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Abstract

As part of an ongoing effort to characterize the mechanical behavior of biological tissues in the cryogenic tem-
perature range, the current study focuses on the thermal expansion measurements of cryoprotective agents. This study
focuses on the upper part of the cryogenic temperature range, where the cryoprotectant behaves like low viscous liquid
at all practical cooling rates. For the purpose of this study, a new apparatus for thermal expansion measurements has
been designed and constructed. Part I of this study (the current report) includes: a description of the new experimental
apparatus, the techniques of operation, calibration, system validation, and a detailed uncertainty analysis. Part II of
this study (the report following) includes thermal expansion measurements of the cryoprotectant mixtures DP6 and

VS55, and comparison with data from the literature on DMSO solutions.
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The volume change associated with change in
temperature of the material is known as ‘thermal
expansion.” The ratio of the thermal expansion to
the initial volume is known as ‘volumetric thermal
strain.” The term ‘linear thermal strain’ is defined
as one third of the volumetric thermal strain. The
term ‘linear thermal expansion coefficient’ repre-
sents a physical property indicating the rate at
which the linear thermal strain changes with tem-
perature. A positive value of the linear thermal
expansion coefficient indicates an increase in
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volume with the increase in temperature (volume
expansion), while a negative value indicates a de-
crease in volume with the increase in temperature
(volume contraction). In the context of this report,
the term ‘thermal expansion’ is used as a generic
term indicating the physical process, irrespective of
the sign of the linear thermal expansion coefficient.
Unless otherwise specified, the terms ‘linear ther-
mal strain’ and ‘thermal strain’ have the same
meaning in this report. Likewise, the terms ‘linear
thermal expansion coefficient’ and ‘thermal ex-
pansion coefficient” have the same meaning.

If the material is constrained, thermal strain
leads to the development of mechanical stress, ei-
ther in fluids or in solids. In stationary fluids, this
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stress is known as ‘hydrostatic pressure.’ In solids,
this stress is conveniently presented as the combi-
nation of hydrostatic pressure and shear stress
[1,11,12,16,17]. Either way, thermal strain can lead
to high levels of stress, resulting in structural
damage due to fracture formation and/or plastic
deformations [12,13]. In the context of cryobiol-
ogy, even a single macro fracture, or large enough
region to plastically deform, can prevent recovery
of the biological tissue from cryogenic preserva-
tion. Volumetric strain in liquids and solids is
typically measured in a magnitude range 0-10-2,
where a magnitude of 1072 in a constrained ma-
terial is typically associated with structural dam-
age in solids [12,13].

One driving mechanism of thermal expansion is
the tendency to increase the typical distance be-
tween molecules with an increase in temperature.
Another driving mechanism of thermal expansion
is molecular rearrangement during the process of
crystallization. Similar expansion may take place
due to molecular rearrangement associated with
solid-solid phase change. Although thermal ex-
pansion associated with crystallization may be
associated with very small temperature changes,
the outcome can be quite dramatic. For example,
pure water crystallization is associated with 9%
increase in volumetric thermal strain. If liquid
water is encapsulated in an ice enclosure, a thermal
strain of such magnitude can easily lead to struc-
tural damage in the solid phase, and to dramatic
hydrostatic pressures in the liquid phase [14,15,17].

Mechanical stress is only one of several mech-
anisms of cryoinjury. A far more extensively
studied mechanism of cryoinjury is ice crystal
formation, either in the extracellular or the intra-
cellular space, which triggers a sequence of de-
structive events at the cellular level [6,10]. Cellular
level damage can lead to macro level effects when it
affects the vascular system, the neural system, or
when the overall volume of damaged cells is sta-
tistically significant.

In order to avoid the damaging effect of crystal
formation on biological cells, an alternative ap-
proach to cryopreservation has been suggested,
known as ‘vitrification’ (vitreous in Latin means
glass) [3-5,9]. Vitrification is a highly unstable
process in which solidification is achieved by rapid

elevation of viscosity, until the level is high enough
that the material can be considered solid for all
practical purposes. In order to suppress crystalli-
zation and promote vitrification, highly viscous
solutions, known as ‘cryoprotectants,” are intro-
duced into the biological specimen. However, the
identification of a vitreous material as a solid is a
matter of time-scale only. The vitreous material
can be considered liquid in slow thermo-mechan-
ical loading processes, while the vitreous material
can be considered solid in rapid processes. The
demarcation between slow and rapid is propor-
tional to the level of viscosity of the material,
which in turn, is dependent upon the temperature.
In general, viscosity increases exponentially with
the decrease in temperature. In the solid mechan-
ics’ sense, whether the vitreous material is likely to
develop structural damage or to comply with the
thermal strain, is dependent upon the ratio of
viscosity to the time-scale of the thermal loading.

As a part of an ongoing effort to characterize
the mechanical behavior of biological tissues in
cryogenic temperature range [2,11-17], the current
study focuses on thermal expansion measurements
of cryoprotectants. The measured parameter is the
volumetric thermal strain and the analyzed ther-
mophysical property is the thermal expansion
coefficient. The current study focuses on the upper
part of the cryogenic temperature range, where
the cryoprotectant can be considered low viscosity
liquid at all practical cooling rates, whether during
vitrification or during classical cryopreservation.
In the solid mechanics sense, liquid can be defined
as a material which continues to deform under
the application of a constant load; low viscosity
indicates that the deformation rate is relatively
high for low loads. The current study also ad-
dresses the effect of volume change associated with
crystallization. For the purpose of this study, a
new apparatus for thermal expansion measure-
ments has been designed and constructed. The
new device is based on a new concept in which
pressure is the measured physical phenomenon
and the relationship between pressure and ther-
mal expansion is correlated. The current report
includes two parts: Part I includes a description
of the new experimental apparatus, techniques
of operation, calibration, system validation, and
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a detailed uncertainty analysis. Part II includes
thermal expansion measurements of the cryopro-
tectant mixtures DP6 and VS55, and comparison
with available data from the literature on DMSO

solutions.

Experimental apparatus

Figure 1 presents a schematic illustration of the
experimental apparatus. The cooling chamber is
made from two copper stub-out tubes. A stub-out
tube is a cylindrical tube having one closed end in
a shape of a hemisphere, which is used to prevent
the water hummer effect in domestic water tubing.
The nominal diameter of the stub-out tube is
1/2in., and the wall thickness is 1.25mm. The
stub-out tubes are connected with standard 1/2in.

male and female copper adapters. The stub-out
tubes were shortened so that the volume enclosed
in the assembly is 11.1 +0.05 ml (the overall length
of the cooling chamber is about 90mm). Two
holes were drilled at the upper part of the cooling
chamber to accommodate a filling valve and a
pressure tube (pressure tube B in Fig. 1), where
sealing was achieved by soldering. The filling valve
is made from the following: (i) a copper tube
having an external diameter of 1.6mm, internal
diameter of 0.8 mm, and a length of 30 mm and (ii)
a 1/16 in. fitting plug of Swagelock. Pressure tube
B is made of copper, having an external diameter
of 1.6mm, internal diameter of 0.8 mm, and a
length of 150 mm. Using 1/16in. Swagelock con-
nector, two pressure tubes are connected in series
to pressure tube B: (i) a flexible Tygon tube, hav-
ing internal diameter of 0.51 mm, an external
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Figure 1. Schematic illustration of the experimental apparatus.
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diameter of 1.52 mm, and a length of 500 mm and
(ii) a copper tube (pressure tube A in Fig. 1),
having an internal diameter of 0.8 mm, an external
diameter of 1.6 mm, and a length of 300 mm. The
cooling chamber, including the filling valve and the
first 50mm of pressure tube B, are placed in a
Styrofoam thermal insulation shell, having an av-
erage thickness of 15mm. The purpose of the
thermal insulation shell is to passively control the
cooling rate at the cooling chamber, as described
below. Furthermore, the relatively thick wall of the
thermal insulation shell and the high thermal
conductivity of the copper wall of the cooling
chamber, are expected to create a close-to-uniform
temperature distribution along the cooling cham-
ber wall.

A miniature pressure transducer (Omega, PX72-
030AV) is connected at the other end of pressure
tube A. This pressure transducer measures the ab-
solute pressure in the range 030 psi (14.7 psi equals
one standard atmospheric pressure). The pressure
transducer is excited by a 5V DC digital power
supplier (Bestric, BPS-2004CS-4), which is similar
to the power supplier in a regular desktop com-
puter. The specifications of the pressure transducer
at 5V DC excitation are: sensitivity of 7mV/psi,
linearity of 0.5% FS, repeatability of 0.3% FS, and
internal temperature compensation in the temper-
ature working range —15-85°C. The experimental
system has been calibrated with respect to the actual
sensitivity of the pressure transducer, as described
in detail below.

A desktop computer is used as a digital data
logger, collecting experimental data through a
USB interface device (Omega, OMB-DAQS55).
Collected experimental data include: pressure
transducer output, excitation voltage, temperature
of the connector of pressure tube A, wall temper-
ature of the cooling chamber, temperature at the
center of the cooling chamber, and room temper-
ature (not shown in Fig. 1). All temperature sen-
sors are special T type thermocouples, having a
typical uncertainty range of +0.5°C.

System preparations

The initial temperature of the measured sample,
and all pressure tubes, is room temperature, in the

range 20-22 °C. While pressure tube A is open to
the surroundings, room atmospheric pressure is
measured for reference.

Next, the flexible tube is connected to pressure
tube B at one end, while the other end of the
flexible tube remains open and is held at a higher
level than the filling valve of the cooling chamber.
Using a syringe, a solution sample (a cryoprotec-
tant) is injected into the cooling chamber through
the filling valve. When the cooling chamber,
pressure tube B, and the flexible tube, are com-
pletely filled with the solution sample (the flexible
tube is transparent), the filling valve is locked, and
pressure tube A is connected. Pressure tube A
contains air only, and is held at a higher level than
the flexible tube and pressure tube B. At this stage,
the pressure transducer at one end, and the filling
valve at the other end, create a pressure-bearing
enclosure for the solution sample. From this point
on, any volume change of the chamber, tubes, and
solution sample, will generate pressure. Since the
compressibility of air is at least three orders of
magnitude higher than that of all other compo-
nents of the system, the combined thermal ex-
pansion of all other components of the system is
equal to the air volume change. Finally, the cool-
ing chamber is placed in a thermal insulation shell,
and the system is ready for experimentation.

Technique of operation

Cooling phase

The thermal insulation shell is immersed in li-
quid nitrogen to the top of the thermal insulation
shell. The flexible tube allows for immersion of the
cooling chamber while keeping the pressure
transducer and its wiring stationary. As a result of
liquid nitrogen boiling on the outer surface of the
thermal insulation shell, the temperature of the
cooling chamber decreases. Due to the thick
thermal insulation, the cooling rate of the cooling
chamber is kept at an average rate of 0.85°C/min
in all experiments reported in part II of this study.
The low cooling rate leads to a close-to-uniform
temperature distribution in the measured sample,
typically in the range of up to 3 °C (demonstrated
in the second part of this report). In the absence of
the thermal insulation, an average cooling rate of
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96°C/min was measured. However, due to the
bulky dimensions of the cooling chamber, a sig-
nificant temperature difference is observed at such
a high cooling rate.

Temperature measurements at the center of the
cooling chamber and the outer surface of the
cooling chamber wall are continually measured;
these measurements are later used to estimate the
average sample temperature and the maximum
temperature difference in the sample at any given
point in the process. Pressure measurements are
taken continually in order to correlate measured
sample volume changes with pressure changes.
Calibration of volume to pressure changes is ad-
dressed in detail below.

Although the pressure transducer output is
electronically compensated for a relatively wide
working temperature range —15-85°C, and in or-
der to decrease the level of uncertainty in pressure
measurements, the pressure transducer is placed at
a far distance from the cooling chamber, where
the temperature remains constant throughout
the experiment (i.e., room temperature). For this
purpose, a temperature sensor is connected to
the 1/16-in. Swagelock connector of the press-
ure tube A; this thermocouple indicates whether
the tube temperature deviates from room temper-
ature. The cooling phase continues until the pres-
sure in tube A reaches steady state.

Rewarming phase

At the beginning of the rewarming stage, the
cooling chamber, including its thermal insulation,
are pulled out from the liquid nitrogen, and placed
in still air at normal room temperature. Heat
transfer by free convection prevails from the outer
surface of the thermal insulation to the sur-
roundings, which resulted in an average heating
rate of 0.7°C/min in all experiments reported in
part II of this study. Pressure and temperature
measurements are taken by the same method as in
the cooling phase.

Data analysis

The compressibility of liquids is at least three
orders of magnitude smaller than that of gasses
[14]. The underlying assumption for data analysis

in this study is that the cryoprotectant solution can
be considered incompressible with respect to the
compressibility of air. Hence, any thermal expan-
sion of the solution sample, contained in the
cooling chamber, leads to an identical expansion in
magnitude—but opposite in sign—of the air vol-
ume contained in pressure tube A. Since air is a
compressible fluid, the expansion of air, and hence
the thermal expansion of the sample, can be cor-
related with air pressure measurements in the
pressure tube A. It follows that air pressure is the
measured phenomenon in the experimental appa-
ratus, and the analysis presented below describes
the correlation between the air pressure and the
thermal expansion of the measured sample. An-
other underlying assumption in data analysis is
that the fluid mechanics problem in the experi-
mental apparatus is primarily hydrostatic, and
that any friction forces associated with fluid flow
in the various tubes can be neglected.

The correlation between air pressure and air
volume changes was measured experimentally as
follows. A 1-ml syringe was connected to pressure
tube A, using an 1/16in. Swagelock connector
placed on an hypodermic needle. The syringe pis-
ton was pulled out manually, starting from zero
displacement, while pressure readings versus air
displacement were recorded (the smallest division
of the syringe is 0.01 ml). During this process, both
pressure tube A and the pressure transducer were
kept at normal room temperature range 20-22 °C.
Figure 2 presents experimental results of pressure
versus displacement based on 14 calibration ex-
periments. The best fit polynomial approximation
of results (shown in Fig. 2) is referred to as the
‘calibration curve’ herein.

Data analysis of a typical experiment is per-
formed as follows. The cooling chamber temper-
ature and the corresponding air pressure are
tabulated in 2 s intervals. For each point in time, ¢;,
the pressure difference is calculated:

AB:B_POa (1)

where P, is the initial pressure (about 14.7 psi). The
representative sample temperature at time ¢ is the
numerical average of the temperature values
measured at the center of the cooling chamber and
at the cooling chamber wall (Fig. 1).
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Figure 2. Correlation between air volume changes in pressure
tube A, AV, and pressure transducer reading, AP.

Next, the pressure difference AP, is converted
into volume change AV; using the calibration
curve. The value of AV; includes both the thermal
expansion of the sample and the thermal expan-
sion of the cooling chamber. The thermal strain of
the specimen is calculated by:

1 (AV; + AV)
A AV) 2
& =3 7 , (2)

where AV, is the volume expansion of the copper
cooling chamber from the initial temperature 7; to
temperature 7;, and where V; is the initial volume
of the cooling chamber. The change in cooling
chamber volume is calculated by:

T;

feudT, 3)

To

AVéu = 3V0

where f, is the thermal expansion coefficient of
copper [14].

Next, the thermal strain data, Eq. (2), is repre-
sented by a polynomial approximation, based on a
least-square approximation technique. Finally, the
thermal expansion coefficient of the specimen is
calculated by:

0¢
B= ﬁa (4)

where ¢ is the polynomial approximation of the
thermal strain based on all data points ¢;.

While the thermal expansion coefficient § is an
intrinsic property, which is independent on the
technique of measurement, the thermal strain ¢ is
an integral property (the integral of the thermal
expansion coefficient with respect to temperature),
which is dependent on initial conditions. A varia-
tion of initial temperature in the range of +2°C,
and a variation of initial pressure in the range of
+0.1 psi, are typical between consecutive experi-
ments in the experimental apparatus. In order to
increase the statistical significance of the approxi-
mation of , the data analysis is based on » separate
experiments in similar conditions. Since each ex-
periment starts with slightly different initial condi-
tions, the experimentally obtained values for ¢;
from a specific experiment j (j=1,...,n) may
need to be shifted in ¢ direction on the &-T plane, so
that sets of results from different experiments clo-
sely overlap. For this purpose, a results set of one
of the experiments (j = 1) is arbitrarily selected as
a reference, and a polynomial approximation &, for
this selection is calculated. Next, a results set of a
second experiment is selected (j = 2), and all data
points are shifted by a constant value Ag; in order
to minimize F;, which is defined as:

b= Z[§’ — (&= Agy)]". (5)

This process is repeated for the entire set of ex-
periments (j =2,...,n), where each experiment
requires a different value of A¢;. Finally, a poly-
nomial approximation ¢ is calculated based on
experimental data from all » experiments com-
bined.

System validation

In order to validate the experimental apparatus,
measurement technique, and data analysis, a set of
eight experiments has been performed on pure
water in the temperature range 20-75°C. The
thermal expansion coefficient of pure water was
compiled from data in the literature on water
density [8] as follows: (i) a set of water density
values and corresponding temperatures in the
range 20-75°C was listed; (i1) the specific volume
was calculated as the inverse of the density for the
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listed values, where the specific volume at 20°C
was selected as reference; (iii) the difference be-
tween the specific volume at each temperature data
point, and the reference value was calculated; (iv)
the linear thermal strain was calculated as one
third of the ratio of the specific volume difference
to the specific volume value at the reference point;
(v) using a least-square approximation technique,
a third-order polynomial approximation was ob-
tained for the thermal strain; (vi) the thermal ex-
pansion coefficient was calculated as the first
derivative of thermal strain with respect to tem-
perature.

Figure 3 presents experimental results for the
thermal strain of water (n = 8). The initial condi-
tion of each experiment represents zero thermal
strain, where the thermal strain is negative in
cooling experiments, and positive in heating ex-
periments. Following the procedure described in
the data analysis section of this report (Eq. (5)),
the thermal strain data was shifted, and the results
are shown in Fig. 4.

Figure 4 presents a comparison of experimental
measurements and literature data for thermal ex-
pansion coefficient (left y scale), and for thermal
stain (right y scale). For thermal strain, symbols
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Figure 4. Validation of the experimental apparatus, measure-
ment technique, and data analysis: comparison with water data
from the literature [8].

represent experimental measurements, a solid line
represents a third-order polynomial approxima-
tion of experimental measurements, and a dashed
line represents a third-order polynomial approxi-
mation of the literature data. The thermal
expansion coefficients of both polynomial ap-
proximations are presented in Fig. 4 as the deriv-
ative of the thermal strain. From Fig. 4 it can be
seen that the experimental system and the data
analysis procedure produce highly repeatable re-
sults. The thermal strain difference between ex-
perimental and literature data is less than 2% of
full scale, within the temperature range 20-75 °C.
The difference in thermal expansion coefficient
between the experimental results and literature
data is in the range 17% at 20°C to 1.5% at 75°C.
Note that the integral quantity of thermal strain is
actually used in solid mechanics analysis, while the
actual value of the thermal expansion coefficient is
not used. It follows that the propagation of un-
certainty in measurements in solid mechanics
analysis is proportional to the uncertainty in
thermal strain, and not to the thermal expansion
coefficient [18].

Uncertainty in measurements

Uncertainty in thermal strain calculations
results from two independent sources: volume
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Figure 5. Estimated uncertainty in linear thermal strain cal-
culations as a results of uncertainties in: temperature mea-
surements, pressure measurements, A/D conversion, calibration
error, and initial volume measurement (see appendix for detail).

measurements and temperature measurements.
While uncertainty in volume measurements di-
rectly affects the value of the calculated thermal
strain, uncertainty in temperature measurements
affects the estimated location of the thermal strain
on the temperature scale. As can be seen from Eq.
(4), uncertainty in thermal expansion coefficient
calculations depends on both independent sources
of uncertainty: strain and temperature. The overall
uncertainty in strain measurements is estimated in
the range 0.28 x 1073 to 0.36 x 1073, as presented
in Fig. 5. The overall uncertainty in temperature
sensing is estimated as +0.8°C. Typical uncer-
tainty in the calculated thermal expansion coeffi-
cient value is expected to be less than 1% of the
calculated value. Detailed uncertainty analysis is
included in the appendix of this report.

Summary

As part of an ongoing effort to characterize the
mechanical behavior of biological tissues in the
cryogenic temperature range, the current study
focuses on thermal expansion measurements of
cryoprotectants. The measured parameter is the
volumetric thermal strain and the analyzed ther-
mophysical property is the thermal expansion co-
efficient. The current study focuses on the upper
part of the cryogenic temperature range, where the

cryoprotectant behaves as liquid at all practical
cooling rates. For the purpose of this study, a new
apparatus, for thermal expansion measurements of
liquids in cryogenic temperatures, has been de-
signed and constructed. The apparatus is based on
a new concept in which pressure is the measured
physical phenomenon for thermal expansion cal-
culations. The current part of the report (part I)
includes: a description of the new experimental
apparatus, the techniques of operation, calibra-
tion, system validation, and a detailed uncertainty
analysis.

Comparison of experimental results with data
compiled from the literature indicates that the
proposed apparatus and technique are adequate for
the purpose of thermal expansion measurements.
Validation testing on pure water showed that the
thermal strain difference between experimental re-
sults and data available from the literature is less
than 2% of full scale within the temperature range
20-75°C. The difference in thermal expansion co-
efficient between experimental results and data
available from the literature is in the range of 17%
at 20°C to 1.5% at 75°C. Note that the integral
quantity of thermal strain is used in solid mechanics
analysis, and not the actual value of the thermal
expansion coefficient. It follows that the propaga-
tion of uncertainty in measurements into solid
mechanics’ analysis is proportional to the uncer-
tainty in thermal strain measurements’ and not to
the value of the thermal expansion coefficient.

Appendix A. Uncertainty analysis

Uncertainty in strain calculation

It can be seen from Eq. (2) that the strain is a
function of the volume change of the sample, AV},
the volume change of the copper cooling chamber,
AV, and the initial volume, V,. Following a
standard engineering analysis of uncertainty [8,18],
the uncertainty in the calculated strain can be es-
timated by:

PR | P L R R PP
& = a(AV,) i a(AV;u) cu a(V()) 0l >

(A.1)
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where 0V} is the uncertainty in measurement of AV,
0V, 1s the uncertainty in measurement of AV, and
0V} is the uncertainty in measurement of ¥.

The partial derivatives in Eq. (A.1) can be di-
rectly calculated from Eq. (2):

1 2 1 2 M /AV,— AV, 2
s [seor] + [ + (252 o]

(A.2)

Since the uncertainty in measurement of AV is
expected to far exceed the uncertainty in mea-
surement of AV, (copper data is available in the
literature at high certainty), and with reference to
the terms within the square root of Eq. (A.2), the
upper limit for the sum of the first two terms from
the left is twice the value of the first term. The
definition of ¢ can further be introduced into the
third term from left in the square root, and Eq.
(A.2) can be simplified to:

2
&
< = .
53,\\/ [3%54 +[V05V5]. (A.3)

As described in Experimental apparatus,
Vo +0Vy =11.1 £0.05ml. The term oV, consists
of six major sources of uncertainty: (i) repeat-
ability of the pressure transducer, (ii) gain error
of the power supply of the pressure transducer,
(iii)) USB based A/D conversion, (iv) calibration
error due to the pressure transducer uncertainty
(see x error bars in Fig. 2), (v) uncertainty in
syringe piston displacement during calibration
(see y error bars in Fig. 2), and (vi) expansion of
the solution sample in pressure tube B (the only
pressure tube with non-uniform temperature dis-
tribution). The uncertainty magnitude of the
above sources is proportional to the measured
volume, AV;. Figure 5 presents an estimation for
o¢; based on Eq. (A.3), and all sources of un-
certainty listed above. Figure 5 also presents the
relative error as a function of the strain ¢;. It can
be seen that the relative error decreases as the
experiment progresses.

The uncertainty value shown in Fig. 5 is for an
isolated measurement at a specific point ;. How-
ever, the process of data analysis, presented above,
increases the level of certainty by repeating each

experiment several times (decreasing the uncer-
tainty associated with repeatability), and by curve-
fitting the results (decreasing the uncertainty
associated with random errors at a much higher
frequency than the duration of the experiment).
Furthermore, strain difference, and not the abso-
lute value of strain, is required for the analysis in
solid mechanics. Hence, the effect of systematic
error in the experimental system will disappear in
solid mechanics’ analysis. From the above con-
sideration and the uncertainty definition in Eq.
(A.3), the uncertainty estimation in Fig. 5 can be
treated as very conservative estimation of uncer-
tainty. Comparison of data from the literature
and experimental results in Fig. 4 supports this
conclusion.

Uncertainty in temperature calculation

Uncertainty in temperature measurements, 67},
consists of three major sources: (i) cold junction
compensation (£0.5°C), (i) thermocouple read-
ings at 3 Hz (£0.4°C), and (iii) quality of the
thermocouple material (+0.5°C). Using the rule
of the square root of the sum of the square errors,
the overall uncertainty in temperature sensing is
estimated as +0.8 °C.

Uncertainty in thermal expansion coefficient calcu-
lation

The definition of the thermal expansion coeffi-
cient is given in Eq. (4), which is a function of two
independently measured properties: strain and
temperature. Uncertainty in thermal expansion
coefficient calculations is a function of uncertain-
ties in strain and temperature as follows [7]:

o (o) - ()
GG

The upper limit for de, and the typical value of 67,
have been discussed in the previous two sections of
this report. The estimation of 6f is dependent on
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the temperature dependency of the thermal ex-
pansion coefficient, which is unique to the inves-
tigated sample. As discussed in the second part of
this report, a typical value of fis 2 x 1074°C~!,
and a typical value of 0B/dT, is 1 x 1077°C2, It
follows that a typical value of Jf is 1.4x
10-°°C-', or less than 1% of the calculated value.
Note that the uncertainty in f is smaller than
the estimated uncertainty in ¢, which results from
the specific data analysis process proposed in the
current report.
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