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ABSTRACT
Abdominal aortic aneurysm (AAA) occurs in developed nations. The current
treatment, endovascular aneurysm repair (EVAR), while successful, has shortcomings. A
solution to the concerns with EVAR is a polymeric endo-aortic paving (PEAP). Our goal
is to further develop this treatment for AAA. We hypothesize that PEAP will overcome
the current limitations associated with current AAA repair, while maintaining the
desirable qualities of these materials are biocompatibility, thermoformability, and
material compliance with aortic tissue.
The purpose of this work was to evaluate potential PEAP material candidates,
which include acrylate-based shape memory polymers (SMPs), polycaprolactone (PCL)
and polyurethane (PU) blends, and finally a PCL-based bioresorbable copolymer poly
(ester-urethane-urea) (PEUU). Materials were assessed by characterization of their
chemical, thermomechanical and degradation properties. It was determined that acrylateSMPs were too stiff to be candidates for use in PEAP. The control of the PEUU
copolymer composition yielded a material that had increased degradability while
maintaining valuable characteristics of the PCL/PU blend prior to, during, and following
degradation. The difference between the PU hydrophobicity dictated MTM sensitivity to
water immersion and degradation characteristics. Conventional statistics were used to
develop three models for predicting key properties of PEUU. Important variables, such as
PCL Mn, temperature, and crystallinity were found to impact both copolymer
microstructure and mechanical properties.
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1 INTRODUCTION
1.1 Abdominal Aortic Aneurysms
There has been a great deal of clinical work done on abdominal aortic aneurysms
(AAAs), shown in Figure 1. Briefly, AAAs are a permanent dilation (beyond 50%
original diameter or >3.0 cm) of the abdominal aorta and it remains a significant cause of
death in the developed world, as the 15th leading cause of death, claiming approximately
15000 people a year in the United States alone [1, 2]. Multiple risk factors are associated
with AAA development, from poor cardiovascular health (e.g. atherosclerosis and
hypertension), family history, gender, smoking, and increased age [3]. Distension occurs
until rupture, which is generally fatal.

Figure 1: Abdominal aortic aneurysm (AAA) [4].
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1.2 Current Treatment
1.2.1 Open Surgical Repair (OSR)
Currently two types of invasive treatment exist for AAAs, open surgical repair
(OSR) and endovascular repair (EVAR). Elective OSR and EVAR consist of a patient
undergoing surgery before AAA rupture, whereas rupture OSR or EVAR is treatment
following rupture. In OSR treatment the aorta is clamped to stop blood flow and the
aneurysmal sac is butterfly-opened. The thrombus tissue is removed, a graft is sewn in
place, blood flow is restored, and the AAA wall is reattached around the graft. Typical
OSR graft materials include polytetrafluoroethylene (PTFE) or Dacron.
1.2.2 Endovascular Repair (EVAR)
EVAR is a less invasive treatment for AAA involving a delivery catheter is
passed through the femoral artery in the leg, containing the stent-graft. X-ray imaging is
utilized to position the catheter before deploying the stent-graft. A balloon can be
employed to expand the stent-graft into place. Stent-graft contact with the vessel wall
(friction), as well as hooks, is the main mode of attachment. EVAR has been associated
with lower perioperative mortality and rates of complication versus OSR and decreased
adverse outcomes due to progress in surgical technique and anesthesiology [5, 6]. Despite
this progress, issues still remain since EVAR can have complications associated with
patient geometry (e.g. infrarenal aortic neck anatomy) and more common issues such as
endoleak, graft component separation and migration, aneurysmal increases in diameter,
and even material failure (e.g. stent fracture) [7].
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1.3 Polymeric Endo-Aortic Paving (PEAP)
Polymeric endo-aortic paving (PEAP) is an internal solution to address the
shortcomings of EVAR. It utilizes a non-degradable elastomeric construct with a
degradable component as a solid paving for AAA treatment. Its primary function includes
providing AAA wall support, a solid barrier to blood flow, and long-term drug delivery.
PEAP has several advantages over current stent-graft technologies. Due to its design,
PEAP is created from patient-specific data (derived from CT scans) it can be employed in
complex AAA geometries. Furthermore, after its insertion, it conforms to the AAA
geometry once it is paved on the inner lumen with thermoforming. This thermoforming
procedure also enables the physical bonding of modular components providing a stronger
seal, reducing Type III endoleak, such as in the inclusion of treating the contralateral leg
with paving. The modular delivery of PEAP and its thin profile suggests that it could be a
candidate for delivery through smaller profile catheters allowing for the treatment of
small AAA with small and tortuous iliac and femoral arteries, that currently go untreated.
This paving process should help address current concerns in terms of large proximal neck
angles and reducing the occurrence of Type I endoleak and migration. PEAP extends
from above the iliac arteries to the iliac bifurcation thereby increasing contact force and
improving migration prevention, fixation, and sealing. Furthermore, the biodegradable
portion of PEAP will be able to release therapeutic agents to reduce or prevent AAA
expansion. These therapeutics could help prevent proximal neck dilation, again helping to
prevent migration and endoleak.
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1.4 Hypothesis and Specific Aims
We hypothesize that PEAP will overcome the current limitations associated with
current AAA repair, while maintaining the desirable qualities of these materials are
biocompatibility, thermoformability, and material compliance with aortic tissue. The
purpose of this work was to evaluate potential PEAP material candidates, which include
acrylate-based shape memory polymers (SMPs), polycaprolactone (PCL) and
polyurethane (PU) blends, and finally a PCL-based bioresorbable copolymer poly (esterurethane-urea) (PEUU). This project was accomplished through the following three
specific aims.
Specific Aim 1: Determine effect of crosslinker length and composition on the
hydrophobicity and the thermomechanical response of acrylate-based shape memory
polymers. Acrylate-based SMPs are candidate materials for PEAP since they undergo
phase transitions at temperatures approaching body temperature, thereby activating their
shape recovery functionality. This aim was to assess physical properties of the acrylateSMPs to provide evidence that they would be fit for further development as the PEAP
material.
Specific Aim 2: Determine effect of composition and degradation of poly (etherurethane-urea) on mechanical properties (uniaxial/biaxial tensile) as compared to the
PCL/PU blend. The tailoring and controlling of the PEUU copolymer composition
through regulation of PCL molecular weight and the amount of PU will yield a material
that has increased degradability while maintaining valuable characteristics of the PCL/PU
blend prior to, during, and following degradation.
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Specific Aim 3: Model the relationships between the PEUU composition and
degradation properties with the mechanical properties of the material. By using
conventional statistics to develop a mathematical model for predicting mechanical
properties of PEUU important variables and variable interactions can be teased out of
experimental data. The benefit of a predictive model would be that ability to determine a
priori, without synthesis, the ideal properties of the polymer to match the compliance of
the natural tissue.
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2 SPECIFIC AIM 1: ACRYLATE BASED SHAPE MEMORY POLYMERS
2.1 Introduction
Smart materials have been proposed as attractive options for various noninvasive
endovascular applications [8, 9]. Nitinol, a smart material alloy (SMA), is currently
employed successfully in stenting applications due to its flexibility and shape memory
ability [10, 11]. Nitinol, however suffers from an increased fatigue failure rate by
oscillating strains [10]. Smart polymers (SPs) like heat shrink tubing or some hydrogels,
may represent an alternative solution to SMA devices. SPs have been realized to have
several advantages over SMAs, such as wide range of physical transition temperatures,
low cost [12] while still maintaining large strain recovery. These characteristics show
promise for uses in various biomedical applications, for example, stents [13, 14], drug
delivery [15], controlled drug release [16, 17], sutures [18], thrombus removal [19],
grafts [14], and other cardiovascular implants [12, 20].
It is well documented that smart polymers exhibit non-anthropomorphic physical
transformations driven by environmental stimuli [21-23]. Shape memory polymers
(SMPs), a type of smart polymer, have generated significant interest due to their capacity
to recover a programmable shape after an applied stimulus. External stimuli found in the
human environment can involve direct and indirect heating [21, 24], ionic gradient [25],
plasticizer (water) [26], and light [19, 27]. The SMP is initially polymerized with a
defined original shape that can be maintained at room temperature. This is state is
represented as state 1 of Figure 2. This shape can be deformed under a mechanical load
and at a temperature about the glass transition temperature (Tg) of the material. The
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application of this deformation coupled with subsequent lowering of the temperature
(TCOOL) to below the Tg, can fix the polymer in the new temporary configuration even
after removal of the external load. Increasing the temperature again, to a point around Tg,
activates the shape memory effect, whereby the original shape can be recovered, thereby
completing a thermomechanical cycle.

Figure 2: Schematic of typical thermo-mechanical cycle for SMP. Blue dots represent
macromolecular chain entanglements, green dots represent crosslinks, black and green
lines represent different polymers. Process A (from physical state 1-2) shows a SMP
being heated to Tg, at which point chains can slip relative to one another (shown as the
loss of blue dots). At state 2 the material is deformed and cooled to state 3 (process B).
Chain entanglements will reform, inhibiting deformation, since the applied deformation
diminishes entropy. These entanglements will maintain the new deformed shape after the
removal of the applied stress. Transitioning from state 3 to 4 (process C) will enable the
material to recover this deformation and upon cooling (process D) complete the cycle to
return to state 1.
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This shape memory ability is a direct result of a controlled molecular architecture.
Chemical and physical crosslinks and macromolecular chain entanglements are part of
this structure [28, 29]. These crosslinks and entanglements between segments define the
original shape. Additionally, there are stimuli-sensitive regions that can become
increasingly elastic or labile with the application of a stimulus (thermal energy). This
stimulus causes the less permanent bonds of these segments to easily slip or deform under
an externally applied load. Removal of the stimulus causes reforming of bonds to create
and maintain the temporary shape. Recoil in this state is prevented by both the new
structure and entanglements of the segments developed by deformation. The crosslinks of
the original architecture still persist and if these linkages do not degrade with controlled
stimulus, recovery is possible. Recently, there has been a significant effort into
understanding the thermomechanical characteristics of these polymers [30-33] and their
use in biomedical applications [13, 34-38].
Herein, several material characterization experiments are performed on several
different EGA formulations, the components of which are shown in. The purpose is to
elucidate the effects of crosslinker formulation on various material properties. The
research is particularly focused on the effects of polymer formulation and individual
crosslinker chemistry on thermomechanical properties. Across the following experiments
comparisons were made to establish the relationship between macroscopic properties and
crosslinker chain length or additional methacrylate groups. It is well understood that
different crosslinker formulations and polymerization protocols can give rise to molecular
structure variations associated with alterations in the material properties, such as
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mechanical characteristics and surface characteristics. Hydrophobicity is examined to
determine usefulness as a blood-contacting biomaterial since surface characteristics can
affect blood contact compatibility [39].

Figure 3: Chemical structures of constituents used in SMP formulations.
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2.2 Materials and Methods
2.2.1 Polymer Synthesis
SMPs were created following a thoroughly tested procedure [40]. To recapitulate,
various 10% by wt. ethylene glycol (EG) crosslinkers were combined with 1% by wt.
photoinitiator 2,2-Dimethoxy-2-phenyl-acetophone [Sigma Aldrich] and a balance of
tert-butyl acrylate (tBA) [Sigma Aldrich] monomer in solution. This solution was
pipetted into a well made from glass slides that were treated with a non-reactive release
agent, Rain-X®, and placed under a UV lamp, [Blak-ray B100AP], for ten minutes,
during which time, the solution polymerized into sample sheets. Finally, samples for
testing were laser cut [VersaLASER™] from these sheets. Edges were sanded to remove
ablative effects, to achieve a final roughly cuboidal shape of 40 x 5 x 1 mm3. Subsequent
tests determined gelation and swelling degrees, Tg, surface hydrophobicity, and uniaxial
tensile characteristics. The crosslinkers utilized were polyethylene glycol (200)
diacrylate (P2), polyethylene glycol (400) diacrylate (P4), polyethylene glycol (200)
dimethacrylate (PM), diethylene glycol diacrylate (D), and diethylene glycol
dimethacrylate (DM) [Polysciences, Inc., Warrington, PA]. To help illuminate effects of
chain length, the polymer formulations were chosen to be able to compare D and P2 as
well as P2 and P4, since D is a slightly shorter crosslinker than P2, and P4 is much longer
than P2. Essentially, the focus is on the addition of EG units. The effects of additional
methacrylate groups could be shown by comparing D and DM as well as P2 and PM.
2.2.2 Swelling Tests
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Gelation tests were performed to get a general idea of the completeness of the
synthesis procedure. Swelling tests were performed to gain a basic understanding of the
amount of crosslinking that had occurred during the polymerization process. Sample
sheets were cut to produce 10 mm2 squares for both of these analyses. These samples
were weighed for their initial mass (MISO) and separated into vials where they were
soaked in 2 ml of toluene. The samples were repeatedly weighed out of the solvent until
their masses stabilized to a saturated swollen weight (MSWELL). These samples were then
dried in a dessicator with a 3 torr vacuum for 40 seconds and allowed to sit overnight in a
fume hood. The following day their dry mass (MDRY) was determined. These values
along with the densities of Toluene and the polymer sample, ρ1 and ρ2, respectively, were
incorporated into Equations 1 and 2 to determine gelation and swelling degree,
respectively [41]. After triplicate testing the mean and standard deviation were
determined for each formulation.

G=

M DRY
M ISO

Q = 1+

!2 " M SWELL %
!1'
$
!1 # M DRY
&

(Equation 1)

(Equation 2)

2.2.3 Contact Angle
Surface hydrophobicity was determined by measuring the contact angle. Contact
angle was ascertained using the sessile drop method, whereby a 5 µl deionized water
droplet was carefully placed onto a clean polymer sample surface. The sample was then
clamped with a silicone holder and placed sideways on a microscope stage. Images of a
CAD model of the setup, as well as, typical results from experiments are shown Figure 4.
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This method of optical determination of the relationship between the sample and droplet
surfaces, created by surface tension, was performed with a microscope [Nikon] at 100x
magnification. Digital images were recorded for sixteen measurements on each of the
five different sample formulations. Image analysis of the angles provided values to
determine the means and standard deviations of the contact angles for each material.
Polydimethylsiloxane (silicone) and RAIN-X® coated glass measurements were
employed to act as the hydrophobic [42, 43] and hydrophilic controls, respectively.
Polymer measurements were compared to each control with single factor ANOVA.

Figure 4: (A) Contact angle measurement experimental setup and (B) Representative
image results from left to right for contact angle experiments; (a) P2, (b) silicone, and (c)
glass.
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2.2.4 DMA Tests
A Pyris Diamond Dynamic Mechanical Analyzer (DMA) [Perkin Elmer Inst.]
was utilized to determine the Tg of each formulation. The tests, performed in triplicate,
required a 40 x 5 x 1 mm3 sample to be placed in a DMA three-point-bending device. The
sample was loaded at 1 Hz as the temperature was raised 1 ˚C·min-1 from 35 to 80 ˚C.
This test de-convolves the elastic and viscous material components, respectively storage
and loss moduli, as functions of temperature. The ratio of these moduli is equivalent to
the tangent of the phase angle, δ. The phase angle relates the phasic response of material
strain to an applied stress and can serve as an indicator of material phase transitions [44].
Tg values are reported here as the peak of the tan δ curve. The two components of the
dynamic modulus, both storage and loss modulus, were also averaged at 37 ˚C
(physiological relevant) and 80 ˚C and compared.
2.2.5 Step and Shape Memory Recovery
DMA tests of recovery after stepped tensile loading were studied as well. Four
samples were produced as above and loaded individually into a tensile testing clamp in
the DMA. A water bath was used to maintain the test temperature at body temperature
~37˚C. Each sample was acclimated in the warm bath for ten minutes before testing was
initiated. Testing began by increasing tensile load from zero to one N at a rate of 250
mN·min-1. This load was held for five minutes before the load was reduced back to zero
at the same rate. Thirty minutes expired before testing was repeated at a load 0.5 N
greater than the previous load. This process was repeated until the final load applied was
3 N. After five minutes at this load, testing was halted and calipers were used to measure
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the specimen gauge length. The polymer was then removed from the clamps and allowed
to recover load free in the warm water bath for a ten-minute period. Making the
assumption that the clamped regions do not deform, only the unclamped region length
was measured following this ten-minute period. In this way step recovery could be
defined by constrained strain recovery after removal of a stepped load, while shape
memory recovery could be ascertained from a ratio of the sample length after the final
loading step and the final length after unconstrained strain recovery in the water bath.
2.3 Results
2.3.1 Swelling Test
Average gelation degree values are shown as white bars in Figure 5. Each
polymer exhibited a gelation degree over 80%. P2 exhibited the lowest average with
88±5% while PM had an average gelation value of 103±2%. D displayed the greatest
variation of 8%. Average swelling degree values are represented by black in Figure 5.
Polymer samples displayed greater than 200% swelling. DM exhibited the greatest
variation (48%) while D exhibited small variation (3%).
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Figure 5: Average gelation (white) and swelling (black) degree values for each polymer
formulation (+, p=0.05, o, p=0.01 and *, p=0.02). Bars represent single standard
deviation.
2.3.2 Contact Angle
Averages of the contact angle values for all polymer formulations are shown
Figure 6, along with the two controls, silicone (hydrophobic) and glass (hydrophilic).
Single factor ANOVA was employed to determine that the polymer samples were
significantly different from both control materials (p < .0001).
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Figure 6: Contact angle means and single standard deviations for each polymer
formulation. + and o represent statistical significance from controls (p<0.001). Bars
represent single standard deviation.

2.3.3 DMA Tests
Typical DMA results are shown in Figure 7. The plot shows the storage (E’) and
loss (E’’) moduli along with the tan δ versus temperature curves. The storage modulus is
a measure of stored elastic energy, the loss modulus indicates energy dissipation, and tan
δ represents the phase lag between applied stress and resulting strain. Examination of
these plots provided the Tg from the peak of the tan δ curve. The mean and standard
deviation was calculated for the three samples and values are reported in Table 1. The
shorter chain D and DM both had higher Tg values than P2, P4, and PM. The two
components of the dynamic modulus for glassy and rubbery states are shown in Figure 8.
The DM polymer formulation exhibited a greater storage modulus than D for the
temperature range tested. There was a significantly greater viscous component for the
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long chains (P4). Results indicate that methacrylate groups increased damping ability in a
rubbery state in shorter chains.

Figure 7: Representative DMA test results showing the storage modulus (green dash), the
loss modulus (blue dot) and tan δ (black solid) curves. The peak of the tan δ curve
approximates Tg.
Table 1: Tg values for polymer variations
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Figure 8: Dynamic Modulus: (A) Storage (+, p<0.005 and o, p<0.002) and (B) Loss (+,
p<0.02 and o, p<0.001) for glassy and rubbery states, respectively, bars represent single
standard deviation.
2.3.4 Step and Shape Memory Recovery
Figure 9 (A) shows the results of a typical stepped loading protocol and Figure 9
(B) is a close up of a single step and indicates the quantifiable values that were
determined for analysis and comparison. Peak strains calculated from these plots are
shown in Figure 10.
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Figure 9: (A) Typical step load results for PM and (B) Close up of a single step and
location of three quantitative measures.

D, DM, and PM were too stiff for the loading protocol and did not develop
appreciable strains. P2 and P4 demonstrated increasing compliance during the stepped
loading protocol and eventually exhibit 11% and 37% peak strains, respectively. The step
recovery was determined from peak strain and is shown in Figure 11 (A) for steps 3 (2 N)
and 4 (2.5 N). While the results for D, DM, and PM are not interpretable, due to the lack
of strain development, there was 92% and 100% recovery after the final steps of P2 and
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P4, respectively. Additionally, there is statistically significant greater recovery by P4 than
P2. Shape memory (SM) recovery, shown in Figure 11 (B), shows shape memory
recovery for P2 and P4. Recovery of P4 (90%) was statistically significant from P2
(69%). Recovery values for the other polymer formulations, as they did not develop
appreciable strains.

Figure 10: Peak strain values developed in each polymer formulation for all four steps.
Bars represent single standard deviation.
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Figure 11: (A) Step recovery values for recovery of each polymer formulation for final
two steps and (B) Shape memory recovery values for P2 and P4, where bars represent
single standard deviation on both plots.
2.4 Discussion
Our swelling results indicate that all of our SMP formulations polymerized
completely. DMA testing protocols showed that by increasing crosslinker chain length,
polymer Tg will be decreased and there will be increases in compliance, step
recoverability, and damping in a glassy state. By adding methacrylate groups, there will
be increases in swelling in shorter chain groups, Tg, storage modulus in shorter chains
throughout the tested temperature range, and greater damping at a rubbery state. All of
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the polymers tested exhibited mild hydrophilicity. P2 and P4 exhibited good shape
memory recoverability and may be optimal formulations in vascular applications. For
example, deformation of a stent or stent-graft within a pulsatile flow loop would allow
for strain recovery during unloading.
The results from calculating the degrees of gelation indicate that the polymer
polymerization technique is very thorough. The results for some of the formulations are
similar to previously published results [45, 46]. D, DM, and P2 exhibited gelation
degrees about 90% indicating ~10% weight loss. The relatively small amount of weight
loss after the sample was dessicated implied that the synthesis procedure reliably created
well polymerized structures similar to the structure shown in Figure 1. This weight loss
may have been unreacted product (e.g. monomer). This weight loss may also have
occurred as the polymer expanded in the Toluene, since rapid volumetric increases may
cause physical degradation, which was not measured.
The D and P2 exhibit the smallest swelling degree, which is intriguing since the D
chains are physically shorter than the P2 or P4 chains. An example of this can be seen in
Figure 1, if the green lines were shorter to represent the DEG-based polymer drawing the
black lines closer together, or if the green lines were PEG-based chains, there would be
an exaggerated separation of the black lines. That increased separation increases the
space between chains and creates holes in the polymer, otherwise known as free volume
[47]. DM expanded a great deal considering the chain length is shorter than PM. The
effect of the methacrylate group may improve swelling in shorter chains but could be
inhibitory to equivalent swelling in longer chain systems. This effect has been reported
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by others and has been indicated to be due to the nature of DM, more so than PM, to form
cycles during polymerization, which lowers the crosslink density [48]. Our results
demonstrate that, while not significant, PM reveals greater swelling than P2 and
resembles the swelling characteristics of P4. Interestingly, rapid swelling was a particular
problem for PM, indicated by physical degradation, while P4 samples did not
demonstrate this degradation. Therefore methacrylate groups may decrease the crosslink
density throughout a material. However, even at low concentrations, methacrylate groups
may cause more spatially immediate crosslinking resulting in discrepancies in local
swelling, leading to degradation.
Increases in swelling can be related to increased chain length and a decreased
crosslink density. This finding is similar to results by others that indicate decreases in
crosslink density with higher butyl acrylate content [46]. However this effect seems
negated in longer chain lengths implying that chain length has a dominant role in limiting
swelling. Other researchers have associated these effects to steric hinderance and
decreased mobility of the chain segments [49].
All of the polymers exhibited slight hydrophilicity, which as a preliminary
analysis is encouraging for vascular blood biocompatibility [39, 50]. PEGDMA
hydrophilicity was reported previously by other researchers [48]. These results can be
contrasted with silicone, an excellent example of a polymer with a hydrophobic nature,
which is also employed in a wide range of biomedical applications, such as catheters and
implants [39]. CH2-CH2 groups common in EG formulations should have provided
hydrophobic interactions, since they are less likely to form hydrogen bonds with water
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[51]. Our data suggests that surface chemistry is not affected by mildly dissimilar
crosslinkers at this low level of percent crosslinker. It should be noted that this level of
hydrophilicity can be tailored to be more hydro -phobic or –philic, and therefore these
results indicate very little about actual concerns in fluid contact applications.
The difference between formulation transition temperatures was varied while the
small standard deviation indicated good test repeatability. Our reported values are similar
to previously reported values [48, 52]. The expected results denote that chain length and
methylated side groups have an effect on transition temperatures. Longer chains tend to
transition at lower temperatures, while methylated side groups required increased thermal
energy before relative chain sliding was exhibited. These findings are comparable to
previous findings [48, 52] and are in agreement with our swelling test results. Polymers
with a higher crosslink density and methacrylate groups exhibited increased transition
temperatures. This would correspond to an increase in green dots in Figure 1. There
would be greater difficulty for chain slippage with increased binding sites or decreased
free volume. Conversely, longer crosslink chains that swell more also transition at lower
temperatures. This corresponds well with increases in free volume, since polymer chains
can slip, bend, and twist more easily through larger open spaces.
Storage modulus was determined to be in the GPa range at a physiological
temperature, which corresponded well with the findings of others [48, 52]. There was a
magnified effect due to methacrylate groups in shorter chain systems. Loss modulus was
improved by lengthening of chains. These results would indicate that for more elastic
recovery the D and DM polymer systems should be superior while the P2 and P4 systems
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should exhibit less recoverability. Interestingly enough however, P4 and P2 exhibited
recovery for the test protocol. Therefore, one may assume that at higher loads this
recovery may be diminished. Physiologically, permanent deformation of the implant may
occur if the loading conditions are not well understood. Vascular pressures would have to
exceed 4500 mmHg to exceed the range of testing completed herein.
The PEGDA formulations exhibited very high percentages of recovery during the
stepped loading and shape memory tests. The results of the swelling tests are particularly
important due to the relationship between gains in SM recovery and decreases in
crosslinking density [53]. When compared to our results from the SM recovery
experiments it should be noted that of the two polymers that were able to recover, P4
recovered more than P2, which was expected since P4 exhibited greater swelling,
indicative of a lower crosslink density than P2. Other research indicates that the loss or
rubbery modulus may be related to both crosslink density and constrained recovery [49].
Our results confirm a relationship where polymers with longer chains and lower crosslink
densities expressed both greater loss moduli and stepped (constrained) recovery. It is
noteworthy to recall that this relationship may be indirectly related to the closely
associated Tg of the material to the environment of the bath. The fact that the P4 exhibits
a Tg that is much closer to the temperature of the water bath indicates that recovery could
be improved for P2 if the temperature of the bath was raised. Therefore, when a material
is chosen for an application, specific Tg values should be a factor in the choice, but the
actual broad range around Tg (width of Tg curve) will also play a crucial role.
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On a final note, the SM recovery was measured after only ten minutes, so
complete recovery could have occurred before this time period. The step recovery was
allowed to continue for 3x this period of time, without ever achieving complete recovery.
Therefore, the time required for SM (free) recovery is greatly diminished when compared
to the stepped recovery. Therefore, deployment of an implant may be rather rapid,
however, once constrained, strains will be recovered at a reduced rate.
Investigating only 10% crosslinker based formulations limits the scope of what
can actually be said about differences in crosslinker formulations. Disparities that are not
discernable, for example in contact angle, at 10% crosslinker could be very apparent at
20% or higher as demonstrated previously [48]. Therefore, some conclusions made here
may be a result of the large percentages of the tert-butyl acrylate constituent. As a
functional biomaterial, it was necessary to test the polymer formulations’ step and shape
memory recovery in 37 ºC water, similar to other recent experiments [15]. This analysis
falls short in mimicking the human environment. Without adhesive proteins and pulsatile
flow the future application of these materials may seem distant. However, the effects of
water plasticization of the polymers, while not quantified, have been incorporated into
experimental analyses. Further analysis is required to illuminate the surface interactions
with fluid and the possible leaching of monomer, a considerable challenge in possible
applications. Finally, the load controlled protocol failed to significantly strain the D, DM,
and PM systems. Therefore, discerning recoverability between shorter chain lengths as
opposed to longer chain lengths was not possible. When considering the storage moduli,
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one would suspect that with increased loads the other polymer systems would exhibit
similar recoverability.
2.5 Conclusions
This work provides preliminary data on these polymer formulations in a
physiologically relevant environment. Based on the results reported here, PEGDA
systems would be good candidates for applications where large strains are applied and
great recovery is needed. We expect such characteristics to be required in designing
materials useful in vascular stent procedures. Other groups have used information about
chain length or extension and functionality of groups to modify the temperature at which
these systems transition to develop a switching temperature as opposed to a glass
transition temperature [52, 54, 55]. Tailoring of these systems would enable finer control
over material design.
Future works may require a closer examination of cellular viability in monolayer
cultures and cytotoxicity [53]. Relationships should be determined between macroscopic
properties and recovery times with cycling, increasing crosslinker percentage [48], and
molecular weight [55]. Other current steps involve determining parameters for
constitutive modeling [28, 56-59], 3D constitutive modeling [60], and their incorporation
into models for finite element analysis [58] for compressive and tensile applications.
Additionally, while this paper focuses only on two- shape SMPs, there also exist threeshape SMPs which also require further investigation [61].
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3 SPECIFIC AIM 2: PCL-BASED BIOMATERIALS
3.1 Introduction
Polycaprolactone (PCL) has a long and varied history as a biomaterial. An
excellent review of its uses was recently published, which suggested that the number of
publications, using PCL as a biomaterial, would exceed 800 publications in the very same
year as the review article was published [62]. This interest in PCL covers multiple
research topics from PCL as a drug delivery vehicle [62-66], to the synthesis [67],
degradation kinetics [68], degradation by microorganisms [69], and bio-interfacial
interactions [70].
Our laboratory has recently explored PCL based biomaterials for use as a
polymeric endoluminal paving [71]. Previously, we focused on the solution blended
combination of PCL and another FDA approved aliphatic biomedical grade polyurethane
(PU), Tecoflex ® (TFX) [72, 73]. TFX represented advancement over other
contemporary polyurethanes. Unlike Toluene diisocyanate (TDI) and hexamethylene
diisocyanate (HMDI), TFX would not yellow or decompose to form carcinogenic
byproducts (e.g. 4,4’ methylene dianiline) following UV exposure [74] or enzymatic
degradation [75]. TFX usage was promoted in the development of biomedical
applications, for example, within an artificial heart [76, 77].
Other than solution blending these two materials, other PCL-based biomaterials
are created from copolymerization. One such material was fabricated from the amino acid
phenylalanine utilizing urea linkages as a chain extender for polymerization [78, 79].
This work was expanded for phospho-ester urethanes [80], lactide urethanes [81, 82],
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urethane amides [83], and ester urethanes [84]. Work involving combinations of amino
acid based urethanes, amino acid based chain extenders, and PCL soon followed as
synthesis, structure-property, and in vitro degradation of the materials were studied [8587]. Poly (ester-urethane-urea) (PEUU) work was continued by several groups [88, 89],
while work also continues with variations on these materials [90] (e.g. materials made
with TDI and HMDI) regardless of toxicity concerns [91-93]. The PEUU copolymer,
based on lysine and PCL, has similarities to the blend used in our laboratory, as both are
a mix of PCL and PU; however, the copolymer differs from the blend, as the components
are both covalently bound in the copolymer. Furthermore, the copolymer uses a
bioresorbable PU based on the essential amino acid, lysine, and a chain extender also
based on the same amino acid.
The rise in PCL research and our own interest prompted our laboratory to begin
investigation into other PCL-based biomaterials. The purpose of this work was to develop
a fully degradable biomaterial to mimic the blend, such that it exhibited mechanical
similarities to the blend but also addressed the degradability and compositional flexibility
for specific biomaterial applications. To achieve this end, we hypothesized that
synthesizing an amino acid and PCL based copolymer would create a fully degradable
biomaterial with similar tensile uniaxial properties to our blend. We focused on
comparing the structure-property-function relationship of the blend and a copolymer
correlate, specifically focusing on the material degradation and the thermomechanical
properties.
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3.2 Materials and Methods
3.2.1 Materials
A 50/50 blend was made from 50% by weight (PCL) MW 70000 (Fisher
Scientific) and 50% by weight Tecoflex (TFX) SG-80A (Lubrizol) with chloroform at a
concentration of 0.2 g polymer per mL of solvent. The solution was mixed before being
solvent cast into a polytetrafluoroethylene coated glass petri dish. The copolymer
synthesis utilized a waxy PCL (MW 1250) diol (Polysciences), which is hydrophilic and
needed to be placed overnight (more than 5 hours [89]) in a high temperature vacuum
oven at approximately 60°C before use. Ethyl ester L-Lysine diisocyanate (LDI) (Infine
Chemicals Co., Ltd), stannous 2-ethylhexanoate (SN(Oct)2) (Sigma Aldrich), and
anhydrous dimethylacetamide (DMAc) (Alfa Aesar), were stored in a desiccator and used
as received. L-lysine monohydrochloride (Amresco), thionyl chloride (Sigma Aldrich),
and triethylamine (Cole Palmer) were used as received.
3.2.2 Synthesis
The synthesis of the copolymer began with the synthesis of lysine ethyl ester
dihydrochloride (LEE) from the lysine monohydrochloride. This synthesis is a
straightforward esterification of the lysine [80, 94, 95]. Lysine monohydrochloride (10g)
was placed into 60mL of absolute ethanol and was warmed to 70°C under an inert gas.
While stirring the lysine monohydrochloride, 4mL of thionyl chloride was added dropwise to the solution. The solution was then stirred for roughly seven hours, until the
yellowish solution became clear. The ethanol and byproducts were evaporated off under
reduced pressure and the remaining white hard crystalline product was rinsed with diethyl
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ether. The product caked off the glass walls and was subsequently filtered and dried in
vacuum. Product yield was about 94%. The purity of the product was determined with a
melt point analysis ~139°C (literature 143.5-144.5°C [96]) and NMR to compare with
results from previous researchers [82] (data not shown).
The PEUU copolymer synthesis covalently links segmented polymers from the
lysine components and PCL [89]. The synthesis is a prepolymer method that uses a
PCL/LDI prepolymer with a chain extender to link prepolymer blocks and is discussed in
several previously mentioned sources [88, 89]. The molar ratio used for synthesis is
1:2.7:1.7 (PCL: LDI: LEE) in order to closely approximate the amount of PCL found in
the blend. Excess LDI and LEE are responsible for creation of the hard segment in the
final polymer. The percent hard segment can be determined from the combined mass of
LDI and LEE over the total mass of the monomer. This particular system possesses a
theoretical 42% hard segment quantity, suggesting 58% of the material was PCL.
PCL diol was weighed and melted while stirred under a nitrogen atmosphere at
80°C. The appropriate mass of LDI was introduced through a septum along with DMAc
(50:50 weight of reactants in grams per mL of solvent). SN(Oct)2 was added (1% mol per
mol PCL diol) drop-wise into the mixture, which was then allowed to stir for 3 hours at
80°C. Following this period, the prepolymer was a transparent brown solution. The
appropriate amount of lysine ethyl ester dihydrochloride was ground with a mortar and
pestle and added carefully to the prepolymer. DMAc was added again to bring the
concentration of PCL diol in solution to 0.25 M. The LEE was given 15 minutes to mix
into the solution before triethylamine (3 mol per mole of LEE) was added drop-wise. At
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this point the brown mixture had lost transparency and became much more viscous. The
viscous liquid was stirred for another 3 hours at 80°C. After this period of time, the slurry
was removed from heat and stirred continuously for 12 hours. The slurry was then
precipitated into an ice water bath and the resultant polymer was rinsed with deionized
water and dried in a vacuum for 24 hours. Following drying, product yield was roughly
87%. It was then treated like the blend by being solvated in chloroform and cast on
polytetrafluoroethylene coated glass petri dishes.
Both the blend and the PEUU were kept in a desiccator to keep samples dust free
and to control the solvent evaporation for prevention of wrinkles and pore formation.
Allowing 24 hours for chloroform evaporation the cast films were released from the petri
dishes and samples were cut for the following characterizations.
3.2.3 Characterization
Briefly, the PEUU needed to be chemically characterized to ensure product
quality. Reactants and the PEUU were analyzed with SEC and FTIR. An Isocratic HPLC
pump (Waters 1515) was used in tandem with Refractive Index and Dual λ Absorbance
Detectors (Waters 2414 and 2487) for SEC, calibrated with polystyrene standards. The
carrier solvent was dimethylformamide with 0.1 M LiBr. Polymer was added to the
carrier solvent to get 10mg/mL sample concentrations for 100 µL injections. FTIR was
performed with an iS10 (Nicolet) using standard salt plates and KBr pellets.
3.2.4 Degradation
The two materials are both candidates for biomaterials and will be exposed to
physiologic environment. It was vital to check for alterations in mechanical properties,
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over the service life, and determine material differences, if any. Degradation tests were
conducted using 10x10 mm2 sheet samples of blend and PEUU that were placed into 20
mL dram vials. 5 mL enzyme based degrading solution (EDS) was added to the samples.
The EDS is a phosphate buffered solution with sodium azide (Sigma Aldrich) for an
antibacterial, and an enzyme (1% w/v) that is a lipase from Pseudomonas fluorescens
(Amano) [97-100], which imitates hydrolysis, but at an increased rate compared to in
vivo. On this note, animal studies have suggested that full PCL degradation takes several
years [100-102].
Within EDS the PCL can be degraded in two ways during this analysis. In one,
the enzyme specifically cleaves ester bonds and in another, there can be hydrolytic chain
scission [103]. Samples were degraded for 15 days with mass measurements and solution
changes every 3 days in an incubator at 37°C. 15 days was the chosen time period since a
PCL control is fully degraded within this time frame. During this time, both the blend and
PEUU should reach 10% and 20% degradation for purposes of mechanical analysis. A
non-lipase solution was used as a control and tests were run in triplicate.
3.2.5 Differential Scanning Calorimetry
Since polymer crystallinity is a known contributor to the strength of a material,
crystallinity was tracked to help explain loss in mechanical strength during degradation.
Differential scanning calorimetry (DSC) with a Diamond DSC (Perkin Elmer) was
utilized to determine sample crystallinity and thermal properties. Samples were tested
from -100 to 150°C at a rate of 10°Cmin-1 for three cycles. Percent crystallinity was
calculated from the ratio of the change in enthalpy for a sample against pure high
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molecular weight PCL (16.9 kJ/mol [104, 105]), determined empirically [106]. DSC was
also run on degraded samples every three days (n=3) since it was believed at the time,
that the enzyme would only break down PCL, the only source of crystallinity. SEM was
conducted on samples, as well, to determine where the degradation effects were
occurring. A FEI InspectTM S50 SEM was used on gold-plated samples imaged at 30kV.
3.2.6 Mechanical Testing
3.2.6.1 Uniaxial Tensile Testing
Samples were cut with average dimensions of 1x1x30 mm3. Uniaxial tensile
properties were tested in a DMA (PerkinElmer) using a strain rate control of 100 µmmin1

. Five sets of samples (each n=3) were created to correspond with the five experimental

groups. Three sets were from the degradation experiments, which correspond to 0, 10 and
20% mass loss (ML) samples, tested at room temperature without immersion in a water
bath. The two remaining sets were conducted in a room temperature (20°C) deionized
water bath and in a physiological temperature (37°C) deionized water bath. Temperature
was controlled with a circulating water bath (Neslab RTE-140).
The 2nd Piola Kirchhoff stress and Green strains were calculated and plotted as
reduced data sets (filtered). These stress-strain curves were used for determination of the
maximum slope of the curve, or the maximum tangential modulus (MTM), interpolated
through experimental data points. The MTM values were averaged and single standard
deviations were computed. Pure un-degraded PCL MW 70000 and TFX were used for
references.
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3.2.6.2 Biaxial Tensile Testing
Biaxial analysis was employed to look for anisotropy found in previous results
[71]. Samples were cut with 1x10x10 mm2 dimensions for biaxial tensile analysis in a
custom biaxial device [107] using a previously published procedure [71]. Briefly,
individual blend samples were pierced with a needle along the periphery to allow silk
suture attachment at four points along each side of a sample. The PEUU exhibited a
hydrophilic surface and silk sutures were attached with cyanoacrylate to the surface. Near
the center, on the surface of the sample, four small clusters of ceramic particles were
adhered with cyanoacrylate. These markers were tracked with a camera system as load
was applied to the sutures and the sample underwent strain. The conducted analysis was
an equi-biaxial tension controlled (440Nm-1) test in room temperature deionized water. It
is important to recall that this value was previously determined to be the wall tension
seen by vascular tissue during systole. Maximum tangential modulus (MTM) values were
determined in a fashion similar to the uniaxial MTM values, except values are calculated
for each direction separately for all samples (n=3). To analyze for anisotropy in the
materials, the data was separated by direction of strain along the principles and then
plotted along with the corresponding principle stresses. Dividing the data in this manner,
allowed for the creation of polynomial fits for each sample in a single direction. These
fits were then all solved at specific stress values (increments of 10 from 0 to 50MPa). The
resulting strain values were then averaged and plotted.
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3.2.6.3 Statistics
Two sample heteroscedastic Student’s t-tests were used to determine statistical
significance (p<0.1) between groups in the uniaxial data sets. Groups were the different
environments (bath and temperature), different degradation states, and 0% ML state of
the blend and PEUU.

3.3 Results
3.3.1 Characterization Results
SEC results indicated that the PEUU synthesis produced products that exhibited
MW of 34700 with a polydispersity of 2.0. The FTIR of the esterification of the amino
acid can be clearly seen with the appearance of a large peak at 3000 cm-1 associated with
the addition of ester groups. During synthesis the isocyanate peak near 2260 cm-1
disappeared as the isocyanate completely reacted with the diol and the amine groups on
the LEE.
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Figure 12: Mass loss (ML) of samples (n=3) tracked over 15 day time period in enzymebased degrading solution (EDS). PCL (solid line) degrades within days of the start of the
test, while PEUU (dash) and blend (dash dot) degrade at slower rates. Error bars
represent single standard deviation.
3.3.2 Degradation Test Results
Material mass loss profiles from experimental results are shown in Figure 12. It
can be seen that within a fifth of the test duration the PCL degrades completely while the
blend experienced the least amount of degradation. The PEUU exhibits more rapid
degradation than the blend, initially, but begins to slow, by day 15. There is very little
variation, between samples, in the amount of mass lost during the 15-day time period.
TFX exhibits no mass loss as well as the control samples in solutions without lipase.
SEM of samples during the degradation can be seen in Figure 13. As mass loss increases
from 0 to 20% it can be seen that there is an increase in the amount of surface defects on
the blend, while the PEUU exhibited fissures throughout the sample.
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Figure 13: SEM images are shown of the blend (top) and PEUU (bottom) for 0, 10, and
20% ML (left to right). An increasing number of surface defects are visible with
increasing degradation, indicating surface erosion as the primary mode of degradation.
Scale bar represents 2 mm.
3.3.3 Differential Scanning Calorimetry
Thermal properties of the materials were determined with DSC and are displayed
in Figure 14. Both the PCL and the PCL diol exhibit semi-crystalline properties, whose
values are extrapolated to the 15-day time point for reference. It can be seen that PCL,
found in both the blend and the PEUU, does not exhibit crystallinity changes with
exposure to lipase (Figure 14A) or over time (Figure 14B) despite mass loss (Figure 12).
These results imply that mass loss is completely from amorphous sections of the polymer.
It should be noted that the crystallinity was calculated using the sample mass. If the mass
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of the undegraded sample had been used then the results would suggest a rise in the
percent crystallinity of the sample.
3.3.4 Mechanical Testing Results
3.3.4.1Uniaxial Test Results
Representative uniaxial tensile testing results are shown for blend and PEUU
samples in Figure 15A and Figure 15B, respectively. Both materials show decreases in
mechanical strength related to increased degradation. blend results show an appropriate
mix of properties from constituent materials at 0% ML. PEUU results demonstrate
comparative properties at 0% ML to the blend, however the PEUU properties deteriorate
within a few days in the EDS, with material toughness being the most obviously affected.
Figure 16A provides the average MTM values with a single standard deviation
error bar. The brackets indicate statistically different experimental groups within each
material. For example, the MTM for PCL is not significantly different from the MTM at
room temperature in a bath test, but both of those groups are significantly different from
the MTM of PCL in physiologic conditions. The 0% ML sample groups of the blend and
PEUU exhibited MTM values that were not significantly different (p = 0.75), suggesting
no difference between the uniaxial properties of the two groups. It is worth noting that
posted modulus values for PCL and TFX are ~265 and ~2 MPa, respectively [108-110].
This is a positive indicator that uniaxial analysis and the determination of MTM values
are accurate analytical techniques.
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Figure 14: (A) Table, showing glass and melt transition temperatures and crystallinity for
lipase and no lipase conditions for each material. Table values are data averaged over
duration of test. Crystallinity is not changed by addition of lipase. (B) Crystallinity
determined by DSC of materials before and after degradation (n=3). It is important to
note that a single value is used for both PCL (solid line) and PCL diol (dotted line),
before degradation makes the testing difficult. Blend (dash dot) and PEUU (dash) have
similar crystallinity values. Error bars represent single standard deviation. Plot
demonstrates that crystallinity does not change with enzymatic degradation over time.

Figure 16B shows the amount of MTM drop (in MPa) from the 0% sample
without a bath to any other sample on a material basis (rows). From this table it can be
seen that PCL is greatly affected by the introduction of a thermal element, and less by
water immersion. TFX is not really impacted by either of these things. The blend and the
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PEUU exhibit similar drops in MTM in every category, except the PEUU demonstrates
greater sensitivity to temperatures mimicking the human body.

Figure 15: Representative blend (A) and PEUU (B) uniaxial tensile test results. Blend 0%
(square) demonstrates a mix of constituent material properties and the subsequent
changes, as PCL is lost, from 10% (circle) to 20% (triangle). PEUU 0% (square)
properties are very similar to the blend, however after 10% (circle) and 20% (triangle)
mass loss, properties are diminished. PCL (solid line) and TFX (dash) are shown for
references. “X” represents sample failure.
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Figure 16: (A) log base 10 of average MTM values for all tested materials. Single
standard deviation is indicated and bars relate groups with statistical significance (p<0.1).
(B) The table lists materials (row) and for the test conditions (columns) shows the MTM
decrease between the 0% ML sample, tested without a bath, and the test condition
sample. For example, the PCL MTM decreased 203 MPa by testing PCL in a 37°C Bath.
3.3.4.2 Biaxial Test Results
Average biaxial tensile testing results are shown for blend and PEUU samples in
Figure 17. Material isotropy, for the blend and PEUU, can be easily viewed when
comparing the two directions in plots of Sij-Eij. Anisotropy can be viewed as
discrepancies between E11 and E22 curves during an equi-tension test. The blend exhibited
stiffness at 0% in both directions. Though less stiff, PEUU results demonstrate
comparative isotropic properties at 0% ML to the blend.
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Figure 17: Sij-Eij plots of average biaxial tensile test results (n=3) at 10 MPa intervals
with single standard deviation error bars. Blend (circles connected by dash dot) is stiff
while PEUU (squares connected by dash) is less stiff. Both materials do not demonstrate
anisotropy.
3.5 Discussion
In this study, enzymatic degradation and its impact on the mechanical properties
were of interest, in an effort to synthesize a fully degradable blend substitute. The main
findings of this work can be divided into two categories, material variances and
resemblances. The PEUU and the blend are different in regards to their mass loss profile
(Figure 12) and degraded material toughness (Figure 15). Their similarities include
enzymatic surface effects (Figure 13), percent crystallinity (Figure 14A), the uniaxial
properties (Figure 14), decreases in MTM (Figure 16B), and their lack of anisotropy
(Figure 17).
The variations between the two materials can be attributed to differences due to
the non-PCL content. In the case of the blend, this is the TFX, and in the case of the
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PEUU, this is the urethane and urea segments. There is an impact to hydrophobicity,
degradation, and miscibility. Previous research demonstrates that an increase in the
amount of non-PCL inclusions results in an increase in the percent of amorphous regions
in a material [111-113]. In this work the amorphous region played a central role in the
degradation by enzymes. As shown previously, it was possible to have mass loss from
degradation without an impact to crystallinity [114, 115]. The enzymes, which are fluidborne, are more prone to act on amorphous regions, which are more easily invaded by
fluid and (33 kD) enzymes [116, 117]. Once the superficial amorphous regions are
eroded, however, the mass loss rate slows, as shown by the mass loss data for the PEUU,
Figure 12. Degradation is expected to continue at this reduced rate.
The SEM results, Figure 13, show an increasing number of surface defects, which
suggests surface erosion as the primary mode of degradation, for both materials. This
type of erosion is considered typical of in vivo conditions, where degradation is caused by
water and not enzymes, but through similar pathways (hydrolytic chain scission of ester
linkages). Therefore enzymatic degradation is similar to the first stage, but not the second
stage of the two-step process of PCL bioresorption, indicated by the findings of other
researchers, where enzymes are not a main factor initially [99, 108], but do play a role in
the second stage when macromolecules are phagocytized [99, 118]. Therefore, it is
believed that both materials have similar microscopic/superficial degradation patterns,
but as shown by the mass loss, at different rates that are slower than pure PCL alone.
Non-PCL content also contributes to dissimilarities in the degraded uniaxial
properties. The uniaxial tensile data for the degraded blend samples appears appropriate.
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The blend 0% ML sample has an excellent and predictable combination of properties
from the PCL and the TFX. This is expected from a blend of materials. It is surprising to
see a drop in modulus with only a 10% loss in mass, or PCL. A loss of 20%, and the
blend appears very similar to pure TFX. This amount of loss effectively negates any
mechanical contribution from the inclusion of PCL in uniaxial tension. Understandably,
the amorphous regions contribute a great deal to the material’s load bearing capability,
especially in a phase-separated material. It is important to consider that within the body
this amount of degradation would take years [99].
The uniaxial tensile data for the PEUU is initially very similar to the blend, as
predicted from previously published results [89]. However, the degradation of the
copolymer has a much more pronounced effect. 10% ML happens much more rapidly in
the copolymer compared to the blend. Furthermore, the degradation of the PEUU has an
increased impact on material properties, like material toughness, which vary greatly from
the blend counterpart. As expected in a copolymer, chain scission in a linear polymer
system plays a greater role in decreased mechanical properties, than in a system of
urethane matrix with PCL inclusions.
Despite these disparities, the uniaxial results for the 0% ML samples demonstrate
a parallel between the materials. This may be due to the similar levels of crystallinity and
amorphous content at the pre-degraded time point. Furthermore, despite changes in
material toughness both materials demonstrate equivalent drops in MTM following
degradation. As the mass loss percentages are similar it can be assumed that each
material has undergone a comparable loss from the PCL amorphous fraction. Therefore,
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regardless of the rate of PCL degradation, the decrease in MTM may be consistent for
samples of 20% ML or less. This finding suggests that regardless of the in vivo rate, the
materials will exhibit similar decrements in mechanical properties.
Similar uniaxial properties suggest another strength that both materials share. The
amount of PCL in both materials can be easily tailored to alter the stiffness. This type of
control over the material modulus is highly desirable to develop completely degradable
materials while maintaining a level of flexibility for specific applications.
In biaxial analysis, the results demonstrate that both materials do not exhibit
anisotropy at these levels of strain. This result was expected as the materials were solvent
cast in dishes and were not cured under conditions favoring a specific orientation.
Previous results exhibited the effects of curing with a specific orientation induced by
gravity, resulting in anisotropy [71].
There are a variety of limitations within the scope of this project. The PEUU
urethane is not a completely accurate correlate to the TFX of the blend. Besides
differences in the urethane portion, there was a difference, between the molecular weight
size of the PCL. When starting with a 1250 molecular weight PCL diol to make a
copolymer of roughly 35K molecular weight, the end product is still much shorter than
the 70K PCL used to make the blend. This is clearly seen by the disparity between the
percent crystallinity of the PCL diol to the PCL used in the blend. The disparity in the
size of the PCL could have contributed to the PEUU sensitivity to chain scission, and
therefore contributed to differences in material toughness.

59

Future research can include testing of the shape memory properties of these
materials [119, 120]. One might further examine the relationships between MTM value
changes as a function of crystallinity or PCL characteristics. It may also be of interest to
study other blend ratios in comparison to similar PEUU materials, as well as find
applications where the mechanical properties of the materials are matched to those of
natural tissues. This work identifies a fully bioresorbable mechanically similar substitute
to a slowly degrading blend of two common biomaterials.
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4 SPECIFIC AIM 3: PEUU PREDICTIVE MODELS
4.1 Introduction
Poly(ester-urethane-urea) (PEUU) is one of many synthetic biodegradable
elastomers under scrutiny for biomedical and soft tissue applications. The benefit of this
material is to better match the mechanical properties of natural tissues, since a mismatch
between polymeric constructs and their surroundings can contribute to undesirable
foreign-body responses. Modulus ranges of interest cover 1kPa (brain[121, 122]) to 100
kPa (cartilage[123, 124])[125], while current biomaterials exhibit modulus values of
~265MPa for poly(caprolactone) used in implantable contraceptives and ~2 MPa for
Tecoflex ®[72, 73] useful in cardiovascular applications[108-110].
Our laboratory employs a well-known two-step method for synthesizing the
PEUU copolymer by utilizing poly(caprolactone) (PCL) and an amino acid, for the basis
of both the isocyanate and chain extender necessary for synthesis. Research has been
devoted to the synthesis and characterization of these materials. For example, materials
have been fabricated based on variations in the chain extender from other amino acids
(e.g. phenylalanine[78, 79]), lactide[81, 82], and putrescine[88], while other variations
are made to the isocyanate group, ranging from butadiene[88] to toluene
diisocyanate[93]. The PEUU focused on in this study uses PCL and lysine. PCL
microstructure exhibits short-range order, therefore, the polymer chains organize into
both crystalline and amorphous regions, as opposed to being completely crystalline (longrange order) or completely amorphous (no order). It is well understood, that the
organized regions and crystalline structures are the primary contributors to the bulk
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mechanical properties of a material. Lysine is utilized since it is structurally similar to
PCL, which promotes organization, and as an essential amino acid should contribute to
the bioresorbability of the copolymer.
The structure-property relationship between the microstructure and macroscopic
properties has been the focus of previous research[88, 89, 120, 125]. More specifically,
several groups have experimentally determined several of the mechanical properties (e.g.
stress and strain at yield and break, as well as modulus)[89]. While there exists
information on mechanical characterizations, there has been no attempt to model and
predict the properties of these biomaterials, especially as a function of degradation.
Polymer modeling has taken many forms over the years. Many researchers utilize
advanced techniques to model various aspects of polymers from kinetics and growth in
synthesis [126], to rheology [127], miscibility [128], interfaces [129], and structure [130].
Briefly, there seem to be two methods that dominate the literature derived from statistical
physics applied as statistical mechanics, which is a multidisciplinary tool [131]. The two
popular methods, molecular dynamics and Monte Carlo simulation, have many excellent
reviews covering their subject matter, one of which is listed here [132]. For the modeling
of degradation, statistics can be employed in a different manner. The use of generalized
linear models and ANOVA are helpful in determining the impact and interactions from
variables on a specific target. For example, stepwise linear regression was employed
when researchers were studying the changes in tensile strength of polymeric greenhouse
films exposed to outdoor conditions in Saudi Arabia. The variables under examination
included thermal cycling, UV radiation, humidity and precipitation, as well as
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atmospheric contaminants and oxygen content of the air [133, 134]. More recently, other
statistical techniques (Taguchi method) have been adapted and employed for modeling
interpenetrating polyurethane networks [135], analyzing mechanical properties of
polypropylene fiber reinforced concrete [136], and reducing mold shrinkage in injection
molding [137]. The strengths of these types of analyses help in the design of experiments
to investigate relationships between variables and in accounting for incomplete datasets
[136, 138].
Given the importance of matching material and tissue modului, in cardiovascular
devices, it is important to develop a predictive model that can calculate the material
modulus of a polymer preceding synthesis. Therefor, the goal of this study was to
investigate the impact of hydrolytic degradation on copolymer microstructure (PCL
molecular weight and crystallinity) on a single mechanical property (material modulus)
of poly (ester-urethane-urea)s. The effects of the independent variables on maximum
tangential modulus (MTM) were evaluated statistically with linear regression, producing
a predictive model.

4.2 Materials and Methods
4.2.1 Materials
PCL diol, Mn 1250 and 2000, (Polysciences) were vacuum dried at 60°C for 5 hrs
preceding synthesis. L-lysine monohydrochloride (Amresco), triethylamine (Cole
Palmer), and thionyl chloride (Sigma Aldrich) were used as received. Ethyl ester L-lysine
diisocyanate (LDI) (Infine Chemicals Co., Ltd), stannous 2-ethylhexanoate (Sn(Oct2))
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(Sigma Aldrich), and anhydrous dimethylacetamide (DMAc) (Alfa Aesar) were stored in
a desiccator before use.
The enzymatic degrading solution (EDS) is a phosphate buffered solution with
sodium azide (Sigma Aldrich) for an antibacterial, and an enzyme that is a lipase from
Pseudomonas fluorescens (Amano) [97-100], which imitates hydrolysis, but at an
increased rate compared to in vivo [101, 102].

4.2.2 Synthesis of different PEUUs
The first step of the synthesis was to functionalize the chain extender, lysine
monohydrochloride, by converting it to lysine ethyl ester dihydrochloride (LEE). This
synthesis is a straightforward esterification of the lysine [80, 94, 95]. Lysine
monohydrochloride (10g) was placed in absolute ethanol (60mL) and was warmed to
70°C under an inert gas. While stirring, 4mL of thionyl chloride was added drop-wise to
the solution. The solution was then stirred for about seven hours, until the yellowish
solution became clear. The ethanol was evaporated under reduced pressure and the
remaining white hard crystalline product was rinsed with diethyl ether. The product
caked off the glass walls and was subsequently filtered and dried in a vacuum. This
method produces a high yield of LEE product, since the produced mass was 94% of the
mass of the included reagents. The purity of the product was determined with a melt point
analysis ~139°C (literature 143.5-144.5°C [96]) and NMR to compare with results from
previous researchers [82] (data not shown).
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The PEUU copolymer synthesis covalently links segmented polymers from the
lysine components and PCL[89]. The synthesis is a two-step prepolymer method that
uses a PCL/LDI prepolymer with a chain extender to link prepolymer blocks and is
discussed in several previously mentioned sources [88, 89]. Two PEUUs (1250 and 2000)
were synthesized with a molar ratio of 1:2.2:1.2 (PCL: LDI: LEE) for both the 1250 and
2000 Mn PCL. This PCL length defined the two separate groups. Excess LDI and LEE
are responsible for creation of the hard segment in the final copolymer. The percent hard
segment can be determined from the combined mass of LDI and LEE over the total mass
of the monomer.
The first step of the synthesis consisted of PCL diol that was weighed and melted
while stirred under a nitrogen atmosphere at 80°C. The appropriate mass of LDI was
introduced through a septum along with DMAc (50:50 w/v). Stannous Octoate
(SN(Oct)2) was added (0.01 mol/mol PCL diol) drop-wise, which was then stirred for 3
hours at 80°C. At this point, the appropriate amount of lysine ethyl ester dihydrochloride
was carefully added to the prepolymer, a transparent brown solution. DMAc was added
again to bring the concentration of PCL diol in solution to 0.25 M. The LEE was given
15 minutes to mix into the solution before triethylamine (3 mol/mole of LEE) was added
drop-wise. The resulting brown mixture had lost transparency and became much more
viscous. The slurry was mixed for 3 hours at 80°C. After this period of time, the slurry
was removed from the heat and continuously mixed for an additional 12 hours. The slurry
was then precipitated into an ice water bath and the polymer was rinsed (3x) with
deionized water and dried in a vacuum for 24 hours. Following drying, product yield was
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roughly 87%. The dry product was then solvated in chloroform and cast on
polytetrafluoroethylene coated glass petri dish and placed in a desiccator to keep samples
dust free and to control the solvent evaporation. Following chloroform evaporation for 24
hours, the cast films were released from the petri dishes and samples were created for the
following characterizations.

4.2.3 Characterization
Briefly, the PEUU was chemically characterized for pertinent microstructure
information to be used in the statistical analysis. Reactants and the PEUU were analyzed
with size exclusion chromatography (SEC) using an Isocratic high performance liquid
chromatography (HPLC) pump (Waters 1515) in tandem with a Refractive Index and
Dual λ Absorbance Detectors (Waters 2414 and 2487). The carrier solvent was
dimethylformamide with 0.1 M LiBr, to which polymer was added, to get 10mg/mL
sample concentrations from 100 µL injections.
Differential scanning calorimetry (DSC) with a Diamond DSC (Perkin Elmer)
was utilized to determine sample crystallinity and thermal properties. Samples were
tested from -100 to 150°C at a rate of 10°Cmin-1 for three cycles. Percent crystallinity
was calculated from the ratio of the change in enthalpy for a sample against pure high
molecular weight PCL (16.9 kJ/mol [104, 105]), determined empirically [106].
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4.2.4 Degradation
Degradation tests were conducted using samples (10x10 mm2 sheet) of PEUU that
were placed into 20 mL dram vials. 5 mL of EDS were added to each of the samples.
PCL can be degraded in two ways by this solution, by the enzyme, since it specifically
cleaves ester bonds, and hydrolytic chain scission [103]. This action is desirable as it
mimics in vivo biodegradation of polymers just like PCL. Samples were stored in an
incubator at 37°C and degraded for a 15 day period. Mass measurements and solution
changes were conducted every 3 days.

4.2.5 Uniaxial Tensile Testing
Samples were cut roughly 30mm long to allow a 10mm gage length with a width
of 1.5±0.24mm and a thickness of 1.0±0.22mm. It is important to remind the reader that
failure data was not analyzed in this study since samples were not cut into dog-bone
geometries. Uniaxial tensile properties were tested at room temperature (20.2°C) in a
DMA (PerkinElmer) at 100 µm min-1. Three sets of samples (n=10) were created to
correspond with 0, 10 and 20% mass loss (ML) that was determined during the
degradation experiments. These amounts of mass loss created the three subgroups per
PCL group; therefore 60 samples were created and tested in all. Reduced data sets were
used for calculations of the MTM. MTM values were computed as the peak slope of the
plot of 2nd Piola Kirchhoff stress versus Green strain. The MTM values were averaged
and single standard deviations were computed for use in figures, while the whole data set
was included in the statistical analysis.
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4.2.6 Statistical Analysis and Model Development
Initially statistical analyses were performed on the data to look for significance
(APPENDIX A: INITIAL MULTIVARIATE ANALYSIS). Two sample heteroscedastic
Student’s t-tests were used to determine statistical significance (p<0.0005) between PCL
groups (1250 and 200) in the uniaxial data sets. Statistical significance (p<0.02) was
tested for in the subgroups differentiated by different degradation states (0, 10 and 20%
ML) within each PCL group.
Other initial analyses utilized multivariate ANOVA to determine the role of
several independent variables on predicting the dependent variable of MTM (not shown).
Those independent variables were PCL molecular weight, copolymer molecular weight,
polydispersity, urethane-urea content, crystallinity, and degradation. From these
variables, it was determined that both PCL molecular weight and crystallinity were
predominant predictors of MTM. Furthermore, it was determined that crystallinity could
be manipulated to encompass other factors, for example, degradation.
A linear model was developed to predict crystallinity as a function of mass loss
under the assumption that degradation occurs in the amorphous regions first[114, 139].
Therefore samples will exhibit roughly similar amounts of crystallinity as they degrade,
in other words, the requisite melt energy is similar while being a function of sample size
and degradation. This melt energy can therefore be incorporated into a calculation of
material change in enthalpy for both degraded and non-degraded samples, thereby
allowing for the determination of increasing crystallinity (percent of bulk) as amorphous
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material degrades. An analytical model was developed, shown in Equation 1, which
indicates crystallinity, as a percent, can be determined from the variable A, which is
dependent on PCL molecular weight (1250 = 25.93 and 2000 = 25.65), and sample mass
loss. The variable A was determined from curves fit to experimental data.

Crystallinity (%) = A (1! Mass Loss)

(Equation 1)

Subsequently, stepwise linear regression was utilized for developing a predictive
model by exclusion of variables in the regression represented by p>0.002. The developed
model follows the generalized mixed model form, shown in Equation 2. The observed
values (yi) is a function of a summation of the fixed effects parameters, the intercept (µ)
and the coefficients (β1, β2,…, βp). The coefficients correspond with the given variable
(x) and an optional residual correction factor.

yi = µ + !1 xi1 + !2 xi2 +... + ! p xip + ei

(Equation 2)

4.3 Experimental and Statistical Results
The chemical analysis indicated that the copolymers developed a molecular
weight of 89 and 50 kDa with a polydispersity of 3 and 2 for PCLs 1250 and 2000,
respectively. The theoretical urethane-urea segment, which is associated with amorphous
content of the PEUUs, is determined by molar ratio of constituent materials[89],
represents 39 and 28% of the microstructure of PCL 1250 and 2000 respectively. Both
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materials exhibit similar levels of crystallinity (~26%) indicating a similar amount of
crystalline organization. It appears that lower molecular weight PCL created larger
molecular weight copolymers with a larger polydispersity. PCL 1250 also exhibited
greater urethane-urea content, which contributed to the higher rate of degradation and
coincidentally higher mass loss of PCL 1250.
Mass loss experimental results are shown in Figure 18. While PCL 2000 tended to
plateau with respect to mass loss, PCL 1250 exhibited large amounts of degradation. The
inset table provides the coefficients for a 2nd order polynomial to model each of the
copolymers’ degradations. This information was pertinent to predicting the points at
which specific mass losses would be achieved for samples, thereby allowing the
collection of the 10 and 20% mass loss samples.

Degradation (% Mass Loss)

100

A

B

C

PCL 1250

-12.26

31.85

65.63

PCL 2000

-1.67

13.74

21.64

50

0
0

3

6

9

12

15

Time (Day)

Figure 18: Degradation of copolymers over a 15-day time period. PCL 1250 (triangle)
and PCL 2000 (circle) mass loss is measured every three days and is shown with single
standard deviation (n=3). Inset table provides 2nd order polynomial coefficients, each
representing fits with R2 values greater than 0.99.
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Representative uniaxial tensile testing results are shown for PEUU samples in
Figure 19. The initial portion of the stress-strain curve is shown in this figure, where
MTM was calculated. All materials show decreases in mechanical strength related to
increased degradation (20% ML). However, PEUU copolymer results show that a small
amount of degradation (10% ML) corresponded with a muted impact to MTM but a
severe drop in extensibility. The PEUU properties deteriorate within a few days in the
EDS, with material toughness being significantly decreased.
The predictive model is shown as Equation 3, where PCL Mn and crystallinity are
incorporated to predict material MTM. Figure 20 provides the average MTM values with
a single standard deviation (n=10) for both experimental and predicted values using this
function. Comparisons between PCLs at different degradation states are statistically
different (p<0.0003) indicating the PCLs are distinctly different from one another,
covering a MTM range of 9 to 137 MPa. The difference between experimental and
predicted is statistically negligible (p<0.02) indicating that there is an unlikely possibility
of a difference between the experimental and predicted average MTM values.

MTM (MPa) = 24.56 + ( 0.07 ! PCL M n ) + ("2.81! Crystallinity )

(Equation 3)

Experimental versus predicted MTM values are plotted for all samples from both
copolymers in Figure 21. A linear fit is provided to demonstrate a basic correlation
between the experimental and predicted values. The high correlation (R2) indicates a
reasonable relationship between experimental and predicted values. The error associated

71

with the large variability in the 0% ML groups is visible and it is associated with the rise
in errors in the predictive technique.

2nd Piola Kirchoff Stress (MPa)
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Figure 2
Figure 19: Representative plots of copolymer stress-strain curves. Snapshots of PCL 1250
(A) and 2000 (B), early in the stress-strain development, where MTM is measured. For
both plots 0% ML (square), 10% ML (circle) and 20% ML (triangle).
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Figure 20: Average experimental (white) and predicted (grey) MTM values for
copolymers PCL 1250 and 2000 for each degradation group. Single standard deviation
(n=10) is given. Comparisons between PCLs at different degradation states are
statistically different (p<0.0003). The difference between experimental and predicted is
statistically negligible (p<0.02).
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Figure 21: Plot of all experimental versus predicted MTM values for the copolymers. A
linear correlation between the values is provided with a R2 value for the fit.
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4.4 Discussion
The work detailed in this study has led to a predictive model associating the
effects of various experimental parameters on the maximum tangential moduli of this
small class of PCL-based poly (ester-urethane-urea)s. It was determined that only a few
crucial variables are necessary to predict MTM values under different experimental
conditions. Primarily, the PCL molecular weight coupled with copolymer crystallinity
can be useful in the determination of the material MTM, with knowledge of the
copolymer’s initial crystallinity and subsequent testing conditions.
Accelerated degradation tests are a convenient method of understanding the
service performance of a material, for predictive purposes. The methodology for the test
has been previously utilized and it is understood that the degrading agent of the EDS
appears in greater concentration in the test than would be seen in service [140]. While
modeling the degradation as a function of time, is convenient for the purposes of this
project, it should be noted that this is only a portion of the requisite information to
complete the picture of degradation rate in vivo. It is recognized that additional tests of
copolymer degradation at varying levels of the degrading agent would allow for better in
vivo predictions. These analyses were not performed due to the financial and temporal
expenses associated with achieving and validating a statistically relevant number of
quality results.
Furthermore, the different degradation rates caused difficulties when attempting
to incorporate degradation into a model. Therefore, crystallinity as a function of mass
loss, as opposed to degradation or time points, became necessarily convenient.
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Fortunately, it is well known that crystallinity is a great contributor to a material’s
stiffness, and it was estimated that this property would be a useful variable to include in a
model. Earlier modeling efforts indicated that the interaction of crystallinity and several
other microstructure-based variables were very significant and crystallinity could easily
be substituted for some variables reducing the need for other independent variables, to
predict the independent variable of modulus.
The model that was developed was accurate at predicting MTM for a large range
of values and for several different experimental conditions. The predicted MTM averages
were statistically similar to the experimental averages. The model is impressive at
matching the MTM values for both types of PCL despite the difference between the
MTM values as obviated by Figure 21. Furthermore, the model is still sensitive enough to
track the decline in MTM with respect to degradation. It is worthwhile to note, that the
predictive power of the model lacks complete accuracy in part due to the large variance
in the 0% mass loss groups, Figure 20. The cause of this is associated with the amorphous
and urethane-urea segments contributing to material mechanical variability, which
decreases as these segments are degraded. Unfortunately, this degradation is not reflected
in the independent variables, PCL molecular weight and crystallinity, which increases
model inaccuracy. Despite this problem, the model itself is a good first step for a
theoretically and experimentally driven model.
This methodology and this model could be utilized for similar polymer systems as
a preliminary measure. The model should work well for other linear aliphatic systems
that exhibit similar crystallization patterns as PCL. Furthermore, the methodology of
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identifying pertinent variables, such as the variables employed in this analysis, would be
useful for other systems. Small modifications can be made for other measures of interest,
for example, if a researcher is interested in predicting coefficients for finite element
analysis, we found MTM to be linearly correlated to the neo-hookean coefficient, C10,
(R2=0.95) utilized in defining the strain energy density function of these materials.
There are several key limitations of this project. One such limitation is the lack of
variables to help improve model accuracy. Unfortunately, an increase in variables would
correspondingly require material for the complementary testing of the additional
combinations. Ultimately, however, all combinations could not possibly be created and
tested with repeatability. Repeatability is an additional concern, for example, the
copolymers can have roughly similar chemical structure with a distributed molecular
weight, or similar molecular weights with distributed chemical structure, attributing to
material and variable non-uniformity. Both of these conditions can have a downstream
impact by unequally contributing to crystallinity. Therefore, it would be more ideal to
have several syntheses of the copolymer materials. Thereby allowing one to generate
more representative samples for additional testing, to more completely fill in the dataset
and improve model robustness and accuracy.
By applying conventional statistics to experimentally derived data, seemingly
important factors have been utilized in predicting a material mechanical property. The
predictive model, generated from this information, can help identify PCL molecular
weights and crystallinity ranges for matching natural tissue moduli. Future work, should
involve a methodical step-by-step incorporation of more and more variables perhaps
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starting with more microstructural information such as, copolymer molecular weight and
polydispersity.
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5 CONCLUSIONS
5.1 Summary
Following the hypothesis that PEAP can overcome the current limitations
associated with current AAA repair, work was performed to find a material candidate.
That material should maintain the desirable qualities of biocompatibility,
thermoformability, and material compliance with aortic tissue. To that end, and the
purpose of this work, potential PEAP material candidates were evaluated. Materials
include acrylate-based shape memory polymers (SMPs), polycaprolactone (PCL) and
polyurethane (PU) blends, and finally a PCL-based bioresorbable copolymer poly (esterurethane-urea) (PEUU).
In Specific Aim 1, the focus of the work was the effect of crosslinker length and
composition on the hydrophobicity and the thermomechanical response of acrylate-based
shape memory polymers. Although still stiff compared to abdominal aortic tissue (healthy
and diseased) [71] PEGDA appeared to be a good candidate material for PEAP since it
demonstrated good shape recovery. This aim assessed the physical properties of the
acrylate-SMPs to provide evidence that they would be fit for further development as the
PEAP material.
In Specific Aim 2, there was an examination of the effect of composition and
degradation of poly (ether-urethane-urea) on mechanical properties (uniaxial/biaxial
tensile) as compared to the PCL/PU blend. The tailoring and controlling of the PEUU
copolymer composition through regulation of PCL molecular weight and the amount of
PU yielded a material that had increased degradation while maintaining valuable
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characteristics of the PCL/PU blend prior to, during, and following degradation. The
main disparity of the two materials came from the difference between the polyurethanes.
The difference between the PU dictated MTM sensitivity to water immersion and
degradation characteristics. Regardless, the PEUU was very similar to the blend and had
very similar mechanical properties before and after degradation.
Finally, in Specific Aim 3, an effort was put forth to attempt to model the
relationships between the PEUU composition and degradation properties with the
mechanical properties of the material. By using conventional statistics, three models were
developed for predicting key properties of PEUU. Important variables, such as PCL Mn,
Temperature, and Crystallinity were found to impact both copolymer microstructure and
mechanical properties. Despite lacking accuracy, the benefit of a predictive model was
demonstrated with the prediction of mechanical properties of a copolymer designed to
match the compliance of the natural tissue, even before copolymer synthesis.
5.2 Future Work
While future work is discussed generally, herein, the individual discussions lack a
focus on development of the project as a whole. Under different conditions, those of extra
resources, this project could be taken much further. Certainly, PEAP as a project could be
taken farther into regions of animal studies, flow loop optimization, and computer aided
design. Our lab is already investigating these projects; therefore, alternate projects should
be developed. One such project is the development of drug delivery options. Within our
lab murine implants and cell culture work has taken place with controlled release of a
MMP-2 inhibitor from the blend, but due to the mechanical variability and the variable
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degradation of the blend, it seems the PEUU copolymer or a substitute would be better.
Work has already being done to include drugs in polymer matrices of polyesterurethanes
[141]. As more work is done to model and understand the crystallization of the PEUU
copolymer one could easily begin incorporating aspects of drug release since the material
is designed to be bioresorbable. Other copolymer ingredients could be explored from
replacing lysine with another peptide, possibly of therapeutic merit, or even replace the
PCL with a similar polymer, such as, trimethylcarbonate.
In order to compete with the development of silk fibers from modular components
to improve repeatability, organization, and control of properties, the predictive modeling
should be the primary focus of ongoing research. The directions of current biomaterials
research seem to be one of biomimicry, reducing inflammatory reactions, and
Department of Defense sponsored projects (e.g. skin printing and organ growth). For our
material system to be competitive and a desirable solution our lab will need to validate
the materials ability to degrade and release drugs in a controlled fashion, function as a
scaffold to support diseased tissue or even organ growth, and emulate biological tissue
and systems.
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APPENDIX A: INITIAL MULTIVARIATE ANALYSIS
A.1 Introduction
Poly(ester-urethane-urea) (PEUU) is one of many synthetic biodegradable
elastomers under scrutiny for biomedical and soft tissue applications. Our laboratory
employs a well-known two-step method for synthesizing the PEUU copolymer by
utilizing polycaprolactone (PCL) and the essential amino acid, lysine, for the basis of
both the isocyanate and chain extender necessary for synthesis. A great deal of research
has been devoted to the synthesis and characterization of these materials. The structureproperty-function relationship between the microstructure and macroscopic properties has
been the focus of a great deal of research as well [88, 89, 120, 125]. It seems, however,
that less work has been performed in an attempt to model and predict properties of these
biomaterials.
Polymer modeling has taken many forms over the years. Many researchers utilize
advanced techniques to model many aspects of polymers from kinetics and growth in
synthesis [126], to rheology [127], miscibility [128], interfaces [129], and structure [130].
Briefly, there seem to be two methods that dominate the literature derived from statistical
physics applied as statistical mechanics, which is a multidisciplinary tool [131]. The two
popular methods, molecular dynamics and Monte Carlo simulation, have many excellent
reviews covering their subject matter, one of which is listed here [132]. For the modeling
of degradation, statistics can be employed in a different manner. The use of generalized
linear models and ANOVA are helpful in determining the impact and interactions from
variables on a specific target. For example, stepwise linear regression was employed
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when researchers were studying the changes in tensile strength of polymeric greenhouse
films exposed to outdoor conditions in Saudi Arabia. The variables under examination
included thermal cycling, UV radiation, humidity and precipitation, as well as
atmospheric contaminants and oxygen content of the air [133, 134]. More recently, other
statistical techniques (Taguchi method) have been adapted and employed for modeling
interpenetrating polyurethane networks [135], analyzing mechanical properties of
polypropylene fiber reinforced concrete [136], and reducing mold shrinkage in injection
molding [137]. The strengths of these types of analyses help in the design of experiments
to investigate relationships between variables and in accounting for incomplete datasets
[136, 138].
The goal of this study was to investigate the impact of experimental parameters
based on copolymer microstructure and environmental exposure (similar to that of the
human body) on mechanical properties (modulus) of poly (ester-urethane-urea)s. The
effects on maximum tangential modulus (MTM) were evaluated statistically with linear
regression, producing three predictive models.
A.2 Materials and Methods
A.2.1 Materials
PCL diol, Mn 1250 and 2000, (Polysciences) were vacuum dried at 60°C for 5 hrs
preceding synthesis. L-lysine monohydrochloride (Amresco), triethylamine (Cole
Palmer), and thionyl chloride (Sigma Aldrich) were used as received. Ethyl ester L-lysine
diisocyanate (LDI) (Infine Chemicals Co., Ltd), stannous 2-ethylhexanoate (Sn(Oct2))
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(Sigma Aldrich), and anhydrous dimethylacetamide (DMAc) (Alfa Aesar) were stored in
a desiccator before use.
The enzymatic degrading solution (EDS) is a phosphate buffered solution with
sodium azide (Sigma Aldrich) for an antibacterial, and an enzyme that is a lipase from
Pseudomonas fluorescens (Amano) [97-100], which imitates hydrolysis, but at an
increased rate compared to in vivo [101, 102].
A.2.2 Synthesis of different PEUUs
The first step of the synthesis was to functionalize the chain extender, lysine
monohydrochloride, by converting it to lysine ethyl ester dihydrochloride (LEE). This
synthesis is a straightforward esterification of the lysine [80, 94, 95]. Lysine
monohydrochloride (10g) was placed in absolute ethanol (60mL) and was warmed to
70°C under an inert gas. While stirring, 4mL of thionyl chloride was added drop-wise to
the solution. The solution was then stirred for about seven hours, until the yellowish
solution became clear. The ethanol was evaporated under reduced pressure and the
remaining white hard crystalline product was rinsed with diethyl ether. The product
caked off the glass walls and was subsequently filtered and dried in a vacuum. Product
yield was about 94%. The purity of the product was determined with a melt point analysis
~139°C (literature 143.5-144.5°C [96]) and NMR to compare with results from previous
researchers [82] (data not shown).
The PEUU copolymer synthesis covalently links segmented polymers from the
lysine components and PCL [89]. The synthesis is a two-step prepolymer method that
uses a PCL/LDI prepolymer with a chain extender to link prepolymer blocks and is
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discussed in several previously mentioned sources [88, 89]. Four PEUUs (P1-4) were
synthesized with molar ratios of either 1:2.2:1.2 or 1:2.7:1.7 (PCL: LDI: LEE) for both
the 1250 (P1-2) and 2000 (P3-4) Mn PCL. Excess LDI and LEE are responsible for
creation of the hard segment in the final copolymer. The percent hard segment can be
determined from the combined mass of LDI and LEE over the total mass of the
monomer. The copolymers, shown in the sixth column of Table 2, are ordered in terms of
decreasing hard content (UU content) beginning with P1 and ending with P4.

Table 2: Copolymer designation and pertinent microstructure constituent values

Briefly, the synthesis is as follows. PCL diol was weighed and melted while
stirred under a nitrogen atmosphere at 80°C. The appropriate mass of LDI was introduced
through a septum along with DMAc (50:50 w/v). Stannous Octoate (SN(Oct)2) was added
(0.01 mol/mol PCL diol) drop-wise, which was then stirred for 3 hours at 80°C. At this
point, the appropriate amount of lysine ethyl ester dihydrochloride was carefully added to
the prepolymer, a transparent brown solution. DMAc was added again to bring the
concentration of PCL diol in solution to 0.25 M. The LEE was given 15 minutes to mix
into the solution before triethylamine (3 mol/mole of LEE) was added drop-wise. The
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resulting brown mixture had lost transparency and became much more viscous. The
slurry was mixed for 3 hours at 80°C. After this period of time, the slurry was removed
from the heat and continuously mixed for an additional 12 hours. The slurry was then
precipitated into an ice water bath and the polymer was rinsed (3x) with deionized water
and dried in a vacuum for 24 hours. Following drying, product yield was roughly 87%.
The dry product was then solvated in chloroform and cast on polytetrafluoroethylene
coated glass petri dish and placed in a desiccator to keep samples dust free and to control
the solvent evaporation. Following chloroform evaporation for 24 hours, the cast films
were released from the petri dishes and samples were created for the following
characterizations.
A.2.3 Characterization
Briefly, the PEUU was chemically characterized for pertinent microstructure
information to be used in the statistical analysis. Reactants and the PEUU were analyzed
with GPC. An Isocratic HPLC pump (Waters 1515) was used in tandem with a Refractive
Index and Dual λ Absorbance Detectors (Waters 2414 and 2487) for GPC. The carrier
solvent was dimethylformamide with 0.1 M LiBr. Polymer was added to the GPC carrier
solvent to get 10mg/mL sample concentrations for 100 μL injections.
Differential scanning calorimetry (DSC) with a Diamond DSC (Perkin Elmer)
was utilized to determine sample crystallinity and thermal properties. Samples were
tested from -100 to 150°C at a rate of 10°Cmin-1 for three cycles. Percent crystallinity
was calculated from the ratio of the change in enthalpy for a sample against pure high
molecular weight PCL (16.9 kJ/mol [104, 105]), determined empirically [106].
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A.2.4 Degradation
Degradation tests were conducted using samples (10x10 mm2 sheet) of PEUU that
were placed into 20 mL dram vials. 5 mL of EDS were added to each of the samples.
PCL can be degraded in two ways by this solution, by the enzyme, since it specifically
cleaves ester bonds, and hydrolytic chain scission [103]. Samples were stored in an
incubator at 37°C and degraded for a 15 day period. Mass measurements and solution
changes were conducted every 3 days.
A.2.5 Uniaxial Tensile Testing
Samples were cut with dimensions 1x30 mm2. Sample cross sections for the
PEUU were approximately 0.86 mm2. Uniaxial tensile properties were tested in a DMA
(PerkinElmer) at 100 µm min-1. Three sets of samples (n=3) were created to correspond
with 0, 10 and 20% mass loss (ML) that was determined during the degradation
experiments. It is important to note that as these experimental sets were conducted at
room temperature, two more tests (each n=3) were conducted. One experimental set
consisted of soaking the sample for 20 minutes in a room temperature (20.2°C) deionized
water bath (RmB) and another experimental set had the sample soak for the same
duration in a 37°C deionized water bath (37CB). Temperature was controlled with a
circulating water bath (Neslab RTE-140). Reduced data sets were used for calculations of
the MTM. MTM values were computed from the slopes of the linear interpolation
between computed values of the 2nd Piola Kirchhoff stress and Green strains. The MTM
values were averaged and single standard deviations were computed for use in figures,
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while the whole data (n=3) for every experimental set was included in the statistical
analysis.
A.2.6 Statistical Analysis and Model Development
Initially statistical analyses were performed on the data to look for significance.
Two sample heteroscedastic Student’s t-tests were used to determine statistical
significance (p<0.05) between groups in the uniaxial data sets. Groups were the different
environments (bath and temperature), and different degradation states (0, 10 and 20%
ML).
The model is developed from the data for P1, P2, and P4. P3 data was reserved
for model verification since the UU content falls in the range of the other three tested
copolymers. The dependent variable is the MTM while the independent parameters are
broken into two categories. The first category is based on the microstructure, so the
parameters include PCL Mn, PEUU Copolymer Mw, polydispersity, the percent of the
copolymer that is not PCL or the hard content segment (UU content (%)), and PCL
crystallinity (%). These quantities were determined from a priori knowledge and the
chemical characterization. The second category is based on the environment of the test,
so the parameters include degradation as percent mass loss (0,10, or 20), the use of a bath
(binary), and the temperature of the environment (20 or 37°C). These eight variables
make ANOVA a difficult task, especially when the dataset is incomplete, since all
possible combinations are not represented. It is important to note that these variables can
also be split into multilevel categorical or continuous variables, as shown in Table 3.
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Table 3: Levels of the categorical variables used in the experiment. Copolymer Mw,
Polydispersity, and PCL Crystallinity are all continuous variables that are not controlled
in the experiment but are used in the statistical model development.

Once the data was collected; several analyses were executed to better understand
the data set. From Table 3, it can be determined that a substantial number of samples
(6144) would be needed to generate the necessary symmetric dataset (where every
combination is represented) just for n=1 (assuming continuous variables have 4 levels).
Unfortunately, there exist two concerns. One is the difficulty associated with the creation
and testing of every combination within a reasonable amount of time; and the second is
the lack of a certainty that the data produced would lack the statistical power (at an n=1)
to create a predictive model. Therefore, it was determined that a particular set of samples
(<1% of the total) would be created for use in the development of preliminary models. In
keeping with the goal of the study, Model 1 was a stepwise linear regression performed
on the variables based on microstructure to predict crystallinity. Model 2 utilized
crystallinity and the variables based on test environment in a univariate ANOVA to
determine a predictive model for MTM. The coefficients generated from this analysis
were used to predict the moduli of P3.
A third and final model (Model 3) was generated, again using stepwise linear
regression, but for a specific subset of the data that would be applicable for biomaterials.

88

In other words, by choosing the testing environment that best imitated a biomaterial
environment, only two categorical variables (PCL Mn and Crystallinity) and three
continuous variables, (Copolymer Mw, Polydispersity, and UU Content) remained from
which to generate a new model. The quality of the model’s fit was determined by using a
k-fold cross validation analysis. In this analysis different versions of the same basic
model are developed. Swapping out each dataset, one at a time, a new model is
developed. Eventually the four versions of the model are then used to predict the MTM
value for the missing dataset. In this way, actual and predicted MTM values could be
collected for all four copolymer 37°C Bath datasets. A coefficient of determination (R2)
could then be calculated from the square of the correlation coefficient calculated from the
actual and predicted MTM values. It is pertinent to note that the analysis data was best
separated so that Model 1 could be used conveniently as a variable in Model 2 and in
Model 3.
A.3 Experimental and Statistical Results
Results from chemical analysis are given in Table 2. It appears that lower
molecular weight PCL (P1 and P2) created larger molecular weight copolymers with
larger polydispersities. P3 exhibited the greatest amount of crystallinity.
Mass loss experimental results are shown in Figure 22, along with key
information as to the materials composition. While the materials tend to plateau with
respect to mass loss, P3 exhibited the most degradation since it actually degraded to the
point that it lost mechanical integrity and became very difficult to measure as it was
converted to smaller and finer polymeric bits. P4 had the least amount of degradation
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followed by P1 and P2, in that order. The inset table provides the coefficients for a 2nd
order polynomial to model each of the copolymers’ degradations. This information was
pertinent to predicting the points at which specific mass losses would be achieved for
samples, thereby allowing the collection of the 10 and 20% Mass Loss samples.

Figure 22: Degradation of copolymers over a 15-day time period. P1 (square), P2
(diamond), P3 (circle), and P4 (triangle) mass loss is measured every three days and is
shown with single standard deviation (n=3). Values of UU Content and Crystallinity are
provided next to their datasets, respectively (as UU Content – Crystallinity). Inset table
provides 2nd order polynomial coefficients, each representing fits with R2 values greater
than 0.99.
Representative uniaxial tensile testing results are shown for PEUU samples in
Figure 23. The portion of the stress-strain curve that is shown displays the initial period
of testing, where MTM is typically determined from the maximum slope of the curve. All
materials show decreases in mechanical strength related to increased degradation (20%
ML) and temperature (37CB). However, PEUU results show that a small amount of
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degradation (10% ML) corresponds with a muted impact to MTM as well as the
incorporation of a 20.2°C bath (Rm Bath). The PEUU properties deteriorate within a few
days in the EDS, with material toughness being the most significantly impacted.

Figure 23: Representative plots of copolymer stress-strain curves. Snapshots of P1 (A),
P2 (B), P3 (C), and P4 (D) early in the stress-strain development where MTM is
measured. For all plots 0% ML (square), 10% ML (circle), 20% ML (triangle), Rm Bath
(plus), and 37C Bath (diamond).
Figure 24 for P1 and P2 (PCL 1250) and Figure 25 for P3 and P4 (PCL 2000)
provide the average MTM values with a single standard deviation and a list of p-values.
The p-values helped elucidate differences within groups and between groups related by
PCL molecular weight. Despite these similarities, P1 and P2 groups were significantly
different, while P3 and P4 exhibited more similarities.
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Figure 24: Average MTM values for copolymers P1 and P2 (both have PCL Mn =1250).
Inset tables indicate p-values for various comparisons.

Figure 25: Average MTM values for copolymers P3 and P4 (both have PCL Mn =2000).
Inset tables indicate p-values for various comparisons.
Figure 26 shows box and whisker plots for all of the data used in the models. The
variables with large variability are easily seen as well as the comparative magnitude
between variables, which can be a source of difficulty in model fitting.
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Figure 26: Box and whisker plots of dependent (MTM) against all independent variables
for P1, P2, and P4. Middle bar represents median, box edges at 25th and 75th percentile;
whiskers cover 3 standard deviations with outliers represented as black dots.
Another source of concern can be clearly indicated by the outliers (black dots),
which are directly related to the use of a bath and high temperature. This can be discerned
since the outliers do not appear in the bottom right plot of temperature. The coefficients
for all of the models are displayed below, Table 4, along with other pertinent information
for all of the models.
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Table 4: Linear regression models and pertinent information including coefficients

Model 1 and 3 use coefficients, as is typical for a mixed model, the generalized
form is shown in Equation 3. The observed values (yi) is a function of a summation of the
fixed effects parameters, the intercept (µ) and the coefficients (β1, β2,…, βp). The
coefficients correspond with the given variable (x1) and an optional residual correction
factor. Model 2 is actually a piecewise function; therefore, it is shown in Equation 4 for
clarity, where PCL Mn (A), Degradation (B), Bath (C), and Temperature (D) are
incorporated. From the information in Model 1, it is apparent that not all of the collected
data (UU Content) was necessary for development of the various models.
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Figure 27 shows actual P3 MTM values as well as the predicted values generated
from using Model 1 and Model 2 in conjunction. Actual and predicted MTM values for
all copolymers that experienced 0% degradation and were tested in a 37°C Bath are
shown in Figure 28. These predicted measures were generated from the coefficients of
one of the variations of Model 3 (the model developed from P1, P2, and P3 datasets to
predict P4). One metric for determining the quality of each model was to gauge the
model’s ability to fit each data set using the coefficient of determination (R2) value,
which is listed on the plots for the model fits to the data and in Table 4 for the model fits
to the data that was used to make the model itself. The values on the plots indicate that
Model 2 fits the P3 data slightly, while Model 3 is much less accurate when modeling the
37°C Bath data. Despite lower than ideal P3 data fits, it is clear from the R2 values shown
in Table 4, that the model data is well fit by both models, which is an expected result. It is
important to note that the R2 value given for Model 3 is representative of all of the
models developed during the k-fold analysis.
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Figure 27: Plot of actual and predicted MTM values for the experimental groups of
copolymer P3, developed from Model 1 and 2 using P1, P2, and P4. R2 value for fit is
shown.

Figure 28: Plot of actual and predicted MTM values developed from all copolymers using
all versions of Model 3 developed from the 37°C Bath dataset. R2 value is developed
from k-fold analysis of this data.
A.4 Discussion
The work detailed in this study led to three predictive models associating the
effects of various experimental parameters on the maximum tangential moduli of this
small class of PCL-based poly (ester-urethane-urea)s. It was determined that only a few
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crucial variables are necessary to predict MTM values under different experimental
conditions. Primarily, copolymer crystallinity can be predicted with knowledge of the
PCL and copolymer molecular weight and the polydispersity of the PEUU copolymers.
Subsequently, the MTM values of various PEUUs can be determined with knowledge of
the copolymer’s crystallinity and testing conditions. Finally, although not very accurate, a
third model was developed to predict MTM values for the various copolymers that may
be useful in a biomedical application.
Accelerated degradation tests are a convenient method of understanding the
service performance of a material, for predictive purposes. The methodology for the test
has been previously utilized and it is understood that the degrading agent of the EDS
appears in greater concentration in the test than would be seen in service [140]. While
modeling the degradation as a function of time is convenient for the purposes of this
project, it should be noted that this is only a portion of the requisite information to
complete the picture of degradation rate in vivo. It is recognized that additional tests of
copolymer degradation at varying levels of the degrading agent would allow for better
predictions. These analyses were not performed due to the financial and temporal
expenses associated with achieving and validating a statistically relevant number of
quality results.
Furthermore, the different degradation schemes caused difficulties when
attempting to incorporate degradation into a model. Therefore, specific mass loss, as
opposed to time points, became necessarily convenient. An unfortunate side effect occurs
in copolymer systems (P3 and P4) where the MTM at different mass loss values is not
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statistically different. From the variables that are employed in the model it would be
challenging to discern MTM changes following the removal of the softer amorphous
fraction. The obvious solution to incorporate a toughness metric or stress-strain at
fracture only adds greater variability on a sample-to-sample basis, without improving
distinction. The statistical similarity between P3 and P4 (inset of Figure 25) is also
cautionary as the model will be more successful when using P1, P2, and P4 to estimate
P3. Due to the difference between P1 and P2, a model using P2, P3, and P4 to estimate
P1 may be less accurate.
It is well known that crystallinity is a great contributor to a material’s strength, it
was estimated that this property would be a useful variable to include in a model. In
earlier models it was soon realized that the interaction of crystallinity and several other
microstructure-based variables were very significant and not all variables were necessary
to describe the dependent variable, or MTM values. Therefore, it was determined that the
predictive capability would not be hindered if microstructure information was removed
and devoted to determining crystallinity. Additionally, it was determined that a stepwise
linear regression would be a superior methodology for creating the most parsimonious
model. Indeed, it seemed to work, since logically, if PCL is the only copolymer
component that can have crystalline organization, then greater polydispersity should have
a negative impact, while larger molecular weights (longer chains) should support greater
crystallinity. It is pertinent to point out that the crystallinity model exhibits an R2 of one;
it is less because the model fits the data perfectly, and more that the model is built from
three distinct values of crystallinity. In other words, the degenerative and non-unique
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nature of the dependent variable means that more than one combination of the four
variables can be used to develop a model with an R2 equal to one. Our model was sorted
out by a simple application of a bootstrap method, where the entire dataset is sampled
many times (in this case 1000 times), with replacement, to increase statistical power and
model robustness. From the sampled datasets a model can be constructed. This process
can be repeated many times (again, in this case, 1000 times) and the means and standard
deviations of the coefficients can be analyzed to determine a new model for each
combination of variables that demonstrates an R2 equal to one. The model coefficients
that are provided for Model 1, Table 4, generate the smallest residual values.
The second model is mathematically convenient for predicting MTM values based
on crystallinity and testing conditions. These various testing conditions were chosen
based on the environments that the copolymer could experience, as well as contributing
to the statistical power of the analysis. The decrement in R2 value from the ability of
Model 2 to represent the data to its predictive powers was expected, due to the variation
within all of the copolymers. Furthermore, it suffers fundamentally from being a
piecewise function since continuous variables are represented as having discrete points of
change.
Model 3 is only developed from nine samples, for example in one variation all the
P1, P2, and P4 samples that were tested in a 37°C Bath. Understandably, the model is
less capable of explaining all the MTM variability that can be best seen in the plots,
shown in Figure 26, but is still employable since there is very little variation in the 37°C
temperature plot. The k-fold cross validation was essential for this model since a
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comparison of predicted and actual values for a single variation of Model 3 could not be
performed as there was zero correlation between the values (since the predicted values do
not change). Therefore, to develop a meaningful metric to quantify the predictive power
of Model 3, all versions of the model were calculated. It is worthwhile to note, that while
the predictive power of the model lacks accuracy, the model itself is a good first step for
a theoretically and experimentally driven model. One example of the usefulness of Model
3 is demonstrating the importance of crystallinity, shown in Table 5.

Table 5:	
  Requisite crystallinity values, for increasing molecular weight PCLs, to match
copolymer MTM to elastic moduli of natural tissues (brain [121, 122], muscle [123],
cartilage, and bone [124]), determined with Model 3.

By simply controlling PCL molecular weights (purchasing off the shelf products)
and the purification of the copolymer for high molecular weights (crystallinity is a
function of this, shown in Table 4), the modulus range of interest for biomaterials (soft
tissues [124, 125]) is distinguished by crystallinities separated by fractions of a percent. It
is noted that there is the possibility of extrapolation error for the crystallinity calculations
of the lowest molecular weight PCL.
For all models, Table 4 will show the relative impact of each variable in each
model. It is apparent that the large size of molecular weight is accounted for by small
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coefficients (Model 1 and 3) but generally has a positive impact on the dependent
variable. In Model 2, the existence of a bath plays a relatively small role in determination
of MTM. However, crystallinity and the temperature seemed to have a large impact. It is
important to note that beta value magnitude and sign, and differences between beta values
on a per variable basis can determine impact. While it may seem that the coefficients of
Models 2 and 3 did not fit the P3 data very well, it is important to remember that the
models fit the data that was used to create the model only slightly better. It is important to
remember that there is a difference between the R2 value of the P3 data fits and the R2
values of the models. Admittedly, it is unlikely that the P3 data will exhibit a superior fit
when compared to the fit of the model to the dataset the model was derived from, so the
low R2 values are expected and not discouraging. Model 2 and 3 are far from perfect, but
an appropriate first step. As a first step, it is well recognized that incorporation of as
many variables as possible is crucial, since one is not entirely confident as to the
individual or coupled role or roles of the factors, and it is desirable to include nonsignificant variables early on [136].
There are several key limitations of this project. It is important to recognize that
the non-symmetric matrix and covariate independent variables, prevented proper
analyses, since all combinations could either not be accounted for or were not discernably
different. Ultimately, however, all combinations could not possibly be created and tested
with repeatability. For example, it may not be feasible to make enough copolymer of a
certain molecular weight with a specific polydispersity. This is because, continuous
variables, like polydispersity, are difficult to account for as they are considered non-
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uniform [142]. It is important to recall, for instance, that the copolymers can have
roughly similar chemical structure with a distributed molecular weight (P2 and P4), or
similar molecular weights with distributed chemical structure (P1 and P2), attributing to
variable non-uniformity. Both of these conditions can have a downstream impact by
unequal contribution to crystallinity distribution. Therefore, it would have been more
ideal to have several syntheses of all of the copolymer materials. While several
measurements were taken for microstructural information, all of the measurements are
samples from a single synthesis (initially perceived to limit error). On that note, one
could generate more samples for additional testing, to more completely fill in the dataset
and improve model robustness; for example, samples tested at 37°C without a bath. This
would have contributed to the detection of interactions with multivariate ANOVA. As it
was, we were limited to univariate analyses. Another limitation of the study was that a
model to predict MTM would be more useful if the independent variable values could be
predicted without the need to synthesize the material, or with knowledge of the
microstructure properties a priori. Unfortunately, that does not seem to be the case and
indeed the materials would need to be created, especially to use Model 3.
A.5 Conclusions
By applying conventional statistics to experimentally derived data, seemingly
important factors have been teased out. This has enabled the creation of several predictive
models, the benefit of which is obviated by Table 5. Concerns mount over the
counterintuitive negative characteristic of model coefficients, for example, crystallinity,
which should contribute positively to modulus. This in part may be associated with a
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non-negative intercept. When considering future work, a question arises as to what
lessons can be applied downstream. Is the model being misdirected by the disparity in
magnitude of the variables, is it due to continuous variables, or would it be best to simply
appeal to the degenerate nature of the data? Future work would probably best be served
by focusing in on one aspect of a single material (one PCL and one ratio) for the first
model, the prediction of crystallinity. Especially since crystallinity is a kinetic process,
one could go into great depth looking at synthesis, solvent, or thermal crystallization
properties.
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