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Abstract

Hematopoietic stem cell (HSC) therapy can significantly lower instances of infection in chemotherapy patients by accelerating the
recovery of white blood cells in the body. However, therapy requires that HSCs be stored at cryogenic temperatures to retain the cells’
ability to proliferate. Currently, cells are stored in polymeric blood bags that are subject to fracture at the extremely low storage tem-
peratures, which leads to cell contamination, thereby reducing their effectiveness. Therefore, we have developed an analytical model to
predict the accumulation of stresses that ultimately lead to crack initiation and bag fracture during cryogenic storage. Our model gives
explicit relationships between stress state in the container and thermoelastic properties of the container material, container geometry, and
environmental factors that include temperature of the system and pressure induced by excess gas evolving from the stored medium. Pre-
dictions based on the model are consistent with experimental observations of bag failures that occurred during cryogenic storage appli-
cations. Finally, the model can provide guidance in material selection and bag design to fabricate bags that will be less susceptible to
fracture.
� 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

During chemotherapy, the number of white blood cells
in the patient’s body is dramatically reduced, which can
lead to infection and even death. However, hematopoietic
stem cell (HSC) therapy can significantly lower these
adverse instances by promoting the recovery of a patient’s
white blood cell count [1]. During HSC therapy, the stem
cells are extracted from the patient prior to the chemother-
apy treatment and stored until after the treatment is com-
pleted. The cells are then reintroduced into the patient, and
about a month later, the patient’s white blood cell count
1742-7061/$ - see front matter � 2006 Acta Materialia Inc. Published by Else

doi:10.1016/j.actbio.2006.05.006

* Corresponding author. Tel.: +1 301 827 4717.
E-mail address: david.saylor@fda.hhs.gov (D.M. Saylor).
returns to normal, significantly reducing the risk of
infection.

One of the major problems with HSC therapy is the con-
tamination of the cells, which can limit their effectiveness.
Cell contamination occurs primarily during the storage
phase of the therapy due to failure of the storage container.
Currently, HSCs are stored in blood bags that have been
developed, tested, and cleared by the FDA for use in stor-
ing cells with no nuclei such as red blood cells and platelets
at 193 K [2]. However, previous studies have shown that
nucleated cells such as HSCs have less ability to proliferate
after thawing if stored above 113 K [3]. Therefore, hos-
pitals began using blood bags to store HSCs at liquid
nitrogen temperatures (�77 K), significantly below the
approved storage temperature of the bags. The practice
vier Ltd. All rights reserved.
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of using blood bags for HSC storage at these extremely low
temperatures has resulted in numerous reports of blood
bag fracture, resulting in contamination of the contents
[4,5]. Depending on the bag material, failure rates of up
to about 10% have been reported [5]. Of these failures,
42% ultimately resulted in cell contamination.

Blood bag failure at liquid nitrogen temperatures is
typically characterized by brittle fracture [6,7]. At tem-
peratures below the glass transition temperature (Tg),
polymeric materials are stiff and have little ability to dissi-
pate applied strain through viscous relaxation [4,8,9]. Thus,
the application of strain to the polymer can result in a con-
siderable accumulation of stress in the material. Stress gives
rise to elastic strain energy that provides the driving force
for the nucleation and propagation of cracks that lead to
failure of the blood bag. Further, the magnitude of the
accumulated stresses is sensitive to the geometry of the
blood bag. Therefore, to formulate a predictive model for
the failure of blood bags during the cryogenic storage of
stem cells, it is critical to elucidate the origins of these stres-
ses and to quantify the influence of bag material and geom-
etry on the accumulated stresses and, thereby, fracture.

Two potential strain mechanisms that can give rise to
residual stresses in these systems have been identified and
are illustrated in Fig. 1. The first originates due to a thermal
expansion mismatch between the frozen stem cell medium
and its polymeric container. The thermal expansion coeffi-
cients of polymeric materials at cryogenic temperatures
typically range from 3 · 10�5 to 8 · 10�5 K�1 [9–11]. The
frozen cell medium, however, will, on average, have a lower
thermal expansion coefficient of approximately 2.5 ·
10�5 K�1 over the same temperature range, assuming the
medium’s behavior is analogous to that of ice [12]. There-
fore, as the system is cooled, the blood bag will contract
at a faster rate than the medium. Because the medium is
elastically stiff, it does not yield to this contraction and sig-
nificant residual stresses can accumulate in the blood bag.
This is shown schematically in Fig. 1a.
Fig. 1. Schematic representation of two potential mechanisms that can
induce strain, and thereby residual stresses, in the polymeric container.
These mechanisms are: (a) a temperature change when there is a thermal
expansion mismatch between the container and medium and (b) excess gas
evolving from the medium.
The second potential mechanism of residual stress gen-
eration derives from the presence of gases in the medium
(private communication, Cullis HM, American Fluoro-
seal). The premise is that as the medium solidifies, dissolved
gases, such as CO2, segregate out of solution and form gas
bubbles, which are trapped in the frozen medium. As the
system is cooled to 77 K, these gases will solidify and leave
evacuated voids within the frozen medium. During storage
at 77 K, nitrogen diffuses through the polymer and the fro-
zen medium into these voids. As the system is thawed, the
condensed gases will return to a gaseous state, so the voids
will contain the original amount of gas plus the nitrogen
that migrated in during storage. The increased pressure
within the voids will drive the nitrogen out of the frozen
medium, and the ‘‘evolved’’ gas will build up a gas layer
between the medium and the polymeric blood bag (see
Fig. 1b), which is still brittle (i.e., below the glass transition
temperature). This phenomenon will result in an increased
pressure against the wall of the blood bag that gives rise to
residual stresses.

It is not clear how these two mechanisms (contraction
during freezing and gas expansion during thawing), indi-
vidually or in combination, contribute to the overall stress
state in blood bags during the cryogenic storage of stem
cells. Therefore, it is the goal of this work to derive an ana-
lytical model for the stress state that evolves in blood bags
based on these two mechanisms. The model will allow us to
determine the relative effects of each mechanism and their
variation with the type of blood bag material and geomet-
ric design.

In this paper, we describe the derivation and application
of an analytical model for the stress state of blood bags
filled with HSCs at cryogenic temperatures based on con-
tributions from thermal expansion mismatch and evolved
gases. In the next section, we give a detailed outline of
the model and its derivation. The subsequent section
describes results of the application of the model to eluci-
date the effects of strain mechanism, material, and bag
geometry on the stress state. This is followed by a discus-
sion of the results, and finally, a brief summary.

2. Materials and methods

2.1. Overview

The objective of this work was to develop an analytical
model of the stress state in polymeric blood bags that arises
due to strains induced from thermal expansion mismatch
during freezing and/or excess gas evolution during thaw-
ing. During freezing and thawing of blood bags containing
cell medium, the largest stresses, and therefore strain ener-
gies, accumulate at temperatures below the Tg of the poly-
mer. At these temperatures, viscous stress relaxation
mechanisms in the polymer are negligible. Further, above
their Tg the polymer materials (elastomers) that comprise
the bags are elastically soft and can accommodate very
large strains (�300%) before yielding. Therefore, although
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there may be a significant amount of strain induced in the
bag, no substantive amount of elastic strain energy or per-
manent deformation will accrue above Tg due to the extre-
mely low stiffness and large strain to failure of these
materials. Thus, we assume that elastic strain energy accu-
mulated in the polymer above Tg is negligible and that the
mechanical response of both the blood bag and medium
below Tg can be approximated by linear elasticity theory.
Note that the Tg values for elastomeric materials that com-
prise the bags (<230 K) are significantly less than the freez-
ing temperature of the medium (�269 K), thus only the
influence of the frozen medium on the accumulation of
residual stresses is considered.

To continue with the derivation of the model, we further
assume that both the blood bag and medium have isotropic
thermoelastic properties that are independent of tempera-
ture. This should be a reasonable approximation because
we expect the extent of the variation in thermoelastic prop-
erties in each component over the temperature ranges of
interest (i.e., below Tg of the polymer) to be less than a fac-
tor of two. We note that the properties of both the polymer
and the frozen medium will contain microscopic variations,
which will result in a stress state that varies on a micro-
scopic level. By ignoring these variations, the stress states
determined by our model must be considered an averaged,
bulk material response.

Next, we use a simplified system geometry that consists
of two concentric spheres that represent the biological
medium contained inside a polymeric blood bag shell. This
geometry is illustrated in Fig. 1a. Although the model
geometry is only an approximation, it incorporates the geo-
metric components of the bag that will have the largest
impact on the stress state, the radius of curvature and the
thickness of the bag. The concentric sphere geometry yields
a relatively simple stress state as a function of position
within the system. In fact, once the apparent pressure on
the blood bag is determined, the stress state is completely
specified.

Finally, to derive an expression for the apparent pres-
sure, we start by considering the two mechanisms by which
strain can be introduced into the system: thermal expan-
sion mismatch and pressure due to evolved gases. Based
on these considerations, functional forms for the displace-
ments induced by these mechanisms can be specified for
each region. We then introduce the boundary condition
that the volume of gas between the blood bag and the med-
ium must behave ideally. With this boundary condition, we
can determine the apparent pressure on the blood bag, and
the stress state of the system is completely specified.

2.2. Derivation

To derive a model for the state of stress that arises in the
blood bag and the cell medium, we start with the general
form for stress within a spherical shell (see Fig. 1 and
Appendix A). Due to spherical symmetry, there are only
two independent stress components at any position within
the system. These are the radial component, rr, and the
tangential component, rh = r/ (see Eq. (A.5) for the stres-
ses in the medium and Eq. (A.7) for the stresses in the
blood bag). Assuming that the radius of the medium, a,
is large relative to the blood bag thickness, t = b � a, we
set R = b � a, so the stress state in the blood bag is approx-
imated by Eq. (A.9). These expressions, which include the
misfit strains on cooling, give the stresses for the first mech-
anism, i.e., thermal expansion mismatch (Fig. 1a). The sec-
ond mechanism requires consideration of the excess gas.
Because the pressure (stress) in a newly formed intermedi-
ate gas region must be hydrostatic, and because continuity
is required across the interfaces, the stress at the interface
between the medium and the gas ra� must equal the stress
between the gas and the blood bag raþ . Thus, we introduce
P ¼ �ra ¼ �ra� ¼ �raþ , where P is the gas pressure or the
apparent pressure on the blood bag. With this, the stress
state for the second mechanism after gas is evolved in the
system can be expressed as follows. In the medium, the
stress is hydrostatic and independent of radial position, r,
thus

rr
1 ¼ rh

1 ¼ r/
1 ¼ �P : ð1Þ

In the bag material, the radial component of the stress is a
function of radial position given by

rr
2ðrÞ ¼ �

R� r
t

� �
P ; ð2Þ

and the tangential component is a constant given by

rh
2 ¼ r/

2 ¼
R
2t

� �
P : ð3Þ

The derivation of Eqs. (1)–(3) is given in Appendix A.
Upon examination of Eqs. (1)–(3), it is apparent that the
only unknown is P. Thus, once P is determined, the stress
at any position in the system is completely specified. Note
that stresses of interest are those that arise in the blood
bag. Since R� t, the tangential stress components within
the bag are much greater than the internal pressure. In con-
trast, the radial stress component has a linear gradient
across the bag thickness, going from the internal pressure
P at the inner surface to atmospheric pressure (�0) at the
outer surface.

To determine P for the first mechanism, we must set a
boundary condition based on the compatibility of displace-
ments between the blood bag and the medium after defor-
mation. Thus, we need first to specify a functional form for
the displacements in the model. Due to the spherical sym-
metry of the model, the displacements are radial every-
where. Assuming that the medium and polymer are both
elastically isotropic, the displacements in the medium, U1,
as a function of radial position can be expressed as (see
Appendix A)

U 1ðrÞ ¼ � P ð1� 2m1Þ
E1

þ a1DT
� �

r; ð4Þ



540 D.M. Saylor et al. / Acta Biomaterialia 2 (2006) 537–546
where E1, m1, and a1 are Young’s modulus, Poisson’s ratio,
and the coefficient of thermal expansion, respectively, of
the medium. Under the assumption that R� t, the radial
displacements, U2, in the blood bag are constant and given
by (see Appendix A)

U 2ðRÞ ¼ U 2 ¼
Pð1� m2ÞR2

2tE2

þ a2DTR; ð5Þ

where the subscripted dependent variables are the thermo-
elastic properties of the bag material. The first term in the
equations is the displacement due to the pressure applied to
the blood bag by the other components, the sought un-
known, and the second term is the thermally induced
displacement.

The next step in the derivation is to apply a compatibil-
ity condition on the displacements to obtain an expression
for P. If there were no gas involved, one would simply set
the displacement expressions at the interface radius equal
to each other, U1(R) = U2(R), and solve for P [13]:

P ¼ 2b�1 t
R

� � E
1� m

� �
Dað�DT Þ; ð6Þ

where E = E2, m = m2, i.e., the elastic properties of the blood
bag material, Da = (a2 � a1) and

b ¼ 1þ ð1� 2m1ÞE2

ð1� m2ÞE1

2t
R

� �
: ð7Þ

We note that the quantity [2(1 � 2m1)E2]/[(1 � m2)E1] is typ-
ically less than one and t� R, so b � 1. Since the temper-
ature change is negative, i.e., (�DT) > 0, and the thermal
expansion mismatch Da is positive, i.e., the blood bag con-
tracts more than the medium, the interface pressure P is
positive.

For the second mechanism, the evolution of excess gas
in the system, the situation is more complex due to the
gas physically separating the blood bag from the medium,
thus destroying the displacement compatibility at the inter-
face. Instead, we assume that the displacements are con-
strained such that the volume of gas, V, behaves ideally.
This yields the equalities

V ¼ nRGT
P
¼ 4p

3
a3
þ � a3

�
� 	

; ð8Þ

where n is the number of moles of gas, RG, is the universal
gas constant, and T is the absolute temperature of the sys-
tem. Now, by setting a+ = R + U2(R) and a� = R + U1(R)
and assuming the radial displacements are small relative to
R, we can rewrite Eq. (8) as a quadratic equation in P,

b
ð1� mÞR

2tE
P 2 þ DaDTP � nRGT

4pR3
¼ 0: ð9Þ

Solving Eq. (9) for P yields

P ¼ P 1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P 2

1 þ P 2
2

q
; ð10Þ
where

P 1 ¼ b�1 t
R

� � E
1� m

� �
Dað�DT Þ; ð11aÞ

and

P 2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2b�1 t

R

� � E
1� m

� �
nRGT

4pR3

� �s
; ð11bÞ

We note that P1 is one half the interface pressure defined by
Eq. (6) for first mechanism. If there is no gas layer (i.e.,
n = 0), then P2 = 0 and we recover Eq. (6), if we choose
the + sign of the ± in Eq. (10). Similarly, if a gas layer is
present with no temperature change (i.e., P1 = 0), again
the appropriate choice is the + sign in Eq. (10), since P
must be positive, and in this case equal to P2. So, in general
the + sign in Eq. (10) is the appropriate choice.

Eq. (10) gives the explicit relationship between hydro-
static pressure exerted on the polymeric blood bag and its
thermoelastic properties and geometry, as well as the
amount of gas released from the medium and the amount
of thermally induced strain. Eq. (10) can be substituted
back into Eqs. (1)–(3), and therefore, the complete state
of stress in the blood bag and medium is specified. In the
next section, we utilize these equations to explore the effects
of the various parameters on the stresses accumulated in
the blood bag. Note that the equations derived here are
not restricted to storage of stem cells and should be appli-
cable to estimate the stress state in blood bags or any type
of storage container regardless of the medium.

3. Results

In this section, we explore the effect of strain mecha-
nism, material, and blood bag geometry on the stresses that
arise in polymeric blood bags during stem cell storage at
cryogenic temperatures. To determine these effects, we
use a hypothetical material as a baseline that has the
thermoelastic properties of a typical polymer at cryogenic
temperatures. The hypothetical material was assumed to
have the following thermal–elastic properties: E =
10 GPa, m = 0.33, Da = 3 · 10�5 K�1 (in relation to the fro-
zen medium), and Tg = 218 K. As stated in the previous
section, we assume that any stress accumulated in the
blood bag at temperatures above Tg is negligible, i.e., Tg

is the stress-free temperature. In addition, we assume a
baseline for the blood bag geometry, which is characterized
by R = 2 · 10�2 m (approximately the average radius of a
50 ml blood bag) and t = 2 · 10�4 m, and therefore, R/
t = 100. Finally, for most media the elastic properties are
such that b � 1. Unless otherwise stated, these values are
used in the calculations described in the following sections.

During the storage procedure (i.e., freezing and subse-
quent thawing of the system), Eq. (10) (with Eqs. (2) and
(3)) demonstrates that the stress in the blood bag will be
maximum at one of two positions along this temperature
profile. The first is at the minimum temperature of 77 K



Fig. 2. Comparison of the mechanisms that can induce stress in the
blood bag, thermal expansion mismatch (Da) and release of excess gas
from the medium (n), assuming the maximum stress occurs at 77 K in the
absence of excess gas and 177 K when excess gas is present. The plot
shows the amount of excess gas, n, required at 177 K to yield an
apparent pressure on the container, P, that is equivalent to the P induced
from Da at 77 K. Values shown assume that the system is stress-free at
the polymer Tg in the absence of gas. The calculations were based on a
container with dimensions R = 2 · 10�2 m and t = 2 · 10�4 m comprised
of a hypothetical material with E = 10 GPa, m = 0.33, and Tg = 218 K.
Further, the media were assumed to have thermoelastic properties such
that b = 1.
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(liquid N2) where the temperature difference relative to the
stress-free temperature (�DT), is a maximum. Further, at
77 K there should be no excess gas, and therefore, the stres-
ses in the blood bag are only due to the thermal expansion
mismatch. Assuming all of the gas present in the medium
prior to freezing is carbon dioxide (CO2), the second max-
imum in stress will occur at 177 K or the temperature
where the solidified gas components of the medium return
to a gaseous form. In the following sections we look at
both of these possibilities and how they relate to the accu-
mulation of stresses in blood bags.

3.1. Strain mechanism

One of the outstanding questions regarding the failure
of blood bags at cryogenic temperatures is which of the
two strain mechanisms, thermal expansion mismatch or
evolved gases, is responsible for blood bag fracture? In
other words, do they typically fail during the initial cooling
stage or upon thawing? To answer this question, we start
by considering the variation of the apparent pressure as a
function of the temperature and number of moles of excess
gas, P(T,n). Now, we can represent the pressure at the two
potential critical temperatures as P(TL,0) and P(TH,n),
which are the pressure at lowest temperature to which the
blood bag is exposed, TL, in the absence of gas and the
pressure at the temperature where n moles of previously
solidified gas returns to a gaseous state, TH, respectively.
Setting these two pressures equal to each other and solving
for n yields

n ¼ 8pR3

RGT H

� �
b�1 t

R

� � E
1� m

� �
ðDaÞ2ðT 0 � T LÞðT H � T LÞ;

ð12Þ

where T0 is the stress-free temperature when no gas is pres-
ent. Therefore, Eq. (12) gives the number of moles of excess
gas at TH required to induce the same apparent pressure
in the blood bag that would be observed at TL when no
gas is present. Taking TL = 77 K, TH = 177 K, and T0 =
Tg = 218 K, the relationship between n and Da is shown
graphically in Fig. 2. Assuming the stresses that accumu-
late in the blood bag are sufficient to induce fracture, we ex-
pect that the blood bag should fail upon thawing when the
excess gas is released for values of n and Da above the plot-
ted line. Conversely, for values below the line, the blood
bag should fracture when cooled to the temperature of
liquid nitrogen. Note that for the value of Da correspond-
ing to our hypothetical material (�3 · 10�5 K�1), at least
2 · 10�4 mol of excess gas is required for the evolution of
gas from the medium to be the critical mechanism for
bag failure.

3.2. Thermoelastic properties

In addition to evaluating the critical failure mechanism,
the analytical model derived above can also be used to
determine the effect of the thermoelastic properties (E, m,
and Da) of the blood bag material on the stress that accu-
mulates under different environmental conditions. This can
be valuable in guiding a material selection process for a
specific storage application. As mentioned above, the larg-
est stresses in the blood bag will be tensile and tangential to
the blood bag shell, and therefore, the tangential stress rh is
the stress component that will first exceed the fracture
strength of the material resulting in fracture of the con-
tainer. Thus, in this section, we evaluate the effect of the
thermoelastic properties of the blood bag material on rh.
By combining Eqs. (10), (11) with Eq. (3), we find

rh ¼ 1

2
b�1 E

1� m

� �"
ðDaÞðT 0� T Þ

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDaÞ2ðT 0 � T Þ2þ b

R
t

� �
1� m

E

� �
nRGT

2pR3

� �s #
; ð13Þ

We start by considering the effect of Poisson’s ratio, m,
on rh. We note from Eq. (13) that m only appears in com-
bination with the Young’s modulus E as E/(1 � m). Fur-
thermore, m typically varies only between 0.2 and 0.4 for
most polymeric systems, so the maximum variation of E/
(1 � m) with m is only 33% over the entire range of expected
m values. Thus, we include the influence of Poisson’s ratio
with that of Young’s modulus.

Fig. 3a shows the influence of the tangential stress
rh(E,Da) on Young’s modulus E and thermal expansion
mismatch Da at 77 K in the absence of excess gas. With
no excess gas, we see from Eq. (13) that rh is directly pro-
portional to both E and Da, which is also evident in the
figure. Fig. 3a also illustrates that for a large DT, both of
these relationships are quite strong, with variations in rh



Fig. 3. Relationships between the tangential stress, rh, on the container and the thermal–elastic properties of the container material, rh(E,Da) at different
temperatures and excess gas quantities that include: (a) 77 K with no excess gas, (b) 177 K with 5 · 10�4 mol of excess gas, and (c) 177 K with 5 · 10�3 mol
of excess gas. The contour values for rh are in MPa and all plots assume the system is stress-free at the polymer Tg in the absence of gas. The calculations
were based on a container with dimensions R = 2 · 10�2 m and t = 2 · 10�4 m and the materials considered were assumed to have a constant m = 0.33 and
Tg = 218 K. Further, the media were assumed to have thermoelastic properties such that b = 1.

Fig. 4. Effect of blood bag geometry on the tangential stress, rh, for two
different conditions, T = 77 K with no excess gas and T = 177 K with
5 · 10�4 mol of excess gas. Note that in the absence of excess gas the
tangential stress is independent of R/t. The plot also shows rh(R/t) for the
case where excess gas is present for three different values of the container
thickness. Values shown in the plots assume that the system is stress-free at
the polymer Tg in the absence of gas. The calculations were based on a
hypothetical material with E = 10 GPa, m = 0.33, Da = 3 · 10�5 K�1, and
Tg = 218 K. Further, the media were assumed to have thermoelastic
properties such that b = 1.
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from less than 1 MPa to greater than 100 MPa over a
realistic range of potential thermoelastic parameters. How-
ever, at higher temperatures with excess gas present, the
effect of Da on the rh diminishes, such that it is almost
entirely dependent on E. This is demonstrated in Fig. 3b,
which graphically illustrates rh(E,Da) at 177 K with
5 · 10�4 mol of excess gas present. It is apparent from
the figure that over a significant range of E (two orders
of magnitude) the rh is essentially independent of thermal
expansion mismatch. As more excess gas is added
(Fig. 3c), the thermal expansion mismatch plays even less
of a role on rh.

It is crucial when selecting a material for cryogenic stor-
age that the accumulated stresses remain below the fracture
strength of the material under all anticipated conditions.
This can be illustrated using the plots in Fig. 3. For exam-
ple, assume the blood bag material has a fracture strength
equal to 50 MPa. Further, assume that during use the
blood bag will be cooled to 77 K in the absence of gas,
and upon warming to 177 K, 5 · 10�4 mol of excess gas
are released. Thus, the material must have corresponding
values of E and Da such that they lie to the left of the
50 MPa contour in both Fig. 3a and b. This will ensure that
under both conditions where the largest possible stresses
can accumulate, the stresses will never exceed the fracture
strength and, therefore, failure will not occur. In general,
to ensure blood bag integrity, it is imperative that the ther-
moelastic properties of the material are in regimes that,
under anticipated storage conditions, yield tangential stres-
ses well below the fracture strength of the material.

3.3. Blood bag geometry

Another application of the model presented here is to
estimate the effects of blood bag geometry on the stress
state. The geometry, specifically the local curvature, can
play a significant role in the stress state of the material.
For example, in regions where the curvature is near zero,
the stress due to thermal expansion mismatch or excess
gas present will be much lower than the stress in regions
of large curvature. Examples of large curvature regions
include: weld joints used to seal two polymer sheets
together to form the container and kinks and folds that
can arise when the bag is filled with medium. Our model
incorporates the effect of curvature, R�1, as well as blood
bag thickness, t, on the stress state using the concentric
sphere geometry described above, where the geometry is
completely specified by only two variables, R and t.

From Eq. (13), we see that in the absence of gas, the tan-
gential stress is independent of the blood bag geometry,
and therefore, the ratio, R/t. The constant relationship
between rh and R/t at 77 K in the absence of gas is shown
as a solid line in Fig. 4. Note that the independence of
geometry is an artifact of the assumption, R� t, and
should no longer be true as R/t approaches zero. In fact,
in the limit that R/t goes to zero, the tangential stresses
should extend towards infinity. However, we estimate that
R� t should be an adequate approximation when R/t is
greater than about 10.



D.M. Saylor et al. / Acta Biomaterialia 2 (2006) 537–546 543
With the addition of excess gas to the system, our model
predicts that the tangential stress is no longer independent
of geometry. This is also illustrated in Fig. 4, where the
dashed lines indicate rh(R/t) for three different values of
bag thickness at 177 K with 5 · 10�4 mol of excess gas.
For the largest thickness examined, t = 2 · 10�3 m, the
model predicts that the tangential stress will be essentially
independent of geometry for R/t values greater than
approximately 20, and therefore, for R values greater than
0.04 m. Fig. 4 also demonstrates that in the presence of
excess gas, as the thickness of the bag decreases, the tan-
gential stress at a given R/t increases. Further, decreasing
the thickness of the bag also increases the dependence of
the stress on R/t. Thus, it is apparent that the bag geometry
can have a significant impact on the magnitude of stress,
and therefore the propensity for bag failure.

Just as selection of a material with appropriate thermo-
elastic properties is critical to avoiding accumulation of
stress and fracture, so is the bag design [7]. Large curvature
geometric features, such as weld joints or folds induced
during use, can result in significant stress accumulation.
For example, assume the fracture strength is slightly
greater than the geometrically independent stress induced
at 77 K in the absence of gas (�63 MPa). If the fracture
strength were lower than this value, the bag would always
fail under these conditions. However, the dependence of
stress on geometry under higher temperature conditions
in the presence of excess gas is not as straightforward.
For example, assume that the bag has a thickness of
2 · 10�4 m. Then from the plot in Fig. 4, we see that at this
thickness, the bag will not fail for R/t values of approxi-
mately 140 or greater. This corresponds to R P 0.028 m,
which results in tangential stresses less than the fracture
strength of the hypothetical material. However, if the
blood bag is designed such that the effective radius in any
region of the bag falls below this value, the model predicts
that failure should occur.

Increasing the bag thickness can reduce the accumulated
stresses below those required for failure. Again using the
relationships illustrated in Fig. 4, a bag that consists of
regions with an effective radius of curvature of 0.020 m
and thickness of 2 · 10�4 m (R/t = 100) will accumulate
tangential stresses that exceed the hypothetical fracture
strength (�63 MPa). However, if the thickness of the blood
bag were increased to 2 · 10�3 m, then R/t = 10.0, which
results in stresses well below the critical value. Thus, it is
imperative to consider both the effective radii in the bag
design and the thickness of the material because both of
these factors can have a substantial effect on the overall
fracture resistance of blood bags at cryogenic
temperatures.

4. Discussion

We have derived an analytical model that can be used to
estimate the stress state in blood bags used for cryogenic
storage as a function of strain mechanism, material proper-
ties, and geometric design. In the applications discussed
above, we demonstrated that the model can be used as
framework to provide guidance in material selection and
product design to avoid failure during use. For example,
blood bags used to store HSCs have been fabricated from
several different materials, including poly(ethylenevinylace-
tate) (EVA), fluorinated ethylenepropylene (FEP), and
poly(vinylchloride) (PVC) [7]. At cryogenic temperatures,
FEP is about an order of magnitude less stiff than EVA,
i.e., EPTFE � 0.1EEVA. Thus, the model would predict sub-
stantially less stress accumulation in blood bags manufac-
tured from FEP compared to those fabricated using
EVA. In fact, in laboratories responsible for the storage
of HSCs, a significant reduction in blood bag failures was
observed when FEP blood bags were used in place of those
made of EVA (private communication, David-Ocampo V,
NIH/CC/DTM). Although material changes can signifi-
cantly alter the fracture resistance of a blood bag, for some
applications, changing the material is not a possibility.
However, the accumulation of stresses can also be reduced
by control of blood bag geometry.

Most polymeric blood bags used for cryogenic storage
are fabricated by welding two polymer sheets together
along the perimeter of the bag. Therefore, the geometry
of the blood bag can be characterized as having almost
no curvature over most of the bag with very large curva-
tures in the vicinity of the weld joints. Based on our model,
we would expect the bags to be essentially stress-free,
except at the welds where large stresses will accumulate.
Thus, fracture should always occur at or around the weld
joints, and, in fact, for all cryogenically induced bag fail-
ures that we have observed, the fracture initiated in the
vicinity of a weld joint. The weld geometry is therefore crit-
ical in determining the propensity for failure in blood bags
used in cryogenic storage applications. Further, the model
suggests that lower stresses, and therefore fewer failures,
will occur by controlling the welding process so that the
curvature at the weld joints is reduced.

In addition to high curvature regions in the blood bag,
substantial stresses can accumulate around defects that
act as stress concentrators. These defects can be inherent
in the polymeric material, such as voids, or they can be
induced during manufacturing and handling, such as nicks
and scratches. Because these defects act as stress concentra-
tors, they effectively reduce the overall fracture strength of
the material. The significance of a defect on strength reduc-
tion can be estimated from classical fracture theories, such
as the one proposed by Griffith [14]. Using the Griffith frac-
ture condition, we can estimate the size of a critical flaw in
the bag in terms of the stresses in our model. Assuming that
rh is the tensile stress applied to the flawed region in the
blood bag, the critical flaw size for failure is c = 2cE/
[p(rh)2], where c is the surface energy of the blood bag
material. Thus, an isolated defect smaller than size c is rel-
atively inconsequential; however, defects size c or greater
will result in failure for a given rh induced in the bag.
For a typical polymeric material below Tg, c � 0.05 J/m2
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and E � 10 GPa. Thus, for an applied tangential stress, rh,
of 10 MPa, we expect a critical flaw size of about 3 lm.

Thus far we have assumed that the thermoelastic proper-
ties of the blood bag material are independent of time and
temperature. This may not be the case for all glassy phase
polymers. In fact, some polymers, such as fluorinated ethyl-
ene propylene mentioned above, may have significant ductil-
ity at liquid N2 temperatures. However, as they are cooled,
the material will become significantly stiffer and substantial
residual stress may still arise. Further, the release of gas was
assumed to be instantaneous at the gas vaporization temper-
ature. This process can, in fact, be slow relative to the tem-
perature changes during thawing. Therefore, it may be
important to capture these time and temperature dependen-
cies in the model to accurately predict the magnitude of the
stresses that accumulate in the blood bag material. Exten-
sion of the current model to these situations is relatively
straightforward if the following are known: the time and
temperature dependence of the thermoelastic properties of
the blood bag, the vaporization rate of the solidified gas,
and the cooling and thawing temperature profiles. If these
are known, one can simply substitute the functional forms
into Eq. (13) (i.e., E = E(t,T), m = m(t,T) and n = n(t)) and
then integrate the equation over time and temperature as
dictated by the temperature profiles to determine the accu-
mulation of stresses. In general, however, these time and
temperature dependencies are unknown. Mapping these
dependencies would provide insight and guidance into not
only bag material and design modifications, but also storage
procedure alterations that would result in lower bag failure
rates. For example, the ramp rates and dwell times during
the storage process can be optimized to minimize stress for
a particular bag material.

Another assumption that underpins the formulation of
the model is that the gas released from the frozen medium
behaves ideally. Generally speaking, the ideal gas approxi-
mation is valid at low pressures and high temperatures. To
elucidate whether the ideal behavior approximation can be
extended to gases under pressure at cryogenic tempera-
tures, we used a newly formulated equation of state of
nitrogen for temperature from 63.151 to 1000 K and pres-
sures to 2200 MPa [15]. With these relations we evaluated
the ratio of pressure to density (P/q) versus temperature
(T) for the temperature range 170 K to 230 K (i.e., the tem-
perature, at which the gas evolves, to the potential Tg of the
polymer) of nitrogen gas under pressures up to 2.0 MPa
(corresponding to rh � 100 MPa). For ideal nitrogen gas,
the relationship between P/q and T is linear with a slope
of 8.314 510 J/(mol K), the molar gas constant. We find
that even at P = 2.0 MPa the relationship between P/q
and T over the designated temperature range remains
approximately linear (correlation coefficient = 0.968) with
a slope of 7.966 ± 0.039, a difference of only �4.2%. At
atmospheric pressure (P = 0.101 325 MPa) the difference
is �0.2%. Thus, we conclude that the approximation of
ideal gas behavior is adequate under the environmental
conditions relevant to this application.
Although the model derived in this manuscript was
implemented by making some simplifying assumptions, it
provides significant insight into stress accumulation that
can lead to failure of blood bags when used to store HSCs
under cryogenic conditions. More sophisticated tech-
niques, such as finite element methods, can be employed
to determine the stress state with more quantitative accu-
racy by incorporating the actual bag geometry. However,
these more sophisticated methods require detailed, quanti-
tative measurements of the geometry, which are difficult
and time consuming to obtain. Thus, the ability to com-
monly apply these methods to determine stress accumula-
tion is quite limited. However, using our model
equations, predictions of the influence of modifications to
bag material or bag design on the stress state in the bag
can be made easily. Thus, the model equations can be used
as guidance in both the manufacture and the usage of
blood bags in cryogenic storage applications to limit the
accumulation of stresses and, therefore, failure rate of these
devices.

5. Summary

We have derived an analytical model for the stress state in
blood bags filled with HSCs at cryogenic temperatures based
on two potential strain mechanisms: (1) thermal expansion
mismatch between the blood bag container and the stored
medium (HSCs) and (2) excess gas evolving from the stored
medium. The model yields explicit relationships between the
stress that accumulates in the container and the thermoelas-
tic properties of the container material, container geometry,
and environmental conditions (i.e., temperature and amount
of excess gas released from the medium). Based on the
model, we have established a quantitative framework to dis-
tinguish the relative effects of the two strain mechanisms and
the environmental conditions where the maximum accumu-
lated stresses occur. Further, we have used the model to elu-
cidate the influence of the thermoelastic properties of the bag
material on the accumulation of stresses. Our findings sug-
gest that the magnitude of accumulated stress will be sub-
stantially lower in softer materials (low E) and those that
have thermal expansion coefficients similar to the medium
(low Da). This is consistent with the observed reduction in
failures witnessed when containers comprised of softer mate-
rials were used in laboratories responsible for the storage of
HSCs. Thus, materials selection is a critical aspect of the
product design. We have also used the model to explore
the effect of container geometry on the accumulated stresses.
We find that the largest stresses will accumulate in thin, high
curvature regions of the container. This finding is consistent
with observations that suggest that most, if not all, bag fail-
ures initiate in the vicinity of weld joints in the containers.
Thus, the geometric design of the product is also critical to
preventing future container failures. Finally, although many
simplifying assumptions were made in the derivation of the
model, the equations provide much insight into the strain
mechanisms, as well as blood bag material and design
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considerations, which impact the accumulation of stresses
that lead to bag failure during cryogenic storage of HSCs.
These equations can be used as guidance for bag material
selection and bag design to limit the accumulation of stresses
and, therefore, failure rate of these devices.
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Appendix A

By symmetry the displacements for the models shown
schematically in Fig. 1 are everywhere radial. In this case a
general expression for the radial displacement is given by [16]

U ¼ �h � r � g
2 � r2

; ðA:1Þ

where r is the radial coordinate, and h and g are constants
to be determined by the boundary conditions. The strains
are given by [15]

er ¼ oU
or
¼ �hþ g

r3
; ðA:2aÞ

eh ¼ e/ ¼ U
r
¼ �h� g

2 � r3
; ðA:2bÞ

erh ¼ er/ ¼ eh/ ¼ 0: ðA:2cÞ
The elastic strain is the total strain, Eqs. (A.2), minus the
thermal strain, aijDT, where aij is the coefficient of thermal
expansion tensor and DT is the temperature change from
the stress-free state. Accordingly, the stresses are given by

rr ¼ E
ð1þ mÞð1� 2mÞ ½ð1� mÞer þ 2meh � ð1þ mÞaDT 	

¼ �H þ G
r3
; ðA:3aÞ

rh ¼ r/ ¼ E
ð1þ mÞð1� 2mÞ ½e

h þ mer � ð1þ mÞaDT 	

¼ �H � G
2 � r3

; ðA:3bÞ

rrh ¼ rr/ ¼ rh/ ¼ 0; ðA:3cÞ
where E is the Young’s modulus, m is the Poisson’s ratio,
and a is the coefficient of thermal expansion. The new con-
stants H and G are related to h and g, respectively, as

H ¼ E � ðhþ aDT Þ
ð1� 2mÞ ; ðA:4aÞ

G ¼ Eg
ð1þ mÞ ; ðA:4bÞ

For a frozen biological medium of radius a and external
pressure P, G1 = 0, since the stress and strain are finite at
the origin (r = 0), and H1 = P. Accordingly, the stress state
is hydrostatic and uniform:

rr
1 ¼ rh

1 ¼ r/
1 ¼ �P ; ðA:5Þ

The strains and displacement are given by

er
1 ¼ eh

1 ¼ e/
1 ¼

U 1ðrÞ
r
¼ � P ð1� 2m1Þ

E1

þ a1DT ; ðA:6Þ

For the polymeric container of inner radius a and outer ra-
dius b, internal pressure P, and atmospheric outer pressure
(�0), H2 = G2/b3 = �Pa3/(b3 � a3). Accordingly, the stres-
ses are given by

rr
2 ¼ �P

a
r

� �3 b3 � r3

b3 � a3

� �
; ðA:7aÞ

rh
2 ¼ r/

2 ¼
1

2
P

a
r

� �3 b3 þ 2r3

b3 � a3

� �
; ðA:7bÞ

The strains and the radial displacement are given by

er
2 ¼ �

P
E2

a
r

� �3 ð1þ m2Þb3 � ð1� 2m2Þr3

b3 � a3

� �
þ a2DT ; ðA:8aÞ

eh
2 ¼ e/

2 ¼
U 2ðrÞ

r

¼ 1

2

P
E2

a
r

� �3 ð1þ m2Þb3 þ 2ð1� 2m2Þr3

b3 � a3

� �
þ a2DT ; ðA:8bÞ

For a thin-wall container of radius R = b and thickness t =
(b � a)� R, Eqs. (7) and (8) can be approximated, respec-
tively, by

rr
2 ¼ �

q
t

� �
P ; ðA:9aÞ

rh
2 ¼ r/

2 ¼
R
2t

� �
P ; ðA:9bÞ

and

er
2 ¼ �

2m2P
E2

R
2t

� �
þ a2DT ; ðA:10aÞ

eh
2 ¼ e/

2 ¼
U 2ðrÞ

R
¼ ð1� m2ÞP

E2

R
2t

� �
þ a2DT ; ðA:10bÞ

where q = (R � r)� R and t� R.
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