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ABSTRACT 

 

 

 Reticulation, the process of opening and removing cell membranes from shape 

memory polymer (SMP) foam, is an important processing technique to improve the 

permeability of SMP foam for utilization in several biomedical applications. 

Embolization biomedical applications, such as in the prevention of type II endoleaks 

(EII) associated with abdominal aortic aneurysms (AAAs), require specific reticulation 

levels for enhanced cell infiltration and thrombosis upon foam implantation. While 

several techniques have been employed to reticulate polyurethane SMP foam, 

reticulation of ultra-low density polyurethane SMP foam (ρapp < 0.02 g/cm3) using these 

techniques has been mostly ineffective. The focus of this work was to investigate the use 

of cold plasma treatment as a technique for controlled reticulation of ultra-low density 

polyurethane SMP foam for EII prevention.  

 Four plasma processes were developed to accomplish moderate (60-80%) and 

complete (>95%) reticulation of two SMP foam geometries, blocks and sheets. After the 

plasma processes were developed, the percent reticulation (Pret) achieved by each plasma 

process was quantified to show that the processes satisfied the moderate and complete 

Pret requirements. The Pret homogeneity throughout the foam blocks was measured by 

calculating the percent sample volume with complete membrane removal. These results 

suggested that the moderate reticulation process for the foam blocks was inhomogeneous 

while the completely reticulated blocks exhibited complete membrane removal 
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throughout >98% of the sample volume.  

 Material characterization was performed on as-made and plasma reticulated SMP 

foam to evaluate the effect of plasma reticulation on the material properties. Overall, 

plasma reticulation decreased foam apparent density, increased permeability, decreased 

form factor, had mixed effects on volume expansion, and did not change wet Tg. The as-

made and plasma-reticulated sheet samples exhibited reduced mechanical integrity after 

cleaning. The results of this thesis indicate that cold plasma reticulation is a viable 

technique for achieving controlled reticulation of ultra-low density polyurethane SMP 

foam. However, further studies must be conducted to optimize the control over Pret 

achieved via plasma reticulation and expand the utility of plasma reticulation to different 

foam geometries. 
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NOMENCLATURE 

 

AAA  Abdominal aortic aneurysm 

C  Form Factor (m-1) 

C*   Radical site on polymer chain 

C-C  Carbon-Carbon bond 

CF4  Tetrafluoromethane 

CNT  Carbon nanotubes 

!"
!"

  Pressure gradient (Pa/m) 

Dc  Compressed diameter (mm) 

DI  Deionized 

Dr  Recovered diameter (mm) 

DSC  Differential Scanning Calorimetry  

e-  Electrons 

EII  Type II endoleaks 

EVAR  Endovascular aneurysm repair 

F  Fluorine 

F*  Fluorine radical 

FHDD  Forchehheimer-Hazen-Dupity-Darcy  

H  Hydrogen 

Hij  Sample height in ij plane (mm) 

HMI  Human Machine Interface 
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HPED  N,N,N’N’-Tetrakis(2-hydroxypropyl) ethylenediamine 

K  Permeability (m2) 

m  mass (g) 

Nopen  Number of ruptured or fully removed cell membranes 

Ntotal  Total number of cell membranes 

NCO   Isocynate  

OF-  Oxyfluoride ion 

OH  Hydroxyl  

O2  Oxygen 

ρ  Density (g/cm3)  

ρapp  Apparent density (g/cm3) 

PLC  Programmable Logic Controller 

PMMA Poly(methyl methacrylate)  

Pret  Percent reticulation  

Q  Flow rate (mL/min) 

RF  Radio frequency 

RO  Alkoxy radicals 

RO  Reverse osmosis 

sccm  Standard cubic centimeters 

SEM  Scanning Electron Microscope 

SMA  Shape memory alloy 

SME  Shape memory effect 
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SMP  Shape memory polymer 

TEA  2,2’,2’-Nitrilotriethanol 

Tg  Glass transition temperature (°C) 

TMHDI 2,4,4-trimethyl-1,6-hexamethyene diisocyanate  

𝜇   Dynamic viscosity  (Pa�s) 

UV  Ultraviolet light 

  𝜈!  Darcy velocity (m/s)     

V  Geometrical volume (cm3) 

VE  Volume expansion 

VS  Sample Volume (cm3)  

VwMBR  Sample volume with cell membranes (cm3) 

Wij  Sample width in ij plane (mm) 

2O+  Oxygen ion 
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CHAPTER I  

INTRODUCTION AND LITERATURE REVIEW 

 

Shape memory polymer (SMP) foam is an active material with several properties 

that give it the potential to be utilized in a variety of industries. These properties include 

low densities, easy processability, low cost, high recovery ratios, tunable glass transition 

temperature (Tg), and excellent biocompatibility and shape memory behavior [1-7]. SMP 

foams have proposed applications in biomedical, aerospace, structural, textile, and oil 

and gas industries [5]. However, utilization of SMP foams for this breadth of industries 

has not yet been fully accomplished because SMP foams are continuously being 

developed and analyzed. Furthermore, each specific application has explicit thermal and 

mechanical requirements that must be met in order to exploit the full potential of SMP 

foam. Satisfying the explicit requirements for a specific application requires research 

and development of each factor that influences overall SMP foam performance, as well 

as complete characterization of the fabricated SMP foam. Factors in the foam synthesis 

process that must be tailored for specific applications include the fabrication method, the 

constituent blowing agents, catalysts and surfactants, fillers that may be physically or 

chemically loaded into the SMP foam, and post-synthesis processing techniques. 

Biomedical applications of SMP foam take advantage of its volume recovery, 

characteristic large surface area to volume ratio, and its ability to self-actuate upon 

exposure to an external stimulus. Biomedical applications include embolic vascular 

devices, scaffolds for filling bone defects, hemostatic sponges, soft tissue scaffolds, and 
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drug-delivery systems [5]. Each of these applications has specific requirements 

regarding average pore size, porosity, pore shape, pore interconnectivity, surface 

characteristics, mechanical properties, and biodegradability. These parameters are 

important because each influences specific cell infiltration, proliferation and 

differentiation within the foam, the rate of diffusion of nutrients and wastes, the 

inflammatory response, and what types of tissue scaffolds can be supported by the foam 

[1].   

 The leading focus of biomedical application research of SMP foam has been for 

embolic vascular devices [5]. Prevention of endoleaks associated with endovascular 

aneurysm repair (EVAR) of abdominal aortic aneurysms (AAAs) is an application in 

which SMP foam can be utilized as an embolic vascular device. An AAA is a weakened, 

ballooned region of the abdominal aorta that has expanded to greater than 50% of the 

normal vessel diameter [8]. Large, fast-growing or leaking aneurysms are treated via 

EVAR, and endoleak complications occur in up to 40% of EVAR patients [8-10]. 

Endoleaks occur when blood flows outside the stent-graft lumen and into the aneurysm 

sac, increasing sac pressure and risk of rupture. The goal of SMP foam in this 

application is to prevent type II endoleaks (EII) by implanting foam during EVAR into 

the aneurysm sac to promote rapid clot formation and allow components of the healing 

pathway to migrate throughout the foam for enhanced embolization within the aneurysm 

sac.   

The influence of pore interconnectivity on physiological responses to SMP foam 

has led investigators to research methods for increasing and controlling pore 
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interconnectivity of SMP foam and was the focus of this thesis. In this thesis, the amount 

of pore interconnectivity was analogous to the amount of reticulation. The motivation for 

increasing and controlling reticulation of SMP foam for EII prevention are the factors 

that influence thrombosis: the blood coagulation cascade and changes in blood flow. 

Increasing and controlling the amount of reticulation will: 1) optimize the foam surface 

to volume ratio to enhance contact activation of the clotting cascade, 2) create flow 

stagnation and abnormal thrombogenic fluid shear rates within the foam, and 3) promote 

the mobility of cellular components required for the deposition of connective tissue 

throughout the foam [11-15].  

Several methods for reticulating polyurethane SMP foam have been proposed, 

including hydrolysis, oxidation, heat or mechanical treatment, quenching, and zapping. 

However, reticulation of ultra-low density foam (ρapp < 0.02 g/cm3) using these 

techniques has been mostly ineffective. The SMP foam analyzed in this project was an 

ultra-low density polyurethane SMP foam that has been effectively reticulated via cold 

plasma treatment [16].  This thesis focused on the utilization of cold plasma treatment to 

effectively reticulate ultra-low density SMP polyurethane foam for EII prevention. 

I.1 Shape Memory Polymer Foam 

SMPs are smart materials with the ability to be deformed and fixed in a 

temporary shape and upon exposure to an external stimulus (i.e. heat, UV light) return to 

their primary shape [6, 7]. Compared to other materials that exhibit the shape memory 

effect (SME), such as shape memory alloys (SMAs), SMPs are lightweight, easy to 

process, low cost to manufacture, have high recovery ratios, tunable Tg, excellent 
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biocompatibility and shape memory behavior [1-7]. The unique properties of SMPs give 

them major advantages over other biomaterials and allow them to have numerous 

biomedical applications. Fabricating SMPs into foam further advances the advantages of 

SMPs by resulting in lower mass, faster deployment rates, and greater expanded to 

compressed volume ratio [2].  

The SME of SMPs is based upon molecular structure and molecular movements 

of the polymer chains within the foam. SMPs are made up of elastic polymer networks, 

which contain stimuli-sensitive switches that induce macroscopic shape modification 

when activated by temperature variations, chemical gradients, or electromagnetic fields 

[1]. Most SMPs are thermally activated; the SMP changes from a temporary shape to its 

original, permanent shape when exposed to heat [7]. The polymer network of SMPs is 

made of two types of segments, “netpoints” and “switching segments”. Chemical or 

physical crosslinks are the “netpoints” which determine the permanent shape, while the 

“switching segments” soften when heated above Tg to allow the SMP to maintain a 

temporary shape and recover the permanent shape [17]. To observe the SME, a SMP is 

heated above Tg, which causes it to enter a rubbery elastic state in which it is easily 

deformed into a temporary shape. When the SMP is cooled below its Tg and fixed in the 

temporary shape, the temporary shape is retained as the SMP returns to its rigid state and 

loses its rubbery elasticity. The SMP recovers its original shape when it is heated above 

Tg [2]. The SME of SMP foam is illustrated in Figure 1 [18]. 
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Figure 1: Shape memory effect of shape memory polymer foam. Shape memory polymer foam can 
be fixed in a secondary shape by heating it above its Tg and applying a mechanical force to deform 
the foam into the desired secondary shape. Cooling the foam below its Tg, while constraining it in 
the secondary shape will fix the foam in the secondary shape until it is heated above its Tg. 
Increasing the temperature will act as a stimulus to actuate the foam to the primary shape. 
 
 
 
 The SMP chemistry used in this thesis was 100% TMHDI polyurethane SMP 

foam, which is an advantageous and popular material for biomedical applications for 

several reasons in addition to the SME it exhibits. Polyurethane foams are highly 

biocompatible and thrombogenic [3, 4, 6, 7, 19, 20]. The Tg can range from -100°C to 

+80°C for thermal actuation, thus Tg can be tuned such that the foam actuates at body 

temperature when deployed into the body [3, 4, 6, 7].  

I.2 Biomedical Applications of Shape Memory Polymer Foam 

I.2.1 Considerations for Biomedical Applications of Shape Memory Polymer Foam 

SMP foam has the potential to be utilized in several biomedical applications, and 

each potential application has specific requirements for average pore size, porosity, pore 

shape, amount of reticulation, surface characteristics, mechanical properties, and 

biodegradability. Each of these parameters influences the physiological response to SMP 

foam. Specific pore sizes can enhance cellular activity of specific cell types; the optimal 
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pore size for neovascularization is 5 µm, 5-15 µm for fibroblast ingrowth, 75-250 µm for 

bone growth, and 200-300 µm for fibro-cartilaginous tissue [1, 21, 22]. While the 

specific magnitudes of porosity and reticulation are undefined, several experiments have 

shown that porosity and reticulation influence tissue regeneration. Larger pores enhance 

mass transport and neo-vascularization within SMP foam, while smaller pores provide 

larger surface to volume ratio for optimal cell attachment and proliferation [21, 22]. 

Furthermore, reticulation is critical for ensuring that all cells are within 200 µm of the 

blood supply in order to allow for sufficient mass transfer of nutrients and waste [21]. 

Biocompatibility of SMP foam is affected by the surface characteristics: surface 

wettability, hydrophilicity/hydrophobicity ratio, bulk chemistry, surface charge and 

charge distribution, surface roughness, and rigidity [21]. Each of these characteristics 

affects adsorption, desorption, and proliferation of different types of mammalian cells. 

Different formulations of SMP foam and surface treatments can be utilized to favorably 

induce adhesion of specific cells or deliver drugs at the implant site. When implanted 

into the body, the foam must have sufficient mechanical properties to prevent it from 

fracturing and dislodging from its implantation site. Furthermore, the foam must have 

high strength and rigidity if it is to be implanted into load bearing tissue or low strength 

and rigidity if it is to be implanted into soft tissue. For tissue engineering applications, 

SMP foam must be able to support loads and stresses that the tissue it is generating will 

ultimately bear, while also degrading at a specific rate that optimally transfers loads to 

the growing tissue [21].   

 



 

 7 

I.2.2 Specific Biomedical Applications of Ultra-Low Density Polyurethane Shape 

Memory Polymer Foam 

Considering the requirements for each potential biomedical application of SMP 

foam, the low strength and rigidity of the ultra-low density polyurethane SMP foam used 

in this thesis focuses its biomedical applications to three major categories: embolization, 

soft tissue engineering, and thrombectomy, as shown in Table 1. While Table 1 is not an 

exhaustive list of potential biomedical applications of ultra-low density polyurethane 

SMP foam, it shows how much potential this material has in the biomedical field. The 

importance of reticulation in influencing the physiological response to SMP foam is the 

motivation for emphasizing the optimal reticulation level for biomedical applications of 

ultra-low density polyurethane SMP foam. 

 
 

Table 1: Potential biomedical applications of ultra-low density polyurethane shape memory polymer 
foam, percent reticulation and biodegradability requirement for optimal design performance. 
 

 Purpose of SMP 
Foam Specific Applications Amount of 

Reticulation Biodegradable 

E
m

bo
liz

at
io

n 
[2
,	  2
3,
	  

24
] 

- Rapid, Stable Clot 
Formation 
- Scar Tissue 

Formation 
 
 

- AAA Endoleak Prevention 
- Aneurysm Embolization 
- Ateriovenous Fistula 
- Ateriovenous Malformation 
- Chronic Venous Insufficiency 
- Tumors  
- Upper and Lower 

Gastrointestinal Bleeding 
- Uterine Fibroid 

60-80% 
- Cell 

Membranes 
Present, 
Ruptured 
Open 

Application 
specific 

T
hr

om
be

ct
om

y 
[2
5]

 - Immediate Clot 
Formation 
- Remove Embolus  
- Fill Blood Vessel 

to Prevent 
Embolus 
Fragments from 
Traveling Past 
Device 

Thrombectomy 100% 
- Cell 

Membranes 
Present, 
Ruptured 
Open 
 

No 
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Table 1 Continued. 
 

 Purpose of SMP 
Foam Specific Applications Amount of 

Reticulation Biodegradable 

So
ft

 T
is

su
e 

E
ng

in
ee

ri
ng

 
[1
,	  2
,	  2
1,
	  2
6-‐
30

] 

- Promote Ingrowth 
of Cells and Tissue 
- Mechanical 

Integrity to 
Support 
Regenerating 
Tissue  

- Artificial Blood Vessels 
- Coronary Graft 
- Intervertebral Disk 

Regeneration 
- Vascular Graft 
- Peripheral Nerve Growth 
- Skin Graft 
- Smooth Muscle Growth 

100% 
- Cell 

Membranes 
Completely 
Removed  

Yes  

 
 
 

Embolization applications require the foam to achieve rapid, stable clot 

formation and promote cell movement throughout the foam. Temporary embolization 

will require the foam to be biodegradable and the morphology to allow cells for 

recanalization and vessel healing to migrate throughout the foam [2, 23, 24]. Permanent 

embolization does not require the foam to be biodegradable, but the morphology must 

allow cell migration throughout the foam to deposit connective tissue for fibrous tissue 

formation [14]. The application of ultra-low density polyurethane SMP foam in a 

thrombectomy procedure requires the foam to expand to fill the occluded vessel and stop 

embolus fragments from traveling past the device and causing downstream 

complications [25]. Furthermore, the foam should induce immediate thrombosis in an 

effort to allow the foam-induced thrombus to form as a continuation of the embolus that 

is being removed. This approach will allow complete thrombus extraction, while current 

mechanical thrombus removal techniques fragment the thrombus and either allow the 
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fragments to enter into pulmonary circulation or pull the fragments into the device for 

removal [31].  

Embolization applications require the foam to be 60-80% reticulated while the 

thrombectomy application requires 100% reticulation. Both applications desire high 

reticulation levels with cell membranes still intact. These reticulation percentage 

requirements are motivated by the factors that influence thrombosis: the blood 

coagulation cascade and changes in blood flow. The blood coagulation cascade is 

traditionally broken into three pathways: the intrinsic, extrinsic, and common pathways 

[32]. The intrinsic pathway, also known as the contact pathway, has been recognized as 

the pathway that initiates the coagulation cascade [13]. Reticulation of SMP foam 

increases the surface to volume ratio for enhanced contact activation of the clotting 

cascade. Reduced and elevated blood shear rates have been identified as contributors to 

thrombus formation. Reduced shear rates correspond to low blood velocities and 

stagnation, while elevated shear rates correspond to tortuous blood flow and high blood 

velocities [32, 33]. High reticulation, with cell membranes still present, is desired for 

embolization applications because high pore interconnectivity will allow blood to flow 

throughout the foam implant for enhanced activation of the contact pathway, while the 

membranes will create recirculation zones with regions of reduced and elevated shear 

rates. However, complete reticulation is desired for the thrombectomy application 

because it will result in maximum surface to volume ratio for optimal activation of the 

contact pathway, in an effort to achieve immediate thrombosis. 
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The use of ultra-low density polyurethane SMP foam for soft tissue engineering 

is highly application specific and may require the foam to be mixed with other materials, 

such as carbon nanotubes (CNT), to improve the mechanical properties and tissue 

regeneration capabilities [27]. In general, the foam must maintain its mechanical 

properties and morphology while supporting the attachment, proliferation, and 

differentiation of cells [1, 2, 21, 26-30]. Furthermore, the foam should degrade at the 

same rate that the tissue is regenerated [22]. The percent reticulation requirement for soft 

tissue engineering applications is 100%, and the membranes must be completely 

removed. The requirement for full reticulation is driven by the need to provide the cells 

with a large surface area for cell adhesion, while removing the membranes allows cells 

to move freely throughout the foam volume as they proliferate and differentiate [21]. A 

fully reticulated morphology will also promote diffusion of nutrients and waste products 

required for cell survival [30]. 

I.2.3 Embolization of Abdominal Aortic Aneurysms for Prevention of Type II Endoleaks 

Associated with Endovascular Aneurysm Repair 

 The focus of this thesis was the embolization application of ultra-low density 

polyurethane SMP foam for prevention of EII associated with EVAR of AAAs. 

Ruptured AAA is the 13th leading cause of death in the U.S. [34]. Annually, 35,000-

40,000 AAAs are repaired by open or endovascular surgery in the U.S., costing 

approximately $18,000 and $20,700, respectively [9]. Open repair requires an incision to 

be made in the abdomen to remove the damaged section of the aorta and suturing a graft 

in its place [8, 35]. EVAR is minimally invasive, requiring the surgeon to only make a 
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small incision in each groin for bilateral access [8, 35]. Most endovascular stent graft 

designs are modular, consisting of a bifurcated body and an iliac limb component. 

During the procedure, a catheter is guided through one femoral artery to deploy the 

bifurcated body component of the stent, then another catheter guides the iliac limb 

component through the contralateral femoral artery to attach it to the bifurcated body 

component, as shown in Figure 2 (A) [36-38]. This modular design ensures proper 

proximal and distal fixation of the stent graft to minimize migration and endoleaks [39].  

 
 

 
 
Figure 2: (A) Procedure for implanting modular endovascular stent graft for abdominal aortic 
aneurysm repair begins with surgeon gaining bilateral access to the common femoral artery via a 
femoral artery cut down. A guide wire is inserted into the femoral artery and advanced to the 
aneurysm. Once in the aneurysm sac, a catheter is inserted over the guide wire. The compressed 
bifurcated body component of the graft is inserted through a sheath and advanced along the guide 
wire to the aneurysm. At the aneurysm, the sheath is withdrawn, allowing the bifurcated body graft 
to expand into the artery wall. The contralateral limb gate of the bifurcated body graft, where the 
iliac limb component of the graft attaches, is cannulated via a guide wire and catheter that are 
inserted through the contralateral femoral artery. After cannulation of the contralateral limb gate, 
the contralateral iliac limb graft is inserted through a sheath, advanced along the guide wire, and 
deployed at the contralateral limb gate. Angiogram confirms patency of both renal arteries and lack 
of a proximal endoleak. The introducer sheaths and guide wires are removed, and the femoral 
arteries are closed. (B) Types of endoleaks that occur after endovascular aneurysm repair of 
abdominal aortic aneurysms. (C) Prevention of Type II endoleaks by deploying shape memory 
polymer foam into aneurysm sac during endovascular aneurysm repair.  
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Endoleak complications have been reported to occur in up to 40% of EVAR 

patients; EII is the most common, with occurrence rates as high as 10-30% [9, 40]. 

Endoleaks are classified according to the leak source, as shown in Figure 2 (B). Type I 

endoleaks are leaks that develop at the proximal or distal attachment sites of the stent 

graft. EII occur when collateral flow causes retrograde blood from visceral arteries to 

leak into the aneurysm sac. Type III endoleaks are attributed to holes, defects, or 

separations within the stent-graft material itself, while Type IV endoleaks are due to 

porosity of the stent-graft material. Type V endoleaks are not associated with a leak into 

the aneurysm sac; instead the aneurysm sac continues to expand without evidence of a 

leak [40]. The development of EII has a high incidence of required secondary 

intervention, graft explantation, or observations of continued aneurysm sac growth. 

Secondary intervention methods for treating EII include transarterial embolization, 

translumbar embolization, ligation of the back bleeding arteries, and sac plication. 

Successful EII prevention would decrease additional costs for secondary procedures, as 

well as patient exposure to radiation and contrast agents associated with the additional 

procedures [9, 41]. Inducing thrombosis within the aneurysm sac during EVAR by 

injecting liquid embolics, fibrin glue, microcoils, a thrombogenic absorbable gelatin 

sponge, or polyurethane foam has been proposed for EII prevention [19, 41, 42]. 

However, no specific dose of material for EII prevention has been standardized [9]. 

 Ultra-low density polyurethane SMP foam is a potential material for EII 

prevention because it can be fixed in a temporary compressed geometry and expanded to 

its original geometry, via passive actuation due to water plasticization, when exposed to 
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body temperature during deployment into the aneurysm sac [19, 20]. Figure 2 (C) shows 

the deployment of SMP foam into the aneurysm sac during EVAR.  

I.3. Reticulation of Polyurethane Shape Memory Polymer Foam 

I.3.1 Fabrication of Polyurethane Shape Memory Polymer Foam  

SMP foam morphology is a significant component of its successful utilization in 

biomedical applications. The inherit morphology of polyurethane SMP foam is an 

anisotropic cellular structure with thin residual membranes between cells [7]. Whether 

SMP foam morphology is open-celled, closed-celled, or mixed open- and closed-cell is 

mostly determined by the fabrication technique and process parameters used to 

synthesize the SMP foam [5]. Fabrication techniques include particulate leaching, fiber 

bonding, saturation with supercritical gases, high internal phase emulsion 

polymerization, thermally induced phase separation, stereolithography, selective laser 

sintering, fused deposition modeling and gas foaming [7]. For the fabrication of ultra-

low density polyurethane SMP foam, gas foaming is utilized because it can produce 

foam that has ultra-low density, is compatible with highly cross-linked materials, and 

multiple additives are commercially available to modulate the physical properties of the 

SMP foams [7]. Polyurethane SMP foam synthesized via gas foaming is generally 

anisotropic and can be open-, closed-, or mixed-celled, with pore sizes ranging from sub-

micron to mm [5]. The ultra-low density polyurethane SMP foam used in this thesis was 

mixed-celled, the foam was 27.51 ± 8.24% (average ± standard deviation, n = 5) 

reticulated; percent reticulation (Pret) corresponds to the percent of membranes that are 

open or completely removed. 



 

 14 

I.3.2 Reticulation Techniques  

Reticulation is a secondary physical process in which residual cell membranes 

are opened and removed from SMP foam to improve permeability. Polyurethane foam 

may be reticulated via hydrolysis, oxidation, heat, or mechanical treatment [16]. 

Standard industry methods include quenching and zapping. Quenching requires 

submerging as-made foam in a bath of warm sodium hydroxide while beating the bath to 

break the residual membranes. In zapping, as-made foam is placed into a pressure 

chamber where the foam is exposed to flammable gases for controlled burning of the 

membranes [43].  

I.3.3 Plasma Reticulation  

Plasma treatment of materials has been used throughout industry for etching, 

sterilization and functionalization of material surfaces [44-47]. The etching capability of 

plasma treatment has been shown to be a viable method for reticulating polymer foam. 

Hild and Biering applied for a US patent in which plasma was cited as a mechanism for 

reticulating polyimide foams used for insulation [48]. Reticulation of polyurethane foam 

via plasma has been observed for other purposes, such as sterilization and surface 

modifications [1, 49, 50]. Singhal successfully used cold plasma treatment to fully 

reticulate ultra-low density polyurethane SMP foam [16]. This thesis further investigated 

the use of cold plasma treatment to control reticulation levels of ultra-low density 

polyurethane SMP foam. 

The plasma treatments in this thesis were performed using a cold plasma 

treatment system (Aurora 0350 Plasma Surface Treatment System, Plasma Technology 
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Systems, Belmont, CA). Plasma systems can operate at atmospheric pressure (760 Torr) 

or under vacuum at low pressures (0.005-0.5 Torr). Atmospheric pressure plasma 

processes have high collision rates between electrons and gas molecules within the 

plasma [51]. The high collision rates cause the electrons, ions and gas molecules within 

the plasma to reach thermal equilibrium and the plasma process to occur at temperatures 

as great as 1,000,000°C [52]. Low-pressure plasma processes have lower collision rates 

between electrons and gas molecules, preventing the electrons, ions and gas molecules 

from reaching thermal equilibrium [51, 52]. The non-thermal equilibrium condition in 

low-pressure plasma processes allows them to operate at approximately 23-30°C.  

Utilization of atmospheric plasma processes would not be feasible for reticulating ultra-

low density polyurethane SMP foam because the material would not be able to withstand 

the extreme temperatures observed in these plasma processes. Therefore, the use of a 

cold plasma treatment system that operates under vacuum, as the Aurora 0350 Plasma 

Surface Treatment System does, is optimal for plasma reticulation of ultra-low density 

polyurethane SMP foam. 

Plasma is defined as an ionized gas; neutral mixture of positive ions and negative 

electrons formed by stripping electrons from atoms [53, 54]. The processes that 

accomplish plasma etching are analogous to those that accomplish plasma reticulation. 

Polymer etching employs a mixture of gases, usually oxygen (O2) and 

tetrafluoromethane (CF4). The high electronegativities of oxygen and fluorine (F) atoms 

cause them to form reactive species that most readily accomplish hydrogen (H) 

abstraction and polymer chain cleavage [55]. Mixing O2/CF4 during the plasma process 
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creates the oxyfluoride ion (OF-). Oxyfluoride is proficient at cleaving the carbon-carbon 

(C-C) bonds that make up the polymer backbone. Thus, O2/CF4 is the gas mixture that is 

used for optimizing plasma etching/reticulation rates and homogeneity [56]. 

Plasma reticulation using O2/CF4 process gases can be broken down into five 

steps: 1) Radio frequency (RF) power ionizes the process gases, releasing ions (2O+), 

electrons (e-) and radicals (F*), as show in Equation 1A and 1B.  

𝑂! → 2𝑂! + 2𝑒!  (1A) 

𝐶𝐹! + 𝑒! → 𝐶𝐹! + 𝐹∗ + 𝑒!  (1B) 

2) Ionized O2/CF4 gases react to form the OF- reactive species, as shown in Equation 2 

[56].  

3𝑒! + 2𝑂! + 𝐶𝐹! → 𝐶𝑂𝐹! + 𝑂𝐹!  (2) 

3) Fluorine radicals (F*), made in step 1, and O2 molecules abstract H from the polymer 

chain to create radical sites (C*) on the polymer chain [57], shown in Equation 3A and 

3B. 

                                                                                                                                  𝐻 

                      𝐹∗ +                         𝐶                     →                        𝐶∗                   + 𝐻𝐹  (3A) 

                                                𝐻 

𝑂! + 2                      𝐶                     → 2                    𝐶∗                 + 2𝐻𝑂∗ → 2                  𝐶∗                   + 2𝐻!𝑂  (3B) 

4) O2 is incorporated at radical sites to form unstable alkoxy radicals (RO).  

                                                                                                                                                                                                                𝑂∗ 

2                    𝐶∗        𝐶                  + 𝑂! → 2                      𝐶            𝐶                                    (4)      

5) The OF- reactive species cleave the polymer chains at C-C bonds into successively 

smaller fragments until the chains are lost as volatile species, shown in Equation 5 [55].  
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                                                                                        𝑂∗                          𝑂𝐹! 

𝐶      𝐶                   →                 𝐶            𝑂 + 𝐶∗                      (5) 

In polyurethane SMP foam, the membranes have a high surface area and low thickness 

compared to the cell struts, allowing the membranes to be volatized while the struts 

remain intact during plasma treatment. 

The molar ratio of O2/CF4, gas flow rate, process pressure, duration, and RF 

power are plasma process parameters that determine the depth, rate, and homogeneity of 

plasma reticulation [46, 47, 56]. Once the processes gases have been ionized, reticulation 

is initiated when H is abstracted from the polymer chains. Ionized O2 readily abstracts H 

at nominal reticulation rates, but the addition of F atoms in plasma increases oxygen 

dissociation and enhances reticulation rates [58]. Adding CF4 as a source of F to the 

plasma process increases electron densities within the plasma and allows 2O+ ions to 

react with F* radicals to form OF-, which acts as a reactive species to enhance C-C 

cleavage beyond that accomplished only by O2 [58]. Thus, mixing O2 and CF4 in a 

plasma process increases reticulation rates, but the molar ratio of O2/CF4 is critical in 

determining optimal reticulation rates. Maximum reticulation rates occur at 20-30% CF4. 

At CF4 concentrations < 20%, small amounts of F contribute to the reticulation process. 

Conversely, at CF4 concentrations > 30% the reticulation reactions that utilize CF4 

compete with fluorine passivation of the surface and polymerization of CF4 [58].  

The flow rate of the process gases, measured in standard cubic centimeters 

(sccm), is analogous to the process pressure; greater flow rates correspond to greater 

process pressures. Plasma processes that operate at low pressures (< 200 mTorr) yield 

anisotropic reticulation. At low pressures, sheath collisions of ions and electrons are 
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minimized, allowing ions (2O+) to cleave the majority of C-C bonds in the normal 

direction, and fewer reactive species (OF-) to cleave C-C bonds in the perpendicular 

direction via chemical etching [58]. Thus, at low process pressures, higher etch rates are 

observed in the normal direction, yielding anisotropic reticulation amounts. At higher 

pressures the ions (2O+) reach lower energies, and react with more free electrons (e-) and 

radicals (F*) which allows an equivalent number of C-C bonds to be cleaved via ion 

bombardment in the normal direction and via chemical etching in the perpendicular 

direction [58]. Thus, higher pressures yield isotropic reticulation throughout the material. 

Process pressure of 400 mTorr has been reported to produce fast and isotropic 

reticulation [59].  

Selecting the RF power and process duration is a balancing exercise because 

reticulation rates should be maximized without over reticulating or damaging the 

material. RF power governs the reticulation rate because it dictates the fraction of 

original neutral gases that are ionized and the ion energies achieved during the plasma 

process [58, 60]. Furthermore, higher RF power corresponds to greater overall process 

temperature, which may damage heat sensitive materials.  

I.4 Summary of the Thesis  

 Controlling the Pret of SMP foam is desired for furthering its potential in 

biomedical applications. This thesis specifically aimed to achieve moderate and 

complete reticulation of ultra-low density polyurethane SMP foam to enhance 

thrombosis and embolization of the aneurysm sac during treatment of AAA to prevent 

EII. The goal of this thesis was to develop a new method for controlled reticulation of 
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ultra-low density polyurethane SMP foam and to characterize the effects of cold plasma 

reticulation on the foam. The thesis is organized as follows: 

 Chapter II discusses the approach taken to develop the plasma processes used to 

achieve moderate (60-80%) and complete (>95%) reticulation via cold plasma treatment, 

of two different geometries of ultra-low density polyurethane SMP foam. The two 

geometries of SMP foam investigated were foam blocks and foam sheets. The final 

plasma process parameters selected for achieving each reticulation level for each foam 

geometry are presented. The method for quantifying the reticulation level achieved by 

each of the final plasma processes is described. Concern regarding the development of a 

percent reticulation gradient from the surface of the foam block samples to the center 

motivated the sample volume with complete membrane removal to be measured for the 

foam block samples. The results from quantifying the reticulation levels achieved by 

each plasma process for both geometries are presented, along with the percent volume 

with complete membrane removal achieved within the block samples.  

 Chapter III presents the methods and results of the characterization techniques 

performed on the plasma-reticulated SMP foam samples identified in Chapter II. The 

density of the plasma-reticulated SMP foam was measured before and after treatment to 

calculate the change in apparent density achieved by each reticulation process. The 

major motivation for controlling reticulation was optimizing permeability of the foam, 

thus characterization of the plasma-reticulated foam’s permeability was important for 

evaluating the effectiveness of the plasma processes.  The small geometry of the foam 

sheets limited permeability characterization to the foam block samples. A porous media 
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approach was employed to calculate the geometrical parameters permeability (K) and 

form factor (C) from the Forchehheimer-Hazen-Dupity-Darcy (FHDD) equation.  To 

evaluate the effects of plasma reticulation on shape recovery of SMP foam via thermal 

actuation in an aqueous environment, volume expansion (VE) studies were performed in 

water at a temperature above the wet Tg of the SMP foam. Finally, the wet Tg of the 

plasma-reticulated foams was measured using Differential Scanning Calorimetry (DSC) 

to determine whether increasing reticulation levels had an effect on the actuation 

temperature of the foam. The results of the material characterization techniques are 

presented and discussed to evaluate the overall effects of plasma reticulation on ultra-

low density polyurethane SMP foam. 
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CHAPTER II  

DEVELOPMENT OF COLD PLASMA RETICULATION PROCESSES AND 

EVALUATION OF RETICULATION RESULTS 

 

 A literature review of the mechanisms of plasma reticulation and the plasma 

process parameters that influence the rate, depth, and homogeneity of plasma reticulation 

are discussed in Chapter I. This chapter briefly describes the foaming process used for 

synthesizing the ultra-low density polyurethane SMP and the sample preparation 

technique for fabricating the specific foam geometries used in this thesis. The approach 

used to identify the combination of plasma process parameters that achieve moderate 

(60-80%) and complete (>95%) reticulation of two SMP foam geometries is also 

discussed. The method and results are presented for quantifying the reticulation level 

achieved by each selected plasma process. Plasma reticulation occurs from the material 

surface inward; the reactive species reticulate the cell membranes at the surface first, 

which allows the reactive species to progressively access membranes deeper within the 

foam. Reticulation from the surface to the center may be observed as a gradient, with 

complete membrane removal at the surface and moderate reticulation at the center. The 

development of a reticulation gradient was only a concern for the block samples due to 

the large sample depth. To evaluate the development of a reticulation gradient from the 

surface to the center of the block samples, the percent volume of the block samples with 

complete membrane removal was measured. 
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II.1 Materials and Methods 

II.1.1 Synthesis of Ultra-Low Density Polyurethane Shape Memory Polymer Foam 

 The foam utilized in this thesis was synthesized in a three-step method reported 

previously [7, 16, 61]. First, an isocynate (NCO) premix was made from N,N,N’N’-

Tetrakis(2-hydroxypropyl) ethylenediamine (HPED, 99% Sigma Aldrich, St. Louis 

MO), 2,2’,2’-Nitrilotriethanol (TEA, Sigma Aldrich, St. Louis, MO), and 2,4,4-

trimethyl-1,6-hexamethyene diisocyanate (TMHDI, TCI America Inc.); the NCO premix 

was allowed to react at ambient temperature for 2 days. In the second step, HPED, TEA, 

deionized (DI) water (Millipore water purifier system, Millipore, Inc.), and catalysts 

(BL-22 and T-131 (Huntsman Corporation)) were mixed together to make a hydroxyl 

(OH) premix. Lastly, the NCO premix was combined with surfactants (DC 198 and DC 

5943 (Air Products and Chemical Inc.)), the OH premix, and a physical blowing agent, 

Enovate (Honeywell, College Station, TX), to ensure the foam rose correctly as it cured 

in an oven for 20 minutes at 90°C. The foam was brought out of the oven and cooled to 

room temperature before further processing.  

II.1.2 Fabrication of Ultra-Low Density Polyurethane Shape Memory Polymer Foam 

Samples 

 The use of cold plasma treatment to control the reticulation level of ultra-low 

density polyurethane SMP foam was evaluated using two SMP foam geometries. The 

sample geometries were selected based on the procedure for deploying SMP foam into 

the aneurysm sac during EVAR for EII prevention. The two foam geometries were: 1) 
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foam block with 50.8 x 50.8 x 25.4 mm dimensions, and 2) foam sheet with 50.8 x 101.6 

x 5 mm dimensions. The block geometry was selected to allow a single piece of SMP 

foam to be plasma reticulated and smaller devices to be cut out of the block post plasma 

processing. The sheet geometry was selected as a preliminary device geometry for EII 

prevention. It was proposed that post plasma reticulation, the sheet would be heated 

above its Tg, then compressed and rolled into a small temporary geometry that would fit 

into a catheter for delivery into the aneurysm sac. Upon exposure to blood at body 

temperature, the foam sheet would actuate and recover its original sheet geometry and 

fill the aneurysm sac for optimal embolization for EII prevention. 

 It has been observed that pore size influences plasma penetration depth [47]. 

Within bulk foam, pore size increases and density decreases along the height of the 

foam. Thus, inhomogeneity of pore size and density throughout the height of the bulk 

foam could be sources of inconsistencies in Pret achieved by a single plasma process. To 

minimize the effects of pore size and density inconsistencies on the reticulation results, a 

resistive wire cutter was used to cut all samples from the middle of bulk foam. 

II.1.3 Development and Selection of Final Plasma Process Parameters 

 The plasma processes performed in this thesis were conducted in the Aurora 

0350 Plasma Surface Treatment System, manufactured by Plasma Technology Systems 

(Belmont, CA). The process parameters that can be set at the Human Machine Interface 

(HMI) of the Aurora 0350 Plasma Surface Treatment System are the process gases, flow 

rate of each gas, RF power, and process duration. At the initiation of this project, Plasma 

Technology Systems provided the plasma process parameters previously investigated by 
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Pooja Singhal to show cold plasma treatment is a viable technique for reticulating ultra-

low density polyurethane SMP foam [16].  The plasma process parameters provided by 

Plasma Technology Systems are presented in Table 2.  

 
 
Table 2: Plasma process parameters provided by Plasma Technology Systems (Belmont, CA). These 
process parameters were used by Singhal to cold plasma reticulate ultra-low density polyurethane 
shape memory polymer foam [16]. 
 

Gas Flow Rate O2 | CF4 
(sccm) 

RF Power 
(W) 

Process Duration 
(min) 

Target Pressure 
(mTorr) 

200 | 200 150 10 185 

 
 
 

After receiving the plasma process parameters from Plasma Technology 

Systems, and conducting several experimental combinations of plasma processes, an 

extensive literature search was conducted to identify the optimal parameters for 

achieving fast, homogenous reticulation of SMP foam samples without sample 

degradation. The findings of the literature review are presented in Chapter I. Taking 

advantage of the parameters identified in the literature search that would produce fast 

and homogenous reticulation, the plasma processes analyzed in this thesis were 

developed.  

A mixture of O2/CF4 was the process gas selected for all reticulation studies.  The 

molar ratio of O2/CF4 correlated to the ratio of the gas flow rates; the ratio of the gas 

flow rates was equal to the molar ratio of the process gases. From the literature review, 

the optimal O2/CF4 molar ratio of 80:20 O2/CF4 was selected to be constant for the trial 

reticulation processes. The literature review also motivated the trial reticulation 
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processes to be conducted at a target pressure of 400 mTorr. The programmed gas flow 

rates were selected in an effort to run each process at 400 mTorr. Calibration studies 

were conducted to identify which gas flow rates preserved the 80:20 O2/CF4 ratio and 

completed plasma processes at 400 mTorr. This calibration showed that the gas flow 

rates of 800|200 sccm for O2/CF4 allowed the plasma processes to be conducted at 400 

mTorr. As a result, the trial reticulation processes were conducted at 400 mTorr by 

setting the gas flow rates to 800|200 sccm of O2/CF4.  

In a system of trial and error, over 30 plasma processes were tested to identify 

the sample placement within the reaction chamber, RF power, and process duration 

parameters that achieved moderate and complete reticulation of the two sample 

geometries. Sample placement within the reaction chamber was important because 

different configurations resulted in inhomogeneous reticulation or a shielding effect. 

From the tested configurations, it was determined that the optimal configuration was to 

place the sample at the center of the reaction chamber on a mesh aluminum stage that 

elevated the sample 127 mm above the glass shelf within the reaction chamber.  

The RF power was increased from 150 W in the provided plasma process up to 

600 W, in an effort to increase the reticulation rate by increasing the amount of ionized 

gas. Also, the process duration was evaluated at 2-50 minutes. Setting the RF power to 

300 W successfully reticulated the foam samples without degradation and the process 

duration for each foam geometry was selected specifically for each geometry and the 

amount of reticulation desired.  
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II.1.4 Plasma Reticulation  

 After selecting the final process parameters for achieving moderate and complete 

reticulation within the foam block and sheet samples, all of the samples analyzed in this 

thesis were plasma treated using the procedure detailed here. The samples were cut from 

bulk foam, as described in section II.1.2, and placed on a mesh aluminum stage within 

the plasma reaction chamber to expose all surfaces to plasma. The block samples were 

oriented within the reaction chamber such that the direction of foaming (Z direction) was 

perpendicular to the electrode and the sheet samples were oriented such that the foaming 

direction was parallel to the electrode. Figure 3 demonstrates the coordinate system used 

to define the foam axes and the sample dimensions. Figure 4 shows a schematic of the 

plasma reaction chamber and each of the foam geometries loaded in the chamber on its 

stage. 

 
 

 
 

Figure 3: Coordinate system used to define the foam axes; Z is defined as the direction of foaming. 
Sample dimensions for plasma-reticulated shape memory polymer foam are not drawn to scale. 
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Figure 4: (A) A top-view schematic of the reaction chamber of the plasma machine. The green dots 
represent the reactive gas species (i.e. atoms, molecules, ions, electrons, free radicals, and 
metastables) present in the reaction chamber during plasma treatment. The reactive species 
chemically modify and reticulate the sample within the chamber. (B) Foam block loaded into the 
chamber on the 127 mm tall mesh aluminum stage. (C) Foam sheet loaded into the chamber on a 
127 mm tall mesh aluminum stage. 
 
 
 
 The plasma process parameters for achieving moderate and complete reticulation 

of the block and sheet samples were selected based on the trial plasma processes 

described in section II.1.3. The plasma process parameters that were selected are 

presented in Table 3.  
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Table 3: Plasma process parameters selected for achieving moderate and complete reticulation of 
ultra-low density polyurethane shape memory polymer foam. The ‘Plasma Process’ defines the 
sample geometry and desired amount of reticulation.  
 

Plasma 
Process 

Gas Flow Rate O2 | 
CF4 (sccm) 

RF Power 
(W) 

Process Duration 
(min) 

Target Pressure 
(mTorr) 

Block 
Moderate 800 | 200 300 8 400 

Block 
Complete 800 | 200 300 15 400 

Sheet 
Moderate 800 | 200 300 3 400 

Sheet 
Complete 800 | 200 300 8 400 

 
 
 

The ‘Plasma Process’ column identifies the type of sample and desired level of 

reticulation. The four final plasma processes were programmed into the Aurora 0350 

Plasma Surface Treatment System and saved with the file name corresponding to the 

‘Plasma Process’ shown in Table 3. To moderately or completely plasma-reticulate a 

sample, the sample was loaded in the chamber as described above and the appropriate 

file was loaded into the Aurora 0350 Plasma Surface Treatment System Programmable 

Logic Controller (PLC). Once loaded into the PLC, the Aurora 0350 Plasma Surface 

Treatment System automatically ran the plasma process. Upon completion of the plasma 

process, the sample was removed from the reaction chamber and stored in a dry 

container with desiccant for subsequent evaluation.   

II.1.5 Quantifying Reticulation  

 After selecting the four plasma processes for achieving moderate and complete 

reticulation for the two sample geometries evaluated in this thesis, the Pret achieved by 

each process was verified by quantifying the reticulation level of the samples after 
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plasma treatment. A resistive wire cutter was used to cut < 1 mm thick slices from each 

plasma-reticulated sample. Each plasma-reticulated sample was first cut in half along the 

ZY plane. Next, one < 1 mm slice was cut along the ZY plane from one half of the 

sample and one < 1 mm slice was cut along the XY plane from the other half of the 

sample. Both slices were cut from the middle of the sample in the specific plane. Each 

slice was mounted on a stage with carbon black tape and sputter coated with gold for 90 

seconds at 20 mA using a Cressington Sputter Coater (Ted Pella, Inc., Redding, CA). 

Each slice was then visualized using Joel NeoScope JCM-5000 Scanning Electron 

Microscope (SEM) (Nikon Instruments, Inc., Melville, NY).  Three high-resolution SEM 

images were collected from the center region of each slice under high vacuum at 15 kV 

and 27x magnification. The number of ruptured and fully removed cell membranes 

(Nopen) and total number of cell membranes (Ntotal) were counted for each SEM image. 

Figure 5 shows a SEM image of as-made ultra-low density polyurethane SMP foam to 

demonstrate open and closed membranes. The Nopen and Ntotal for each slice were 

calculated by summing Nopen and Ntotal of the three SEM images take of that slice.  The 

Pret of the slice was calculated using the following equation, 

𝑃!"# =   100 ∗ !!"#$
!!"!#$

  (6) 

and corresponded to the Pret of the plane (ZY or XY) the slice was taken from. The Pret 

for the entire sample was calculated by the averaging the Pret of the ZY and XY planes. 

The Pret for as-made reticulated bulk foam, ‘Control,’ was calculated using the same 

method described here. 
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Figure 5: SEM image of as-made reticulated ultra-low density polyurethane 
𝐬𝐡𝐚𝐩𝐞  𝐦𝐞𝐦𝐨𝐫𝐲  𝐩𝐨𝐥𝐲𝐦𝐞𝐫 foam. Cell membranes circles in blue are closed and cell membranes 
circled in red are open. 
 
 

II.1.6 Shape Memory Polymer Foam Block Sample Volume With Complete Membrane 

Removal 

The slices from the plasma-reticulated block samples that were utilized for 

quantifying Pret were also used for collecting microscope images of the slices. Each slice 

was mounted on a stage with carbon black tape and placed under a microscope (Leica 

MZ16, Meyer Instruments, Houston, TX) with a cold light for enhanced illumination 

(Leica KL2500 LCD, Meyer Instruments, Houston, TX). The microscope was zoomed in 

to allow visualization of the cell membranes. The first image was taken at the upper left 

corner of the slice, and then the slice was moved sequentially laterally and downward, 

with an image taken at each position, to allow the entire slice to be photographed. All of 

the images taken of a single slice were stitched together using Gimp software to create a 

macro-image of the whole slice. The macro-image was loaded into ImageJ software, 

which was used to measure the height and width of each slice, as well as the height and 
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width of the region with cell membranes. The slice from the XY plane was half of the 

full XY plane of the block sample, therefore calculating the volume of the sample, and 

the volume with cell membranes, required doubling the height of the XY slice. The 

volume of the sample was calculated using the following equation, 

𝑉! = 2  ×  𝐻!"  ×  𝑊!"  ×  𝐻!"    (7) 

where, VS, was the sample volume, Hij was the slice height, Wij was the slice width, and 

the subscript identifies the plane the dimension corresponds to. The volume of the 

sample with membranes was calculated using the following equation, 

𝑉!"#$ = 2  ×  𝐻!"#$%&  ×  𝑊!"#$%&   ×  𝐻!"#$%&  (8) 

where, VwMBR was the volume of the sample with membranes, Hij was the slice height, 

Wij was the slice width, and the subscript identifies the plane the dimension corresponds 

to and that the region had membranes present. The percent of the sample volume without 

any membranes was calculated as, 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡  𝑉𝑜𝑙𝑢𝑚𝑒  𝑤 𝑜𝑀𝑒𝑚𝑏𝑎𝑛𝑒𝑠 =   100  ×    !!!!!"#$
!!

  (9) 

II.2 Results and Discussion 

II.2.1 Quantifying Reticulation 

 SEM images collected in the XY and ZY planes for each plasma-reticulated 

foam sample geometry and as-made SMP foam are presented in Figure 6. The Pret in 

each plane and for the whole sample are reported in Table 4 for each plasma-reticulated 

foam geometry and for as-made ultra-low density polyurethane SMP foam.  
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Figure 6: SEM images of plasma-reticulated and as-made ultra-low density polyurethane shape 
memory polymer foam taken in the XY and ZY planes. All SEM images were taken at 15 kV and 
27X magnification. 
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Figure 6 Continued. 

 
 
Table 4: Percent reticulation in each plane and for the overall foam sample achieved by each plasma 
process selected for full evaluation and of as-made foam. 
 

Plasma 
Process 

Whole Sample Percent 
Reticulation (%)* 

XY Plane Percent 
Reticulation (%)*	  

ZY Plane Percent 
Reticulation (%)*	  

Block 
Moderate 71.5 ± 8.3 74.3 ± 5.6 67.6 ± 2.9 

Block 
Complete 97.2 ± 2.9 97.7 ± 2.9 96.6 ± 3.1 

Sheet 
Moderate 68.1 ± 3.6 70.4 ± 5.3 66.64 ± 5.6 

Sheet 
Complete 98.2 ± 0.9 98.3 ± 1.1 98.1 ± 1.1 

Control 27.5 ± 8.2 28.3 ± 6.9 25.0 ± 10.6 

* Average ± Standard Deviation, n = 5 
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 Block Moderate and Sheet Moderate reticulated the foam samples within the 

prescribed Pret range of 60-80% and Block Complete and Sheet Complete achieved Pret 

>95%. The evaluated plasma processes significantly increased the Pret of the Control, as-

made ultra-low density polyurethane SMP foam. These results indicate that cold plasma 

is a viable reticulation technique for controlling reticulation levels within ultra-low 

density polyurethane SMP foam. The Pret in the XY plane was > Pret in the ZY plane for 

all foam samples, including as-made foam. However differences between the planar Pret 

were not statistically significant (One-Way ANOVA, p > 0.05), therefore the Pret of as-

made foam and Pret accomplished by the plasma processes evaluated in this thesis are 

isotropic. The Pret of as-made foam and of the plasma processes for moderate Pret had 

greater variability than the plasma processes for complete reticulation. The variability of 

as-made foam may be attributed to inconsistency within the foam and between bulk 

foam batches. The variability within bulk foam is carried through to the moderate 

reticulation plasma processes because only a limited amount of membranes are volatized 

and ruptured open. To decrease variability in Pret for the moderate plasma processes, the 

bulk foams need to have more consistent Pret or the plasma process duration should be 

increased. However, increasing the process time would increase the Pret. Increasing the 

process time from 8 min to 15 min for the block samples, and from 3 min to 8 min for 

the sheet samples, allowed the reactive species to penetrate and reticulate the full sample 

volume. While a few membranes remained at the end of the longer processes, even 

longer process durations would allow the reactive species to begin volatizing the cell 

struts and degrading the foam structure. 
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II.2.2 Shape Memory Polymer Foam Block Sample Volume With Complete Membrane 

Removal 

 The XY and ZY plane macro-images for one of the Block Moderate and Block 

Complete samples used to calculate the percent sample volume without membranes are 

presented in Figure 7. The percent sample volume with complete membrane removal 

corresponding to each plasma process is reported in Table 5.   
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Figure 7: Macro-images of the slices taken in the XY and ZY planes of shape memory polymer foam 
block samples plasma-reticulated with Block Moderate and Block Complete processes.  
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Table 5: Percent sample volume with complete membrane removal achieved by the plasma 
processes performed on the foam block samples. 
 

Plasma 
Process 

Percent Volume Without Cell Membranes 
(%)* 

Block 
Moderate 56.7 ± 8.6 

Block 
Complete 98.9 ± 2.5 

* Average ± Standard Deviation, n = 5 
 
 
 
 Measuring the volume with complete membrane removal showed that Block 

Moderate completely reticulated 56.65 ± 8.57% of the foam block. Thus, approximately 

43.35% of the foam block volume was 71.46 ± 8.33% reticulated, as reported in Table 4. 

Block Complete completely removed the cell membranes from 98.88 ± 2.50% of the 

sample volume. This indicates that while the reticulation level achieved by Block 

Complete is 97.18 ± 2.86%, the process duration of this process was long enough to 

allow the reactive species to go beyond rupturing the cell membranes open and to 

volatize most of the cell membranes. The observations made by measuring the percent 

volume with complete membrane removal indicate that the Block Moderate achieved 

71.46 ± 8.33% reticulation with most of the cell membranes intact but ruptured open in 

the central region of the samples. In contrast, Block Complete achieved 97.18 ± 2.86% 

reticulation with most of the cell membranes completely removed throughout the entire 

sample.  

II.3. Conclusions 

 Cold plasma treatment is a viable technique for controlling the reticulation level 

of different sample geometries of ultra-low density polyurethane SMP foam. The four 
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plasma processes selected for full evaluation in this thesis successfully achieved the 

required levels of moderate and complete reticulation of foam blocks and sheets. 

Furthermore, the Pret of all the samples was isotropic, indicating that gas foaming and 

plasma reticulation non-directionally reticulate SMP foam.  

Measuring the volume of foam block samples with complete membrane removal 

indicated that the method used for quantifying Pret at the sample center was not a 

comprehensive measure of reticulation for the whole sample. The Pret of the moderate 

reticulation process predominantly reported the number open cell membranes while the 

complete reticulation process predominantly reported the number of volatized 

membranes. A Pret of 75% that is predominantly open cell membranes and a Pret of 75% 

that is predominantly volatized membranes will have different material properties, such 

as permeability and form factor. Thus, Pret may need to be quantified with a technique 

that utilizes weighted values for open and partially open cell membranes that reduces 

their effect on Pret. The remaining characterization techniques, such as measuring the 

apparent density, permeability, and form factor will provide more insight into the levels 

of reticulation achieved by each plasma process. Furthermore these results support the 

concern of plasma reticulation being a diffusive process. The reactive species first 

rupture open then volatize the cell membranes at the surface, which provides further 

access to membranes located deeper within the foam for continued reticulation. Shorter 

process durations prevent the reactive species from having sufficient time to penetrate 

the entire sample, thus the outer region of the sample exhibits complete membrane 

removal, while the inner region only exhibits the opening of cell membranes. 
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Conversely, longer process durations allow the reactive species to volatize nearly all of 

the cell membranes. To achieve 100% reticulation throughout the entire sample, the 

process would have to proceed longer than the times evaluated in this thesis and the cell 

struts would begin to be degraded and volatized by the reactive species.  
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CHAPTER III  

MATERIAL CHARACTERIZATION OF PLASMA-RETICULATED ULTRA LOW-

DENSTIY POLYURETHANE SMP FOAM 

 

Ultra-low density polyurethane SMP foam that was plasma-reticulated with the 

plasma processes identified in Chapter II were further characterized to evaluate the 

effect of plasma reticulation on the material properties that are important for successful 

performance of SMP foam in biomedical device applications. The method and results for 

measuring the apparent density (ρapp) of each sample before and after plasma reticulation 

are presented in this chapter. The porous media approach utilized in this thesis to 

calculate the permeability (K) and form factor (C) of each of the block samples and the 

measured K and C for each of the samples are reported. Finally, to evaluate the effect of 

plasma reticulation on the SME and activation temperature of ultra-low density 

polyurethane SMP foam, the volume expansion (VE) and wet Tg of the samples were 

measured using techniques described in this chapter.  

III.1 Materials and Methods 

 All foam characterizations, except measuring the change in ρapp, were performed 

on foam that was cleaned per the protocol described below and stored in a dry container 

with desiccant until testing.   

III.1.1 Measuring Apparent Density 

 The ρapp of each sample was measured twice: first after the sample was cut from 

the bulk foam using a resistive wire cutter, as described in section II.1.2, and again after 
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the sample was plasma-reticulated. To measure the ρapp, the length, width, and height of 

the sample was measured three times using a dial caliper, and the average of each 

dimension was used to calculate the geometrical volume. The sample mass was recorded 

and the apparent sample density was calculated using the following equation,  

𝜌!"" =   
!
!

  (10) 

where, ρapp is the apparent sample density (g/cm3), m is the mass (g), and V (cm3) is the 

geometrical volume [61]. 

III.1.2 Shape Memory Polymer Foam Cleaning 

 All samples evaluated in the permeability, VE, and wet Tg studies in this thesis 

were cleaned after plasma treatment, the as-made Control, samples were cleaned after 

foam synthesis, to remove any residual surfactants and catalysts from the foam. The 

samples were cleaned using reverse osmosis (RO) water and a detergent, Contrad® 70 

solution (Decon Laboratories, King of Prussia, PA). The devices were initially 

submerged in RO water in glass jars, and placed in a sonication bath for 2 hrs. This step 

was followed by changing the RO water in the vial to an 80:20 volume %, RO water-

Contrad® 70 solution. The glass jars were placed back into the sonication bath for 15 

min, after which the RO water-Contrad® 70 solution was changed for fresh RO water-

Contrad® 70 solution and sonication for 15 min was repeated. The glass jars were 

sonicated in fresh RO water-Contrad® 70 solution for 15 min a total of 4 times. The 

samples were then washed multiple times in RO water to removal residual detergent, 

which was verified by the absence of bubble generation upon shaking [20]. Once the 

detergent was completely rinsed out of the samples, the samples were submerged in 
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glass jars with RO water and placed back into the sonication bath for 15 min. The RO 

water was then changed out for fresh RO water and the glass jars were placed into the 

sonication bath for a final 15 min. After the final sonication step, the samples were 

removed from the glass jars, placed in aluminum trays filled with RO water. The 

aluminum trays containing the samples were placed in a -80°C freezer overnight and 

subsequently lyophilized for 3 days to ensure the block samples were completely 

dehydrated for material characterization.  

III.1.3 Permeability Measurements 

 The porous media properties, K and C, of the plasma-reticulated block samples 

and as-made ultra-low density polyurethane SMP foam were calculated using the 

Forchheimer-Hazen-Dupid-Darcy (FHDD) equation, 

− !"
!"
= !

!
𝜈! + 𝜌𝐶𝜈!!  (11) 

where, !"
!"

 is the pressure gradient along the sample in the direction of flow (Pa/m), 𝜇 is 

the dynamic viscosity of the fluid (Pa�s), K is the intrinsic permeability of the sample 

(m2), 𝜈! is the Darcy velocity (flow rate, Q, divided by the cross-sectional area of the 

sample) (m/s), 𝜌 is the density of the fluid (kg/m3), and C is the form factor of the 

sample (m-1). Permeability, K, and form factor, C, are geometric parameters of the foam. 

K is dependent on viscous drag; it is inversely proportional to the contact surface area 

between the porous material and the fluid. Conversely, C is proportional to the projected 

cross-sectional area of the porous material perpendicular to the direction of fluid flow. In 

the FHDD equation, these two coefficients represent the resistive forces acting against 

the flow of fluid through the porous material. At low velocities, viscous loses are 
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dominant, while at higher velocities inertial loses are dominant as the pressure gradient 

across the porous material increases to maintain the flow [62].  

 Block samples were plasma-reticulated with Block Moderate and Block 

Complete and as-made foam, Control, samples were cut from bulk foam after foam 

synthesis. Next, all of the samples were cleaned per the protocol detailed in section 

III.1.2. After lyophilization, the samples were cut to be 20 mm tall using a resistive wire 

cutter and a biopsy punch was used to cut 15.876 mm diameter cylinders out of the 

samples. Each sample was gently rolled and slightly compressed to fit into a 30 x 19.05 

x 15.875 mm (length x OD x ID) poly(methyl methacrylate) (PMMA) tube. UV cure 

epoxy (Dymax See-Cure 1202-M-SC, Dymax Corporation, Torrington, CT) was applied 

to the round surface of each foam sample using a small plastic spatula. Each sample was 

then placed into the PMMA tube, with one end of the cylinder sample flush with one end 

of the PMMA tube. Then each side of the cylinder sample was UV cured for 30 sec 

(OmniCure® S1000, Lumen Dynamics, Canada). The samples were stored in a dry 

container with desiccant until permeability testing.  

Prior to permeability testing, each sample was sonicated for 1 hr to remove air 

bubbles from the sample, and then the sample was placed within the pressure chamber of 

the flow loop used to collect the permeability measurements. The permeability 

measurement system utilized in this thesis was the system presented by Rodriguez et al. 

(2014). The pressure drop across the foam sample was measured at various flow rates to 

determine the K and C of the foam. The flow rates measured ranged from 0 to 750 

mL/min, Darcy velocities between 0 and 0.065 m/s, for each of the samples. For each 
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flow rate measured, the flow rate and pressure gradient across the sample were recorded 

for at least 30 sec. Three types of pressure transducers were used to measure the range of 

pressures observed: 1) 2,482 Pa differential pressure transducer (model #PX409-

10WDWUV, Omega Engineering, Inc., Stamford, CT), 2) 17,240 Pa differential 

pressure transducer (model #PX409-2.5DWUV, Omega Engineering, Inc., Stamford, 

CT), and 3) two 206,800 Pa absolute membrane pressure transducers (model #PX42G7-

030GV, Omega Engineering, Inc., Stamford, CT). Two digital 206,800 Pa pressure 

gauges (model #DPGWB-06, Dwyer Instruments, Michigan City, IN) were used to 

determine the maximum pressure differential of the highest flow rate prior to 

measurement with the transducers [62]. Measuring the maximum pressure differential of 

the highest flow rate with the digital pressure gauges determined that the Block 

Complete samples would be analyzed using the 2,482 and 17,240 Pa differential 

pressure transducers, and the Block Moderate and as-made foam samples would be 

analyzed using the two 206,800 Pa differential pressure transducers because the 

maximum pressure differential of the highest flow rate for these samples could exceed 

the maximum pressures of the 2,482 and 17,240 Pa differential pressure transducers.  

The permeability measurement system, shown in Figure 8, utilized a peristaltic 

pump (Verderflex®, England, U.K.) with a non-standard six head roller on an isolated 

cart for reduction of pulse within the system.  After the peristaltic pump, 20 ft of large 

diameter (12.7 x 15.875 mm, ID x OD) flexible silicone tubing was placed upstream of 

five pulse dampeners. A flow meter probe, attached to a small animal flow meter (model 

#T206, Transonic Inc., Ithaca, NY) was placed after the five pulse dampeners to quantify 
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the pulse within the system and for measuring the flow rate. After the five pulse 

dampeners, there was an additional 5 ft of semi-rigid flexible tubing (12.7 x 19.1 mm, ID 

x OD) and subsequently 3 ft of rigid tubing (15.875 x 19.05 mm, ID x OD) before the 

pressure chamber. After the pressure chamber, there was at total of 9 ft of rigid tubing 

(15.875 x 19.05 mm, ID x OD); 2 ft of tubing with a bend followed by 7 ft of straight 

tubing. Finally, 3 ft of semi-rigid flexible tubing (12.7 x 19.1 mm, ID x OD) allowed the 

water to flow out of the system and into a water tank.  To minimize the pulse of the 

system experienced by the sample, the water tank was also isolated on its own cart [62].  

After conducting the permeability measurements, a second-order least squares fit 

was applied to the pressure gradient versus Darcy velocity data to calculate the K and C 

for each sample, using Equation 11 with water at room temperature as the working fluid.  

 

 
 
Figure 8: Diagram of permeability measurement system [62]. 
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III.1.4 Volume Expansion in Water 

 After lyophilization, to prepare samples for VE studies, a resistive wire cutter and 

biopsy punch was used to cut 6 x 5 mm (OD x height) cylinder samples. The foam 

samples were threaded onto a 0.2032 mm diameter nitinol wire (NDC, Fremont, CA), by 

threading the wire through the center of the sample, along its axial length. The samples 

were loaded into a pre-heated, 100°C, SC150 Stent Crimper (Machine Solutions, 

Flagstaff, AZ). The samples equilibrated within the stent crimper for 15 min before 

being radially compressed to their smallest possible diameter and cooled down to room 

temperature to fix the compressed diameter [7]. The samples were allowed to rest for at 

least 24 hrs in a dry box with desiccant before testing. After resting, a digital camera was 

used to photograph the compressed foam to measure and record the initial sample 

diameter using ImageJ software. The foam samples were then placed in a 50°C RO 

water bath for 20 min. While still submerged in the water bath, a digital camera was 

used to photograph the expanded foam to measure and record the recovered diameter 

using ImageJ software. Volume expansion was calculated using the following equation,  

𝑉!!  
!!
!!

!
  (12) 

where, VE is volume expansion, Dr is the recovered diameter (mm), and Dc is the 

compressed diameter (mm) [7]. In addition to measuring VE of plasma-reticulated block 

and sheet samples, VE was measured for as-made block and sheet samples in an effort to 

observe whether sample geometry had an effect on VE. 
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III.1.5 Differential Scanning Calorimetry (DSC) 

 To evaluate the Tg after water plasticization, the wet Tg, of plasma-reticulated and 

as-made foam was measured. To measure wet Tg, 3-8 mg of cleaned and lyophilized 

foam was submerged in RO water at 50°C for 5 min to allow full plasticization. The 

samples were then removed from the RO water and pressed dry in a Kim Wipe 

(Kimberly-Clark Professionals, Roswell, GA), weighed, and placed in an aluminum pan 

sealed with a vented aluminum lid. A Q-200 DSC (TA Instruments, New Castle, DE) 

was used to cool each sample to -40°C, hold it isothermal for 2 min, then heat it to 80°C 

at 10°C/min increments. TA instruments software was used to generate the thermogram 

and obtain the wet Tg using the average inflection point of the thermal transition. 

III.2 Results and Discussion 

III.2.1 Measuring Apparent Density 

 The ρapp of plasma-reticulated foam samples before and after plasma treatment, 

and the percent change in ρapp achieved by each plasma process are reported in Table 6. 

 
 
Table 6: The apparent density before and after plasma treatment and the change in apparent 
density achieved by each plasma process. 
 

Plasma 
Process 

Apparent Density Before 
Plasma Reticulation 

(g/cm3)* 

Apparent Density After 
Plasma Reticulation 

(g/cm3)* 

Percent Change in 
Apparent Density (%)* 

Block 
Moderate 

0.0116 ± 0.0004 

0.0097 ± 0.0002 -18.0 ± 2.9 

Block 
Complete 0.0077 ± 0.0003 -33.8 ± 2.2 

Sheet 
Moderate 0.0107 ± 0.0004 -7.3 ± 3.7 

Sheet 
Complete 0.0082 ± 0.0004 -27.6 ± 4.0 

*Average ± Standard Deviation, n = 5 
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Sheet Moderate achieved the lowest Pret, 68.11 ± 3.59%, and the lowest change 

in ρapp of all the plasma processes. Sheet Complete and Block Complete resulted in 

comparable Pret but Block Complete caused a greater change in ρapp. Overall, the Pret 

achieved by the plasma processes corresponded to the change in ρapp achieved by the 

plasma processes. The moderate reticulation processes volatized some cell membranes, 

but a significant number of the membranes were ruptured open and left intact, thus 

preventing the ρapp from decreasing as significantly as in the complete reticulation 

processes. The plasma processes for complete reticulation resulted in greater ρapp 

changes because these processes volatized most of the cell membranes, thus achieving 

extremely low densities.  

III.2.2 Permeability Measurements 

 The average permeability measurements of the pressure gradient, !"
!"

, Darcy 

velocity, 𝜈!, and the FHDD second order fitted curves for Control samples, Block 

Moderate plasma-reticulated samples, and Block Complete plasma-reticulated samples 

are shown in Figure 9. The maximum !"
!"

 observed for the Control foam samples was two 

orders of magnitude greater than the maximum !"
!"

 observed for the Block Complete 

plasma-retiuclated samples. This two order of magnitude difference in maximum 

pressure gradient causes the Block Complete permeability plot in Figure 9 to appear 

linear. Figure 10 shows only the average permeability measurements of !"
!"

 and 𝜈! for the 

Block Complete plasma-reticulated samples to more accurately demonstrate the second 

order polynomial plot.  
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Figure 9: Average pressure gradient versus Darcy velocity measurements and Forchheimer-Hazen-
Dupid-Darcy equation second order fitted curves for Control foam samples, Block Moderate, and 
Block Complete plasma-reticulated samples.  
 

 

 

Figure 10: Average pressure gradient versus Darcy velocity measurements and Forchheimer-Hazen-
Dupid-Darcy equation second order fitted curve for Block Complete plasma-reticulated samples. 
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Table 7 presents the K and C calculated for each of foam samples using the 

second-order least squares fit applied to the !"
!"

 versus 𝜈! data for each of the samples. 

 
 
Table 7: Permeability and form factor parameters calculated for as-made samples, Block Moderate, 
and Block Complete plasma-reticulated samples by applying second-order least squares fit to 
pressure gradient versus Darcy velocity data. 
 

Plasma 
Process Permeability (m2)* Form Factor (m-1)* 

Control 0.16E-09 ± 0.04E-09 2.91E05 ± 0.21E05 

Block 
Moderate 1.44E-09 ± 0.81E-09 1.43E05 ± 0.87E05 

Block 
Complete 2.55E-09 ± 0.57E-09 0.15E05 ± 0.06E05 

* Average ± Standard Deviation, n = 5 

 
 
 There was an order of magnitude increase in K between the as-made foam and 

both plasma-reticulated foams. The C of the Block Complete plasma-reticulated foam 

was one order of magnitude less than both the as-made foam and the Block Moderate 

plasma-reticulated foam.  

 The Block Moderate plasma-reticulated foam had large standard deviations for 

both K and C. These large standard deviations may be attributed to inconsistent 

reticulation levels achieved by the Block Moderate plasma process or variations in 

where the Block Moderate cylinder samples were collected from the plasma-reticulated 

blocks. The results from measuring the volume with complete membrane removal 

suggest that variations in where the cylinder samples for permeability measurements 

were collected within Block Moderate plasma-reticulated foam could produce large 
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variations in the permeability measurements. Conversely, Block Complete plasma 

reticulated foam was more homogenously reticulated throughout the sample volume, 

therefore variation in the location of where these cylinder samples were collected 

introduced less variation in the permeability measurements of Block Complete foam. 

Overall, the trend observed from the permeability measurements was of increasing 

reticulation corresponding to increased permeability and decreased form factor. 

III.2.3 Volume Expansion in Water 

  Volume expansion measurements for the foam samples are reported in Table 8. 

Comparing the as-made block and sheet data, the two reached the same Dc, however the 

as-made sheet samples had VE less than the as-made block samples. This may be 

attributed to a combination of the thin sheet geometry and robustness of the cleaning 

process. Upon completion of the cleaning protocol in section III.1.2, the sheets appeared 

to be less robust than the blocks. The number of rinses and rigorous shaking of the 

samples within the glass jars to clean out all of the Contrad® may have degraded the 

sheet samples, and resulted in lower VE. The as-made foam and Block Complete samples 

crimped down to the lowest Dc, while Sheet Moderate had the greatest Dc. Compared to 

as-made foam, only Block Complete increased VE, while Sheet Complete had almost no 

effect on VE of the sheet. Both plasma processes for moderate reticulation reduced the VE 

of the foam.  
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Table 8: Crimped diameter, recovered diameter, and volume expansion of as-made foam and of 
foam plasma-reticulated with one of the four plasma processes evaluated in this thesis.  
 

Plasma 
Process 

Crimped Diameter 
(mm)* 

Recovered Diameter 
(mm)* Volume Expansion * 

Block 
Moderate 0.89 ± 0.03 4.26 ± 0.71 23.59 ± 7.73 

Block 
Complete 0.82 ± 0.04 6.27 ± 0.83 58.95 ± 15.73 

Block 
Control 0.83 ± 0.04 4.68 ± 0.91 32.88 ± 12.59 

Sheet 
Moderate 0.95 ± 0.02 2.90 ± 0.24 9.41 ± 1.79 

Sheet 
Complete 0.89 ± 0.05 3.89 ± 0.67 19.44 ± 5.58 

Sheet 
Control 0.83 ± 0.04 3.68 ± 0.59 20.83 ± 7.31 

* Average ± Standard Deviation, n = 5 
 
 
 
Explanations for the differences between as-made, moderately reticulated, and 

completely reticulated foam samples’ Dc and VE provided here are only speculation and 

require further investigation to be verified. It is speculated that the discrepancies may be 

explained by the presence of residual cell membranes, plasma induced surface 

modifications, and foam damage during cleaning. As-made foam has a high number of 

unruptured cell membranes and struts that have not been exposed to the reactive species 

in the plasma. The unruptured cell membranes may allow for high compression of the 

foam because they are aligned along the foam axis. During volume expansion the 

unruptured cell membranes are hypothesized to apply outward forces to expand the 

foam, while also applying inward forces to prevent the cell struts from fully expanding 

the foam. In moderately plasma-reticulated foam, the majority of the cell membranes are 

ruptured open and many have been volatized. The ruptured cell membranes may limit 
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the compressibility of the foam because they are no longer aligned along the foam axis; 

instead they increase the amount of material in the radial direction that must be 

compressed. During volume expansion, it is speculated that the ruptured cell membranes 

apply weaker outward forces to expand the foam and inward forces to prevent the cell 

struts from expanding the foam. Thus, the overall effect of moderate reticulation is 

decreased VE.  

Conversely, in completely plasma-reticulated foam, nearly all of the cell 

membranes have been completely removed, allowing the foam to be compressed 

optimally because there is significantly less material to radially compress. However, the 

increase in Dc observed for the Sheet Complete is inconsistent with this theory. The 

increase in Dc of the Sheet Complete may be attributed to the combination of the 

cleaning process and plasma treatment hindering the amount of deformation the Sheet 

Complete can experience. It is speculated that the high VE observed for Block Complete 

foam is attributed to the lack of cell membranes and surface modifications of the foam. 

While few membranes are present to apply outward forces to contribute to foam 

expansion, the lack of membranes applying inward forces allows the struts to achieve 

greater VE than as-made foam. Furthermore, complete membrane removal allows all of 

the cell struts to be exposed to the reactive species within the plasma. The reactive 

species formed by ionization of oxygen might induce the formation of carbon-oxygen 

double bond, C=O, and OH groups on the strut surface, thus increasing hydrophilicity 

and allowing the foam to achieve a greater VE [63, 64]. Exposure of all the struts to the 

plasma reactive species in the Sheet Complete may explain why it did not experience a 
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significant decrease in VE compared to as-made foam. It is hypothesized that a change in 

surface hydrophobicity of the Sheet Complete may have compensated for the loss of 

mechanical integrity, allowing it to achieve VE comparable to as-made foam. 

III.2.4 DSC 

 The wet Tg results for as-made foam and each plasma-reticulated foam sample 

are shown in Table 9. 

 
 
Table 9: Wet Tg results of as-made foam and of foam plasma-reticulated with one of the four plasma 
processes evaluated in this thesis.  
 

Plasma 
Process Wet Tg (°C)* 

Block 
Moderate 28.6 ± 0.4 

Block 
Complete 28.5 ± 0.6 

Sheet 
Moderate 27.4 ± 0.5 

Sheet 
Complete 28.5 ± 0.7 

Control 27.6 ± 0.4 

* Average ± Standard Deviation, n = 5 
 
 
 

The wet Tg of plasma-reticulated foam was not significantly greater than the wet 

Tg of as-made foam. Free electrons and ion bombardment of the polymer surface do not 

provide enough thermal to allow unbound hydroxyls (OH) and isocynates (NCO) to 

cross-link [65]. If the unbound OH and NCO groups did cross-link, the wet Tg of the 

plasma-reticulated foam be greater than the wet Tg of as-made foam. These results 

indicate that plasma-reticulation does not change the wet Tg of SMP foam. 
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III.3 Conclusions  

 Material characterization of plasma-reticulated and as-made foam showed that 

complete reticulation decreased foam ρapp the most because material was completely 

removed from the foam, while moderate reticulation processes decreased foam ρapp less 

significantly because these processes achieved more membrane rupture and less 

membrane removal. The permeability measurements overall indicate that increased 

reticulation corresponds to increased K and decreased C because rupture and removal of 

cell membranes decreases resistance to fluid flow through the foam. However, Block 

Moderate foam permeability measurements demonstrated high variability in K and C 

compared to Block Complete plasma-reticulated foam and as-made foam. The increased 

variability of Block Moderate foam’s porous media properties suggests that there was an 

inhomogeneous reticulation percentage throughout the Block Moderate foam. Thus, 

variation in where the cylinder samples for permeability testing were collected from the 

Block Moderate foam blocks resulted in large variations in K and C of Block Moderate 

foam. VE of the sheet samples was less than that of as-made foam and plasma-reticulated 

foam block samples. This may be attributed to the rigorous cleaning process hindering 

the SME of this sample geometry because the other plasma-reticulated samples exhibited 

greater VE and the volume expansion studies were performed at a temperature over 20°C 

> the wet Tg of these foams. The block samples exhibited decreased and increased VE for 

moderately and complete plasma-reticulated foam, respectively, compared to as-made 

foam. These changes in VE are speculated to be attributed to the foam structure being 

dominated by closed, mixed-, or open membranes, and surface modifications of the cell 
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struts by the plasma reactive species. Plasma reticulation did not have a significant effect 

on the wet Tg of the foam. This indicates that the foam’s specific glass transition 

temperature will not be changed by plasma reticulation; the same thermal stimuli will 

actuate as-made and plasma-reticulated SMP foam. These characterization results 

indicate that the moderate reticulation processes did not achieve a homogenous 

reticulation percent throughout the foam and these processes must be further optimized 

for fine control over the K and C parameters of these foams. The sheet samples exhibited 

a significant decrease in VE, which may be a reason to eliminate the geometry as an 

option for EII prevention.
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CHAPTER IV  

CONCLUSIONS AND FUTURE WORK 

 

This thesis was aimed at utilizing cold plasma treatment to control reticulation of 

ultra-low density polyurethane SMP foam for EII prevention and to characterize the 

effects of plasma reticulation on the material properties of ultra-low density SMP foam. 

Previous studies by Singhal showed cold plasma treatment to be an effective technique 

for reticulating ultra-low density polyurethane foam and this thesis expanded upon those 

studies. Initial plasma process parameters provided by Plasma Technology Systems and 

information collected from an extensive literature search were utilized to develop the 

four plasma processes characterized in this thesis.  

The four plasma processes evaluated in this thesis met the Pret requirements that 

were specified for demonstrating that cold plasma treatment could achieve controlled 

reticulation of ultra-low density SMP foam. Plasma reticulation is a diffusive process by 

which the reactive species of the plasma first rupture open then volatize cell membranes 

of the foam at the surface, which allows the reactive species to progressively access 

membranes deeper within the foam to continue the reticulation process. The microscope 

images taken from the center of the plasma-reticulated foam block samples in the XY 

and ZY planes to calculate the sample volume with complete membrane removal 

supported this concept. Both moderately and completely reticulated samples exhibited an 

outer region free of membranes, while the presence of ruptured or closed membranes 

was only observed at the center of the samples. Thus, these results suggest that to 
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achieve a specific reticulation percentage for a whole foam device, the device may need 

to be cut out of a large foam block to prevent the surface of the device from being 

completely reticulated and the center of the device being only moderately reticulated.  

All of the reticulation processes decreased the ρapp of the foam but there was not a 

consistent decrease in ρapp for both of the moderate or complete reticulation processes. 

However, both complete reticulation processes decreased foam ρapp more than the 

moderate reticulation processes, which corresponds to the increased amount of material 

removal accomplished by the complete reticulation processes.  

The permeability measurements collected from the plasma-reticulated foam blocks 

and as-made foam showed that Block Moderate did not achieve homogenous reticulation 

throughout the foam because the K and C of Block Moderate had larger variations than 

both the Block Complete and as-made foam. The large variability in Block Moderate K 

and C may have been caused by variations in where the cylinder permeability samples 

were cut from the Block Moderate blocks. The Pret of Block Moderate foam had the 

greatest variation of the evaluated plasma-reticulated foam, which supports the 

conclusion that Block Moderate did not achieve homogenous reticulation of the block 

samples and this contributed to the large variability in the permeability measurements. 

Overall, plasma reticulation successfully increased K and decreased C of ultra-low 

density polyurethane SMP foam. However, further optimization studies must be 

conducted to specifically control the K and C of an ultra-low density SMP foam sample 

with plasma reticulation. 
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Complete removal of membranes and surface modifications accomplished by the 

plasma reactive species are hypothesized to be what allowed the completely reticulated 

SMP foam block samples to exhibit a significant increase in VE. Overall, the sheet 

geometry exhibited VE less than the foam blocks; this is considered to be a result of the 

cleaning protocol. The large aspect ratio of sheet length to sheet thickness is believed to 

be the reason why the cleaning protocol caused the sheets to appear degraded and less 

robust after cleaning compared to the block samples after cleaning. Considering only the 

plasma-reticulated block samples and as-made foam, there appears to be a threshold of 

Pret at which VE increases or decreases. SMP foam with a reticulated foam structure that 

is predominately ruptured membranes results in a decrease in VE. Conversely, SMP foam 

with a reticulated structure that is predominately closed membranes or only struts with 

few or no cell membranes results in an increase in VE. 

Plasma reticulation did not affect the wet Tg of ultra-low density SMP foam. 

Plasma processing did not result in thermal cross-linking of the SMP foam, which would 

have caused an increase in wet Tg. Thus, the plasma-reticulated foams will still actuate 

when exposed to body temperature. However, wet Tg of plasma-reticulated foam should 

continue to be measured in future studies and applications of plasma reticulation to SMP 

foam because a significant increase in Tg could hinder the ability of the foam to actuate 

upon exposure to specific thermal stimuli. 

The evaluated foam geometries in this thesis were selected because the sheet was 

anticipated to be the geometry for the SMP foam device utilized for prevention of EII 

associated with AAA and the block geometry was believed to be a second option that 
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would allow a single piece of SMP foam to be plasma-reticulated and smaller devices to 

be cut out of the foam block post plasma reticulation. Results from the volume 

expansion study suggest that the sheet geometry is not a viable option for the SMP foam 

device because as-made foam cleaned in the sheet geometry, and both of the plasma-

reticulated sheet samples, exhibited VE less than the block foam. The sheet devices 

would be able to be compressed and rolled into a small temporary cylinder geometry to 

fit into a catheter for delivery into the aneurysm sac but the decreased VE exhibited by 

these foams would prevent them from recovering enough of their original sheet 

geometry to fill the aneurysm sac for optimal EII prevention.  

The material characteristics of plasma-reticulated foam blocks indicate that it is a 

viable geometry for plasma reticulating a bulk piece of foam for cutting out smaller 

devices post plasma reticulation. The plasma process for moderate reticulation was 

unable to achieve homogenous reticulation throughout the foam volume due to the 

diffusive characteristic of plasma reticulation. As a result, the moderately reticulated 

foam produced large variations in the Pret achieved by the plasma process and the foam’s 

K and C. Thus, of the plasma-reticulated foam evaluated in this thesis, only the 

completely reticulated foam block samples could be utilized for EII prevention because 

it resulted in complete membrane removal throughout over 98% of the foam volume. 

Complete membrane removal from nearly the entire volume allowed the foam to 

experience a significant decrease in ρapp , to attain high and low K and C coefficients, 

respectively, and to exhibit a significant increase in VE compared to as-made foam. 
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Finally, wet Tg of the completely reticulated foam blocks still allows this foam to actuate 

when exposed to body temperature upon delivery into the aneurysm sac during EVAR. 

For future studies, plasma processes should be developed for plasma reticulating 

other SMP foam geometries in an effort to plasma-reticulate the final device geometry. 

Achieving moderate plasma-reticulation of foam blocks must further be optimized and 

evaluated because the plasma process in this thesis failed to achieve homogenous 

reticulation and produce plasma-reticulated foam with consistent material characteristics. 

Further optimization studies could aim to improve the results of plasma reticulation by 

changing the configuration of the sample within the reaction chamber and analyzing 

other combinations of the plasma process parameters of process gases, gas flow rates, 

RF power, and process duration.  

Overall, this thesis showed that cold plasma treatment is a viable technique for 

reticulating ultra-low density polyurethane SMP foam because specific reticulation 

percentages were achieved and plasma reticulation did not significantly hinder the 

material characteristics of the ultra-low density SMP foam. The specific combination of 

plasma process parameters, foam geometry, and sample configuration within the 

reaction chamber is critical to the final reticulation results achieved by a plasma 

reticulation process. Optimization studies must be conducted in order to identify the 

specific combination of factors that achieve consistent and homogenous moderate and 

complete reticulation of different geometries of ultra-low density polyurethane SMP 

foam. Identifying plasma processes for controlled reticulation of ultra-low density 
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polyurethane SMP foam will open up new areas of research, expand the applications of 

SMP foam, and make it an even more advantageous biomaterial. 
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APPENDIX A  

PLASMA PROCESS DEVELOPMENT 

 

The four plasma processes evaluated for plasma reticulation in this thesis were 

selected based on an extensive literature review and a number of experimental processes 

performed using the AURORA 0350 Plasma Surface Treatment System. The first three 

plasma process evaluated, shown in Table A-1, were performed on 76.2 x 76.2 x 25.4 

mm (L x W x H) block samples utilizing the process parameters provided by Plasma 

Technology Systems. The foam geometry and coordinate system is shown in Figure A-1.  

 
 

 

Figure A-1: Foam block geometry of sample evaluated with plasma reticulation Processes 1-3. 
 
 
 
Table A-1: Plasma process parameters provided by Plasma Technology Systems (Belmont, CA). 
These parameters were the first process parameters utilized to plasma reticulate ultra-low density 
shape memory polymer foam with the block geometry. 

 

Process Gas Flow Rate O2 | 
CF4 (sccm) 

RF Power 
(W) 

Process 
Duration (min) 

Chamber Pressure 
(mTorr) 

Process 1 200 | 200 150 10 210 

Process 2 200 | 200 150 15 210 

Process 3 100 | 100 150 10 135 

 

X 

Y 

Z – direction of foaming 

76.2 mm  

76.2 mm 

25.4 mm 
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For the three initial plasma processes, the foam sample was placed directly on the 

glass shelf within the reaction chamber, such that the direction of foaming was parallel 

to the electrode. Process 1 produced inhomogeneous reticulation levels throughout the 

sample and the majority of the sample volume exhibited no increase in reticulation. A 

Plasma Technology Systems engineer suggested increasing the process duration and 

decreasing the gas flow rates to increase reticulation levels and uniformity throughout 

the sample. The percent reticulation for the samples plasma reticulated with Processes 1-

3 was calculated per the protocol described in II.1.5, and the results are shown in Table 

A-2. 

 

Table A-2: Percent reticulation results in the XY and ZY planes and for the overall foam samples 
achieved by the first three plasma processes. 
 

Process Whole Sample Percent 
Reticulation (%)* 

XY Plane Percent 
Reticulation (%)*	  

ZY Plane Percent 
Reticulation (%)*	  

Process 1 74.9 ± 6.64 79.2 ± 2.4 70.6 ± 6.8 

Process 2 76.4 ± 7.0 79.4 ± 6.4 73.4 ± 6.5 

Process 3 69.5 ± 7.9 74.8 ± 6.8 64.1 ± 4.7 

* Average ± Standard Deviation, n = 1 
 
 
 

Calculating the percent reticulation achieved by the first three plasma processes 

indicated that these process parameters were not capable of achieving complete 

reticulation. Furthermore, the reticulation achieved by these processes was anisotropic 
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because there was a significant difference in percent reticulation between the ZY and 

XY planes (p < 0.05). 

 After evaluating Processes 1-3, the block geometry was changed to 50.8 x 50.8 x 

25.4 mm (L x W x H), as shown in Figure 3. In the next plasma process evaluated, 

Process 4, the RF power was increased to 300 W, while the other process parameters 

were the same as those of Process 1, as shown in Table A-3. Placing the sample directly 

on the glass shelf within the reaction chamber resulted in a visible reticulation gradient 

along the sample height; the sample was highly reticulated at the top and slightly 

reticulated at the bottom. To inhibit the development of a reticulation gradient along the 

sample height, the next sample was placed on two 5 mm tall stacks of glass slides, with 

6.4 mm of the sample resting on each stack of glass slides, and treated with Process 4. 

This sample also developed a visible reticulation gradient along the sample height. The 

next sample was placed on 38.1 mm tall Delrin cylindrical supports, as shown in Figure 

A-2, to further increase the distance between the glass shelf and the sample. The 

supports were spaced 38.1 mm apart, with 6.4 mm of the sample resting on each Delrin 

support. The whole setup was placed at the center of the reaction chamber for plasma 

reticulation. 
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Figure A-2: Placement of block samples on 38.1 mm Delrin cylinder supports for Processes 4-13. 
 
 
 

The sample treated on the Delrin supports with Process 4 did not have a visible 

reticulation gradient from along the sample height, but there was a visible gradient 

within the sample volume; the inner region of the sample was moderately reticulated 

while the outer sample region was completely reticulated. From this experiment, it was 

determined that a number of plasma processes would be tested on samples using the 

Delrin support configuration. The plasma process parameters for these processes, 

Processes 4-11, are listed in Table A-3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

X 

Y 

Z  
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Table A-3: Plasma process parameters utilized to plasma reticulate ultra-low density shape memory 
polymer foam with the block geometry via Processes 4-11. 
 

Process Gas Flow Rate O2 | 
CF4 (sccm) 

RF Power 
(W) 

Process 
Duration (min) 

Chamber Pressure 
(mTorr) 

Process 4 200 | 200 300 10 220 
Process 5 50 | 50 300 10 100 

Process 6 25 | 25 300 10 75 

Process 7 25 | 25 400 10 80 

Process 8 50 | 50 500 10 110 

Process 9 50 | 50 600 10 115 

Process 10 50 | 50 300 50 100 

Process 11 50 | 50 300 25 105 

 
 
 

In Processes 5 and 6, the flow rates were lowered from 200|200 sccm to 50|50 

and 25|25 sccm, respectively, because the sample treated with Process 4 was slightly 

discolored and had a reticulation gradient throughout the volume. Process 5 resulted in 

slight discoloration of the sample, while still producing an outer region with complete 

reticulation. Processes 6 and 7 were aimed at eliminating sample discoloration and the 

boundary region of complete reticulation by decreasing the flow rates and increasing the 

RF power. Reducing the flow rates to 25|25 sccm in Processes 6 and 7 successfully 

eliminated sample discoloration, but the boundary region of complete reticulation 

continued to develop at both 300 and 400 W. Greater RF powers were tested in 

Processes 8 and 9 at the flow rates of 50|50 sccm because it was determined that slight 

sample discoloration would allowable to achieve homogenous reticulation throughout 

the sample volume. However, Process 8 resulted in discoloration at the top of the sample 

and a reticulation gradient along the sample height, instead of throughout the sample 
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volume. Process 9 produced results similar to Process 8, but the sample was highly 

discolored at the top. Processes 10 and 11 were aimed at pushing the limits of process 

duration to examine the effect on sample discoloration and homogeneity of reticulation. 

Increasing the process time to 25 and 50 min, with flow rates of 50|50 sccm at 300 W, 

resulted in slight discoloration but significant sample degradation. Furthermore, the 

samples developed a slight reticulation gradient along their height. After observing that 

homogenous reticulation was not achieved at extreme process durations, it was 

hypothesized that a reticulation gradient would develop in samples with large volumes, 

such as those tested here, due to the diffusive characteristic of plasma reticulation. Thus, 

homogenous reticulation throughout a large sample volume could only be achieved in 

extreme plasma process conditions, which might compromise the material properties of 

the SMP foam.   

Observing the gradient within plasma-reticulated samples led to the measurement 

of the boundary layer of complete reticulation within each plasma-reticulated sample. 

After collecting three SEM images from the center of a slice to calculate the percent 

reticulation, following the protocol described in II.1.5, four additional SEM images were 

taken along the slice edges to measure the depth of the region with complete membrane 

removal. ImageJ was used to measure the length of the completely reticulated region at 

three locations in each image, providing twelve measures of the fully reticulated region 

in each plane (ZY and XY), as shown in Figure A-3.  
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Figure A-3: Image used to measure length of completely reticulated region within plasma-
reticulated sample treated with Process 8. The length of Line 1 is 2.96 mm, Line 2 is 3.09 mm, and 
length of Line 3 is 3.93 mm.  
 
 
 

The twelve measures of the depth of the completely reticulated region were 

averaged to calculate the average depth of complete reticulation in each plane. Finally, 

all twenty-four measures of complete reticulation depth were averaged to calculate the 

average depth of complete reticulation for the whole sample.  

 For Processes 4-9, the percent reticulation and depth of the complete reticulation 

boundary layer were calculated. For Processes 10 and 11, the high levels of sample 

degradation caused by these processes negated the need to quantify the percent 

reticulation and depth of complete reticulation achieved by these processes. The percent 

reticulation results and depth of the completely reticulated region for Processes 4-9 are 

shown in Table A-4. 

  

 
 

1 2 3 
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Table A-4: Percent reticulation and depth of complete reticulation boundary layer for ultra-low 
density shape memory polymer foam block samples treated with Processes 4-9. 
 

Process 
Whole Sample 

Percent 
Reticulation (%)* 

XY Plane Percent 
Reticulation (%)*	  

ZY Plane Percent 
Reticulation (%)*	  

Depth of Complete 
Reticulation   

(mm)*	  

Process 4 72.4 ± 8.6 70.5 ± 4.2 74.3 ± 12.5	   3.2 ± 1.0 

Process 5 77.6 ± 7.2 79.9 ± 10.1 75.3 ± 3.5	   2.6 ± 0.6 

Process 6 71.4 ± 4.1 70.8 ± 5.5 72.2 ± 3.1	   2.6 ± 0.6 

Process 7 71.7 ± 9.3 80.0 ± 2.0 63.4 ± 2.3	   2.5 ± 0.6 

Process 8 67.0 ± 5.8 70.8 ± 3.3 63.1 ± 5.2	   3.7 ± 0.6 

Process 9 66.5 ± 9.3 72.3 ± 3.2 60.8 ± 10.3	   4.8 ± 0.8 

* Average ± Standard Deviation, n = 1 
 
 
 

None of the processes evaluated up to this point had achieved complete 

reticulation at the center of the sample. This led to an extensive literature review related 

to plasma etching of polymers, as detailed in I.3.3. The literature review influenced the 

subsequent plasma processes to be conducted with an O2/CF4 molar ratio of 80:20 and a 

target chamber pressure of 400 mTorr. A calibration study was conducted on the 

AURORA 0350 Plasma Surface Treatment System to identify which gas flow rates 

preserved the 80:20 O2/CF4 molar ratio and completed the plasma process at 400 mTorr. 

The calibration study identified the appropriate gas flow rates to be 800|200 sccm of 

O2/CF4. The next two processes evaluated, Processes 12 and 13, incorporated the new 

gas flow rates and molar ratio, as shown in Table A-5, and were conducted using the 

Delrin support configuration.  
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Table A-5: Plasma process parameters utilized to plasma reticulate ultra-low density shape memory 
polymer foam via Processes 12 and 13. 
 

Process Gas Flow Rate O2 | 
CF4 (sccm) 

RF Power 
(W) 

Process 
Duration (min) 

Chamber Pressure 
(mTorr) 

Process 12 800 | 200 300 10 400 

Process 13 800 | 200 300 20 400 

 
 
 

Process 12 developed a reticulation gradient along the sample height, with 

minimal reticulation achieved in the bottom 1 cm of the sample. Process 13 also 

developed a reticulation gradient along the sample height; with minimal reticulation 

achieved in the bottom 0.5 cm of the sample and slight degradation at the top. The lack 

of reticulation at the sample base caused the sample configuration to be investigated with 

a number of different sample stages.  

Process 12 was the plasma process utilized to evaluate the effects of different 

sample stages. The first new stage, S1, consisted of press fitting two 1 mm diameter 

aluminum rods into a 25.4 mm tall PMMA block, such that the two rods were 25.4 mm 

apart. The foam sample was gently pressed onto the aluminum rods. The second stage 

evaluated, S2, was similar to S1, except one aluminum rod was used to hold the foam. 

Both stages were placed in the center of the reaction chamber for the plasma process, the 

foam was oriented such at the foaming direction was parallel to the electrode, and the 

sample was elevated 127 mm above the glass shelf.  
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Figure A-4: First two stages evaluated using Process 12 to improve reticulation homogeneity 
throughout ultra-low density shape memory polymer foam block samples. (A) Stage 1 consisted of 
two 1 mm diameter aluminum rods press fit into a 25.4 mm tall PMMA block, and the foam sample 
was gently pressed onto the aluminum rods. Image not drawn to scale. (B) Stage 2 consisted of one 1 
mm diameter aluminum rod press fit into a 25.4 mm tall PMMA block, and the foam sample was 
gently pressed onto the aluminum rod. Both stages were placed in the center of the reaction 
chamber and elevated the sample 127 mm above the glass shelf. 
 
 
 

During plasma treatment of samples with stages S1 and S2, the foam was 

successfully reticulated but the resulting reticulation caused the foam to slip down the 

rods. After cutting the samples down the center, along the ZY plane, it was observed that 

the samples were highly reticulated but complete reticulation did not extend to the 

sample center. The next stage, S3, consisted of the PMMA block and the two aluminum 

rods press fit into the PMMA block as in S1. However, to support the foam without 

piercing it, a 76.2 x 76.2 mm (L x W) mesh polypropylene sheet was epoxied to the 

aluminum rods, allowing the sample to be elevated 139.7 mm above the glass shelf in 

the reaction chamber. The stage was placed at the center of the reaction chamber, and the 

foam sample was placed directly at the center of the mesh polypropylene sheet for 
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plasma reticulation with the foaming direction parallel to the electrode, as shown in 

Figure A-4. 

 
 

 

 
Figure A-5: Third stage, S3, evaluated using Process 12 to improve reticulation homogeneity 
throughout ultra-low density shape memory polymer foam block samples without piercing foam 
with sample stage. S3 consisted of two 1 mm diameter aluminum rods press fit into a 25.4 mm tall 
PMMA block, and a 76.2 x 76.2 mm (L x W) mesh polypropylene sheet epoxied to the tops of the 
aluminum rods, allowing the sample to be elevated 139.7 mm above the glass shelf in the reaction 
chamber. After S3 was placed in center of the reaction chamber, the foam sample was gently placed 
at the center of the mesh polymer sheet for plasma reticulation. Image not drawn to scale. 
 
 
 

The aggressive nature of the plasma process employed by Process 12 completely 

degraded the epoxy attaching the mesh polypropylene sheet to the aluminum rods, and 

initiated degradation of the mesh polypropylene sheet. Thus S3 was not a viable sample 

stage. Next, a 50.8 x 50.8 x 25.4 mm (L x W x H) aluminum mesh cage was created, S4, 

to place the block samples on top of at the center of the reaction chamber, as shown in 

Figure A-5. This stage elevated the sample 25.4 mm above the glass shelf in the reaction 

chamber.  
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Figure A-6: Fourth stage, S4, evaluated using Process 12 to improve reticulation homogeneity 
throughout ultra-low density shape memory polymer foam block samples without piercing foam 
with sample stage. S4 consisted of a 50.8 x 50.8 x 25.4 mm (L x W x H) aluminum mesh cage, 
allowing the sample to be elevated 25.4 mm above the glass shelf in the reaction chamber. After S4 
was placed in center of the reaction chamber, the foam sample was gently placed on the center of the 
stage for plasma reticulation. 
 
 
 

The sample treated on S4 with Process 12 was similar to the sample treated with 

Process 12 on the Delrin supports; a reticulation gradient was developed along the 

sample height, with minimal reticulation achieved in the bottom 1 cm of the sample. 

Based on the results from treating samples with the four different stages described 

above, and the Delrin supports, it was concluded that the samples needed to be elevated 

approximately 127 mm above the glass shelf to allow the bottom of the sample to be 

reticulated and to minimize the development of a reticulation gradient along the sample 

height. Furthermore, to increase the surface area directly exposed to the electrode, the 

samples would be oriented with the foaming direction perpendicular to the electrode, 

allowing the 50.8 x 50.8 mm surfaces of the sample to be parallel to the electrode. The 

next sample stage, S5, tested with Process 12, was a 50.8 x 50.8 x127 mm (L x W x H) 
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aluminum stage, as shown in Figure A-6. The stage was placed in the center of the 

reaction chamber and the foam was placed on the stage with the new orientation. 

 
 

 

Figure A-7: Fifth stage, S5, evaluated using Process 12 to improve reticulation homogeneity 
throughout ultra-low density shape memory polymer foam block sample. S5 consisted of a 50.8 x 
50.8 x 127 mm (L x W x H) aluminum mesh stage, allowing the sample to be elevated 127 mm above 
the glass shelf in the reaction chamber. S5 was utilized while orienting the foam with such that the 
foaming direction was perpendicular to the electrode. 
 
 
 

The sample plasma-reticulated with Process 12 on S5 was homogenously 

reticulated throughout the sample height, and a reticulation gradient was developed 

throughout the sample volume. From this test it was concluded that this stage and sample 

orientation would be utilized for the subsequent processes. The next step was to identify 

the plasma process parameters that achieved moderate (60-80%) and complete (> 95%) 

reticulation at the sample center. The final plasma processes, Processes 14-18, evaluated 

for plasma-reticulation of the foam block samples are listed in Table A-6. 
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Table A-6: Plasma process parameters utilized to plasma reticulate ultra-low density shape memory 
polymer foam with the block geometry via Processes 14-18. 
 

Process Gas Flow Rate O2 | 
CF4 (sccm) 

RF Power 
(W) 

Process 
Duration (min) 

Chamber Pressure 
(mTorr) 

Process 14 800 | 200 500 10 400 
Process 15 800 | 200 200 12 400 

Process 16 800 | 200 300 15 400 

Process 17 800 | 200 300 5 400 

Process 18 800 | 200 300 8 400 

 
 
 

The high RF power of Process 14 caused the sample to become highly 

discolored, taking on an orange-brown color, and the sample experienced a significant 

reduction in volume. Decreasing RF power to 200 W and increasing process time to 12 

min in Process 15 produced a sample that exhibited no visual increase in reticulation. As 

a result, the subsequent processes were performed at 300 W and the process duration 

was varied. Samples plasma-reticulated with Processes 16-18 had slices collected per the 

protocol in II.1.5 to quantify the percent reticulation achieved by each process and the 

results are shown in Table A-7. 

 
 
Table A-7: Percent reticulation results in the XY and ZY planes and for the overall foam samples 
achieved by the Processes 16-18. 
 

Process Whole Sample Percent 
Reticulation (%)* 

XY Plane Percent 
Reticulation (%)*	  

ZY Plane Percent 
Reticulation (%)*	  

Process 16 98.1 ± 1.36 98.7 ± 1.8 97.1 ± 2.7 

Process 17 51.8 ± 10.6 53.9 ± 10.4 49.7 ± 11.0 

Process 18 70.3 ± 2.7 72.5 ± 9.5 66.9 ± 8.1 

* Average ± Standard Deviation, n = 3 
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Process 18 achieved the required moderate reticulation percentage (60-80%) and 

Process 16 achieved the required complete reticulation percentage (> 95%), therefore 

these were the two process selected for full material characterization in this thesis. 

Process 18 corresponds to Block Moderate and Process 16 corresponds to Block 

Complete. 

 The plasma processes developed for the sheet sample geometry maintained the 

gas flow rates of 800|200 O2/CF4, the O2/CF4 molar ratio of 80:20, and the chamber 

pressure of 400 mTorr. The sheet samples had the dimensions 50.8 x 101.6 x 5 mm (L x 

W x H). The first sample stage evaluated for plasma reticulating the sheet samples, S6, 

was made of two stainless steel L-brackets screwed into a PMMA base, and a 0.2 mm 

diameter nitinol wire suspended between the L-brackets. The sheet samples were 

threaded onto the wire along the 101.6 mm edge, as shown in Figure A-7.  

 
 

 

Figure A-8: First sample stage for plasma reticulating ultra-low density shape memory polymer 
foam sheet samples, S6. The sample stage was made of two stainless steel L-brackets screwed into a 
PMMA base, and a 0.2 mm diameter nitinol wire suspended between the L-brackets. The sheet 
samples were threaded onto the wire along the 101.6 mm edge, allowing the sample to be elevated 
114.3 mm above the glass shelf. The samples were oriented such that the foaming direction was 
perpendicular to the electrode.  
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This sample stage elevated the samples approximately 114.3 mm above glass 

shelf. The sample, threaded on the nitinol wire, was placed in the reaction chamber such 

that the foaming direction was perpendicular to the electrode. Processes 19-22 were 

performed utilizing this sample stage with the foam in this orientation. The plasma 

process parameters for Processes 19-22 are listed in Table A-8. 

 
 
Table A-8: Plasma process parameters utilized to plasma reticulate ultra-low density shape memory 
polymer foam with the sheet geometry via Processes 19-22. 
 

Process Gas Flow Rate O2 | 
CF4 (sccm) 

RF Power 
(W) 

Process 
Duration (min) 

Chamber Pressure 
(mTorr) 

Process 19 800 | 200 150 15 400 
Process 20 800 | 200 150 5 400 

Process 21 800 | 200 300 2 400 

Process 22 800 | 200 300 4 400 

 
 
 

The lower RF power of Processes 19 and 20 resulted in the samples plasma-

reticulated with these processes to have no significant discoloration and to exhibit visible 

reticulation throughout the sample. Process 21 resulted in the region around the nitinol 

wire to become highly discolored and the perimeter of the sample to be completely 

reticulated, while the center of the sample appeared to have minor reticulation levels. 

Process 22 caused the region around the nitinol wire to become highly degraded, while 

the other three sample edges were complete reticulated and the center of the sample was 

only moderately reticulated. The percent reticulation calculated for Processes 19-22, 

using the protocol described in II.1.5, are shown in Table A-9.  
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Table A-9: Percent reticulation results in the XY and ZY planes and for the overall foam samples 
achieved by the Processes 19-22. 
 

Process Whole Sample Percent 
Reticulation (%)* 

XY Plane Percent 
Reticulation (%)*	  

ZY Plane Percent 
Reticulation (%)*	  

Process 19 64.5 ± 9.1 64.7 ± 5.7 64.2 ± 13.2 

Process 20 55.8 ± 12.0 58.1 ± 17.9 53.6 ± 5.2 

Process 21 73.7 ± 5.6 71.0 ± 7.0 76.4 ± 2.9 

Process 22 75.5 ± 4.8 76.9 ± 5.5 74.1 ± 4.6 

* Average ± Standard Deviation, n = 1 
 
 
 

The significant amount of metal in this sample stage caused the plasma processes 

to reach temperatures > 30°C, which was greater than the desired operating plasma 

process temperature (< 30 °C). The next sample stage, S7, was constructed of aluminum 

mesh; the stage was 152.4 x 76.2 x 127 mm (L x W x H) and had single pieces of the 

mesh holding the sample upright, such that the 50.8 x 101.6 mm (L x W) surface of the 

sample was parallel with the electrode within the reaction chamber, as shown in Figure 

A-8(A). Processes 23 and 24 were performed using this sample stage; the plasma 

process parameters for these processes are listed in Table A-10. 

 
 
Table A-10: Plasma process parameters utilized to plasma reticulate ultra-low density shape 
memory polymer foam with the sheet geometry via Processes 19-27. 
 

Process Gas Flow Rate O2 | 
CF4 (sccm) 

RF Power 
(W) 

Process 
Duration (min) 

Chamber Pressure 
(mTorr) 

Process 23 800 | 200 300 10 400 

Process 24	   800 | 200	   400	   5	   400	  

Process 25	   800 | 200	   300	   8	   400	  

Process 26 800 | 200 250 10 400 

Process 27 800 | 200 250 8 400 
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Process 23 achieved a high percent reticulation in the sample, but the foam was 

degraded, which caused the sample to be bent over the mesh pieces that were holding it 

upright. Process 24 achieved complete reticulation and degradation along the sample 

edges, while the center of the sample was not completely reticulated. The next process, 

Process 25, was performed using a 152.4 x 76.2 x 127 mm (L x W x H) aluminum mesh 

stage, S8, with one 10 x 10 mm (W x H) piece of aluminum mesh on each side of the 

sample to hold it upright, as shown in Figure A-8(B). The process parameters for 

Process 25 are shown in Table A-10. This stage created two regions within the sample 

with different visible levels of reticulation. In an effort to minimize the creation of zones 

with different reticulation levels, the next stage evaluated, S9, utilized the 152.4 x 76.2 x 

127 mm (L x W x H) aluminum mesh stage with three 10 x 10 mm (W x H) pieces of 

aluminum mesh on each side of the sample to hold it upright. The design of this stage is 

shown in Figure A-8(C). Processes 25-27 were evaluated utilizing this stage; the process 

parameters of these processes are listed in Table A-10. 
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Figure A-9: (A) S7, the second sample stage evaluated to plasma reticulate ultra-low density shape 
memory polymer foam sheet samples. This sample stage was constructed of mesh aluminum and 
utilized pieces of the mesh to hold the sample upright. (B) S8, the third sample stage evaluated for 
plasma reticulating the sheet samples. The sample stage was constructed of mesh aluminum and one 
10 x 10 mm (W x H) piece of mesh aluminum on each side of the sample to hold it upright. (C) S9, 
the fourth sample stage evaluated for plasma reticulating sheet samples. The sample stage was 
constructed of mesh aluminum and three 10 x 10 mm (L x H) pieces of mesh aluminum on each side 
of the sample to hold it upright. All three of these sample stages were 152.4 x 76.2 x 127 mm (L x W 
x H), and elevated the sample 127 mm above the glass shelf within the reaction chamber. All 
samples were oriented such that the foaming direction was perpendicular to the electrode.  
 
 

 The sample plasma reticulated on S9 with Process 25 experienced a significant 

decrease in material properties, which caused the sample to bend over the mesh 

aluminum supports that were holding it upright. Furthermore, inhomogeneous 

reticulation was observed at the sample’s center. Process 26 almost achieved complete 

reticulation throughout the sample but the sample was completely blown over the mesh 

supports during the process because the sample had become very fragile.  

Observing the sheet samples bending over the mesh aluminum supports and the 

development of zones with different reticulation levels led to the conclusion that using 

the mesh aluminum to hold the sheet upright was not an effective stage. Thus, the next 

sample stage, S10, was made of mesh aluminum, with dimensions: 152.4 x 76.2 x 127 

mm (L x W x H), and the samples were placed flat on the top of the stage, such that the 
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foaming direction was parallel to the electrode in the reaction chamber, as shown in 

Figure A-9. Processes 27-31 were completed using S10 and the process parameters for 

these processes are listed in Table A-11. 

 
 

 

Figure A-10: Fifth sample stage for plasma reticulating ultra-low density shape memory polymer 
foam sheet samples, S10. The sample stage was made of mesh aluminum with dimensions: 152.4 x 
76.2 x 127 mm (L x W x H), and elevated the sample 127 mm above the glass shelf within the 
reaction chamber. All samples were oriented such that the foaming direction was parallel to the 
electrode.  
 
 
 
Table A-11: Plasma process parameters utilized to plasma reticulate ultra-low density shape 
memory polymer foam with the sheet geometry via Processes 27-31. 
 

Process Gas Flow Rate O2 | 
CF4 (sccm) 

RF Power 
(W) 

Process 
Duration (min) 

Chamber Pressure 
(mTorr) 

Process 27 800 | 200 250 8 400 

Process 28	   800 | 200	   250	   5	   400	  

Process 29	   800 | 200	   300	   5	   400	  

Process 30 800 | 200 300 8 400 

Process 31 800 | 200 300 3 400 
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Process 27 achieved high reticulation throughout the sample, but the reticulation 

was visually inhomogeneous. The sample appeared to have homogenous reticulation 

along the sample perimeter, however the center was less reticulated than the perimeter. 

These observations led to the utilization of this stage and configuration for plasma 

reticulating the ultra-low density SMP foam sheet samples. The percent reticulations 

achieved by Processes 27-31 were calculated per the protocol described in II.1.5 and the 

results are shown in Table A-12. 

 

Table A-12: Percent reticulation results in the XY and ZY planes and for the overall foam samples 
achieved by the Processes 27-31. 
 

Process Whole Sample Percent 
Reticulation (%)* 

XY Plane Percent 
Reticulation (%)*	  

ZY Plane Percent 
Reticulation (%)*	  

Process 27 76.7 ± 9.5 85.0 ± 1.7 68.4 ± 4.3 

Process 28 72.5 ± 6.3 71.0 ± 6.6 74.0 ± 6.9 

Process 29 97.1 ± 2.3 98.5 ± 1.3 95.6 ± 2.3 

Process 30 97.3 ± 1.1 96.8 ± 0.1 97.7 ± 1.6 

Process 31 78.4 ± 7.6 85.0 ± 1.3 71.8 ± 3.3 

* Average ± Standard Deviation, n = 1 
 
 
 

While Processes 27 and 28 satisfied the required moderate reticulation percentage 

(60-80%), these processes did not produce visible homogenous reticulation levels 

throughout the samples treated with these processes. Process 31 achieved the required 

moderate percent reticulation and the sample was visibly homogenously reticulated, thus 

it was selected for full material characterization in this thesis and corresponds to Sheet 

Moderate. Processes 29 and 30 achieved the required complete percent reticulation (> 
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95%). Process 30 achieved the greatest percent reticulation and visibly achieved 

homogenous reticulation throughout the sample; therefore it was selected for full 

material characterization in this thesis and corresponds to Sheet Complete. 
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APPENDIX B  

SEM IMAGES FOR QUANTIFYING PERCENT RETICULATION 
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  	  Figure B-1: SEM images in XY and ZY plan for quantifying percent reticulation of Block Moderate 
n1. 
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  	  Figure B-2: SEM images in XY and ZY plan for quantifying percent reticulation of Block Moderate 
n2. 
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  	  Figure B-3: SEM images in XY and ZY plan for quantifying percent reticulation of Block Moderate 
n3. 
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  	  Figure B-4: SEM images in XY and ZY plan for quantifying percent reticulation of Block Moderate 
n4. 
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  	  Figure B-5: SEM images in XY and ZY plan for quantifying percent reticulation of Block Moderate 
n5. 
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  	  Figure B-6: SEM images in XY and ZY plan for quantifying percent reticulation of Block Complete 
n1. 
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  	  Figure B-7: SEM images in XY and ZY plan for quantifying percent reticulation of Block Complete 
n2. 
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  	  Figure B-8: SEM images in XY and ZY plan for quantifying percent reticulation of Block Complete 
n3. 
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  	  Figure B-9: SEM images in XY and ZY plan for quantifying percent reticulation of Block Complete 
n4. 
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  	  Figure B-10: SEM images in XY and ZY plan for quantifying percent reticulation of Block 
Complete n5. 
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  	  Figure B-11: SEM images in XY and ZY plan for quantifying percent reticulation of Sheet 
Moderate n1. 
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  	  Figure B-12: SEM images in XY and ZY plan for quantifying percent reticulation of Sheet 
Moderate n2. 
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  	  Figure B-13: SEM images in XY and ZY plan for quantifying percent reticulation of Sheet 
Moderate n3. 
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  	  Figure B-14: SEM images in XY and ZY plan for quantifying percent reticulation of Sheet 
Moderate n4. 
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  	  Figure B-15: SEM images in XY and ZY plan for quantifying percent reticulation of Sheet 
Moderate n5. 
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  	  Figure B-16: SEM images in XY and ZY plan for quantifying percent reticulation of Sheet 
Complete n1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 108 

X
Y

 P
la

ne
 

  	  

Z
Y

 P
la

ne
 

  	  Figure B-17: SEM images in XY and ZY plan for quantifying percent reticulation of Sheet 
Complete n2. 
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  	  Figure B-18: SEM images in XY and ZY plan for quantifying percent reticulation of Sheet 
Complete n3. 
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  	  Figure B-19: SEM images in XY and ZY plan for quantifying percent reticulation of Sheet 
Complete n4. 
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  	  Figure B-20: SEM images in XY and ZY plan for quantifying percent reticulation of Sheet 
Complete n5. 
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  	  Figure B-21: SEM images in XY and ZY plan for quantifying percent reticulation of Control n1. 
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  	  Figure B-22: SEM images in XY and ZY plan for quantifying percent reticulation of Control n2. 
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  	  Figure B-23: SEM images in XY and ZY plan for quantifying percent reticulation of Control n3. 
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  	  Figure B-24: SEM images in XY and ZY plan for quantifying percent reticulation of Control n4. 
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  	  Figure B-25: SEM images in XY and ZY plan for quantifying percent reticulation of Control n5. 
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APPENDIX C  

MACRO-IMAGES FOR MEASURING PERCENT VOLUME WITH COMPLETE 

MEMBRANE REMOVAL 

 

 
XY Plane ZY Plane	  

 

	  Figure C-1: Macro-images of the slices taken in the XY and ZY planes for measuring percent 
volume with complete membrane removal within Block Moderate n1.  
 
 
 

XY Plane ZY Plane	  

 
	  Figure C-2: Macro-images of the slices taken in the XY and ZY planes for measuring percent 

volume with complete membrane removal within Block Moderate n2. 
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XY Plane ZY Plane	  

 
	  Figure C-3: Macro-images of the slices taken in the XY and ZY planes for measuring percent 

volume with complete membrane removal within Block Moderate n3.  
 
 
 

XY Plane ZY Plane	  

 

	  Figure C-4: Macro-images of the slices taken in the XY and ZY planes for measuring percent 
volume with complete membrane removal within Block Moderate n4.  
 
 
 

XY Plane ZY Plane	  

 
	  

Figure C-5: Macro-images of the slices taken in the XY and ZY planes for measuring percent 
volume with complete membrane removal within Block Moderate n5.  
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XY Plane ZY Plane	  

 

	  Figure C-6: Macro-images of the slices taken in the XY and ZY planes for measuring percent 
volume with complete membrane removal within Block Complete n1.  
 
 
 

XY Plane ZY Plane	  

 
	  Figure C-7: Macro-images of the slices taken in the XY and ZY planes for measuring percent 

volume with complete membrane removal within Block Complete n2.  
 
 
 

XY Plane ZY Plane	  

 
	  Figure C-8: Macro-images of the slices taken in the XY and ZY planes for measuring percent 

volume with complete membrane removal within Block Complete n3.  
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XY Plane ZY Plane	  

 
	  Figure C-9: Macro-images of the slices taken in the XY and ZY planes for measuring percent 

volume with complete membrane removal within Block Complete n4.  
 
 
 

XY Plane ZY Plane	  

 
	  Figure C-10: Macro-images of the slices taken in the XY and ZY planes for measuring percent 

volume with complete membrane removal within Block Complete n5.  
 




