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The object of this study was to investigate the influence of static and dynamic forces on mechanical
properties of the biocompatible polymer ethyl cellulose. Similar polymeric films containing 40% (w/w) of
the plasticizer dibutyl sebacate were subjected to tensile forces at different velocities. The average Young'’s
modulus and the variation of yield strength, strain, and strain energy at different velocities complied with
the pre-established theories of dynamic loadings. The ultimate strength and the yield strength and/or
strain displayed linearity with the velocity, though the ultimate strain and therefore, the plastic and/or
ultimate working energies proved non-linear pseudo-Michaelis-Menten behavior. The speculation was
that achieving the maximum displacement would probably be the mostimportant cause of failure. Finally
the most suitable velocity at which the data would obtain the most demonstrable stress—strain diagrams
was selected: tensile forces at almost low velocities, best illustrated as static forces, proved immature
failure of the specimens during or shortly after the yield; so that the specimen resembled as a brittle
material. High velocities of loadings were also avoided since the strain would usually approach the plateau
and would therefore disrupt the rational correlation between forces and displacements during the end
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region of the curve.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The object of developing an oral modified release dosage form
is to improve the controlled release of the therapeutic agent and
thus the drug absorption from the gastrointestinal tract. Such a
dosage form effectively reduces the adverse effects associated with
peak plasma concentrations beyond the minimum toxic level of
the active ingredient while the plasma concentration also main-
tains within the therapeutic index to achieve the biological effect
for a longer period (Sakr, 1999; Streubel et al., 2000; Sood and
Panchagnula, 2003; Efentakis and Politis, 2006; Alias et al., 2008;
Venkatesh et al., 2008). The dosage form, in particular, controls the
amount of drug available for absorption from one dose adminis-
tration to the next which results in a more stable plasma level of
the drug during alternative administration. Targeted drug release
in oral administration is achieved through the means of either a
release-controlling barrier designed around drug-loaded granules,
pellets (Poelvoorde et al., 2008), and/or tablets (Diane Bruce et al.,
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2008) or employing polymeric or wax systems in formulations
(Avgoustakis and Nixon, 1993).

Hence, the primary requirement of these types of dosage forms
is their manufacturing process in a reproducible manner so that the
drug is delivered at a controlled and consistent rate. The release
rate reproducibility, in particular, satisfies the expected therapeu-
tic benefits of the sustained dosage form both in vitro and in vivo.
It prevents the detrimental effect of failure of the product follow-
ing which the dose dumping phenomenon makes the entire drug
load of the system being released all at once. In fact, this critical
performance of the product has led to the use of coated pellets
and/or granules in the development of controlled release dosage
forms. Such formulations are generally made up of multiple units
with controlled release properties which are either filled into a cap-
sule or compressed into a tablet for ease of administration. The
dose is, therefore, divided into several parts and the failure of a
few pellets or granules does not seem to significantly impair the
performance of the product. The multi-units dosage forms ideally
propose a larger margin of safety which substantially resists against
premature failure of the system.

When formulating modified release dosage forms, the effects of
different in vivo forces, such as the ones due to large mechanical
movements and sudden collisions in the alimentary tract should
be considered. Moreover, the fluid uptake by the product, which
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results in inward production of osmotic stresses and reflection of
the forces on internal surface of the core pellet, may also subject the
product to microrupturing. The ruptures propagate continuously
and dose dumping would eventually happen.

Different classifications of loadings have extensively been
defined (Gere and Timoshenko, 1990, pp. 3-6, 81-87; Higdon et al.,
1985, pp. 1-59). According to the theories, modified mechanical
properties of the structures under time-dependent load exer-
tion are considered as the cornerstone of reproducibility for drug
release. Static loadings which are most frequently employed in ten-
sile or compression experiments are defined as gradually increasing
loadings while the equilibrium is achieved during a relatively short
period of time. Dynamic loads, in comparison, may be applied very
suddenly causing vibrations of the structure or they may change in
magnitude as time elapses. During the impact loads (also called the
energy loads) equilibrium is not established until the vibration is
eliminated, usually by natural damping forces. The most basic types
of dynamic loads are the impact forces which are commonly pro-
duced by the collision of two objects or when a falling solid strikes
a structure, and due to cyclical loads typically created by rotating
machinery (Gere and Timoshenko, 1990, pp. 9-27, 107-110).

The mechanical theories in static and/or dynamic loadings have
largely been simulated in laboratory test profiles. The methodology
not only applies to engineering (Al Galib and Limam, 2004; Kim and
Kim, 2005; Kolakowski, 2007; Xuand and Wu, 2007; McShane et al.,
2008) but has also been repeatedly employed in polymer research
(Ging-Ho and Mu-Yuan, 1984; Chen et al., 2002) and analytical
techniques to obtain information about biological components in
non-destructive manners (Lakos et al., 1995). Clinical analyses were
widely used to determine the strength and functional failure of
human soft or hard tissues which generally predict the risk of injury
in automotive collisions (Pope et al., 1976; Koski and McGill, 1994;
Carr et al., 1998; Jacquemoud et al., 2007; Villanueva et al., 2008).

Different structures of polymers nowadays have been exam-
ined in formulation of matrix or core-pellets. Matrix pellets with
controlled release properties can be produced in a single step,
though the prevailing favors turn into the development of coated
core-pellets with rate-controlling membranes, the characteristics
of which can freely be modulated by simple alteration of the com-
position and/or thickness of the film coat.

In controlled release drug delivery systems, ethyl cellulose (EC)
has been considered as one of the most widely used high molecular
weight compounds, which excessively contributes as the water-
insoluble compartment of lipophilic coatings. The cellulose ether
has also been approved to be capable of being incorporated into
majority of other dosage forms as matrices (Crowley et al., 2004),
microspheres (Eldridge et al., 1990), and microcapsules (Jalsenjak
et al., 19970) or in combination with other cellulose derivatives
(Frohoff-Hiilsmann et al., 1999; Duarte et al., 2006) and Eudragits
(Lecomte et al., 2004; Siepmann et al., 2005).

Considering the widespread application of EC in various dosage
forms, an accurate investigation of the polymer mechanics under
classical forces may represent an important area in pre-formulation
studies. The present study is, therefore, intended to provide a
detailed analysis of EC mechanics under static and dynamic load-
ings.

2. Materials and methods

2.1. Materials and instrumentation

Ethyl cellulose powder was obtained from Dow Chemical Com-
pany, USA with an ethoxy content and average viscosity of 48.8% DS
and 100 mPs, respectively. Dibutyl sebacate (DBS), with an average
density of 0.934-0.945 mg/ml was purchased from Fluka Chemie
Gmbbh licensed by Sigma-Aldrich Chemie Gmbh (USA; product no.

84840; lot and filling code 447503/1, 21904034). Chloroform, the
organic solvent for preparing the sequential polymer solutions, was
received from an analytical grade.

The tensile properties of the polymeric films were examined
using the universal testing machine of the series Z100 produced by
Zwick/Roell group, Germany, employing a 2.0 kN force transducer
(load cell) and a pair of 0.5 kN pincer grips. The data were analyzed
using the software testXpert V8.1 (copyright® 1995-2000, Zwick
Gmbh & Co.).

2.2. Free film preparation

Casting, the most common method ever introduced in numer-
ous literatures, was employed for preparing thin layers of polymer
structures. Using a sensitive level vial (bubble tube) with a proper
radius of internal curved surface (approximately 20-90-s bubble on
a tube with 2-mm divisions), a plane surface was initially leveled
(Clarke, 1983). This was done to prohibit the unequal spreading of
the polymer solution which results in non-uniform distribution of
the thickness in the coalesced polymer along the film. The specimen
dimensions, standardized according to both ASTM D882 and ISO
527-1, were equal to 10 and 150 mm for the width and the length
of a flat rectangular strip, respectively. The grips were attached to
25 mm from the top and bottom of the strip which restored a gauge
length of 100 mm at the beginning of the tension.

To further promote the uniformity of the results, the number of
test specimens for each experiment was increased: a cast with an
internal area of 15 cm x 30 cm and 2.5 cm depth was prepared out
of (float) glass which would provide about 30 similar 10-mm width
strips. All the specimens were examined under tension and tensile
parameters were recorded among which the data for 10-12 of the
specimens with the least variations were selected for final proces-
sion of the results. To make a clear observation on the mechanical
shifts of the recorded data for both the elastic and plastic regions
of the stress-strain diagrams, a typical ductile formulation was
selected for uploading the dynamic forces (Kangarlou et al., 2008).
This unique sample was prepared by dissolving 3.1 g of the polymer
in 100 ml of chloroform and adding the commercial plasticizer DBS
to a total 40% (w/w) of the polymer mass.

The mixture was stirred for an hour and left for a further 8-10h
to obtain a more homogeneous state. Prior to use, the solution was
again shaken for a few minutes and left for a while to remove the air
bubbles. The mixture was then poured into the cast from a distance
above the central point and the cast was immediately covered by a
piece of nylon sheet which was firmly wrapped around the walls.
This would result in practically delayed evaporation of the solvent
and would considerably improve the appearance of the upper sur-
face of the film. The cast was left motionless for about 18-20h,
for the solvent to completely dry out, where upon it was semi-
filled with cold water. The lateral sides of the rectangular film were
carefully separated by means of a surgical blade (code no. 11-1a)
and then abandoned for a while to allow the water to gradually
raise the separated film from the underlying surface of the cast.
The sheeting was dried on a blotting paper and reserved at room
temperature and relative humidity (23 +£2°C and 504 5% RH) for
about 72 h prior to the test. Just before the experiment, the length
of the polymeric films were divided into 25-30 strips of 10-mm
width and the mass and dimensions of the individual specimens
were recorded to 0.1 mg and 0.5 mm precision, respectively. A small
piece of 20 mm x 5 mm was also separated from each of the films
for which the dimensions and mass were similarly measured and its
mean thickness was visually determined under a light microscope
and 40x objective magnification. The average area and density of
the sample were then calculated from the latter data to provide a
theoretical means to estimate the mean thickness of each strip in a
series of specimens.
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Tensile parameters for ethyl cellulose plus 40% (w/w) DBS submitted to different loading velocities and accelerations.

Mechanical parameters

Velocity (v) mm/s or acceleration (a) mm/s2?

v (or a) 0.05 mm/s?

v (or a) 0.50 mm/s?

v (or a) 1.00 mm/?

v (or a) 1.50 mm/s?

v (or a) 2.00 mm/s?

v (or a) 3.00 mm/s?

Thickness + sd® (um) 97.5+6.4 88.9+3.2 94.8+9.0 88.2+73 943+59 90.8+7.3
Mass +sd (mg) 131.8+8.6 1274+ 4.6 131.1+125 127.7+10.6 131.1+£8.1 133.5+10.7
E-modulus + sd (MPa) 214.324+20.13 241.71+12.77 225.50+10.61 213.37+7.97 225.71+7.24 206.98 +15.36
O max £ sd (MPa) 6.15+£0.47 9.844+0.36 11.254+0.60 12.74 £0.62 14.13+0.49 17.39+1.09
oy +sd (MPa) 6.13+0.47 7.18+0.18 7.65+0.33 7.83+0.16 8.45+0.19 8.94+0.50
ep+sd (%) 14.02+1.32 43.59+3.79 53.42+4.27 63.36 +£2.66 63.26 +£3.60 67.85+3.91
&y +sd (%) 6.03 £0.46 6.27£0.67 6.46+0.16 7.07+0.19 7.10£0.17 8.27+0.69
Ug +sd (MJ/m3) 0.654+0.105 3.313+0.308 4.488+0.416 5.600 +0.405 6.150+0.378 7.650+0.676
AUC, £sd (M]/m3)° 0.088 +£0.012 0.107 £0.009 0.130+0.008 0.144 +0.004 0.158 +£0.004 0.193+0.012
AUC, +sd (MJ/m3)¢ 0.566 +£0.100 3.206 +£0.304 4.358+0.415 5.456 +0.404 5.992+0.377 7.457 +0.673
(AUC./AUC,) x 100 15.480 3.326 2978 2.633 2.640 2.589

2 Equivalent velocity and acceleration quantities were defined in sequential test series.
b Standard deviation measurements were carried out for 12 strips of the sample formula in individual test series.

¢ Elastic AUC = o7 /2E.
4 Plastic AUC=UB — AUCqic.

Tensile experiments were conducted at increasing extension
speeds (or accelerations) of 0.05, 0.50, 1.00, 1.50, 2.00, and
3.00mm/s (or mm/s?), as shown in Table 1. Stress-strain dia-
grams were drawn and the major tensile parameters (Gere and
Timoshenko, 1990, pp. 3-6, 81-87, 9-27, 107-110) for stress and
strain values in N/mm?2 or MPa and percent elongations were
recorded: oy (the yield strength or the stress at the yield point),
omax (Maximum tensile strength), op (stress at break), ¢, (yield
strain), and ¢ (strain at break) with the Greek letters o and ¢ denot-
ing the stress and strain measurements, respectively. The young'’s
modulus or the modulus of elasticity, E (in N/mm?2 or MPa), and
the toughness modulus or the energy at break, U (in MJ/m3), were
correspondingly recognized in the resilient region based on a tan-
gent model and through the integration of the stress-strain curve
from the beginning to the fracture. A further evaluation was done
by determining the elastic and plastic strain energies (AUCejstic,
AUCpqstic) based upon the area under the resilient region and sub-
tracting AUC, s from the total toughness modulus to obtain the
plastic surface area, respectively.

2.3. Velocity adjustment experiments—static versus dynamic
loadings

To review the theories of impact loading, its mechanics and rel-
evant equations, a round prismatic bar AB is considered (Fig. 1)
which is extended longitudinally by the weight force of a single
mass, m, transferred through a silk thread! of negligible weight to
the bottom of the bar (Gere and Timoshenko, 1990, pp. 96-107).
The thread is stretched completely and the mass beneath is sus-
pended motionless which results in a static load due to the weight
force of the mass m.

During static extension, the load is assumed to be gradually
implied as a result of which an instantaneous equilibrium would
persist between the force load and the resisting force of the bar.
The bar is strained and according to Hookian equations of displace-
ments for axially loaded members, i.e., § = PL/[EA where P indicates
the applied force (Gere and Timoshenko, 1990, pp. 52-55), the max-
imum elongation of the system following the load exertion is equal
to

WL

bt = g

(1)

1 Silk threads are assumed to be strain less and thus, the evaluated strains are
merely associated to the extension of the bar AB.

where s is the static elongation of the bar due to the static load W
(i.e., the weight force of the mass m). L, E, and A denote respectively,
the initial length, elastic Young’s modulus, and cross-sectional area
of the bar AB where upon the load W is exerted. Comparing to
the equilibrium state of forces in the afore-mentioned system, a
different condition is explained in which the bar strikes out lon-
gitudinally, due to the weight force W, when the suspended m is
released from a distance near the bottom of the bar and falls to the
maximum affordable extension of the member. The bar is subjected
to dynamic loading and the pre-mentioned static equilibrium is
temporarily impaired. At the moment of loading, the stress and the
elongation are equal to zero. When the load is exerted the resisting
force in the bar gradually increases until it equals the weight force
W. Once the resistance in the bar equalizes the force W, the elonga-
tion of the bar is §5: and the falling mass m obtains a kinetic energy
due to the displacement &s. Hence it continues to move down-
ward until its velocity is again brought to zero by the increasing
resistance in the bar. Considering the Hookian force-displacement
diagram for the elastic bar AB, when § = §; the elastic strain energy
of the bar, U, is equal to Wd/2 which is a perfect estimation of the

WL

= —_——_—.
s

EA

Silk thread

Omax= srﬂ““"(g-‘ju)'m] - .“:/

Fig. 1. Schematic diagram for dynamic loadings.
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surface area for the resilient triangle in the W-3s; diagram (Gere
and Timoshenko, 1990, pp. 88-96).

Substituting the axial weight force W in the previous equation
of strain energy with its equivalence from Eq. (1) obtains the con-
cept of toughness strain, EASE[/ZL, where EA/2 is the stiffness and
st is the static elongation (Gere and Timoshenko, 1990, pp. 88-96;
Higdon et al., 1985, pp. 107-109). The kinetic energy of the falling m
is evaluated using 1/2mV?2 or WB2|2g, where V denotes the instan-
taneous velocity of the mass m at § = &s¢. The kinetic energies of the
thread and the bar are ignored since they are relatively small when
compared to the kinetic energy of the falling object. The potential
energy of the falling mass is also determined regarding its lowest
position where the bar approaches its greatest elongation §uqx. Let
&1 be the distance the object continues the downward movement
after the elongation s has been achieved, the extra displacement
of the bar due to the potential energy of the falling mass would
equal to §max — Os¢. The potential energy of the object would there-
fore be equal to W4, or W(Smax — 8st) and the potential energies of
the bar and the thread are likewise disregarded, being negligible
compared to that of the object.

Following the above discussion, the total energy of the system
at § =484 is equal to
Wv2

EAS?
f + W(Smax - 55t) + 2Lst

(2)

However, when the bar is extended to §qx, the potential ener-
gies are disappeared and the velocity of the object decreases to zero
which also eliminates the produced kinetic energies in the falling
mass. The strain energy of the bar, when it comes into its lowest
position is equal to

EA8Z,ax
oL 3)

and by using the principle of energy conservation at § = 85 and Smax
(i.e., expressions 2 and 3) we obtain

wy?2 EA(S?I EA(S?MX

2g + W(8max — 8st) + 5L - 2L (4)
or

WV2  EAS EA

f + Tﬁ(émax —0st) = ﬁ((sfnax - 5ft

Further rearrangement of the terms gives:

Wv2  EA
f = ﬂ(smax - Sst)z
Solving this equation for the maximum elongation of the bar
leads to:
wv2L | V2EA
Omax = Ost + W = Ot + W (5)

Correspondingly, the maximum strength of the bar is equal to:

Edmax W V2EA

Omax = I "~ A + Wig (6)

The term in parentheses is called the ‘impact factor’ which indi-
cates the ratio of maximum elongation to static displacement, and
may be many times greater than unity, showing that the dynamic
elongation and stress in the bar may be much greater than the cor-
responding static quantities. It is also obvious from Egs. (5) and (6)
that if V=0, the impact factor is 1 and the expressions obtain the
static values as stated before. Thus, increased velocities of loadings
produce higher stresses and strains which are similarly character-
ized according to the theories of dynamic impact loadings.

The preceding analyses are, however, based upon the assump-
tion that no energy loss occurs during impact. In reality, energy loss
always occurs during dynamic loading, with most of the energy
loss being released in the form of heat or serving as a factor of
localized deformation in the structures. Because a great amount
of the energy is lost during the experiment, the kinetic energy of
the system immediately after the impact is less than it was before
the impact, which means that less energy is converted into strain
energy in the bar. Therefore, the length of the bar does not dis-
place as much as when energy is conserved. Moreover, to define
the mechanics of the impacts, it should also be assumed that the
maximum stress in the bar remains within the proportional limit.
Beyond the elastic region, the problem becomes more involved
because the elongation of the bar is no longer proportional to the
axial force. To determine the elongation beyond the yield strain,
it usually demands to study a load-displacement diagram of static
model where for any assumed maximum elongation 1, the strain
energy stored in the bar must be equal to the potential energy
lost by the system when the object moves to its lowest position
at Smax = st +81. Therefore, when W(§s+81) equals to or is larger
than the total area under the curve in the load-displacement dia-
gram, the falling mass will fracture the bar. In some materials,
including ductile structures, the stress-strain coordinate of the
yield point is raised when the rate of straining of the bar is very
large, such as in dynamic loadings, and thus the working energy of
dynamic-induced fracture is somewhat higher than the static one.
In general, ductile materials offer much greater resistance to impact
loads than do brittle materials; the load-displacement curve for a
bar of brittle structure displays much smaller area below it than
does the curve for a bar of ductile group, even though the ulti-
mate strengths for the two types of materials may be considerably
equal.

In the present study, ethyl cellulose films containing an approx-
imate content of 35-45% (w/w) of dibutyl sebacate to the polymer
solids would efficiently produce ductile structures (Kangarlou etal.,
2008) for the proceeding dynamic experiments.

2.4. Theories of failure

Numerous theories of failure for many types of materials under
different contributions of loading have been proposed in mechani-
cal references (Higdon et al., 1985, pp. 487-497). In general, failure
of axially loaded members during tension occurs at a specific prin-
cipal (axial) stress, a definite axial strain, a maximum shearing
stress of one-half the axial stress, and a specific amount of strain
energy per unit volume of stressed material. Following practical
experiences, however, it appears that all the limiting criteria are
approached simultaneously and it makes no difference which cri-
terion (stress, strain, or energy) is dominantly used for predicting
failure in an axially loaded sample of a material.

For an element subjected to biaxial or triaxial loading, however,
the situation is more complicated since the limits of normal stress,
normal strain, shearing stress, and strain energy existing at failure
for an axial load are not all reached, simultaneously. To deter-
mine the best criterion, several theories have been proposed for
predicting failure of various types of materials subjected to many
combinations of loads. Unfortunately, none of these theories agree
with the test data obtained from all types of materials or different
combinations of loadings. Several of the more common theories of
failure generally presented in numerous references are neverthe-
less briefly reviewed below.

2.4.1. Maximum-normal-stress theory

The maximum-normal-stress theory predicts failure of a speci-
men subjected to any combination of loads when the maximum
normal stress at any point reaches the axial failure stress oy as
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determined by an axial tensile or compressive test of the same
material.

2.4.2. Maximum-shearing-stress theory

The maximum-shearing-stress theory predicts failure of a spec-
imen subjected to any combination of loads when the maximum
shearing stress at any point reaches the failure stress 7; equal to
o0f/2, as determined by an axial tensile or compressive test of the
same material. For ductile materials the shearing elastic limit (as
determined from a torsion test — pure shear) is greater than half the
tensile elastic limit (with an average value of 7y about 0.5707). This
means that the maximum-shearing-stress theory errs on the con-
servative side by being based on the limit obtained from an axial
test.

2.4.3. Maximum-normal-strain theory

The maximum-normal-strain theory predicts failure of a spec-
imen subjected to any combination of loads when the maximum
normal strain at any point reaches the failure strain o/E at the pro-
portional limit, as determined by an axial tensile or compressive
test of the same material.

2.4.4. Maximum-strain-energy theory

The maximum-strain-energy theory predicts failure of a speci-
men subjected to any combination of loads when the strain energy
per unit volume of any portion of the stressed member reaches the
failure value of the strain energy per unit volume as determined
by an axial tensile or compressive test of the same material. The
maximum-strain-energy theory has been largely replaced by the
maximum-distortion-energy theory.

2.4.5. Maximum-distortion-energy theory

This theory differs from the maximum-strain-energy theory in
that the portion of the strain energy producing volume change
is considered ineffective in causing failure by yielding. Support-
ing evidence comes from experiments showing that homogeneous
materials can withstand very high hydrostatic stresses without
yielding. The portion of the strain energy producing change of shape
of the element is assumed to be completely responsible for the
failure of the material by inelastic action.

The strain energy of distortion is most readily computed by
determining the total strain energy of the stressed material and
subtracting the strain energy corresponding to the volume change.

3. Results

Mean stress-strain diagrams obtained by tensile loading at dif-
ferent velocities (or accelerations) are superimposed in Fig. 2.

The arithmetic mean and the standard deviation of values for

mechanical parameters are listed in Table 1. For further prediction

Table 2

2.0

Stress (MPa)
=

3.0

0 T T T T T T )
0 10 20 30 40 50 60 70

Strain %

Fig. 2. Median stress-strain diagrams for ethyl cellulose plus 40% (w/w) DBS sub-
mitted to different velocities (and accelerations) of loadings.

of the variation rate of the sequential data for each mechani-
cal parameters at different velocities (or accelerations), functions
according to both: (1) the observational data obtained in the real
tension and (2) the mathematical interpolations of the values are
proposed in Table 2.

4. Discussions

Referring to the data presented in Table 1, and considering the
rate functions suggested in Table 2, general concepts of dynamism
on stress—strain diagrams become apparent. Evidently, the param-
eter values, in either the resilient region or above the yield point
in plastic moiety, indicate sequential increments corresponding to
sequential increase in the velocity (v). The recorded Young’s modu-
lus for a simple formulation in tensile experiments, however, tends
to be rather constant, such as the mean value 0f221.28 + 12.41 MPa
at different velocities (or accelerations) in this analysis. It precisely
corresponds to both the theoretical Eq. (6) described in Section 2.3
and the practical zero-order rate function proposed in Table 2. As
previously explained in Eqgs. (5) and (6) for the maximum elastic
displacement and strength in dynamic loadings, the values of yield
strength (oy), yield strain (&r) and the resilient work load (the elastic
surface area or AUC, ) acquire linearly increasing quantities with the
increase in the velocity. This apparently demonstrates the correla-
tion of the pre-established theories of dynamism below the yield
point and the practical observations of the first-order rate functions
proposed for the mentioned parameters in Table 2.

In the plastic region of the stress-strain diagram, beyond the
yield point, the suggested equations and theories in dynamic

Non-linear inter-specimen variation functions for mechanical parameters up to yield and break points obtained under different velocities and accelerations.

Variation functions

Mechanical parameters

E-modulus (MPa) oy (MPa) &y (%) AUC, (M]/m?3)

Order (theorized and/or observational) Zero First First First
y=flx) y=221.277 y=0.886x+6.508 y=0.743x+5.870 y=0.035x+0.090
R-squared value (R?) - R?=0.92248 R?=0.95698 R?2=0.99327
Variation functions Mechanical parameters

Omax (MPa) ep (%) AUC, (M]/m?) U (M]/m?)
Order (observational) First Michaelis and Menten Michaelis and Menten Michaelis and Menten
y=flx) y=3.523x+7.190 1/y=0.003(1/x)+0.015 1/y=0.082(1/x)+0.131 1/y=0.070(1/x)+0.136
R-squared value (R?) R?=0.96227 R?=0.99629 R?=0.99942 R?=0.99874

2 y and x denote for the distinct mechanical parameter and the velocity (v), respectively.
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Fig. 3. Ultimate strain (¢p)-velocity (v) diagram. Solid line, experimental curve;
dashed line, interpolated curve of the equation (&g); = (€p)mey - V/(V+ k¢) in the

velocity range of 0.05-3 mm/s, considering the average of the three latest maximum

experimental e s (€5 )mex = 64.82)as the maximum tolerable strain and the relating

velocity to ((€p)ey/2(= 0.18)) as the approximate k; of the mentioned equation.

impact loadings would no longer comply with practice. Neverthe-
less, the observations for the ultimate strength (o'max) in Table 1
tend to display a roughly linear progression with the gradual
increase in the velocity. This supports the evidences of a first-order
rate function with a slope of about 4-fold greater than the slope of
variation in v-yield strength function.

Referring to the recorded values for the maximum strain up
to break (Table 1), surprisingly, more complicated functions seem
to be able to demonstrate the eg variation. A detailed investiga-
tion of total displacement at failure represents first-order variation
of strain quantities when the loading velocity remains at rather
minimal values followed by zero-order plateau-like rate function
when loading attains higher velocities. In other words, the ultimate
strains of the sample EC formula in stress-strain diagrams display
a dual function at low and high velocities of tension: at rather low
speeds of loading, the ultimate strain tends to increase linearly
with sequential increase in the velocity; whereas higher speeds
of impact result in the maximum strains of the polymer compos-
ite to be approached (Higdon et al., 1985, pp. 487-497) which also
point out the almost unchanged values of displacement or trivial
fluctuations of the strain during tension.

A plot of the recorded data for g against the speed of loading
(Fig. 3) reminds the kinetics of single-substrate enzyme catalyzed
reactions. The hyperbolic relationship between initial velocity (vg)
and initial substrate concentration ([Sg]) is expressed by the uni-
versal Michaelis-Menten equation:

_ Umax - [So]
[Sol + km

where vmay is the maximum vg at a particular total enzyme concen-
tration and ky,; theoretically equals the value of [Sg] which gives an
initial velocity equal to 1/2vmax (Michaelis and Menten, 1913; Cha,
1968; Ricard and Cornish-Bowden, 1987; Hammes, 2002; Cleland,
2005).

Considering the Michaelis—-Menten relationship and substi-
tuting the mechanical parameters (&g);, (€8)max,» and v for the
respective values of vy, vmax, and [Sg] in Eq. (7) obtains

_ (&B)max "V

(ep)i = W (8)

(7)

Vo

in which (ep); and (ep)max are the instant ultimate strain of the
composite at different speeds and the maximum tolerable strain at
rather high velocities in a pseudo-Michaelis-Menten phenomenon,
respectively. k. preserves the same meaning as k;; and represents
the velocity at which the sample fails with half of its natural toler-
able strain. Theoretically, when the velocity remains at rather low

y = 0.00283x + 0.01502
R? = 0.99629

1/(&),

Slope =k o/ (€)ar

-\
0.01 Intercept = 1/ (€),0

o

0 5 10 15 20

1/ (sec.mm™)

Fig. 4. The pseudo-Lineweaver-Burk plot for the inverted ultimate strain
(1/(eg);)-velocity (1/v)diagram.

values, the parameter v is ignored with respect to k. in the denom-
inator, providing a first-order relationship between the strain and
velocity. This means that the function of strain changes complies
rather completely with the increase in the speed of loading (Eq.
(8.1)). However, when the speed is maximized, the rather small
quantities of k. are neglected with respect to the great values of
v and the failure occurs at the maximum possible displacement of
the specimen (Eq. (8.2)).

(ea) = Emax (8.1)
(88)1‘ = (SB)max (8-2)

Unfortunately, the graph of the pseudo-Michaelis-Menten
equation does not provide the satisfactory means for determining
(eB)max and kg; the ultimate strain approaches the real maximum
tolerable strain in tangential fashion, only actually attaining it,
when the impact loadings are implied at infinitely large velocities.
The observed hyperbola therefore, cannot be accurately extrap-
olated outwards since the recorded values of strain at break at
different velocities are strictly limited to loading speeds lower than
the upper threshold for the maximum tensile velocity available in
the instrument.

To overcome the problem, the pseudo-Michaelis-Menten Eq. (8)
was simply transformed taking advantage of the Lineweaver-Burk
inversion plots (Lineweaver and Burk, 1934; Greco and Hakala,
1979; Emaduddin and Takeuchi, 1996):

1 v+ke v N ke
(gB)i a (SB)max v (8B)max v (gB)max v
1 k 1 1
- (9)

(SB)i (SB)max ; (EB)max

This is of the form y =mx + ¢, which is the equation of a straight
line with a slope of m =kg/(€p)nax and the intercept of c =
1/(eB)max along 1/(ep);, i.e., the inverse ultimate strain axis (Fig. 4).

The pseudo-Lineweaver-Burk rate function (Table 2) can eas-
ily be extrapolated to tension speeds higher than the maximum
affordable velocity threshold of load exertion. Thus, the inverse
rearrangement practically promotes the precision of estimations
for the maximum tolerable strain quantities in the polymer speci-
men.

Further procession of the data for plastic working energies at
different velocities (Table 1), suggests a pseudo-Michaelis—Menten
hyperbolic relationship where in the substitution of ¢z and k. by
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comparative parameters AUC, and kg4, respectively, obtains

(AUCp) pax -V (10)

AU = ks

Similarly (AUGy ); and (AUCp )max €xpress the instant plastic strain
energy at different loading speeds and the maximum distinguished
plastic toughness modulus at approximately very high velocities,
respectively. k4 resembles the constant k. and indicates the veloc-
ity at which (AUGp); = 1/2(AUCp)max- The pseudo-Lineweaver-Burk
rate function has also been calculated in Table 2 from which the
extrapolating constants (AUCp)max and k4 can fairly be recognized.

The total strain energy Ug, which simultaneously reflects the
effects of a conjugation between the first-order variation in AUC,
and the mixed zero- and first-order variation in AUCp, results in a
similar pseudo-Michaelis-Menten relationship where the replace-
ment of g and k. with Ug and ky, respectively, obtains

(UB )max v

(UB)i = v+ ky

(11)
(Ug)i, (Ug)max,» and ky in the previous equation explain the instant
strain energy at break at different velocities, the maximum achiev-
able strain energy at break at infinitely high velocities of loadings,
and the loading velocity at which the polymer network obtains half
of its maximum achievable toughness, respectively. The inverse
rearrangement of the fraction in Eq. (11) obtains the pseudo-
Lineweaver-Burk function (Table 2), which perceptively points
out the effectiveness of a mixed zero- and first-order function for
toughness variation at different velocities.

To decide about the most appropriate velocity at which tensile
experiments are suggestively performed, a proportionate quantity
was derived which express the percent values of the elastic sur-
face area (AUC,) divided by the plastic surface moiety (AUCp). This
parameter declares the fractions of strain energy modules at vari-
ous loading velocities (Table 1). Referring to the mean stress—strain
diagrams superimposed in Fig. 2 and considering the sequen-
tial variations of the AUCs ratio in Table 1, it is obvious that
static forces at very low tensile speeds (i.e., v = 0.05mm/s) result
in almost defective force-displacement curves due to immature
failure of the product. The resilient characteristics of the mat-
ter therefore, dominate which resemble a very weak and brittle
feature of the structure. In contrast to static forces at low veloc-
ities, dynamic impact loadings at maximum tensile speeds (i.e.,
v=1.5, 2, and 3 mm/sinthe presentassay)resultsinthe max-
imum tolerable strain (and/or plastic strain energy) to be achieved.
The maximum strain results in an evident plateau-like displace-
ment in the end region of the force-displacement curve which
would no longer express the rational correlation between the con-
stant values of ultimate strain with the increasing strength at high
velocities. The maximum elongation and/or plastic strain energy
or toughness would deductively be in charge of the most probable
cause of specimen failure (refer to part 2.4 for theories of failure and
Higdon et al., 1985, pp. 487-497) and would clearly excludes the
usefulness of high loading velocities (i.e., dynamic impact loadings)
in tensile experiments.

Comparing to low velocities, the stress-strain diagram at
medium loading speeds (i.e., v=0.5 to 1mm/s in the present
experiment), attribute more extended areas to both elastic and
plastic moieties. This is particularly useful when the resilient
and toughness quantities of different polymer formulations are
intended to be compared in mechanical analyses. In contrast to high
velocities, the individual coordinates in the stress—strain diagrams
at medium tension speeds concern a perceptively meaningful cor-
relation of the spontaneous stresses and strains during the whole
period of loading from the beginning to the failure. The delay at
speed switching, comparable to acceleration constant in the ini-
tial lag period of load exertion, likewise may be settled within the

similar range of velocity. As a result the constant speed of tension
approaches in less than about 1 or 2s.

The theories and practice of speed regulation discussed in this
trial is exclusively applicable for simulative experiments performed
on EC-plasticized structures. Nevertheless the general concepts and
statements of static versus dynamic impact loadings still prop-
erly corroborate the practical observations in various polymeric
and inorganic specimens. To discover the most appropriate load-
ing velocity and acceleration limits for various specimens, however,
discriminative experiments should be primarily performed and the
fundamentals in each analysis should be based on the exclusive
information obtained from stress—strain diagrams at different load-
ing speeds.
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