differences in stiffness. This requires further investigation by carrying out 

in situ molding trials. On the other hand, these parameters on the plates with homogenous 

cellular structure weren’t quantified, since the features were below the resolution to have 

useful information. Instead, lab scale CT scan of an individual homogenous bead shown in 

Figure 27 (a) was used for quantification and data is shown in Figure 28 (e) and (f). Though 

only a single bead (with homogeneous structure) was quantified, the distribution of 

ligament thickness and void size is narrow. Table 3 summarizes the ligament thickness and 

void size distributions seen in Figure 28. 
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Figure 28: Relative frequency distributions of the ligament thickness (a, c, e) and void 

equivalent diameter (b, d, f) of the samples. (a) and (b) are for individuals beads with 

graded cell structure (BG). (c) and (d) are for molded plates from graded beads (PG). 
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Table 3 Details of the void size and ligament thickness distributions shown in Figure 28. 

.  Void Equivalent Diameter (µm) Ligament Thickness (µm) 

 Sample # 

observations 

Max Average (S.D) # 

observations 

Max Average 

(S.D) 

BG1 884 817 253 (128) 

300 

469 189 (50) 

BG2 2425 497 209 (75) 208 138 (19) 

BG3 3553 578 228 (88) 213 113 (16) 

PG2 2129 739 216 (74) 

150 

450 172 (63) 

PG1 1716 755 230 (73) 780 171 (74) 

BG4-h 139 188 103 (34) 

200 

34 23 (3) 

BH-1 233 147 87 (27) 53 37 (3) 

Figure 29 shows the CT slice of the two types of molded plate before compression 

and at 22% strain. In both the plates, cells walls in the beads have buckled, whereas the 

bead interfaces don’t show any sign of buckling. The onset of densification of the 

interfacial voids between beads is seen in both the plates. The transition to buckling of bead 

walls in these foams are beyond the investigated strain. 
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Figure 29: X-ray CT slice of molded plate samples before compression and at an applied 

compressive strain of 22%. a and c Zero strain. b and d 22%strain. PG – plate graded, PH 

– plate homogeneous. 

4.3.2 Poisson’s ratio 

Figure 30 (a) shows the variation in the volumetric strain with respect to the observed 

compressive strain for both the individual beads and molded plates with graded 

microstructures. A similar plot showing both the types of molded plates, i.e., beads of 

homogeneous and graded cellular structure is shown in Figure 30 (b). Both the volumetric 

strain and compressive strain was calculated from the DVC analysis of in situ datasets. The 

calculated volumetric strain is defined as:  

∆𝑉

𝑉
= (1 + 𝜀𝑥𝑥)(1 + 𝜀𝑦𝑦)(1 + 𝜀𝑧𝑧) − 1   (6) 

where εxx, εyy, εzz are strains in the primary volume direction.  
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According to classical elastic theory, Poisson’s ratio (ν) is defined as the negative ratio of 

the lateral strain to axial strain, 

𝜈 = −𝜀𝑦𝑦/𝜀𝑥𝑥              (7) 

𝜈 = −𝜀𝑧𝑧/𝜀𝑥𝑥               (8) 

Equations (7) and (8) are substituted into eq. (6); and after rearranging the terms, the 

required equation relating volume change and poisson ratio is obtained: 

∆𝑉

𝑉
= (1 − 2𝜐)𝜀𝑥𝑥 + (𝜐2 − 2𝜐)𝜀𝑥𝑥 + 𝜐2𝜀𝑥𝑥

3                                   (9) 

Figure 30 shows plots of calculated volumetric strain, from the tomography data, versus 

applied strain. Best fits of the data based on eq. (9), corresponding to a given Poisson 

ratio, were superimposed over the data. The upper and lower bounds in Poisson ratio, 

given by 0 and 0.5, are also shown. 
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Figure 30: Plot showing the variation in volumetric strain against the compressive strain of 

the bead foam samples. (a) Graded individual beads and molded plates from graded beads. 

(b) Molded plates from homogeneous and graded beads. Symbols indicate experimental 

data from DVC. Solid lines represent poisson ratio calculated based on eq. (9). 



  74 

4.4 Discussion 

From Figure 26 (a)–(d) and Figure 28 (a)-(d), we notice that the individual beads with 

graded cell structure and molded plates prepared using these beads show a strong variation 

in both the void size and ligament thickness. These morphological variations present in the 

microstructure are known to affect the deformation behavior in conventional foams. 

Previous work through Laguerre tessellation by Chen et al.[94] also showed that these 

variations lead to an increase in dispersion of buckling of cell walls. This can be explained 

using the schematic in Figure 31. Here, we consider the ligaments in the foam as elastic 

springs with stiffness proportional to their thickness. For simplicity, the length of ligaments 

is the same, and bending and stretching are not considered. This scenario is shown in Figure 

31 and has a total of 10 springs connected in series (of which only five are shown due to 

symmetry). The load applied is uniform across each spring in the case of series connection 

and the displacement is dependent on the stiffness of the spring. Since there is an increasing 

ligament thickness as one move from the skin to the core, spring stiffness is represented in 

a similar fashion. This setup then leads to a larger displacement in the lower stiffness spring 

and smaller displacement in the stiffer spring. This is quite analogous to our case of beads 

with graded structures. In other words, one expects to see the thinner ligaments to buckle 

sooner and the thicker ligaments to yield at higher strains. This will lead to localization of 

strains in regions having thinner ligaments.  

This identical behavior is seen in individual bead foams on comparing the 2D slices 

of individual beads BG-1 and BG-2 shown in Figure 32, taken at the same applied strain 

of ~28%. There is extensive densification near the skin or region of contact in both BG-1 
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and BG-2, where the smaller cells and thinner ligaments are present. However, buckling of 

ligaments is seen more uniformly in BG-2 compared to that of BG-1. This is due to smaller 

variability in ligament thickness and a lower mean thickness in BG-2 compared to that of 

BG-1 (see Table 3). It is also evident that the thicker ligament in the central region in BG-

1 are yet to buckle, i.e., stronger. These ligaments lead to preferential densification in the 

weaker regions and strengthening in the central core. 

The compression experiment carried out on individual beads is like an elastic 

sphere being compressed between two rigid plates and naturally tends to expand laterally. 

This lateral expansion is affected by the deformability of the structure. Consider the case 

of BG-1, where there is strengthening from thicker ligaments and localization of 

densification near the platens. There is an increased resistance to the progress of 

deformation zone towards the central region. This is reflected by the lower Poisson ratio 

of this bead (see Figure 30 (a)). However, in BG-2 and BG-3 the ligament distributions are 

smoother with an average thickness 30% and 40% lower than that of BG-1. With increasing 

strain, ligament buckling continues and the damage zone progresses inwards due to the 

absence of constraint in the central core. This leads to a larger lateral extension at the free 

surface of the bead and a higher Poisson ratio (see Figure 30 (a)). This dependence of 

Poisson ratio on the initial microstructure of beads is also seen in the presence of constraint, 

i.e., in molded plate form (see Figure 30 (a)). Both plates, PG-1 and PG-2, have similar 

distribution of cells as well as average ligament thickness but have very different maxima 

as seen in Figure 28 (c) and Table 3. A similar behavior, as explained in the case of the 

beads, is expected in terms of strengthening (or increased resistance to buckling) from 

thicker ligaments and strain localization at weaker regions. PG-1 exhibits a larger value of 
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Poisson ratio compared to PG-2. Interestingly, the correlation gets stronger comparing BG-

1 (bead with a free surface and point loading) and PG-2 (bead with constraint from 

surrounding cells and far-field uniform load). The maxima (449 µm and 469 µm) and the 

80th percentile (192 µm and 214 µm) of ligament are higher for BG-1 than that of PG-2 

and hence exhibit more volumetric strain overall. 

Figure 31: Schematic of springs connected in series used to explain the variation in strains 

due to varying ligament thickness in foams. 
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Figure 32: X-ray CT slice of bead samples at an applied compressive strain of 28%. (a) 

BG-1 (b) BG-2. 

Figure 30 (b) shows a comparison of the Poisson ratio of molded plates with 

individual beads having a radial variation and an absence of variation in cell size and 

ligament thickness. As expected, the molded plates with homogeneous cell structures 

exhibited a lower poisson ratio. An analogy of ligaments in the foam to be an elastic spring  

can be used to explain the above (see Figure 31). The homogenous cell structure is an array 

of springs of similar stiffness throughout the entire volume. The resistance to deformation 

is uniform and the same at any given location. Now, the beads with a radial variation in 

ligament thickness can be thought of an array of springs, with stiffness proportional to 

thickness and varying with position. The resistance to deformation is non-uniform and 

location specific due to the varying spring stiffnesses. From Figure 28 (a), (c) and (e) and 

Table 3, we see that the ligaments in the beads used for PH plates are at least 5 times thinner 

than those of the beads with a radial variation. This difference translates to ligament 

buckling being initiated at lower strains. Combining this with the uniform distribution of 
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ligaments, we have a structure susceptible to more volumetric compression compared to 

those with a radial variation in features.  

4.5 Conclusions 

The bulk deformation behaviour of eTPU bead foam with varying cellular morphologies 

under compression was studied using in situ Synchrotron x-ray microtomography. An 

image processing workflow was developed to extract useful morphological characteristics 

and support to provide input data for DVC analysis. DVC on the time-resolved 

observations elucidated the global mechanical response. A correspondence between the 

morphological parameters and global deformation was obtained. The local stress state gets 

affected by the variation in material distribution which dominate the response of these 

foams. This translates into a strong correlation of poisson ratio and distribution of ligament 

thickness in foams. 
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CHAPTER 5 

CONCLUSIONS 

5.1 Summary of Research Findings: 

• In situ interrupted compression through lab-based X-ray tomography helped in 

understanding the global and local deformation behavior of eTPU foam used in the 

midsole footwear. The radial variation in voids size, coupled with the increase in 

ligament thickness from the surface to core of the bead led to the moderation of 

post-buckling behavior. For the first time, this structure was visualized and 

quantified in 3D. Moreover, a DVC approach by tracking voids was developed and 

used to study the 4D datasets. Strain mapping demonstrated the integral role played 

by the microstructural heterogeneities in a cellular structure. They influenced the 

onset of local instability in void collapse rather than the position of void and its size 

in an ever-changing contact surface.  

• Quasi-static in situ Synchrotron X-ray microtomography helped in elucidating the 

role of cellular morphology in altering the bulk deformation of eTPU bead foams 

under compression. An image processing workflow was developed to extract useful 

morphological characteristics and to provide input data for DVC analysis. DVC on 

the time-resolved observations was used to obtain Poisson ratio of foams. The local 

stress state in these foams get affected by the variation in material distribution 

which dominate the compressive response. This translates into a strong correlation 

of poisson ratio and distribution of ligament thickness in foams, i.e., a bead foam 

having a strong variation with thicker ligaments in core has a lower poisson ratio. 
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5.2 Future Work 

The structure property relationship of eTPU bead foams studied through 4D X-ray 

tomography provided some very interesting results on the local deformation behavior at 

the microscale during compression. However, several authors have shown the importance 

of thermal history and crystallinity on the mechanical properties of thermoplastics. Even 

in our case, the investigated bead foams displayed very different hysteretic losses. Hence 

for future work, the influence of foaming on the nanoscale structure and their subsequent 

effect on the micro mechanical properties could lead to a process-structure-property 

relationship. With the advancements in plastic molding technology, another area to explore 

is the preparation of composite bead foams, i.e., mixing beads with varying cellular 

structure. The methodology outlined in Chapter 4 can classify Poisson ratio, which can 

then be used to optimize the different combinations in finite element models to achieve the 

desired mechanical response macroscopically. Also, this approach could lead to a molded 

bead foam with lesser interfacial voids between beads and identify potentially weak 

mesoscale regions in the design stage.    
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