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Preface:

This report is written as a Bachelor Assignment at the University Twente. This Assignment is a part of
research done on the effects of heat on human cortical bone, bovine cortical bone and simulated
cortical bone. This assignment is executed on behalf of ir. Hekman of the chair of Biomechanical
Engineering at the University Twente.

The assignment consists of the determination of the thermal conductivity, the specific heat and
density of human cortical bone, bovine cortical bone and simulated cortical bone which has the same
mechanical characteristics as bone. The results from these measurements can then be used to
improve the models that are currently being used to determine the effect of applied temperature
differences on human bone.
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Abstract:

In order to accurately model the effects of medullary reaming, accurate values of the thermal
properties and density of human cortical bone are required. Since bovine bones and artificial bone
substitutes made from epoxy filled with short glass fibers are often used when human bones are not
available these materials have to be tested as well. This paper discusses the various methods that
can be used to determine these properties, the use of the transient plane source method and a gas
pycnometer in order to determine these properties and the eventual results from these
measurements.
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Chapter 1: The Assignment.
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1.1 Introduction:

Broken bones, when the fracture is severe enough, are often fixated using titanium pins and screws.
Small holes are drilled and screws are inserted to which the pins are attached. When the fracture is
healed the pins and screws are removed and the bone can continue to heal. In more invasive
situations, when a long bone can’t be fixated from the outside or when a hip joint has to be replaced,
metal pins have to be inserted into the medullary cavity. To make the pins fit, excess bone has to be
removed. This is called reaming. During the reaming of these bones heat is generated. This
generation of heat is a common problem when mechanized cutting tools are used for surgical
preparation. When the temperature of the bone is raised above a certain threshold for a certain
amount of time, thermal necrosis will ensue. This type of surgical trauma can lead to impaired bone
healing. This impaired healing can be an issue when trying to fixate an implant for a hip replacement.
If enough thermal necrosis has occurred the implant will be surrounded by connective tissue, instead
of being firmly anchored in the living bone [12, 15]. Different methods are being used and tried out
to reduce the heat generation or increase the heat dissipation. Drill speed, the applied force and the
feed rate can be varied and the geometry of the drill can be changed to find a combination which
produces the least amount of heat. Another option is to apply a coolant to the surface of the drill.

To find out which variations and methods are the most successful the temperature increase inside
the bone has to be measured. The measurement of these temperatures can be difficult. An often
used method is the placement of thermocouples in the tissue surrounding the drill site. The accuracy
of this method can be improved by placing more thermocouples. This is a labor intensive process and
is impractical when multiple methods have to be tested. A quick way to test and predict the outcome
of a specific combination of drill speed, drill geometry, etc, would be to model it. In order to model
the situation, accurate measurements of the properties of the bone have to be known. More
specifically; the thermal conductivity, specific heat and volumetric mass density of cortical bone. All
three of these characteristics have been determined in various ways in the past. However, the
thermal conductivities of cortical human and bovine bone found in these experiments vary greatly
[12]. So the goal of this assignment is to find an easy and quick way to determine these three
characteristics of different samples of different sizes and different origins.

1.2 Background information:

1.2.1 Thermal conductivity of bone

Thermal conductivity is a material property that corresponds to the rate at which the material can
transfer heat. It is defined as:

(1)

SIS

where Q is the amount of heat passing through the cross section A, causing a temperature
difference AT over a distance AL. Q/A is defined as the heat flux, which causes a thermal gradient
AT/AL. There are two classes of methods for the measurement of thermal conductivity: the steady-
state method and the non-steady-state (or transient) method. In both methods the entire heat flux
must be uniaxial. Heat losses or gains must be minimized in the radial direction. At lower
temperatures this can usually be accomplished by packing insulation around the sample. At higher
temperatures, when insulation becomes inefficient, a heat guard can be used. Advantages and
disadvantages of both methods will be discussed.
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It is also thought that bone is, to some extent, anisotropic. This might have an influence on its
thermal conductivity. This is why all samples will be tested in three directions; longitudinal, radial and
circumferential.

1.2.2 Heat capacity of bone

The heat capacity is a physical quantity that specifies the amount of heat energy required to change
the temperature of an object by a given amount. Here, we are interested in the specific heat
capacity. This is the heat capacity per unit mass of the material. The best known method of
determining the heat capacity of a material is calorimetry. In this method a known amount of heat is
added to the material. The temperature before and after the heating process is observed and from
this observation one can calculate the heat capacity using:

q=C*(T;-T;) (2

In which g is the amount of heat added, C the heat capacity, T the systems final temperature and T;
the systems initial temperature. To obtain the specific heat one has to divide the heat capacity by the
mass of the system.

Another option is available when using a transient measuring method. Using the transient method
one has to fit experimentally found data to a theoretical model. With a proper fit one can then
determine the thermal conductivity and the thermal diffusivity, a materials ability to conduct thermal
energy relative to its ability to store thermal energy. The specific heat of the material can then be
calculated using:

k

Cp:a*p 3)

Where ¢, is the specific heat, k the heat capacity, a is the thermal diffusivity and p is the density of
the material. The required math and function fitting behind this method is discussed later in this
document.
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1.2.3 The Heat Conduction Equation, 1D Heat Flow.

ol
\ Eg‘.n\\"nlumc
S { element

Figure 1. One-Dimensional heat conduction.

To determine the temperature profile of the sample while heating we need the differential equation
of heat conduction. Most of the steady-state setups are build to only allow heat flow in one
direction, so you can simplify the equation to a single dimension.

The total rate of heat generation in a medium of volume V and the heat generated by a heating
element consisting of a wire coil can be determined from:

E, E,
Egen = fV €gen dV (4) and Q= ﬁ = % Q)

In one dimension the heat conduction equation consists of:

AE,, ¢
Qx — Qxsax + Egen,element = % (6)

In which Q. is the rate of heat conduction at x, Q. is the rate of heat conduction at x+Ax,

Egen element is the rate of heat generation inside the element and AE ¢ men. is the rate of change of

the energy content of the element.
Egenetement aNd AEgioment can be rewritten to:
AEgiement = Evyac — Ev = mc(Teqar + Te) = pcADX(Teipe + Tt) (7)
Egen,etement = €genVelement = €genAAX ®

This can be substituted into the previous equation. Dividing by AAx, taking the limit as Ax — 0 and
At — 0 and applying Fourier’s law we are left with:

16(kA6T)+ _ oT 9
Aox\“ox) T Caen T PG, ©)
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When assuming the area A stays constant, the one dimensional transient heat conduction equation
becomes:

6(kaT)+ B oT 10
ax \ox) T Coen T PG, (10)

. . . d
For the steady-state heat conduction equation one simply has to equate (a—:) =0.

When also assuming that the conductivity is constant in the sample one can simplify the equation
further to:

92T
k=— egen/ﬁ (11

1.2.4 Steady-State Measurement Methods

Generally, when using a steady-state method, the temperature of the measured material does not

change with time. Z—: = 0. In the steady-state method the measurement of the heat flux can be done

directly or indirectly. It can be done directly, for example, by measuring the electrical power used by
the heating element that is used to heat the sample. Or it can be done indirectly by using a
comparative method in which the thermal gradients of a known and unknown sample are compared.

Axial Flow Methods.

This method is usually a cylindrical setup in which a heater transfers heat through the sample to a
coolant. A know amount of power is send through a heating element after which the thermal
conductivity can be calculated from the temperature gradient between the two ends of the sample.
Axial Flow methods are known for their high accuracy and consistency and are usually the method of
choice at cryogenic temperatures. The main issue with this method is the reduction of radial heat
loss of the specimen. At higher temperatures this becomes more difficult [1].

Comparative cut bar (ASTM E1225)

The comparative cut bar test is an indirect method. The heat flux is passed through a known sample
and one or two unknown samples after which thermal gradients of all the samples are compared.
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Figure 2. Schematic overview of the comparative cut bar test.

The thermal conductivity of the sample (k) can be derived from the thermal conductivity of the

reference (k,.).

Q AT, AT, + AT, 1

=k —=k,——== 12

A S L r 2 L (12)
[1].

Guarded and unguarded heat flow meter methods (ASTM C518, ASTM E1530)

This method requires the use of a flux gauge, or heat flux sensor. A heat flux sensor is usually a very
thin piece of reference material with a low thermal conductivity containing a large number of
thermocouple pairs. The heat passing through the flux gauge (Q) can be derived from the thermal
conductivity of the reference (k,.), the temperatures on either side of the sensor (AT; and AT,) and
the thickness of the resistive layer.

Before use, heat flux gauges have to be calibrated for an accurate determination of the heat
flux passing through the sensor. Calibration can be done via conduction or via radiation. Using
conduction yields accurate results but can only be used for low values of heat fluxes. Radiation can
be used for a wider range of heat fluxes but has the downside that the standard sensor has to be
calibrated first as well. Calibrating the sensor used for testing involves exposing the test sensor and
the standard sensor to the same heat flux. The sensitivity of the test sensor can then be determined
from the output of the used standard sensor.
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Figure 3. Schematic overview of the guarded heat flow meter method.

Figure 2 shows a setup for a guarded heat flow meter. A small sample is held under a compressive
load between two plates that both contain thermocouples. A heat flux gauge is placed below the
lower plate. Guards make sure no heat is lost to its surroundings. Guards can be active or inactive.
Inactive guards consist of isolating materials. Active guards, also known as guard heaters, contain
thermocouples and a heat source. Guard heaters are used to insure that the guard temperature is as
close as possible to the temperature of the outer wall of the setup. An axial temperature gradient is
established across the upper plate, sample and lower plate. The thermal conductivity can be
determined by using this thermal gradient and the output of the flux gauge. At thermal equilibrium
the thermal resistance ‘R’ is:

Tu - Tl
Q

R = — Rint (13)

Where T,, and T; are the temperatures of the upper and lower plate and Q is the heat flux gauge
output. R;y,; is the interfacial thermal resistance, also known as thermal boundary resistance. It is a
measure of an interface’s resistance to thermal flow [1].

Guarded Hot Plate Method (ASTM C177)

With this method two specimens are selected with their thickness, areas and densities as identical as
possible. One specimen is placed on each side of the guarded hot plate. The side opposite to the side
which is in contact with the hot plate of both samples is placed against a cold contact surface.
Guards or guard heaters are used to keep the system adiabatic. When the system is in a steady-state,
a constant heat flows through the specimens. The thermal conductivity is determined using this heat
flow, the average temperature difference between the specimen surfaces and the size of the
specimen.

Both the heat flow meter methods and the guarded hot plate methods become inaccurate
when there is free moisture inside the test sample. Free moisture inside the sample may cause
transient behavior. Both methods also become less accurate when the used sample is
inhomogeneous and or anisotropic. This may also cause the acquisition of a steady state to take
multiple hours, up to multiple days.
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Heater
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Figure 4. Schematic overview of the guarded hot plate method.

1.2.5 Transient Measurement Methods

Transient methods are related to the heat conduction equation, which relates the change in

o aT . , .
temperature with time, e # 0. These methods are based on measuring the sample’s behavior in the
transient regime of heat flow.

“Recently, it has been shown that a group of techniques known as Contact Transient Methods (CTM)
should be suitable for this class of materials. In comparison with stationary or steady state methods
the advantage of the transient methods is that some of them give a full set of thermophysical
parameters within a single measurement, namely specific heat, thermal diffusivity, thermal
conductivity or effusivity.” [10]

Transient Plane Source

In the Transient Plane Source technique, sometimes also called the Hot Disk Method, a thin double-
spiral sensor is placed between two identical pieces of sample material. The sample material has to
completely cover the sensor. Power is supplied to the sensor, resulting in step-wise heating. This
results in a transient temperature response that is recorded by the same spiral. The double spiral
gives a constant heating rate per unit spiral length and at the same time operates as a resistance
thermometer. Using this setup one can consider the heat flow as 1D, has to regard the specimen as
an infinite medium and measure the change in electrical resistance in the sensor because of the
temperature increase. [10]

heat source and thermometer

D (T

specimen

Figure 5. Schematic overview of the transient plane source method.
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Transient Hot Strip/Wire

The Transient Hot Strip and Transient Hot Wire methods are based on the same principles as the
Transient Plane Source method. A thin strip or wire of metal, capable of producing an essentially
constant heating rate, is placed between two identical samples. The downside of this method is that
it requires long samples since the sensitivity of a resistance thermometer is directly proportional to
the initial resistance of the wire or strip. [10, 16]

hot strip heat source

=

:
oy

specimen

Figure 6. Schematic overview of the transient hot strip method.

Pulse Transient Method

The Pulse Transient Method requires a setup as shown in figure 4. A heat pulse is generated by an
electrical current through a plane electrical resistor. The temperature response is measured by a
thermocouple. The thermal diffusivity, specific heat and thermal conductivity can be calculated from
the parameters of the temperature response (figure 5).

T T b T T i T
heat th 1 L2r A ]
neal source h Srmocoupie _— L

= — el 2 1ot §
E ] [
St s 08¢ ]
il wH I
=06k -
2 O T, .
E D4t t .
2 L m ]
0.2 -
I L Y
5 pECIII'iE!I'I [}_{] i L i 1 i L i 1 i i
0 300 600 900 1200 1500
fime [ 5]
Figure 7. Schematic overview of the Pulse Transient Method and an example of the temperature response.
Using:
_ h? _ Q _ _ h*Q
a= 2tm (14), c= V2mexpxh*Ty, (15), k=axp= 2VZTexty*Tm (16)

one can calculate the thermal diffusivity a, the specific heat c and the thermal conductivity k. h is the
thickness of the specimen, t,, is the time it takes to reach the maximum of the temperature
response, e is Euler’s number, T,, is the maximum of the temperature response, Q = RI?t, is the
pulse energy and R is the electrical resistance of the heat source. [10]
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1.2.6 Transient Methods, Temperature and Resistance.

In the Hot Disk, Hot Strip and Pulse Transient methods a wire or strip is used as both a heat source
and a resistance thermometer. When a precisely known amount of power is delivered to the wire or
strip, the increase in temperature and thus the change of the resistance in the wire or strip, can be
used to determine the thermal conductivity and thermal diffusivity of the samples.

Current 4 Temperature 4
through increase of
the sensor the sensor
' b
Time Time

Figure 8. Transient recording of the thermal transport properties of the material surrounding the sensor.

Because the sensitivity of a resistance thermometer is proportional to its initial resistance and thus
its length, the resistance thermometer should be as long as possible. The Hot Disk sensor has been
designed in the form of a double spiral to minimize the required sample size and to keep the sensor
compact. If it is assumed that the Hot Disk consists of a certain number of concentric ring heat
sources, located in an infinitely large sample, the thermal conductivity equation can be solved as
following.

When electrically heated the resistance increases as a function of time:

R(t) = Ro{l +ag- [ATi + ATave(T)]} (17)
Where Ry is the resistance of the disk at time t = 0, a; is the Temperature Coefficient of the
Resistivity, AT; is the constant temperature difference that develops almost instantly over the thin
insulating layers that cover the wire of the sensor and AT,,,,.(7) is the temperature increase of the

sample surface.

From the previous equation we get the temperature increase recorded by the sensor:

AT, AT; = ! . R®) 1 18
ave (T) + i_a_t (R_O_ > (18)

AT; is a measure of the “thermal contact” between the sensor and the sample where AT; = 0 would
represent a perfect thermal contact.
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Figure 9. Sensor and sample temperature increase curves.

Figure 9 shows the temperature increase of the sensor itself (blue) and the temperature increase of
the surface of the sample (red). After a short time the AT; becomes constant. This time, At;, can be
estimated as:

82

i

Where 6 is the thickness of the insulating layer of the sensor and «; is the thermal diffusivity of the
layer.

The time-dependent temperature increase is given as:

Py
ATgye(T) = 3 -D(7) (20)
n2-a-k

Where P, is the total power output from the sensor, a is the overall radius of the disk, k is the
thermal conductivity of the sample and D(7) is a dimensionless time dependent function with:

—t 21
=15 (21)

Where t is the time measured from the start of the recording and @ is the characteristic time given
by:

o= 22
-2 @

S

where ay is the thermal diffusivity of the sample.
When we make a computational plot of the recorded temperature increase versus D(7), we obtain a

straight line. When using experimental times significantly longer than At; the intercept of this line is
Po
3

AT; and its slope is . Because a; and O are unknown before the experiment, the final line from
n2-ak
which the thermal conductivity is calculated has to be obtained through a process of iteration. [16,

17, 18]
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Chapter 2: Assignment Analysis
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2.1 Problem analysis

The assignment contains the following goals;

- Determining suitable measuring methods for:
e Thermal conductivity
e Specific heat
e Density
Sample preparation
The performing of said measurements
Process and interpret the data

As discussed earlier there are two main branches when measuring the thermal conductivity,
transient and steady-state. Both methods have multiple variations that each has its own advantages
and disadvantages. From these advantages and disadvantages, in combination with any limitations
that follow from the preparation of the samples or the samples themselves, a method has to be
chosen.

The measurements will be performed on three types of samples;

- Epoxy which is filled with short glass fibers, a material that is currently being used as an

artificial replacement for tests when real bone is not available

- Cortical bone from a bovine femur

- Cortical bone from a human femur
The thickness of the cortical bone of a human femur lies between 1 and 10 mm [19]. The thickness of
human cortical bone lies in the same range [20]. The thickness of the available simulated cortical
bone varied between 5.5 and 6 mm. This is something that has to be kept in mind when choosing a
design. The cortical bone, after it is prepared, has to be kept frozen or submerged in water in order
to preserve the samples. In each of the measurement methods the sample is heated to a certain
temperature. Keeping the bone samples at a certain temperature for a prolonged period of time
might damage the sample or change its composition.
Another requirement that has to be taken into account is that the measurements have to be
performed in the longitudinal, radial and transversal directions of the samples. This has to be done to
determine if the samples are homogeneous.

18| Page



2.2 Analysis of measuring methods

Steady-State conclusion:

“Steady-state heat transmission through thermal insulators is not easily measured, even at room
temperature. This is because heat may be transmitted through a specimen by any or all of three
separate modes of heat transfer (radiation, conduction, and convection); any inhomogeneity or
anisotropy in the specimen may require special experimental precautions to measure that flow of
heat; hours or even days may be required to achieve the thermal steady-state; no guarding system
can be constructed to force the metered heat to pass only through the test area of insulation
specimen being measured; moisture content within the material may cause transient behaviour; and
physical or chemical change in the material with time or environmental condition may permanently
alter the specimen.”[7]

All these methods require the use of homogeneous and opaque solid samples and reference
materials. C117 and C518 also have problems with materials containing moisture and C117 is known
to have a significant waiting period (hours or even days) for the system to get to a thermal steady-
state. C518 requires calibration using method C117. With the for the C117 method required
circumstances the error introduced by this calibration is around 2% [5]. Since we are working with
human cortical bone, which is neither homogeneous nor moisture free, this error is expected to be
larger.

In the paper “The effects of moisture on thermal conductivity of fibrous biological insulating
materials” [8] Guru S Kochhar and K. Manohar tested the effects of moisture on biological material
called ‘bagasse’, a fibrous material made from sugarcane. The difference in thermal conductivity
between an air dried sample and sample which had 5% moisture added was around 17%. Since this
difference is the result of free water enclosed in the material, the enclosed water inside cortical bone
will most likely have a similar effect on the measurement. In skeletally mature cortical bone around
10% of its wet weight is water [9]. Also, due to a temperature difference that has to be maintained
for a long period of time, a non-uniform moisture distribution may arise. This may lead to
conductivity measurements that depend on the sample size and the magnitude of the applied
temperature difference [13].

E1225 is a simple variation of E1530, E1530 is a modification of C518 and C518 requires
calibration which requires the use of method C117. Therefore it may be assumed that the general
downsides like the requirement of homogeneous materials, the time required to achieve steady
state and the presence of moisture are present in all discussed steady state methods and the
methods which are small variations on the discussed methods [4],[5],[6],[7].

Transient method conclusion:

“The motive behind the development of the TPS technique has been to cover as large ranges
of the transport properties as possible and at the same time be able to apply the technique to a large
number of different materials.” [11]

When using a resistive element both as a heat source and a measuring device one can simply
record the voltage change over the source/sensor while its temperature is heated by an electrical
current pulse. One of the problems with plane sources, namely the requirement that the sample has
to be considered as an infinite or semi-infinite medium, can be neglected by choosing a short enough
current pulse. “This means that the time of a transient recording must be chosen so that the outer
boundaries of the sample do not influence the temperature increase of the element to any
measurable extent.” [11]
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In the design of a Transient Plane Source element, 5 important points have to be taken in
consideration:
- The current needed for the heating.
- A constant driving voltage.
- The electrical sensitivity needed for the recordings with an average temperature increase
not exceeding 1 Kelvin.
- The reduction of non-ohmic impedance to a minimum.
- The difference in heat capacity between the sample and the Transient Plane Source
Element.

The current needed for the heating, the driving voltage and the measurement time have to be
balanced to make sure that the heat generated does not reach the boundaries of the sample. As long
as these boundaries are not reached an increase of the temperature gradient will increase the
accuracy of the measurement.

“The impedance should ideally be strictly ohmic, particularly if a dc voltage is used for the heating
element. Otherwise a certain finite rise time of the heating current at the start of the transient event
will prevent the immediate output of power in the element” [11].
When using samples with a low heat capacity, one cannot neglect the effects of the heat capacity of
the TPS on the measurement. Nickel is usually used as the resistive element in TPS methods. With
the thermal conductivity of nickel being 90.9 W/(m*K) and the thermal conductivity of cortical
bovine bone being around 0.55 W/(m*K) [12] this most likely has to be taken into consideration. This
is not a big problem, since it can be mended by a small addition to the original equations [11].

Where steady-state methods have a major drawback when moisture is present in the
sample, transient techniques are fast and therefore less likely to produce non-uniform moisture
distribution [13].

Another possible advantage of the transient methods is the determination of the specific
heat. With the transient methods both the thermal conductivity and the thermal diffusivity are

determined. Using;

k

Cp:a*p 3)

the specific heat can be determined as long as the thermal conductivity and thermal diffusivity are
determined accurately.

In the paper “Measurement of building materials by transient methods” [10] the statistical errors
calculated for transient techniques where always below 3%. The Statistical errors of average values
evaluated in % for the in this text discussed transient methods are 5% for thermal diffusivity, 4% for
specific heat and 3% for thermal conductivity [10].

Final conclusion:

The problems the steady-state techniques have with inhomogeneity, anisotropy, moisture and long
setup times makes me question the use of these techniques and prefer the use of a transient
method. The Pulse Transient Method would mathematically most likely be the easiest method. But |
think it would be easier to manufacture a re-usable setup using either the Transient Hot Strip
method or the Transient Plane Source Method. The transient methods also have the advantage of
determining the thermal diffusivity which can be used, combined with the density and thermal
conductivity, to calculate the specific heat. If the materials are available, mainly the correct size
Transient Plane Source sensor, | would suggest setup in which the sensor can be fixed in between
two ideally identical samples in an isolated environment.
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2.3 Choice of Method

A transient method, as discussed in the previous chapters, is most likely the best option. In the
branch of the transient measurements there are three main methods. The transient hot strip/wire
method, the pulse transient method and the transient plane source method. In order to determine
the best method and materials we have to look at the requirements and the limitations from the
samples. One of the requirements is that the measurements can be performed in the longitudinal,
radial and transversal directions. If each of these three methods is to be performed on the same
sample the best option would be to prepare the samples as cubes. With the limitation on size; 5.5-6
mm for the simulated cortical bone samples and 1-10 mm for the cortical bovine and human bone
samples, a method capable of performing the measurements on sample the size of 5x5x5 millimeter
would be preferable. The transient hot strip/wire method requires long samples and is therefore an
undesirable method. Both the pulse transient method and the transient plane source method can be
used for cubic samples. But the transient plane source method requires less separate components, is
easier to dismantle and rebuild. The transient plane source method is also used more often leading
to a larger knowledge base of its performance and a better availability of components.

Transient plane source measurements can be done with sensors of different shapes and sizes. These
sensors are called resistance thermometers or resistance temperature detectors (RTD’s). Although
they have their differences, they function by the same principle. By applying a current their
temperature increases which in turn increases their resistance.

Figure 10. Various RTD sensors.

From these sensors the kapton sensor is the best candidate. It is flexible, durable, easy to hook up to
a measurement setup and provides excellent surface contact with the samples. The sensor can be
attached to a multitude of programmable development platforms, but the optimal solution would be
to attach it to a Hot Disk Thermal Constants Analyser. This system is specifically designed by Hot Disk
to be used in combination with their kapton sensors. One of the requirements of the kapton sensor is
that it requires an identical sample on each side of the sensor. This is a downside because you
require twice the amount of samples and an upside because this makes the measurement more
accurate. This is because one sided sensors require or contain shielding on one side which can
negatively influence the measurement if the shielding is improper.

The density of the samples will be determined using a gas pycnometer.
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Chapter 3: Materials
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3.1 Introduction

Contact has been made with Ko Schaap, one of the sales and application representatives of Benelux
Scientific. Benelux Scientific is the main distributor of products from Hot Disk Instruments in the
Benelux area. They offered the usage of their equipment in order to perform the tests. Namely, the
Hot Disk TPS 2500 S Thermal Constants Analyser, the kapton sensor and other required accessories.
With the help of Nico Verdonschot, Leon Driessen and Pawel Thomaszew at the UMC Radboud the
bone samples were obtained and prepared. The gas pycnometer that is required for the density
measurements is available on the University of Twente which can use under the supervision of Beata
Koziara.

3.2 Required components

The following components are required for the chosen setup in order to measure the thermal
conductivity and specific heat:
- Akapton sensor of the correct size
- Asupport structure in which the samples and sensor can be placed
A Hot Disk TPS 2500 system
A connector between the sensor and system

For the measurement of the volume specific density the following is required:
- A Gas Pycnometer.

3.3 Theory behind the devices

Kapton Sensor

The sensor that is being used is the kapton sensor of sensor design 7531. This is a nickel double spiral
insulated inside a thin layer of kapton. The nickel in the spiral ensures an accurate thermal
conductivity measurement. Kapton is a polyimide that is stable across a wide range of temperatures,
from -269 to +400°C

Figure 11. Kapton sensor.

Support and wiring
The sensor is fixed inside a sample support. By turning the upper screw the sensor is fixed between

the two samples on which the measurement is performed. The sensor is connected to the TPS 2500 S
via a cable with a LEMO connector.
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Figure 12. Sample support and a LEMO connector with a kapton sensor attached.

The sample support also includes a cylindrical polished cover made of stainless steel. This cover is
designed as a protection against temperature disturbances through air draft during the recording.

Hot Disk TPS 2500 S

The Hot Disk TPS 2500 S is the latest version of the Hot Disk Thermal Constants Analyser and employs
a more powerful and accurate volt meter. This system can measure the thermal conductivity of
materials in the range of 0.005 W/m/K to 1800 W/m/K and detect temperature differences with an
accuracy better than 0.1 mK [16]. In order to obtain this accuracy the system has to be placed in a
stable environment, preferably isothermal, free of vibrations and at with a constant humidity.

Figure 13. Hot Disk TPS 2500S Thermal Constants Analyser.

“The TPS 2500 system is based on a specially designed Wheatstone bridge with the Hot Disk sensor in
one of the arms. A DC power supply unit generates a constant voltage across the bridge. Before the
measurement, the bridge is automatically balanced and as the resistance of the sensor increases the
bridge becomes increasingly un-balanced. A digital voltmeter equipped with a scanner or multiplexing
card records the un-balance voltage. From these recorded voltages it is possible to determine the
temperature increase of the sensor and consequently the thermal transport properties of the material
under test.” [16]
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Gas Pycnometer

The gas pycnometer that will be used is the AccuPyc Il 1340 Pycnometer Gas Displacement Density
Analyzer from Micrometrics. This is a fully automatic pycnometer that can provide density
calculations on a wide variety of materials. Additional specifications can be found in appendix D. The
AccuPyc pycnometer works by measuring the amount of displaced gas, in this case, helium. The
samples on which the measurement is performed are placed in a chamber of which the volume is
known with great accuracy. The pressure observed upon filling the sample chamber and then
discharging it into a second empty chamber allow computation of the sample solid phase volume
[21].

Figure 14. AccuPyc Il 1340 Density Analyzer.

3.4 Sample preparation

The biomechanical test material that is used as an artificial bone substitute in tests is an epoxy filled
with short glass fibers produced by Sawbones. The samples are obtained from hollow cylinders using
a digital milling machine and lathe. The samples were milled in order to resemble cubes of 5 by 5 by
5 millimeters. Five of the six sides of the cubes where produced using the milling machine, after
which the pieces were removed from the cylinder using the lathe creating a cube. The samples were
marked in order to distinguish between the longitudinal, radial and tangential directions of the
samples. The samples were then paired and pairs were numbered so subsequent measurements
could be performed on the same sets of pairs.

The bone samples were prepared in one of the workshops at the UMC Radboud. The
material from which the samples where procured had the following properties:

Table 1. Bone sample properties.

Bone Type Bovine cortical femur bone Human cortical femur bone
Age Calf Unknown, old

Storage before preparation Frozen (one week) Frozen (unknown)

Location Lower leg, above the foot Femur

Colour White/grayish White/yellowish

Condition Solid Porous
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Both the human and the bovine samples were obtained by sawing long strips of bone in the
longitudinal direction using a circular diamond saw, creating two parallel surfaces. Using the same
saw two more sides were smoothed creating a rectangle. From these rectangles the cubes were
sawed. The samples were paired in pairs of bone samples that were close to each other in the bone.
This was done to ensure the two samples are as identical to each other as possible and to be able to
perform multiple measurements on the same pair. The samples were also marked in the same way
the epoxy samples were marked. During and after the preparation of the samples the samples were
stored in a saline solution. After this the samples were frozen again until needed for the
measurements.
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Chapter 4: Measurements
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4.1 Methods

Measurements were preformed on the following materials:

- Simulated cortical bone (Short glass fiber filled epoxy)
- Bovine cortical bone
- Human cortical bone

4.1.1 Thermal conductivity and specific heat

In order to obtain the required average thermal conductivities 90 measurements are needed. Each of
the three material types has a sample set of 20 samples that are paired into 10 pairs, for a total of 60
samples or 30 pairs. Each pair then has to be tested in its longitudinal, radial and transversal
direction.

To preserve the bone samples the samples were kept frozen until needed for the
measurements. Before the measurements started the epoxy samples were placed in an open
container for at least 30 minutes to make sure they were at the same temperature as the room. The
bone samples were placed in an open container filled with water so the samples could thaw and
would not dry out. The material of the cortical bone is dense enough to not absorb the water in
which it is placed [22]. The bone samples stayed in the water container for at least 60 minutes to
ensure that they were at room temperature as well. Because the measurement causes a slight
temperature rise in the sample the samples will be placed back into their respective containers for at
least 30 minutes between measurements on the same sample. During the whole experiment the
samples will be handled with metal pliers in order to minimize physical contact with the samples.

To start the measurement one of the samples is placed on the sample support. The kapton
sensor is then placed on top of the sample while making sure the sensor is centered in the support. A
second sample is placed on top of the kapton sensor so that it is totally covered. The stack is secured
with the screw that is on top of the support so there is no air gap between the sensor and the sample
surfaces. The protective support is then placed over the setup. The setup is left undisturbed for at
least 3 minutes before the measurement is started in order to minimize any outside influences on
the measurement.

After some initial testing it was decided to perform all measurements with a heating power
of 4 mW with a measurement time of 2 seconds. These two parameters were chosen to produce a
large enough range of viable data points and a large enough temperature gradient to ensure the
accuracy of the measurement.

At the start of the measurement the Wheatstone bridge is balanced and a drift measurement
is performed. The sensor is then heated with the selected power for the selected time and the
temperature increase is recorded in 200 data points. Once the transient recording is completed a
Drift graph and a Transient graph are displayed.
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Figure 15. Example of a drift graph. Temperature drift vs. Time.
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The temperature stability, displayed in the drift graph, is recorded for 40 seconds immediately before
the transient measurement is performed. If there is too much drift the measurement should be
redone once the sample temperature has stabilized.

1 12 15 15
Time |2

Figure 16. Example of a transient graph. Temperature increase vs. Time.

The transient curve must show a continuous temperature increase. It should not contain any jumps
on discontinuities. If one of these is present in the curve the measurement should be discarded. The
sharp increase in the initial temperature is caused by the kapton insulation of the sensor and the
contact resistance between the sample and the sensor. This can vary from sample to sample and is
normal. This part of the measurement is discarded.

When the measurement is completed the thermal conductivity, thermal diffusivity and
volumetric specific heat can be calculated. When performing measurements on relatively small
sample sizes the probing depth is the most important boundary condition. When working with a very
small kapton sensor the probing depth should stay between the radius and diameter of the sensor to
ensure the accuracy of the measurement [23]. The radius of the kapton 7351 sensor is 0.526
millimeter, which puts the boundary conditions of the probing depth at 0.5-1.0 millimeter. Because
of this condition all measurements have been cut off at data point 120 to stay within the boundary as
closely as possible.
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Figure 17. Best fit line. Temperature vs. D(t)

The calculated graph displays the best fit straight line in a temperature vs. D(7) graph. The line
should be continuously linear. Using the slope of this line the conductivity, diffusivity and volumetric
specific heat can be calculated.

The final graph that is displayed is the residual graph. This graph shows the residual between
the fitted data and measured data. This graph should ideally yield a random scatter around a
horizontal line.
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Figure 18. Residual plot. Temperature difference vs. the square root of the time.

Finally the results following from these measurements have to be checked for minor and mayor
outliers.
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Finding minor outliers in the data:

Outliers in data, points that are expected to be “too far” from the central value, can be calculated in
different ways. These methods often require a ‘rule of thumb’ like ‘discard all data points that are
two standard deviations away from the mean’. Because of the subjectivity of these rules the data is
processed with and without the use of outliers. In the method used here the outliers are determined
with the use of the interquartile range (IQR), which is used to determine the inner and outer fences.
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Figure 19. Example of a boxplot using the interquartile ranges method.

The inner fences determine which values are minor outliers and the outer fences determine which
values are major outliers. In the IQR method the data set sorted from low to high and is split up into
two quartiles. The medians of these quartiles, Q1 for the lower quartile and Q5 for the upper
quartile, are used to calculate the IQR. The IQR for the inner fences, IQR;,ner, is (Q3 — Q) times 1.5.
The IQR for the outer fences, IQR,yter, is (Q3 — Q1) times 3. These values are again ‘rules of thumb’,
but they are the most accepted and widely used values. In order to find the inner fences one has to
add the IQR;;,,er to the previously found Q5 for the upper range and subtract it from Q; for the
lower range. The same can be done for the upper and lower range for the outer fences using the
IQR oy ter

In summary, the IQR’s, inner fences and outer fences are calculated as following:
1QRinner = (Q3 — Q1) 1.5

1QRyter = (Q3 — Q1) * 3

Inner Fence Upper Limit = Q3 + IQR;pper
Inner Fence Lower Limit = Q1 — IQRpner
Outer Fence Upper Limit = Q3 + IQRyyter
Outer Fence Lower Limit = Q1 — IQRyyter

As told in the previous chapter the first part of the measurement has to be discarded as well. This
cutoff point was determined using the IRQ method as well. The thermal conductivities and their
major and minor outliers were determined for data points 20-100 and data points 40-120. The data
set of points 20-100 contained multiple minor outliers but no major outliers. The data set of points
40-120 contained no minor or major outliers. For this reason, and because it is clearly visible that the
temperature of the sensor and kapton coating have stabilized beyond this point, | have chosen data
point 40 as the starting point.
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4.1.2 Preliminary results and volumetric specific heat

Table 2. Calculated examples. Measurements of the radial epoxy samples 1-3.

Thermal Conductivity = Thermal Diffusivity Specific Heat

(W/m K) (mm?/s) (MJ/m?K)
Epoxy R1 0.3527 0.6681 0.5279
Epoxy R2 0.3551 0.6773 0.5243
Epoxy R3 0.3547 0.6668 0.5319
According to the 0.452 0.276 1.64

manufacturer

As seen in the table above, the calculated values diverge from the material properties provided by
the manufacturer. The results of the transversal and longitudinal deviated in the same way. The
same deviation is present in the measurements on the bovine and human bone. | contacted Hot Disk
Instruments, the manufacturer of the hardware and software to determine the origin of this error. |
was told that this is due to the small size of the sensor and due to the very short measurement times
that are a requirement with a sensor of this size. These two characteristics cause a large error in the
thermal diffusivity, which is mainly passed on to the volumetric specific heat. | was advised redo the
calculations with a fixed volumetric specific heat. By doing this one unknown is eliminated and the
results are stabilized.

Table 3. Calculated examples. Measurements of the radial epoxy samples 1-3 with fixed volumetric specific heat.

Thermal Conductivity = Thermal Diffusivity Specific Heat

(W/m K) (mm?/s) (MJ/m* K)
Epoxy R1 0.4251 0.2592 1.64
Epoxy R2 0.4295 0.2619 1.64
Epoxy R3 0.4276 0.2608 1.64
According to the 0.452 0.276 1.64

manufacturer

Both the measured average thermal conductivity and average thermal diffusivity are only 5% lower
than the material properties reported by the manufacturer.

In order to further verify the validity of the thermal conductivity measurements using a fixed
volumetric specific heat the sensor was tested on polymethyl methacrylate (PMMA). PMMA is a
synthetic polymer that is used as the standard reference material for thermal conductivity
measurements.

Two tests were performed at Hot Disk, one with the small kapton 7531 sensor and one with
the much larger 8563 sensor. Both these measurements resulted in the same thermal conductivity of
0.204 W/(m K) and the same thermal diffusivity of 0.122 mm?/s. The measurement with the 8563
sensor was performed without a locked volumetric specific heat. The measurement with the 7531
sensor was performed with a locked volumetric specific heat, locked at the value found by the 8563
sensor.

31|Page



Table 4. PMMA measurements.

Sensor type 8563 (Radius: 9.9 mm) 7531 (Radius: 0.526 mm)
Thermal Conductivity (W/m K)  0.204 0.204

Thermal Diffusivity (mm?/s) 0.122 0.122

Specific Heat (MJ/m? K) 1.67 /

From these results | have to conclude that this method, when using the kapton 7531 sensor, is not
suitable for measurements without a fixed volumetric specific heat. However, the sensor is suitable
for thermal conductivity measurements when the volumetric specific heat is known. Because the
thermal conductivity is the least documented | decided to continue my research using the kapton
7531 sensor and to focus on this property. The following volumetric specific heats were used during
the measurements:

Table 5. Volumetric Specific Heat.

Epoxy Bovine Human

Specific Heat (MJ/m? K) 1.64 3.55 3.70

The volumetric specific heat for the short glass fiber filled epoxy is the value reported by Sawbones,
the manufacturer of the material. For the volumetric specific heat of cortical bovine bone the specific
heat found by M.J. Morley was used and for the volumetric specific heat of cortical human bone the
specific heat found by C.J. Henschel was used. Both these values are listed in F.A. Duck in the Physical
Properties of Tissue [24]. The value found by C.J. Henschel also closely matches the specific heat
found by J. Lundskog [25]. The volumetric specific heats were determined using the listed specific
heats the densities of the samples found with a gas pycnometer.

However, an accurate specific heat is not necessary for an accurate thermal conductivity. Any
inaccuracies in the specific heat are mainly passed on to the thermal diffusivity.

Table 6. Thermal conductivities with various specific heats calculated using a radial measurement on an epoxy sample.

Epoxy R1 Specific Heat Average Thermal Average Thermal
(MJ/m* K) Diffusivity (mm?/s) Conductivity (W/m K)
1.44 0.3015 0.4342
1.54 0.2806 0.4321
1.64 0.2620 0.4296
1.74 0.2453 0.4268
1.84 0.2303 0.4237

With specific heats ranging from 1.44 MJ/m® K to 1.84 MJ/m® K difference between the highest and
lowest thermal conductivity is only 2.5%.
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4.1.3 Density

The AccuPyc gas pycnometer is calibrated using a small calibration sphere of which the volume is
known. After the calibration the sample of which the density has to be determined can be inserted.
Prior to insertion the weight of the samples on which the measurement would be performed was
determined on an accurate scale. To improve the accuracy the sample should be roughly the same
size as the calibration sphere. Because the bone and epoxy samples are smaller than the calibration
sphere each measurement cycle was performed on three sample cubes combined. The two cubes
from sample set 1 and one cube from sample set 2 of each of the material types. During the
measurements on the epoxy samples, which took approximately 50 minutes, the frozen bone
samples were left in a water basin in order to thaw and warm up to room temperature. The bone
samples were carefully dried prior to their measurements. Each of the three sample sets underwent
10 measurement cycles from which the average volume and, using the previously measured weight,
average density were determined.

4.2 Results

The results are as following:

Thermal Conductivity:

Table 7. Thermal conductivities.

Thermal Conductivity (W/m K) Epoxy Bovine Human
Longitudinal 0.4433 0.4977 0.3439
Radial 0.4296 0.4366 0.3770
Transversal 0.4337 0.4715 0.3344
Average 0.4356 0.4686 0.3518
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Figure 20. Boxplot of the thermal conductivity of the epoxy samples containing the overall average, the mean, the
highest/lowest values and the inner fence upper/lower limits.
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Figure 21. Boxplot of the thermal conductivity of the bovine samples containing the overall average, the mean, the
highest/lowest values and the inner fence upper/lower limits.
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Figure 22. Boxplot of the thermal conductivity of the human samples containing the overall average, the mean, the
highest/lowest values and the inner fence upper/lower limits.
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Density:

The same interquartile range method is applied to the results of the density measurement. Three
minor outliers were found in the results of the human sample and two minor outliers were found in
the results of the epoxy sample. No outliers were found in the results of the results of the bovine
samples. These outliers are removed in the following presentation of the results. The original results
of the measurement can be found in appendix C. The resulting average densities are:

Table 8. Average density.

Epoxy Bovine Human

Average Density (g/cm?®) 1.6891 2.6629 2.8426
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Figure 23. Boxplot of the density of the epoxy, bovine and human samples containing the mean, the highest/lowest
values and the inner fence upper/lower limits.
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Chapter 5: Discussion and Conclusion
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5.1 Discussion and conclusion

The main focus of this assighment was the determination of the thermal characteristics and
volumetric densities of the epoxy bone substitute, cortical bovine bone and cortical human bone.
The specific heat of the samples, as discussed in chapter 4.1.2, could eventually not be determined
using this method. Nonetheless, it was decided to carry on using this method in order to determine a
thermal conductivity of the samples and to see if test if the method was a viable and accurate way to
quickly measure the thermal conductivity of small samples.

The average thermal conductivities found were respectively 0.4356 W/m K for the epoxy
samples, 0.4686 W/m K for the bovine samples and 0.3518 W/m K for the human samples. The
average measured thermal conductivity of the epoxy samples differs only 3.5% from the thermal
conductivity reported by the manufacturer. For human and bovine samples the following thermal
conductivities were found in previous research:

Table 9. measurements of the thermal conductivity of cortical bone.

Investigator(s) Species Conductivity (W/m K)  Notes

Sean R.H. Davidson, Bovine 0.58 Longitudinal, fresh specimens

David F. James [28]. (Femora) 0.53 Tangential, fresh specimens
0.54 Radial, fresh specimens

S. Biyikli, Human 0.2 Dry specimens

M.F. Modest, 0.3 Fresh specimens

R. Tarr [29].

Chato J.C. [30]. Human 0.38 Fresh specimens

More research has been done on the thermal conductivity of cortical bone, but as discussed in
‘Measurement of thermal conductivity of bovine cortical bone’ by Sean R.H. Davidson and David F.
James, these measurements were likely highly inaccurate [28].

As can be seen in Table 9, the thermal conductivity of the measured human samples falls
nicely between the values found by Chato and Biyikli. The thermal conductivity of bovine cortical
bone found by Davidson and James are averaged 15% higher than the average found using the
transient plane source sensor. However, there is a similarity between the directional differences in
thermal conductivity. Both Davidson, James and myself have found the highest conductivity in the
longitudinal direction and the lowest conductivity in the tangential direction. That the values found
by Davidson and James were higher could be explained due to the location of the bone or the
method by which they were acquired. Davidson and James used an experimental one dimensional
steady state apparatus and a bovine femur procured at a butcher instead of a transient plane source
sensor and a part of the upper foot of a calf [28].

Another research topic was the difference in material properties in the radial, tangential and
longitudinal directions. During the measurements on the three different directions the volumetric
specific heat was fixed at the value appropriate for the sample material. Because of this it is only
possible to observe deviations in the thermal conductivity. As can be seen in Table 7 there are some
variations visible. The average values of the epoxy samples, measured in the three different
directions, differ less than 2% above and below the overall average. This variation is small enough to
assume, for modeling purposes, that the epoxy samples are isotropic. The bovine and human
samples show a larger variation. The bovine samples show a longitudinal average 5.7% above the
overall bovine average, a radial average 7.3% below the overall bovine average and a transversal
average close to the overall bovine average. The human samples show a longitudinal average 2.3%
below the overall human average, a radial average 6.7% above the overall human average and a
transversal average 5.2% below the overall human average.
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Figure 24. The thermal conductivities (W/m K) of the epoxy samples, the bovine samples, human samples and their
averages in the longitudinal direction (L), radial direction (R) and transversal direction (T)

Because of the longitudinal growth direction of the osteoblasts, the cells that are responsible for the
formation of new bone, adjacent conductivities for the radial and transversal and a diverging
conductivity in the longitudinal were expected. Figure 24 clearly slows this is not the case. A
deviation in conductivity in the radial direction in the bovine and human bone samples is visible. The
deviation of each sample is, however, in the in each other’s opposite direction.

The deviation in the human sample set could be explained due to the age of the bone, its
anisotropic nature and a less than optimal thermal contact with the sensor due to this anisotropy.
The bone from which the human samples were prepared showed some clear signs of ageing. One of
these signs, were clearly visible cavities most likely due to osteoporosis. These cavities, however,
were present on all six sides of the human samples. So it would be expected that if these cavities
caused a deviation it would cause the same deviation in all three directions. Another explanation
could be that the sensor was placed directly above or below one of these cavities. However, this
would have had to happen multiple times, since the measurements were performed on 10 different
sample pair.

The bovine samples had none of these problems. The bone came from a young animal and
was still relatively fresh. All sides of each sample were clean and smooth cuts with no visible cavities
and no visible distinction between the sides of the different directions. As discussed earlier, the
bovine samples showed the same trend in conductivity as with the conductivities found by Davidson
and James. [28].

The difference in thermal conductivity of the human and bovine samples could be explained
by the internal structure of the samples. The human samples show clear signs of aging with cavities
of various sizes on the cutting surfaces. It is to be expected that these cavities are also present inside
the sample. These cavities are most likely filled by fluid of fat. The thermal conductivity of human and
bovine fat is lower than the thermal conductivity of bone and the thermal conductivity of water is
higher than the thermal conductivity of bone [30]. The lower thermal conductivity of the human
samples could mean that most of the cavities are filled with body fat. Another possible explanation is
the thermal boundary resistance. The energy carriers, electrons or phonons depending on the type of
material, will scatter when attempting to cross an interface. Each of the present cavities creates extra
internal interfaces, which increase the materials resistance to thermal flow, decreasing the thermal
conductivity of the material.
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Figure 25. The thermal conductivities (W/m K) of the bovine samples in the longitudinal direction (L), radial direction (R)
and transversal direction (T).

In order to definitively determine if the difference in the radial thermal conductivity is a distinct
differences between human and bovine bone, or if the results of the human cortical bone deviate
due to error, more samples or more measurements on the same samples are required.

The density measurements on were fairly straightforward. The results of the bone samples were,
however, less so. The measured density of the epoxy samples, 1.6891 g/cm?, differs only 3% with the
density of the 4™ generation of the material (1.64 g/cm?), and less than 1% with the density of the 3™
generation of the material (1.70 g/cm®) listed by the manufacturer. It was not know if the material
from which the samples were acquired was 4" or 3" generation.

The initially measured densities of the bone samples were both relatively high. When talking
about bones there are two types of density, tissue density and apparent density. The tissue density is
defined as the ratio of mass to volume of the actual bone tissue. The apparent density is defined as
the ratio of the mass of bone tissue to the bulk volume of the sample. This volume includes the
volume added by the vascular channels and porosity. Whether it is Human or bovine and tissue
volume or apparent volume, the density of cortical bone averages between 1.85 — 2.0 g/cm’
[26],[27],[28]. This is significantly lower than the values found with the gas pycnometer. This
difference in density is most likely not caused by either the age of the samples or the visible
permeability of the samples. The human samples were fairly old but the bovine samples were
relatively young. The human samples had a porous surface visible with the naked eye but the bovine
samples had a smooth surface. In order to exclude human error the tests with the pycnometer were
redone using the same samples as the previous tests. These tests resulted in the same high thermal
conductivities. These two measurements would lead to the following conclusions:

- The bones on which the measurement was performed are somehow different.

- The bone samples in fact do absorb the water in which they are stored, increasing their

weight.

- The bone samples are very permeable for helium, skewing the volume measurement by

the gas pycnometer.
In order to determine which of these conclusions is correct another test was devised. In this test the
average density of each sample set was determined using the displacement of water. Each of the
sample sets weight was measured separately, after which a sample set was added to a 2 ml syringe
with an accuracy of 0.1 ml. The syringe was then filled up to its 2 ml mark and weighed. Subtracting
the weight of the sample set and the weight of the syringe from the weight of the syringe filled with
the sample set and water gives us the weight of the water that is replaced by the volume of the
sample set. The volumes were then calculated using the average density of water of 999.97 kg/m?>.
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Figuur 26. Boxplot of the density of the bovine and human samples via water displacement, containing the mean, the
highest/lowest values and the inner fence upper/lower limits.

The average densities that were found were 2.0738 g/cm®for the bovine bone and 1.6184 g/cm?® for
the human bone. The density of the bovine bone closely resembles the values that were discussed
earlier. The density of the human bone was lower than the earlier discussed values. This is most likely
due to the age of the bone. The range of the densities of the human bone was also larger than the
range of the bovine bone. The measured density of the human bone varied between 1.252 g/cm® and
1.864 g/cm’. This could either be due to differences in the internal structure of the samples or due to
some samples having larger or smaller cavities on their surfaces that could or could not be filled with
water during the experiment. The densities found using the water displacement suggest that the
samples weren’t different in any significant way and did no absorb a meaningful amount of water
during the experiments. The third possible conclusion, that the samples are permeable to helium, is
still a possibility.

In the end, the biggest downside of this method is that, when limited to the 7531 sensor, the
specific heat cannot be determined. Were with larger sensors this is an option, the 7531 sensor is
simply too small for this. If you only have access to small samples, one of the easier ways would be to
use a differential scanning calorimeter. However, these devices can easily be damaged by the gasses
that are usually released from biological matter when this is heated. Therefore, biological matter is
usually not allowed in these devices. Another option is would be the Specific Heat Capacity Module
from Hot Disk. This is a golden cell with an inside diameter of 19 mm and a height of 5 mm. This
module can be attached to the Hot Disk TPS 2500S.

But, when the specific heat of the material is already well known, the transient plane source
method provides a quick and easy way to determine the thermal conductivity.
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Appendix A

Description
Epoxy L1
Epoxy L2
Epoxy L3
Epoxy L4
Epoxy L5
Epoxy LB
Epoxy L7
Epoxy L8
Epoxy L9
Epoxy L10
Average
Standard Deviation
KalfL1
KalfL2
KalfL3
KalfL4
KalfLs
KalfLeo
KalfL7
KalfLa
KalfL9
KalfL10
Average
Standard Deviation
HumaanL1l
Humaan L2
Humaan L 3
Humaan L4
Humaan L5
Humaan L&
Humaan L7
Humaan L&
Humaan LS
Humaan L 10
Average
Standard Deviation

0,432398638
0,427625737
0,434998446
0,450793306
0,440675565
0,467193607
0,447351147
0,436004213
0,455688237
0,437496959
0,4433225%4
0,011863766
0,494591234
0,503820302
0,505212113
0,480760594
0,474293861
0,514068601
0,495499343
0,488825294
0,511522886
0,504119938
0,497701477
0,012323916
0,2734358429
0,345654260
0,277382971
0,365324135
0413222227
0,274203501
0,396209847
0,407330893

0,4293447
0,256097505
0,343875847
0,064307493

0,263657700
0,260747401
0,265242955
0,274873967
0,265704613

0,28487415

0,27277509
0,265856227
0,279687986
0,266706457
0,270318655
0,007234004
0,139405982
0,141921212
0,142313271
0,135425519
0,133603504
0,144808057
0,140704209
0,137697266
0,144090954
0,142005616
0,140197599
0,003471526
0,073902278
0,093420072
0,074968371
0,098736253
0,111681683
0,074109054
0,107083742
0,110238079
0,116039108
0,069215542
0,092933418
0,017380403

Th.Conductivity Th.Diffusivity Spec.Heat

1,64
1,64
1,64
1,64
1,64
1,64
1,64
1,64
1,64
1,64
1,64
1,40433E-16
3,55
3,55
3,55
3,55
3,55
3,55
3,55
3,55
3,55
3,55
3,55
7,43103E-16
3,7
3,7
3,7
3,7
3,7
3,7
3,7
3,7
3,7
3,7
3,7
7,94411E-16

Pr.Depth

1,183711991
1,180234364
1,188106705

1,21099391
1,194415349
1,233275378
1,206134215
1,191703476
1,218642484
1,192722328

1,19999467
0,016011917
0,862398935
0,870050175
0,872653429
0,849840992
0,845218298
0,879882109
0,866631296
0,856908485
0,876853257
0,870363681
0,865080072
0,010820218
0,628227738
0,705387655
0,632276312
0,726577661
0,771760069
0,628594071

0,75584922
0,765816819
0,786668148
0,607636634
0,700873433
0,066488407

Temp.Incr.

0,2926353870
0,284106958
0,285570006
0,284052826
0,290134029
0,268475173
0,275307287

0,27305943
0,275488599
0,273670700
0,281350095
0,006973531
0,222718577
0,2153018860
0,220227374
0,231621726
0,233454224
0,210519543
0,216965844
0,223341485
0,213709182
0,222747944
0,221720839
0,006546689
0,333577583
0,286832933
0,334600114
0,279390486

0,25360092

0,33532073
0,252563059
0,2606600442

0,23531061
0,360534537
0,2935594142
0,041490909

Total/Char.Time

0,405010428
0,402634505
0,408023339
0,423895343
0412367911
0,439636938
0,420499406
0,410497507
0,429266246
0,41119972
0,4163035
0011162277
0,214376306
0,218807754
0,220119091
0,208761045
0,206496119
0,223780936
0,217091514
0,212247703
0,222242928
0,213965469
0,216348886
0,005394345
0,114079683
0,143823489
0,115554785
0,152594259
0,172162563
0,114212772
0,165137022
0,169521159
0,173875129
0,106723973
0,143268785
0026753315



Description
EpoxyR1
Epoxy R 2
Epoxy R 3
Epoxy R4
Epoxy R 5
Epoxy R B
EpoxyR7
Epoxy R 8
Epoxy R 9
Epoxy R 10
Average
Standard Deviation
KalfR1
KalfR2
KalfR3
KalfR 4
KalfR5
KalfRB
KalfR7
KalfR &8
KalfrR9
KalfR 10
Average
Standard Deviation
HumaanR 1
HumaanR 2
Humaan R 3
HumaanR 4
HumaanR 5
HumaanR 6
Humaan R 7
Human R &
HumaanR S
Humaan R 10
Average
Standard Deviation

0,425061743
0,429525135
0,427640789
0425017317
0,4251835941
0,437337651

0,42501456
0,434775375
0,424782407

0,43728918

0,42562281
0,004938761
0,397228529
0,456536353
0,313582112
0,438316456

0,38858136
0,493698855

0,44827729
0,467982269

0,46170413
0,500083353
0,436599121
0053321195
0,3358460086
0,399383727
0,403652721
0,265143652
0,362145469
0,331229737
0,407595438
0,401706797
0414923134
0,2272253821
0,365146964
0,054004451

0,25918399
0,26190557
0,260756579
0,259156901
0,259258501
0,267035153
0,261594244
0,265106936
0,259013663
0,260639744
0,261965128
0,00201144
0,11183536
0,12560179
0,088332983
0,123469424
0,109459679
0,1390701
0,126275293
0,131825991
0,130057502
0,14086855
0,122985668
0,015020055
0,091475699
0,107341545
0,10909533
0,098687474
0097877365
0,089521567
0,110160923
0,108569405
0,112141388
0,061412384
0,098688369

Th.Conductivity Th.Diffusivity Spec.Heat

1,64
1,64
1,64
1,64
1,64
1,64
1,64
1,64
1,64
1,64
1,64

2,43238E-16
3,55
3,55
3,55
3,55
3,55
3,55
2,55
3,55
3,55
3,55
2,55

3,14018E-16
3,7
3,7
3,7
3,7
3,7
3,7
3,7
3,7
3,7
3,7
3,7

0,014595797 5,25453E-16

Pr.Depth

1,175559444
1,181789815
1,180939444
1,177142414
1,176109385
1,194240869
1,181103158
1,189236729
1,176103732
1,192562451
1,182478744
0,006693266
0,772052905

0,82792629
0,685907113
0,811397947
0,764659291
0,861557044
0,820709775
0,338689626

0,83264021
0,866736288
0,808232649
0,051497633
0,699444268

0,75862817
0,763481633
0,725448704
0,723338105
0,690696131
0,766183984
0,760988826
0,773221502
0,572281275

0,72337126
0,057495751

Temp.Incr.

0,289415281
0,284622528
0,280658397
0,285070074
0,283195701
0,2750602129
0,283518659
0,277143889
0,2852875%4
0,282669585
0,282964474
0,004233521
0,27055516
0,239378315
0,3109337
0,242934457
0,271105431
0,218635032
0,241129684
0,232692954
0,230268177
0,219894354
0,247758726
0,0271263209
0,285792086
0,261276059
0,2588060604
0,276279794
0,275606216
0,293280511
0,25593339
0,259570867
0,245779634
0,378012133
0,279633720
0,035498938

Total/Char.Time

0,399450805
0,40369614
040311538

0,400527305

0,399824629

0,412247443

0,403227156

0408799861

0,399820785
0,41103543

0,404179893

0,004583914

0,172293239

0,198133293

0,135989296

0,190301372

0,169009085

0,214556752

0,1946394333

0,2023183286

0,200335919

0,217169172

0,189586085

0,023204572

0,141410072

0,166353535

0,168488301

0,152120425

0,151236563

0,137894385

0,169683743

0,167390448

0,172815207

0,094665316
0,15220596

0,022492764



Description Th.Conductivity Th.Diffusivity Spec.Heat Pr.Depth Temp.lncr.  Total/Char.Time

EpoxyT 1 0427740824  0,260817576 1,64 1,179613874 0,2801703438 0,4022109158
Epoxy T2 0,4319392%  0,263377619 1,64 1,185404959 0,278387257 0,406169764
Epoxy T3 0425466335  0,259430692 1,64 1,178255606 0,285384125 0,401285198
Epoxy T4 0431432118  0,263068364 1,64 1,134468969 0,233190458 0,405528598
Epoxy TS 0,43805551  0,267107018 1,64 1,193805651  0,28152554 0,411%47027
Epoxy TG 0,427340891  0,200573714 1,64 1,1788288382 0,2382714238 0,401675781
Epoxy T7 0,434880909  0,265171286 1,64 1,191369879  0,27346506 0,410267716
Epoxy T8 0436608773  0,266224861 1,64 1,191816586 0,230248213 0,410575435
Epoxy T3 0,44591554 0,27183972 1,64 1,205194031 0,273450021 0,419344101
Epoxy T 10 043776743 0,2009313%6 1,64 1,194357536 0,233120179 0,412327993
Average 0,433714769  0,264460225 1,64 1,188311597 0,281265544 0,408183253
Standard Deviation 0,005887057  0,003589669  2,1065E-16 0,008144337 0,002190019 0,005604357
KalfT1 0488356489  0,137565208 3,55 0,8566323385 0,226737717 0,21211095
KalfT2 0,435079813  0,139459102 3,55 0,802935718 0,228912415 0,215243974
Kalf T3 0477631882  0,134544192 3,55 0,846857664 0,225332209 0,207297326
KalfT4 0464617737  0,130878236 3,55 0,835330975 0,231925666 0,201693213
Kalf T3 0496158903  0,139763071 3,55 0,863530002  0,21797033 0,215540543
KalfTo 0496442001  0,139842817 3,55 0,803573138  0,22665313 0,215564574
Kalf T7 0481696632  0,135689192 3,55 0,851609128 0,236260303 0,209630624
Kalf T8 0428665592  0,120750871 3,55 0,803183051  0,24751401 0,186469836
KalfT9 0,429651532 0,1210286 3,55 0,8030846438 0,254301627 0,186421827
Kalf T 10 0,4568893201  0,123701212 3,55 0,8284438%6 0,237673400 0,19833111
Average 0,471518988 0,13282225 3,55 0,84151906 0,233388331 0,204835458
Standard Deviation 0,02461463  0,006933699 3,71552E-16 0,022235564 0,010503843 0,010714151
HumaanT1 0,274162362  0,074097336 3,7 0,62877033 0,332473075 0,114276854
Humaan T2 0,40406285  0,109206176 3,7 0,704047793 0,255623583 0,168738383
Humaan T3 0,241484435  0,005260004 3,7 0,589982253 0,362736711 0,100612516
Humaan T4 0,244268526  0,093045547 3,7 0,705698968  0,29316606 0,143950466
HumaanT5 0,387811944  0,104514033 3,7  0,74735181 0,262656562 0,161444586
Humaan T & 0,2675766534  0,072318015 3,7 0,621144635 0,343045533 0,111521753
HumaanT7 0,349367753  0,094423717 3,7 0,709693717 0,2810568600 0,145584793
Humaan T3 0,2675805  0,099346081 3,7 0,727868657 0,274767876 0,153137005
Humaan T3 0409426582  0,110655833 3,7 0,768138254  0,25431277 0,170550462
Humaan T 10 0,293523914  0,0806082133 3,7 0,655925662 0,317605552 0,124360757
Average 0,334426552  0,090385555 3,7 0,601862214 0,297744459 0,135417838

Standard Deviation 0,057246332  0,015471982 5,95808E-16 0,000470064 0,036872377 0,023882579



Hot Disk”

Test Protocol
Hot Disk PMMA Demo Sample

Sample Identity: HD PMMA 14101 Test Date: 2014-03-18
Test Unit: Hot Disk TPS 2500 S Serial Number: 20132500453
Sensor for Testing: 8563 Kapton Software Version: 7.1.22

Attention: PMMA is a polymer and can thus suffer aging effect. This can result in
small changes of the thermal properties over time. To minimize sample
aging, store at constant temperature and avoid direct sunlight.

Test

Number of Measurements: 5

Temperature: 23.3 %

Measurement Time: 320 s

Heating Power: 0.08 W

Analysed Data Points: 80-200

Results

Thermal Conductivity: 0.204 W/m/K std. dev. 0.026 %
Thermal Diffusivity: 0.122 mm?/s std. dev. 0.099 %
Volumetric Specific Heat: 1.67 M)/m3K std. dev. 0.077 %

Dr. Daniel Cederkrantz
Hot Disk, Gothenburg, Sweden




Hot Disk”

Test Protocol
Hot Disk PMMA Demo Sample

Sample Identity: HD PMMA 14101 Test Date: 2014-03-19
Test Unit: Hot Disk TPS 2500 S Serial Number: 20132500453
Sensor for Testing: 7531 Kapton Software Version: 7.1.22

Attention: PMMA is a polymer and can thus suffer aging effect. This can result in
small changes of the thermal properties over time. To minimize sample
aging, store at constant temperature and avoid direct sunlight.

Test

Number of Measurements: 10

Temperature: 21.4 °C

Measurement Time: 3s

Heating Power: 0.008 W

Analysed Data Points: 20-200

Locked Specific heat: 1.67 MJ/m3K

Results

Thermal Conductivity: 0.204 W/m/K std. dev. 0.160 %
Thermal Diffusivity: 0.122 mm?/s std. dev. 0.160 %

Dr. Daniel Cederkrantz
Hot Disk, Gothenburg, Sweden
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AccuPycII 1340 V1.05
Serial Number: 2320
Density and Volume Report

Sample ID: 1

Sample Mass: 0.6298 g
Temperature: 23.0 °C
Number of Purges: 10
Cell ¥olume: 15.5250 om3

Volume Deviation
Cycle# cm3 cm3
1 0.3746 0.0018
i 0.3657 -0.0073
3 0.3706 -0.0024
4 0.3720 -0.0010
5 D.3727 -0.0003
(] 0.3738 0.0008
7 0.3715 -0.0015
8 a.3725 -0.0005
9 0. 3752 0.0022
10 0.3814 0.0084
Zverage Volume: [ 0 S B

Average Density: 1.6886 g/cm3

Started: 14/08/14 10:19:52
Completed: 14/08/14 10:45:14

Equilibration Rate: 0.0010 psig/min

Expansion Volume: 74.0300 cm3

Density Deviation Elapsed Temperature

g/cm3 g/cm3 Time s

1.6811 =0.0076 B:05:57 N
I 0.0337 0:08:48 i
1.6986 0.0110 Bzt ol
1.6929 0.0043 Fri2zsl 227
1.68899 0.0012 0:15:34 22.8
1. 6850 —0.0036 Brtiza9 22.8
1. 59532 0.0066 Bz 1930 P
1. 6506 0.0020 B2l 256 A
1.6784 -0.0102 Q=347 P
T Bn 3 -0.0374 0:25:14 23.0

Standard Deviation: G.0038 cm3
Standard Deviation: 0.0170 g/cm3
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Sample ID:

2

Sample Mass:
Temperature: 24.3 °C
Number of Purges: 10

AccuPycIIl 1340 V1.05

Serial Number:

2320

Density and Volume Report

0.6997 g

Cell Volume: 15.5250 cm3
Volume Deviation
Cycle# cm3 cm3
1 0.2723 0.0216
2 0.2861 0.0355
3 0.2517 0.0010
4 0.4525 0.0019
5 0.4513 0.0006
6 0.2435 -0.00M
7 0.2241 -0.0266
8 0.2363 -0.0144
9 0.2463 -0.0043
10 0.2424 -0.0082
Average Volume: 0.2506 cm3

Average Density: 2.8036 g/cm3

Started:

Page 1

14/08/14 11:09:48

Completed: 14/08/14 12:21:10

Equilibration Rate: 0.0070 psig/min
Expansion Volume: 74.0300 cm3

Density
g/cm3

B b B Lad B B3 I3 B B3 D

. 5699
.4457
. 7802
7 B %
. 7846
57132
. 1226
. 3617
.8409
.8863

Deviation
g/cm3
-0.2338
-0.3579
-0.0234
-0.0325
-0.0190
0.0696
8.318%9
0.1580
0.0373
0.0827

Elapsed Temperature

Time e
0:18:16 23.4
0:20:41 23.59
D:27:59 23.5
0:33:52 23.7
0:39:29 23.7
0:46:11 23.8
0:54:39 23.9
120050 24.0
1o 0Ge 271 24 .1
g B ) i 24 .2

Standard Deviation: 0.0167 cm3
Standard Deviation: 0.1801 g/cm3
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AccuPycII 1340 v1.05
Serial Number: 2320
Density and Volume Report
Sample ID: 3 Started: 14/08/14 12:31:07
Sample Mass: 1.6803 g Completed: 14/08/14 13:33:26
Temperature: 25.3 °C
Number of Purges: 10 Equilibration Rate: 0.0010 psig/min
Cell Volume: 15.5250 cm3 Expansion Volume: 74.0300 cm3
Volume Deviation Density Deviation Elapsed Temperature
Cycle# cm3 cm3 g/cm3 g/cm3 Time o
1 0.6264 -0.0049% 2.6826 0.0198 0:19:06 24.7
2 D.6062 -0.025 2.7718 0.1089 D:27:48 24 .8
3 0.6162 -0.0151 2.7270 0.0642 0D:34:51 24.9
4 0.6350 0.0037 2.6461 -0.0168 0:38:28 24.9
5 0.6288 -0.0025 2.6723 0.0095 0:42:04 25.0
6 0.6474 0.0161 2.5956 -0.0673 0:45:07 2540
7 0.6279 -0.0034 2.6761 0.0133 0:51:06 Fig
8 0.6525 0.0212 2.5752 -0.0877 0:53:29 231
9 0.6412 0.0099 2.6204 -0.0424 0:58:03 25.2
10 0.6314 0.0001 2.6614 -0.0014 1202210 25.3
Average Volume: 0.6313 cm3 Standard Deviation: 0.0131 cm3

Average Density: 2.6629 g/cm3 Standard Deviation: 0.0556 g/cm3
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Sample ID: 4
Sample Mass:
Temperature:
Number of Pu
Cell Volume:

Cycle#

L B w IR o S B TR I P o R

=

Average Volu
Average Dens

AccuPyclII 1340 W1.05
Serial Number: 2320
Density and Volume Report

0.6619 g

rges: 10
15.5500 cm3

Volume Deviation
cm3 cm3
0.2645 0.01317
0.23294 -0.08119
0.2291 -0.0222
0.240%9 -0.0104
0.2441 -0.0072
0.2452 -0.0061
0.2808 0.0285
0.2658 0.0145
0.2506 -0.0007
0.2527 0.0014

me: 0.2513 cm3
ity: 2.6423 g/cm3

Started: 31/10/14
Conpleted:

Equilibration Rate:

Page

10:19:086

0.0010 psig/min

Expansion Volume: 74.7488 cm3
Density Deviation Elapsed Temperature
g/cm3 g/cm3 Time i =
2.50329 -0.1394 B:24:317 23.5
2.7648 B FE25 8 S Fa . i O
2.8887 0.2464 F=41:08 23.6
2.7472 0.1045 0:50:48 R e
L e g.06%0 Be55223 g
2.6993 2.8570 170509 s
o e —0.2849 1-:08:45 23 .49
2.4904 =2 B B i i B 7 = 239
2.6417 -0.0006 T=d3214 24.0
2.6193 =0.0230 ls32sd9 24.0
Standard Deviaticon: 0.0144 cm3

Standard Deviation:

0.1480 g/cm3
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AccuPycII 1340 v1.05
Serial Number: 2320
Density and Volume Report
Sample ID: 5 Started: 31/10/74 12:07:58
Sample Mass: 1.6808 g Completed:
Temperature:
Number of Purges: 10 Equilibration Rate: 0.0010 psig/min
Cell Volume: 715.5500 ocm32 Expansion Volume: 74.1488 cm3
Volume Deviation Density Deviation Elapsed Temperature
Cycle# cm3 cm3 g/cm3 g/cm3 Time s
1 0.6351 -0.0018 2.6465 0.0072 Dr23:32 24 .4
P B.5318 —0.0057 2.6603 0L gETT =33 2Th 24 .4
3 B TS G.0006 2.8365 -0.0027 0:42:74 24 .4
- 0.6273 -0.0096 26782 0.0400 0:53:46 24.5
B 0.6423 0.0054 26170 -0.0222 T:01:40 24 .6
& 0.6313 -0.0056 2.6626 0.0234 T:12:09 24 .6
7 0.63%6 0.0027 2.6279 -0.0113 1224203 24.6
8 0D.6436 0.0067 2.6174 00278 1:229:25 24.7
9 0.6445 0.0076 2.6079 =1, 0313 T:36s 11 24.7
10 0.6360 0. 0009 2.6428 0.0036 1246219 24.8
Average Volume: 0.6369 cm3 Standard Deviation: 0.0054 cm3

Average Density: 2.6392 g/om3 Standard Deviation: 0.0225 g/cm3



[Mj micromeritics’

The Science and Technology of Small Particles™

AccuPyc 1340 Il Pycnometer
SPECIFICATIONS

Environment: Temperature:
Stable between 15 to 35°(59 to 96° F). Temperature-controlled
AccuPyc: temperature stability is dependent upon specifications of
the installed circulator. Recommended range: 15 to 50° C (59 to 122
o F)
Humidity:
20 to 80% relative, noncondensing

Physical: Height:
17.9 cm (7.0 in.), analysis modules for 1-, 10-, and 100-cm® units,
and control module 25.9 cm (10.2 in.), 350-cm® analysis module
Width:
27.3 cm (10.7 in.), control module 22.2 cm (8.7 in.), analysis module
Depth: 36.2 cm (14.3 in.)
Weight:
9.3 kg (20.5 Ibs), control/analysis unit (1-, 10-, and 100-cm3 units) 7.9
kg (17.4 Ibs), analysis module (1-, 10-, and 100 cm3 units) 10.5 kg
(23.2 Ibs), analysis module (350-cm3 units) 3.6 kg (8.0 Ibs), control
module

Electrical: Voltage: 90 to 264 VAC
Power: 30 VA
Frequency: 50 to 60 Hz

Sample Chamber: 1 cm3 chamber: 1.15cm ID x 1.1 cm D (0.45 in. ID x 0.44 in. D)
10 cm3 chamber: 1.80 cm ID x 3.93 cm D (0.72 in. ID x 1.55 in. D)
100 cm3 chamber: 4.62 cm ID x 6.17 cm D (1.82 in. ID x 2.43 in. D)
350 cm3 chamber: 5.84 cm ID x 13.94 cm D (2.30 in. ID x 5.49 in. D)

Analysis: Precision:
Reproducibility typically to within + 0.01% of the nominal full-scale
sample cell chamber volume. Reproducibility guaranteed to within
10.02% of the nominal full-scale volume on clean, dry, thermally
equilibrated samples using helium in the 15 to 35 °C range.
Accuracy:
Accurate to within 0.03% of reading, plus 0.03% of sample capacity.

Computer Hardware and Minimum Requirements:
Software: A computer is not required if the keypad / display is used. When used
in this configuration data can be sent to a USB equipped printer.
To run the Windows compatible software the following applies:

Pentium 333 MHz or equivalent

One CD ROM drive

128 megabytes of RAM

1-gigabyte hard drive

1024 x 768 video display capability

Windows 2000 or XP Professional

Ethernet port (capable of communicating with a 10 base-T ethernet
card)

Gases: Research grade helium is recommended. If unavailable, use helium
with a dew point of -67 oC (-88 oF) or lower. Carbon dioxide, argon,
dry air, or nitrogen can also be used for different applications. A
multigas option is available for connection of mulitple gases).




Appendix E.

Average materialproperties | | | | | | |

. oemsity longitudinalTensle Compressive Flexural
_—_—_ 0.2% yield Strength Modulus Strength Modulus
o g« M MPa GPa  MPa wPa GPa MPa GPa

| 2ndgeneration |0 | 0 275 14.2
|3rdGeneration | oo b 0 ] iT | 120 76

[athGeneration [NNE RSN T T Rt 157 167 148 137

Material property based on ASTM D-638 and D-695

Density

gfcc

3rd Generation

4th Generation 1.64

Poisson’s ratio for Short Fiber Filled Epoxy - 0.26 | What material can be used for filling our

Hardness, D = 90 composite bones?
Thermal conductivity, W/mK = 0.452 Solid foam in 17 pcf is standard.
Thermal Diffusivity, mmA2/s = 0.276 Solid Foam: 8-20 pcf.

Specific Heat, MJ/m/3K = 1.64 Cellular Foam: 12,5 and 20 pcf




