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temperature permits vitriﬁcation of macroscopic biological systems. Prevention of freezing means that the
water in an organ remains liquid during cooling.
However, as cooling progresses, the molecular motions
in the liquid permeating the organ decrease and,
eventually, an ‘‘arrested liquid’’ state—known as a
glass—is achieved. It is this conversion of liquid into
glass that is known as vitriﬁcation. Vitriﬁcation does
not have any of the biologically damaging effects
associated with freezing.15,19 No appreciable degradation occurs over time in a living matter trapped within
a vitreous matrix, and vitriﬁcation is potentially
applicable to all biological systems.
Vitriﬁcation requires relatively high cooling rates,
which result in non-uniform temperature distributions
in the specimen. The resulting non-uniformity in temperature leads to non-uniform thermal expansion,4,5,9–11 and—when the specimen is of a signiﬁcant
size—may result in structural damage12 with fracture
formation as its most dramatic outcome.13 While several studies have attempted to analyze the mechanical
effects associated with vitriﬁcation,13,16–18 the lack of a
detailed mechanical model for the vitrifying material is
probably the biggest obstacle in providing the cryobiology community with guidelines about ways to prevent fracturing of cryopreserved specimens. The
current experimental study is an effort to identify a
mechanical model of the cryopreserved tissue during
vitriﬁcation.
Mechanical testing may be used not only to study
the mechanical behavior of the tissue at cryogenic
temperatures, but also to assess the quality of the
cryopreserved material post thawing.20,21 There, the
mechanical properties are measured before and after
cryopreservation, and the effect of the cryopreservation protocol on tissue integrity is inferred. By contrast, the current study is aimed at measuring the
physical properties of the vitriﬁed material at cryogenic
temperatures, in order to develop tools to predict its
mechanical behavior at these temperatures.

Abstract—To gain increased insight into thermo-mechanical
phenomena during cryopreservation, tensile stress relaxation
experiments were conducted on vitriﬁed blood vessels (vitreous in Latin means Glassy), and the results compared with
various viscoelastic models. Using a recently presented
device, isothermal stress-relaxation results were obtained
for a bovine carotid artery model, permeated with the
cryoprotectant cocktail VS55 and a reference solution of
7.05 M DMSO. After a rapidly applied tensile strain,
experimental results display exponential decay of stress with
time; the stress at a given time increases with decreasing
specimen temperature. Among the viscoelastic models investigated, the Williams–Landel–Ferry model was found to
best-ﬁt the variation of the stress relaxation data with
temperature, while a Maxwell–Weichert model is used to
represent the exponential decay of the stress with time. Blood
vessel properties were found to dominate at temperatures
above roughly -100 C, while the properties of the cryoprotectant dominate below this temperature. A suitably deﬁned
steady-state viscosity displayed a similar behavior for both
cryoprotectants, when normalized with respect to the cryoprotectant glass transition temperature.
Keywords—Blood vessels, Vitriﬁcation, Cryopreservation,
Mechanical testing, VS55, DMSO, Viscoelasticity.

INTRODUCTION
Vitriﬁcation is an alternative to conventional cryopreservation of living biological materials, with ubiquitous applications in cell, tissue, and organ storage.8
The presence of high concentrations of chemicals
(cryoprotectants) that interact strongly with water
prevent the water molecules from forming ice. It has
been found that depressing the homogeneous nucleation temperature until it equals the glass transition
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In broad terms, the response of an ideal viscous
ﬂuid to a constant load is a constant deformation rate
(or ﬂow); this material continues to deform irreversibly
as long as the load is applied. The response of an ideal
elastic solid to a constant load is a constant, reversible
deformation; when the load is released, the material
returns to its initial shape, as long as the resulting
stress has not exceeded the strength of the material. A
viscoelastic material responds to an external load with
both viscous and elastic deformations, depending on
the history of loading. For example, when a strain is
rapidly increased and then held ﬁxed, there is an initial
elastic response, followed by a transient viscous response. The decay in stress with time due to viscous
deformation is referred to as stress relaxation.
The current study is aimed at identifying a viscoelastic model that ﬁts stress relaxation data from vitriﬁed
blood vessels at cryogenic temperatures, including the
ﬁnite stress that remains when the strain is held ﬁxed for
long times. In particular, experiments were conducted
on a bovine carotid artery model, permeated with the
cryoprotectant cocktail VS55 and a reference solution of
7.05 M DMSO, while using a specialized mechanical
testing device for cryogenic temperatures.6

MATERIALS AND METHODS
The experimental device used in the current study is
presented in detail elsewhere,6 and is described here in
brief, for the completeness of presentation. In broad
terms, the experimental device is comprised of two
systems (Fig. 1): a standard mechanical testing device
(modiﬁed eXpert 1KN-12-M; Admet, Inc.), and a
cryogenic cooling system, which allows replication of
the cryopreservation protocol down to the mechanicaltesting temperature and maintenance of steady-state
thermal conditions during mechanical testing.

Tissue Model and CPA
The tissue model in the current study is the bovine
carotid artery. Tissue specimens were permeated with
the cryoprotectant cocktail VS55, and with a reference
cryoprotectant solution of 7.05 M dimethylsulfoxide
(DMSO). VS55 is a cocktail of 242.1 g/L DMSO
(3.1 M), 168.4 g/L propylene glycol (2.2 M), 139.6 g/L
formamide (3.1 M), and 2.4 g/L HEPES in EuroCollins solution. The mass of DMSO present in a 7.05 M
solution is the same as the total mass from the cryoprotectant ingredients of VS55, and hence it is considered as a reference (for more information about the
relationship between VS55 and 7.05 M DMSO see9).
Note that DMSO in much lower concentrations is one
of the most common cryoprotectants in conventional
cryopreservation. The VS55 used in the current study
has been prepared by Cell and Tissue Systems, Inc.,
Charleston, SC.
Fresh tissue specimens were harvested at a local
slaughterhouse. Shortly thereafter, specimens were
stored at 4 C in phosphate–NaCl buﬀer solution
(PBS), for up to 24 h prior to cryoprotectant permeation. Harvested specimens had typical dimensions of
30 mm in length, 6.5 mm OD, and 1 mm wall thickness. Mimicking a standard permeation protocol,5 the
specimen was permeated by two-step immersion in
cryoprotectant: in 50% cryoprotectant concentration
for 1 h (10 mL total cryoprotectant volume), followed
by immersion in 100% cryoprotectant concentration
for another hour (20 mL total cryoprotectant volume).
The two-step protocol of permeation was performed to
reduce the osmotic stress on cells. Note that up to six
permeation steps may be applied during some cryopreservation procedures.2,15 However, the two-step
permeation protocol was deemed sufﬁcient in the
current study for the following reasons: (i) the current
study is aimed at mechanical testing of the specimen
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FIGURE 1. Schematic illustration of the experimental device, comprising a self-controlled cryogenic cooling system and a
standard mechanical testing device.6
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only, (ii) viability post cryopreservation is outside the
scope of the current study, and (iii) the pure cryoprotectant properties are expected to play a key role in
mechanical testing, while the dry material of the tissue
is expected to only have a secondary effect.
Testing Conditions
Mechanical testing experiments were conducted in a
temperature range bounded by the glass transition
temperature (-119.8 C for VS55 and -132.3 C for
7.05 M DMSO5) as the lower limit and approximately
-90 C as the upper limit. Note that the time scale of
crystallization is inversely proportional to the viscosity. Further note that the viscosity is inversely proportional to the temperature. Mechanical testing
results above -90 C indicated that the specimen may
partially crystallize in a matter of minutes, while such
effect was completely absent below about -90 C over
any practical time scale of experimentation. Indeed, it
is well established in the cryobiology literature that a
hazardous temperature range exists, through which the
vitriﬁed specimen must be cooled rapidly.7 The upper
boundary of this region is the heterogeneous nucleation point (for example, -38 C for VS55 under
similar testing conditions14), while the lower boundary
is cooling rate dependent (for example, -89.1 C for
7.05 M DMSO, under similar testing conditions9). An
average cooling rate of 15 C/min was achieved in all
experiments, which exceeds to the critical cooling rate
for 7.05 M DMSO and VS55.9
The specimen is secured onto the mechanical testing
device and the experiment is started with activating the
mechanical testing system in a load-control mode, set
to zero load value. Next, the cryogenic cooling system
was activated, and the specimen was cooled down to
the cryogenic testing temperature. During cooling, the
zero-load control ensured that mechanical stress will
not build up due to thermal contraction of the specimen and the specimen-holding rods (Fig. 1). Once the
specimen reached thermal equilibrium at the testing
temperature, mechanical testing started under displacement-control mode with a constant elongation
rate of 2 mm/s (the maximum displacement rate of the
mechanical testing system), to an absolute elongation
in the range of 1–3%. The absolute elongation was
dependent on the testing temperature, since the viscosity increases with decreasing temperature, and
higher stresses develop at lower temperatures for the
same elongation rate; excessive elongations that would
produce stresses approaching the strength of the
material were avoided. Once the targeted elongation
was reached, the moving head of the mechanical testing device was held stationary, and the decreasing load
in the specimen was monitored. For each stress relax-
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ation experiment, the stress was allowed to relax over a
period of an hour, after which the cooling chamber
was rewarmed to room temperature.
The experimental system is highly sensitive to
changes in the surrounding temperature, since the
mechanical testing device is maintained at room temperature while the specimen is cooled to cryogenic
temperatures. The specimen-holding rods experience a
temperature distribution ranging from the chamber
temperature at one end, to room temperature at the
other end. Each rod can be modeled as a thermal ﬁn,
where even small temperature changes—such as those
resulting from the air conditioning system—can contribute to the strain on the specimen due to their
thermal expansion. An upper bound for the variation
in room temperature was 2.5 C. Such a shift in the
temperature of the rods would result in a specimen
elongation of 0.015 mm (thermal expansion coeﬃcient
for the rods is about 1.7 · 10-5 C-1 and the overall
rod length is 360 mm), assuming that the thermal mass
of the mechanical testing device itself allows it to
rapidly follow changes in room temperature. By
selecting a specimen elongation greater than 0.6 mm,
room temperature ﬂuctuations would not contribute
more than 2.5% to the uncertainty in load measurements. An elongation of 0.6 mm corresponds to about
3% strain of the average specimen length. However,
when such a large elongation could not be applied, due
to the relaxation modulus becoming too high as the
glass transition temperature is approached, the air
conditioning system was shut down in order to increase
certainty in measurements.
Cross-Sectional Area Measurement
While the elongation and load on the specimen can
be measured to a relatively high degree of certainty,
measuring the cross-sectional area introduces signiﬁcant uncertainty. In particular, the cross-section of a
speciﬁc artery may vary axially, (it is known to vary
between animals of the same species, and even between
arteries from both sides of the same animal). Furthermore, measuring the dimensions of an artery requires dissection of the specimen and, therefore, can
only be performed after the mechanical testing procedure has been completed.
At the end of the stress relaxation experiment, and
after the specimen is rewarmed to room temperature,
four rings of about 1 mm in width were cut from the
specimen. All the rings were placed ﬂat on a small dish
with a black background, together with a measuring
rod, and two digital photos were taken. Next, the area
of each ring was calculated as follows: Using vector
graphics, two ellipses were manually drawn to match
the external and internal contours of the ring. The area
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of each ring was determined as the diﬀerence between
the areas of the two ellipses. By comparing the size of
the ellipses with the imaged measuring rod, the actual
cross-sectional area was computed. The repeated calculation of cross-sectional areas on the second photograph was performed in order to reduce uncertainty
associated with digital imaging analysis. The average
cross-sectional area from all the four rings in the two
photos was used as the representative cross-sectional
area of the specimen for data analysis. As discussed in,6
the uncertainty in area calculation of one ring is estimated to be 0.4 mm2, the variation in the cross-sectional area from different rings of the same specimen
was typically found in the range of 9%, and the variation in the average cross-sectional area between the ﬁrst
and the second photo is typically in the range of 5.4%.
Note that a constant cross-sectional area is applied
in the current study for stress calculations, yielding
so-called ‘‘engineering stress,’’ as opposed to the
Cauchy stress calculation, in which the change in crosssectional area is also taken into account as a result of
the axial load. While the Cauchy stress is commonly
used to analyze blood vessels at room temperature—or
any other hyper-elastic material for that matter—the
vitriﬁed blood vessel does not behave hyper-elastically
in the relatively small strains applied in the current
study, typically in the 3% range. At such low strains,
the eﬀect of using a constant area on the calculated
engineering stress is negligible; the corresponding
change in cross-sectional area is smaller than the
uncertainty in measuring the area itself during experimentation.

MATHEMATICAL MODELING
The relaxation modulus, E(t), is deﬁned as:

rðtÞ FðtÞ L0
EðtÞ 
¼
e
A
DL

truncated to the ﬁrst n components for practical purposes. It follows that the relaxation modulus in response to instantaneous loading can be formulated as1:
EðtÞ ¼

Ct

Ci e

 gi

¼

i

i¼1

n
X

Ci e

st

i

ð2Þ

i¼1

where Ci and gi are the spring and damping coefﬁcients
in Fig. 2, and the ratio:
g
si ¼ i
ð3Þ
Ci
is known as the relaxation time (of the ith unit).
Since the vitriﬁed blood vessel is composed of
cryoprotectant in the liquid phase and the blood vessel’s solid structure (extracellular matrix), the classical
Maxwell–Weichert model is modiﬁed in the current
study to include also a long-time elastic component:
EðtÞ ¼ Elt þ

n
X

Ci e

st

ð4Þ

i

i¼1

where Elt represents the long time relaxation modulus.
Estimation of the parameters of the modiﬁed Maxwell–Weichert model could be performed by best-ﬁtting experimental results of the relaxation modulus,
calculated from Eq. (1), with Eq. (4). However, this
parametric estimation would be feasible only if the
shortest relaxation time of the model is much larger
than the duration of initial loading of the specimen,
and therefore loading could be considered instantaneous. Preliminary data analysis indicated that the
shortest relaxation time, s1, is of a magnitude of 0.2 s,
while specimen loading time, t0, was on average 0.5 s.
Therefore, mathematical modeling must account for
relaxation already occurring during the loading period.
For this purpose, the general expression for the stress

ð1Þ

where F(t) is the load, A is the cross-sectional area, DL
is the applied displacement (elongation), L0 is the initial
length of the specimen, e is the strain, and r is the stress.
It is noted that using a true stress analysis (i.e., taking
into account changes in the cross-sectional area as a
result of an axial elongation) was deemed unnecessary
in the current analysis, as the uncertainty associated
with cross-sectional area measurements is expected to
be much larger than the contribution of 3% axial
elongation to the decrease in cross-sectional area.
The vitriﬁed blood vessel is assumed to have a
behavior similar to the Maxwell–Weichert model.1
With reference to Fig. 2, this model assumes an inﬁnite
number of parallel units, each consisting of a spring
and a damper in series; the parallel unit series is

n
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F
FIGURE 2. Schematic illustration of the modified Maxwell–
Weichert model, with elastic constants Ci and viscous
damping constants gi; the right spring represents the long
time elastic response.
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as it depends on the relaxation modulus and the strainrate is used1:
rðtÞ ¼

Zt

Eðt  t0 Þ_eðt0 Þdt0

ð5Þ

0

where e_ is the strain rate and t¢ is an integration variable. In the experimental protocol of the current study,
the strain rate is constant, equal to e_ 0 , up to time t0,
and zero thereafter; Eq. (5) then simpliﬁes to:
rðtÞ ¼ e_ 0

Zt0

Eðt  t0 Þdt0 ;

ð6Þ

t0 <t

0

Using the modiﬁed Maxwell–Weichert model, Eq.
(4), in Eq. (6) yields:
!
Zt0
n
X
ðtt0 Þ
L0 e_ 0
 s
EðtÞ ¼
Elt þ
Ci e i dt0
DL
i¼1
0
ð7Þ
n
 t0

t
1X

¼ Elt þ
Ci si e si esi  1 ; t0 <t
t0 i¼1
Note that DL/L0t0 is substituted for e_ 0 in the right form
of Eq. (7).
In order to ﬁnd the modiﬁed Maxwell–Weichert
model parameters, the relaxation modulus was ﬁrst
calculated from experimental results, using Eq. (1), and
then compared with the modeled specimen response
presented in Eq. (7). Using a best-ﬁt least-squares
approximation technique, the coefﬁcients Elt, Ci and si
in Eq. (7) were estimated.
The steady-state viscosity for viscoelastic ﬂuids,
which is deﬁned as the stress reached after long time
under a constant strain rate, is given by:
gss 

Z1
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RESULTS AND DISCUSSION
The thermal history in a typical experiment, performed on a specimen permeated with 7.05 M DMSO,
is displayed in Fig. 3. Initial rapid cooling was forced
between points A and B, by activating the high-power
(high-pressure) cooling unit.6 This unit was turned off
at point B, when the self-regulated low-power (lowpressure) cooling system was activated. The operator
ﬁne-tuned the set-temperature of the cooling chamber
between points B and C, until the specimen reached the
desired mechanical-testing temperature. Additional
time was allotted between points C and D (20 min in
this study) for the system to approach thermal equilibrium. At point D for this particular experiment, the
temperature of the cooling chamber was -123 C and
the average temperature of the artery was -100.8 C.
Consistent with the description in the Materials and
Methods section above, the mechanical device is activated in a load control mode, and set to zero load prior
to the beginning of cooling, at point A. The stress
relaxation experiment was conducted between points
D and E (typically 1 h in this study). Note that during
the relaxation stage in the particular experiment shown
in Fig. 3, the temperature of one of the rods decreased
by 4 C, but the temperatures of the artery and the
chamber remained fairly constant during this time. The
contribution of thermal contraction of the rods to the
calculated relaxation modulus is also discussed in the
Materials and Methods section, above. Further note
that the temperature at the ends of the artery were

ð8Þ

EðtÞdt
0

In the current study, however, where a non-zero
relaxation modulus is expected after long time, the
steady-state viscosity is deﬁned as:
gss 

Z1

½EðtÞ  Elt dt

ð9Þ

0

Finally, substituting the relaxation modulus term in
Eq. (9) with its explicit form from Eq. (7) yields:
gss 

Z1
0

½EðtÞ  Elt dt ¼

Z1 X
n
0

i¼1

st

Ci e i dt ¼

n
X

C i si

i¼1

ð10Þ

FIGURE 3. Typical thermal history a specimen loaded with
7.05 M DMSO: (A, B) initial rapid cooling, (B, C) slow cooling,
(C, D) approaching thermal equilibrium, and (D, E) mechanical
testing while the specimen is at thermal equilibrium. The rod
temperatures are measured at about 20 mm from the specimen ends, outside of the cooling chamber.
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slightly warmer than at its center, due to heat transfer
from the specimen-holding rods; the maximum temperature difference for this particular experiment is
5 C. The average specimen temperature reported in
the current study is based on a weighting factor of 2 for
the center temperature measurement and 1 for the end
measurements.
Figure 4 displays the early stage of loading for a
specimen permeated with 7.05 M DMSO, at an average temperature of -121.3 C, and subject to loading
at a strain rate of about 0.06 s-1. The ﬁnal strain in this
experiment was 1.2% (sample length was 29.7 mm)
and it was reached after a loading period, t0, of about
0.2 s. Also displayed in Fig. 4 is the ideal linear-elastic
response, assuming no stress relaxation (a line with
constant slope as measured at the origin). The deviation from a linear-elastic behavior in this case is of
more than 20%, indicating that the ﬁrst relaxation
time constant is no greater than 0.2 s, which necessitates the use of Eq. (7) for data analysis, as discussed in
the Mathematical Modeling section.
In total, 20 stress relaxation experiments were performed on arteries permeated with VS55 and 29
experiments were performed on arteries permeated
with 7.05 M DMSO. For example, Fig. 5 displays selected experiments on specimens permeated with VS55,
indicating the long time response of the specimen, and
its dependence on the testing temperature. No dependency of experimental results on the applied strain was
observed. For example, for applied strains in the range
of 1–3% at -90 C, the long time modulus deviated by
±20% from its average, which corresponds to 1.5% of
its variation over the full range of temperatures tested.

FIGURE 4. Early stage of mechanical loading for a specimen
permeated with 7.05 M DMSO, at an average temperature of 121.3 C, and subject to loading at a strain rate of 0.06 s-1.
Also displayed is the predicted stress response of the specimen, assuming a linear elastic response, with negligible
stress relaxation.

FIGURE 5. Selected experiments on specimens permeated
with VS55.

Mechanical Model
In the current study, the modiﬁed Maxwell–Weichert model, Eq. (4), is truncated after the ﬁrst n terms.
For example, Fig. 6 displays the effect of the value of n
on the quality of the best-ﬁt approximation, for a VS55
experiment at -101.2 C. It can be seen from Fig. 6
that the average squared error decreases exponentially
with increasing number n, for a ﬁxed number of
experimental data. The contribution of the seventh
term of the series is less than 1% decrease in the
average squared error. Comparable results were
obtained for other experimental conditions and,
therefore, n equals 6 is considered adequate in this
study. The sixth relaxation constant is typically in the
order of 1000 s, indicating that a testing time of 1 hour

FIGURE 6. The effect of the number of terms of the Modified
Maxwell–Weichert model, Eq. (4), on the quality of the best-fit
approximation of the relaxation modulus to experimental data,
for a specimen permeation with VS55 and tested at a temperature of -101.2 C.
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is adequate for the system to reach steady state. Contrary to our expectations, no temperature dependency
was observed for the value of the relaxation constants.
It can further be seen from Fig. 6 that the steady-state
viscosity also converges to a constant value after 6
terms.
For the classic model of a rheologically simple
material Ci would be temperature-independent, while si
would be temperature-dependent. Fitted data in the
current study, however, did not display such a pattern:
Ci were found to be quite temperature dependent, while
si did not display a consistent pattern with temperature.
It may very well be that multiple relaxation processes
are occurring simultaneously, including that of the CPA
and that of the biological material, producing complex
behavior that is not separable in the classic form.
The classic model of a rheologically simple material
asserts that the glassy (short time) and rubbery (long
time) elastic moduli are independent of temperature,
and that the transition from glassy to rubbery behavior
over time–described by the relaxation times–depends
on temperature. For viscoelastic materials, the short
time moduli are typically measured dynamically at
high frequencies, and so cannot be observed here. The
long time moduli—at least as measured in a test of
1 hour duration—do indeed depend on temperature.
Since it is expected to increase exponentially with
decreasing temperature, the long time modulus is
modeled here as:
Elt ¼ E0 eðbTÞ þ EH

ð11Þ

where E0, b, and EH are model parameters. The latter
term is used to account for the behavior above 100 C, which appeared to be temperature-independent.
Experimental data and best-ﬁt approximations for
Elt are displayed in Fig. 7, where glass transition data
is taken from.6 It can be seen from Fig. 7 that Eq. (11)
ﬁts the measured data reasonably well for the temperature range under consideration, even though different loading histories were applied above (stress
relaxation tests) and below (standard stress-strain
tests) below glass transition. Notice also that Elt for
VS55 at the higher temperatures is around 9 MPa,
which is of the same order of magnitude as the elastic
modulus for blood vessels at room temperature.
The discussion turns to the steady-state viscosity,
compiled with Eq. (10) from experimental results.
Seeking the best representation of experimental data,
steady-state viscosity was best-ﬁtted with four fundamental models of viscosity: a simple exponential
model, the Arrhenius model,22 the Williams–Landel–
Ferry model (WLF),22 and a simpliﬁed WLF model.
The exponential model is conveniently presented as:
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FIGURE 7. Long time modulus, Elt, as a function of temperature for VS55 and 7.05 M DMSO along with linear-elastic
modulus at glass transition taken from.6 A simple exponential
function is used to model the results. Temperature value for
the empirical correlation is taken in degrees Kelvin.

gss ¼ g0 exp ðB0 TÞ

ð12Þ

where g0 is a reference viscosity value, B0 is a model
parameter, and T is in absolute temperature (K).
The Arrhenius model is presented as:
 
 
A
B0
gss ¼ g0 exp
¼ g0 exp
ð13Þ
RT
T
where A is the activation energy, and R is the universal
gas constant; in practice, B0 is ﬁtted to experimental
data, not A.
The WLF model22 is presented as:


B0 ðT  Tg Þ
gss ¼ g0 exp
ð14Þ
Tr þ ðT  Tg Þ
where Tr is a reference temperature and Tg is the glass
transition temperature (Tr is frequently taken as
51.6 K for polymers22). The simpliﬁed WLF model22 is
presented in the current study as:


B0
gss ¼ g0 exp
ð15Þ
T  Tr
Table 1 lists the coefﬁcients of best-ﬁt approximation of experimental data with the models presented in
Eqs. (12)–(15). Interestingly, the Tr value of 48.6 K
obtained by best-ﬁtting VS55 results with the WLF
model is close to the typical value for polymers of
51.6 K.
Figure 8 displays best-ﬁtted results of VS55 and
7.05 M DMSO with the WLF model. Overall, the
standard deviation of the results from the models is 11
and 6% for VS55 and 7.05 M DMSO, respectively.
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This is consistent to the uncertainty in measurements
for the experimental device (Appendix A). However, it
should be noted that each data point in Figs. 7 and 8
represents a specimen from a different animal, and
such a variation is reasonable between animals of the
same species, especially when they vary in age and
weight (the specimens are donated by a local slaughterhouse).
It can be seen that results for the two cryoprotectants above -100 C are within a narrow range. The
viscosity of the CPAs is expected to be low above 100 C and, thus, to have a minor eﬀect on the
mechanical response of the specimen; it appears that
the mechanical properties of the blood vessel dominate
above -100 C. The steady-state viscosity and the
long-term relaxation modulus show a similar behavior
when the specimen temperature approaches the
respective glass transition temperatures for the two
CPAs.

FIGURE 8. Steady state viscosity for VS55 and 7.05 M
DMSO, and best-fit approximation results based on the WLF
model (model parameters are listed in Table 1).

h

Temperature Dependant Model for the Relaxation
Modulus

EðT; tÞ ¼ B1 e

ðaTÞ

i

þ B2 

n
X

Ci e

st

i

!
þ Cnþ1

ð16Þ

i¼1

In total, 20 stress relaxation experiments were performed on arteries permeated with VS55 and 29 on
arteries permeated with 7.05 M DMSO. Data analysis
of each experiment yielded a series of six Ci and six si
values (one specimen at one temperature)—a total of
240 coefﬁcient values for VS55 and 348 coefﬁcient
values for 7.05 M DMSO. In order to preserve the
experimental data in an efﬁcient way for further
analyses, a uniﬁed time-temperature dependent relaxation modulus is suggested in the current study. Note
that variation in properties between biological specimens—even at the same temperature—may make the
best-ﬁt approximation coefﬁcients scattered, especially
for the ﬁrst couple of terms that are associated with the
very short time response. While many forms may be
suggested for the generalization of the relaxation
modulus, the following form is suggested in the current
study:

where B1, B2, and a, as well as si and Ci, are model
parameters and T is the absolute temperature. Thus, in
contrast to the classic rheologically simple model for
viscoelastic materials, in which the temperature
dependence is captured by si and the Ci are constant,
the si and Ci values in Eq. (16) are temperature independent, while the temperature dependence captured
by the ﬁrst term in Eq. (16).
Best-ﬁt approximation results of Eq. (16) with
experimental data are presented in Table 2. For this
purpose, experimental data was sampled at 10 different
times from each experiment, in exponentially increasing order: 0.5, 1.3, 3.6, 10, 26, 70, 187, 500, 1340, and
3600 s. While an n value of 6 was deemed adequate for
best-ﬁtting of an individual stress-relaxation result
with the Maxwell–Weichert model, an n value of 4 is
found adequate for the sampled results, at the time
intervals speciﬁed above. A procedure similar to the

TABLE 1. Best-fit parameter values for the steady-state viscosity for (1) a simple exponential model, (2) the Arrhenius model, (3)
the WLF model, and (4) a simplified version of the WLF; R2 is the coefficient of determination for each case (temperatures are
presented in an Kelvin).
VS55
Steady-state viscosity model
(1) gss ¼ g0 exp ðB0 T Þ

(2) gss ¼ g0 exp BT0
h
i
B0 ðT Tg Þ
(3) gss ¼ g0 exp Tr þðT
Tg Þ
h
i
0
(4) gss ¼ g0 exp T BT
r

7.05 M DMSO
g0

B0

Tr

R2

0.8138

1.15 · 108

4.82 · 10-2

–

0.7776

0.8723

5.56 · 10-1

1815.2

–

0.9006

6

8.5

0.9562

131.3

0.9560

g0

B0

Tr

R

2.61 · 109

6.46 · 10-2

–

7.78 · 10-2

2237.5

–

5

2

1.868 · 10

5.965

48.6

0.8752

1.004 · 10

4.592

383.62

316.68

101.9

0.8752

9338.1

42.7

Mechanical Response of Vitriﬁed Blood Vessels
TABLE 2. Best-fit parameter values for the time-temperature
empirical correlation of the relaxation modulus presented in
Eq. (16).

R2
B1
B2
a
C1
C2
C3
C4
C5
s1
s2
s3
s4

VS55

7.05 M DMSO

0.9099
12.0197 · 1010
70.989
0.1198
0.276
0.192
0.152
0.128
0.220
0.860
9.15
110.69
1009.1

0.9726
24.7855 · 1010
70.998
0.1376
0.527
0.368
0.293
0.280
0.701
0.786
7.87
79.79
1021.9

one explained in Fig. 6 was used to reach this conclusion, initially varying the number of times at which
the data were sampled.
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of the two CPAs. It is concluded that the CPA dominates the mechanical response of the vitriﬁed blood
vessel at lower temperatures.
Finally, a simpliﬁed empirical correlation of the
time-temperature dependency of the relaxation modulus is proposed for each CPA, with the anticipation
that such a correlation will become useful in future
theoretical analyses.

APPENDIX A: UNCERTAINTY ANALYSIS
Following standard practice,3 the uncertainty in this
procedure is estimated as:
dE ¼
s
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 
2 
2
2 
@E
@E
@E
@E
dL þ
dA þ
dF
dLo þ
@L
@Lo
@A
@F
ðA:1Þ

SUMMARY AND CONCLUSIONS
The current study focuses on the viscoelastic response of vitriﬁed blood vessels, using the cryoprotectant cocktail VS55 and the reference solution of
7.05 M DMSO. A previously presented device6 was
used to reproduce a typical cryopreservation protocol,
followed by stress-relaxation testing at constant cryogenic temperatures.
Results of this study indicate that the relaxation
modulus increases with decreasing temperature. As
would be expected for biological tissues, the relaxation
modulus does not completely decay to zero in long
times; the tissue structure, rather than the permeated
CPA, is assumed responsible for this long time
behavior. However, when the long time relaxation
modulus is subtracted, a quantity analogous to the
steady-state viscosity of a viscoelastic ﬂuid can be
extracted. This steady-state viscosity was found to
increase exponentially with decreasing temperature.
When best-ﬁtted with four acceptable models of steady-state viscosity, the WLF model was found to bestﬁt experimental data.
Experimental results further indicate that the steady-state viscosity above -100 C is weakly-CPA
dependent, suggesting that the properties of the blood
vessel specimen itself dominate the mechanical response of the CPA-blood vessel system for temperatures higher than -100 C. Below the latter
temperature, blood vessel specimens permeated with
the two CPAs exhibit essentially the same behavior,
with a shift of about 10 C; interestingly, that shift is
close to the diﬀerence in glass transition temperatures

where dL, dLo, dA, and dF are the estimated uncertainties in measurement of the displacement, effective
length, cross-sectional area, and load, respectively;
typical corresponding values are: 3.4 · 10-3 mm (corresponding to the average elongation of the stainless
steel rods under the load present during an experiment), 1 mm, 1.15 mm2 (9%), and 0.15 N. When
substituting the relaxation modulus from Eq. (1) into
Eq. (A.1), the uncertainty is estimated as 12.5% of the
long time value of the relaxation modulus for each
case. The latter value represents the uncertainty
introduced by the experimental apparatus,6 not taking
into consideration variations between different specimens, which are expected to have a greater effect on
measurements.
Uncertainty in temperature measurements is introduced by A/D conversion (22 bits at 0.333 Hz) in the
data acquisition module, cold-junction compensation,
and quality of the thermocouple material. The combined eﬀect of these uncertainties is estimated as
±0.8 C. This value, however, is small when compared
with the temperature distribution along a single specimen (typically 5 C).
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