GIRIANTMA ADVANCED INDUSTRIAL

TEACHING RESOURCES CASE STUDIES

Biomaterials Selection for a Joint Replacement

Claes Fredriksson, Harriet Parnell and Lakshana Mohee
Granta Design, 300 Rustat House, 62 Clifton Rd, Cambridge, CB1 7EG UK

First published December 2018
© 2018 Granta Design Limited

Contents

L.WNAE IS The SCOPE? ...ttt e e e oo b bttt et e e e e e s a bbbt e e e e e e e e e s anbbbe e e e e e e e e annbnneeeas 2
2.What can CES EUPEACK GO?........ccciiiiiiiiiiiiee ittt sttt et e e e e s ne e e s snne e e s snneeeeaans 3
3.Using CES EduPack Level 3 to select biomaterialS .............eeiiiiiiiiiiiiiiieeee e 4
4. ANalysis and reality CHECK ........ooiuiiii bbb 7
5.What does CES EduPack bring to the understanding?............ccoeeeiiiiiiiiiiiie et 8
=] 1= =1 1= SO 8
Summary

The Bioengineering database of CES EduPack offers the possibility to compare and select materials for
various medical implants. We can draw on our experience in applying tools, both for teaching bioengineering
students and for making materials decisions in the biomedical field.

In this advanced industrial case study, we explore how CES EduPack can be used to identify and assess the
optimum materials for a total hip replacement — with a specific look at the roles of the main material classes in
the implant. Metal alloys for structural integrity, ceramics for minimizing wear in the articulating surfaces or
polymers as a lightweight alternative. All under the constraints of biocompatibility. To add realism, we explore
the ASM Medical Materials Database™ which contains over 60,000 approved medical devices.



1. What is the scope?

Bioengineering, also known as biomedical engineering, refers to the field of study that merges biology and
engineering. This unique, interdisciplinary field allows you to cover a wide range of subjects, where you use
an in-depth understanding of engineering to solve medical and biological problems. Bioengineering overlaps

with many other academic disciplines, for example:
Physics

* Physics, Chemistry & Biology: Chemical @ Chemistry &
Nanotechnology, Biophysics, Materials Engineering @ Blochemistry

chemistry, Surface science

Mathematics & Biology &
Statistics Neurobiology
* Mechanical Engineering: N e
Biomechanics and Prosthetics
Computer Science Bi = . Material Science &
. . . . & Engi i - joengineerin - - Engi i
« Materials Science & Engineering: namneenng @ g 2 @ namneenng
Biomimetics, Biomaterials, Materials P
characterisation, Hybrids & Composites Electrical @ " Mechanical
Engineering Engineering

Biomaterials, synthetic as well as natural ones, are designed to be in contact with and interact with a biological
system, such as the human body. The study of such materials can be called biomaterials science or
biomaterials engineering, depending on focus. The area has grown considerably over the past 50 years, both
in research and in higher education. In this advanced industrial case study, we have chosen to focus on
biomaterial properties relating to implants—in particular joint replacements—and aspects of material selection.
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Implants constitute an important application of

bioengineering and offer engaging examples of

biomaterials. They are designed to either replace,

support or enhance an existing biological part. In

< an aging population, where more people have an

; ) ) ) active lifestyle, there is an increasing need to

» CoCr/PE  CoCr/Crosslinked- Metal/Metal Alumina/Alumina i .

‘ UHMWPE ‘ develop implants, such as hip replacements, that

have greater longevity. On average, a Total Hip

Replacement (THR) has a service life of 15 years

[1]. For patients receiving the treatment aged 55-

200 ym/year 20 ym/year 4.2 um/year <1 um/year 60, for example, there is a high chance that a
secondary procedure will be required.

THR surgery is one of the most common medical procedures and it is estimated that approximately one
million hip replacements are carried out per year [2]. There is a rich history of materials that have been used,
with the earliest record said to date back to the late 1800s [3]. Examples include ivory femoral heads, glass
articulating surfaces and more recently, metals and polymers. Sir John Charnley, sometimes called the father
of modern THR, designed a low friction arthroplasty in the early 1960s, which principles still remain today. It
consists of three main parts: 1) femoral stem, 2) femoral head, and 3) acetabular component. Parts 2-3
constitute the mobile parts of the joint.

For devices integrated within the human body, biocompatibility is of course a design essential. This can be
defined as the ability of a material to cause an appropriate biological response for a given application in the
body [4]. Whereas earlier definitions of the term focused simply on the non-toxic response of the material,
revised biocompatibility definitions also acknowledge that a material must be able to perform the correct
function. Therefore, orthopedic implants must have sufficient structural integrity but should, ideally, also have
similar mechanical and physical properties to that of bone to avoid complications, such as stress shielding.
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The most common type of THR currently used is
metal-on-polyethylene. With an elastic modulus
almost half that of steel, titanium-alloys (Ti-6Al-4V)
have become the material of choice for most
femoral implants. Ceramics are good for increased
wear resistance in mobile parts while polymers are
cheaper, lighter and easier to manufacture.

This case study makes use of the advanced
Bioengineering database of CES EduPack and its
capability to simultaneously give information on
both biological materials (tissue) and engineering
materials, such as biomaterials for implants.

2. What can CES EduPack do?

CES EduPack has relevant data for
biomaterials, both at Level 2 and Level 3.
Whereas the former is less overwhelming to
students and suitable for learning about
material properties and selection, the latter
contains a full range of alloys and grades to
provide data for realistic projects in
bioengineering. The Bioengineering Level 2
database is, however, extended with bio-related
materials, more than doubling the number of the
basic Level 2 materials data-table, resulting in
251 datasheets. One important detour from
conventional terminology is that the subset of
biomaterials (160 of them) are defined as all
bio-related subsets in this database, as

Biomaterial
Biomaterials - All:

Indicates that the material is a biomaterial - a blanket term used in MaterialUniverse to mean
biological, natural, bio-derived, bio-inspired and bio-medical materials.

Biological & natural materials:
Indicates that the material is produced by biological systems, including both plants and animals. Thus
skin, bone, wood, shell, hair are biclogical materials.

Bio-derived materials:
Indicates that the material uses natural biological sources as the raw materials for its production.
Thus bio-palymers, paper, plywood, twine and rope are bio-derived materials,

Bio-derived polymers:

Indicates that the polymer uses renewable sources as the raw materials for its production, rather than
the more typical petroleum-based polymers.

Common sources for bio-polymers include plant starch from corn, wheat, sugar beets or sugar cane.

Biomedical materials:

Indicates that the material is used in medical applications, such as implants to replace or support
body parts, medical devices, and also materials synthesised for tissue engineering.

They must be compatible with the human body and be manufactured under clean conditions.
Thus bio-glass, alumina bio-ceramics, titanium grade F67(B652), silver amalgam, and ultra-high
molecular weight polyethylene (UHMWPE) are bio-medical materials,

described in the Science Note to the right.

Custormn Subset

Selection table: MaterialUniverse

Initial subset: Biomedical materials
Selection attributes: All properties

Click on checkboxes to indude or excude records and folders

MaterialUniverse
~ [@ i Eiological Materials
Molecular buiding blocks
(i) Natural fibers
v B[ Tissue, Mineralized
Antler
i Cancellous bone, high density
i Cancellous bone, low density
Coral
V| Cortical bone, longitudinal
i Cortical bone, transverse
i Dentine
Egg shell
Fi Enamel
Mollusc shell
Tissue, soft
Wood and wood-ike materials
@ Ceramics and glasses
(2] Electrical components (Eco audit only)
Hybrids: composites and foams
Man-made fibers and particulates
Metals and alloys
Polymers and elastomers

ot | [ oot
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One great feature of the Bioengineering databases is that they allow for
property charts which simultaneously include both engineering materials
and bio-related materials, such as human tissue and biomaterials (in the
conventional sense, meaning materials designed to interact with
biological systems). For the purpose of this case study, dealing with
implants, the subset of Biomedical materials can be used to represent
suitable candidates. An overview chart can easily be created which
covers most relevant biomaterials, without applying constraints such as
durability in water, etc. In Level 2, this also includes the most relevant
human mineralized tissues, as shown to the left.

The Bioengineering Level 3 database of CES EduPack contains data
records for over 4000 materials. Using this as the advanced selection
platform for a hip replacement—both the femoral stem, head and the
liner—a custom subset of biomedical materials can be created. In this
case, it is necessary to manually add Human bones to the subset in
order to have a comparative overview of both the implant material and
the tissue it will replace and attach to.
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The biomedical materials at Level 2, with bone records highlighted in white, shows that bone tissues span a
wide range of mechanical properties. The metal alloys are generally both stiffer and stronger than the Femur.
The same applies to ceramics, that might be used for the top parts of the joint, primarily loaded in compression.
The polymers tend to match cortical bones in strength but are closer to cancellous bones in stiffness.
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3. Using CES EduPack Level 3 to select biomaterials

In order to follow the Ashby systematic selection methodology, we start with all
Biomedical materials, then filter out unsuitable materials with additional screening,
and finally consider one or more performance indices for ranking. The Function of
the implant is to replace the original hip joint in sustaining load and wear arising
from the weight and movements of the body. This can be divided into two parts:

<'ll.--

Y

Function 1 (stem) — sustain compressive load from external forces (red dashed
arrows) resulting also in shear and bending (illustrated schematically by blue
arrows) of the femoral stem. Strength-limited design was assumed.

lllll...>

Constraints for the stem:

e Biomedical material

e Stiffness and strength not less than those of cortical bone

e Fracture toughness so to avoid fast fracture (>11 MPa*m”0.5)
e Unifilled grade + Non-magnetic + Bulk material

Objectives for the stem:

e Maximize specific strength
e Minimize cost

Function 2 (head) — sustain compressive load and wear at the femoral head and liner/acetabular cup.

Constraints for the head:
e Consider only the Healthcare subset of Joint replacement materials

Objectives for the head:
e Maximize compressive strength
e Minimize wear (blunt abrasion)
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M=p/0o;
- GF The decision to use specific strength as the primary objective can be justified by
%-* considering the performance index for minimization of a strength-limited design of a
sz’/of 4 . column in compressive load: M = p / 0c. This can be plotted on, for example, the X-
= ; 4 axis using the Performance Index Finder of the Chart stage. Moreover, for the flexural
M=p/0y% _ (bending) load: M = p / 0% or torsional load: M = p/oy , We can plot a complementary
4 T@] index on the other, Y-axis (bubble chart below).

1

It is well known that the compressive strength is significantly higher than the tensile or yield strength for most
materials. The flexural strength, however, is generally very similar to the yield strength, so the plotted flexural
performance index can represent both loads. As shown below, the performance ranking of relevant materials,
such as Titanium or stainless steel, is consistent for all main types of loading (compression, bending, torsion).
Here. Ti-6Al-4V alloys, austenitic stainless steels and cobolt chromium alloys are performing the best.

[Femoral stem mechanical performance)|

Cuba\t-base-superalloy CCM, warm worked (Iow carbun}

1000+

04—

Mass per unit of strength

Beaminbending Fixed: length, section shape Free: section area

“Femur cortic a\ bone

T\tamum alpha-beta alloy, T| GAI-4V, cast

The way we screened for austenitic grades,
was to filter on magnetic properties in the Limit
stage. Non-magnetic grades were selected in
the drop-down menu for Magnetic type.
implants, austenitic stainless steels are used,
rather than martensitic, partly due to:

Better corrosion resistance

Better fraction toughness
Hardness better matched to bone
Non-magnetic (for MRI etc)

The austenitic stainless steels are, largely,

“we ' matched in performance by cobalt chromium

" ' "”'10 ' "”'100
Mass per unit of CO"‘IpI'ESSiVB Strength . . .
Column in compression Fixed: length, section shape Free: section area a”OyS, Wthh are hlStOflC&”y the mOSt Used
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material for hip replacement implants.
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For the second objective, to minimize cost, we can plot the cost performance: M = cn*p / 0c on the Y-axis (bar
chart below). This gives the fairest comparison between materials of different types. Whereas Ti-6Al-4V was
the best in mechanical performance, as shown previously, stainless steels appear best in cost performance.
They are also easy to manufacture. Unrealistic options, such as gold can be excluded by a box selection if
desired. We have used an arbitrary upper limit of around 300 in our example.

Cobalt chromium alloys are highly
resistant to corrosion and have some
mechanical properties that are
superior to stainless steels, such as
fracture and fatigue resistance.
Although more expensive than these

] Titanium, alpha-beta alloy, Ti-GAI4V, cast steels, cobalt chromium is still used
10000 for the ball joint of the head. It has,
] / however, gradually been replaced by
titanium for the stem part. Ti-6Al-4V

.Hl I“/I“ — osseointegrates and has:

|Femoral stem cost performance

o
=

Cobalt-base-superalloy, CCM, warm worked {low carbon)

Wy, " o Stiffness better matched to bone
Stainless steel, austenitic, BioDur 108, 30-40% cold worked “ 1 b ngher SpeCIfIC Strength
e Good corrosion resistance

Cost per unit of compressive strength
Column in compression Fixed: length, section shape Free: seclion area

=

The femoral head/ball joint

For this part, the main load is compression of the ball joint. The index to maximize |7 seectan
for the primary objective is compressive strength, which is readily available in CES |7 safioons
EduPack. This is the property that best represents the performance, since the |0 Benefiation and repair
dimensions are more or less fixed by the natural geometry of the hip. L Catheters and cannlas

[ Dura tissue substitutes
[ Peritoneal dialysis devices

[] Electrodes

10000~ Alumina bio-ceramic E_UHMW i § extruet 3 ettt R
E . . . - mpbohzation and oCClusion devICes
1 = Stainless steel, austenitic, BioDur 108, 30-40% cold worked (molding and extrusion) Do
] Cobalt-base-superalloy, CCM, warm worked (low carbon) / ndascopes
1000 1 [] Filters
3 1 n In 'l [ Grafts
n I l.. (W] I [ Haemodialysis devices
100 Lo o III L
Titanium, alpha-beta alloy, Ti-6AV, aged 1 Ty . [ Hearing aids
- [ Heart valves

| . [ Implantable pacemakers and defibrillators

=
1

Joint replacement

[ Menve cuffs

[ Menve stimulators

[] Ossicular replacement
[ Patches

[ Shunts

[] Spinal devices

[ stents

[ Surgical instruments

[] Surgical mesh

=]

Compressive strength (MPa)

=]
=]

In this section, we have restricted ourselves to benchmark the subset of materials available in the Limit stage
under Joint replacement, which is found within the Healthcare applications of the Healthcare & food section.
This will be our effective constraints, superseding a regular screening.

Objectives relating to wear resistance are complicated, since this is not a straightforward material property. It
depends strongly on the combination of materials and environmental conditions, such as temperature and
lubrication. We nevertheless used an option built in to the Performance Index Finder, Abrasion by blunt contact.
This secondary objective deals with abrasion caused by yielding (metals/polymers) or cracking (ceramics).
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Component Definition

Function and Loading:

Free Variables:
Fixed Variables:

Limiting Constraint:

Optimize:

L
L

Component Notes:

yielding or cracking

Blunt contact - sliding load

nene
contact radius
yielding

resistance to yielding

Abrasion by blunt contact - promoted by onset of

Load applied normal and tangental to flat plate
Contact (abrasive) exhibits rigid behaviour

- Performance Index
Maximize:

H?
E?

We can plot both these indices simultaneously in one
bubble chart using the Performance Index Finder, as
shown below for yielding onset. The performance

index to maximize for cracking is: M = K3 / E2(1-21)3.

As expected, ceramics have the lowest resistance to
cracking however, this has been addressed more
recently by developing finer-grain medical grades with
higher purity. The trend for metals, is that stainless
steels are lower than cobalt chrome superalloys in
performance and that Ti-6Al-4V is amongst the best.

Yielding is generally preferred as a
failure mechanism than cracking and
polymers, such as ultra-high molecular
weight polyethylene (UHMWPE, PE-
UHMW), perform very well in this
respect. The 1:st generation of highly
cross-linked UHMWPE has improved
wear resistance whilst the 2:nd
generation of highly cross-linked
UHMWPE has improved mechanical
performance resulting from an additional
heat treatment. However, to find data on
this, the ASM medical materials
database needs to be consulted.

4. Analysis and reality check
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Total hip replacements are interesting from a biomaterial perspective, since they encompass metal alloys,
bioceramics and ultra-high molecular weight polyethylene in standardized and widespread medical
procedures. The femoral stem needs to be a biocompatible metal alloy in order to provide combined strength,
stiffness and fracture toughness. Whereas stainless steel has the best cost performance and compressive
strength, cobalt chrome (molybdenum) alloys have better resistance to abrasion promoted by onset of
cracking. Ti-6Al-4V has good overall performance and excels at mechanical properties in relation to weight

(specific strength etc).

More information about a range of
biomaterials and biomedical devices on
the market can be found in the ASM
Medical Materials Database, accessible
via the Bioengineering Edition of CES
EduPack  with the appropriate
subscription. This contains information
on relevant commercial biomaterials and
more than 60 000 medical devices.

Healthcare & food

Food contact @ Yes
Modical grades? (USP Class VI, 1SO 10993) ® v
Medical tradenames (0

ASM MEDICAL MATERIALS DAT,

Cantents

Full Database

» [ ¥ Biologicals
¥ || ¥ Ceramics and Glasses
» [ ¥ Calcium Base
» [ ¥ Carsonceaus
» 3 ¥ Glasses
* ¥ Technical Ceramics

> [ ¥ Metals

» [J ¥ Folymers
» (5 ¥ SpeciicGrades
¥ 5] ¥ Costings

€20

Alumina

Medical applications
Application areas Orthopaedic, Surgical, Urologica!

Device types

* FDA approved devices

containing this material 44 Lin
Overview of potential risks

Potential Adverse Effects Identified by Studies  Immuncgenic
kd
General information

Material Family

& Waterial Deseription

Haemodialysis devices, Joint replacement, Surgical instuments

Tools  Units

#Go To Datashe:

AmAIOx; Biolox: Dynallox: NobelRondo Procera: Rubalit: Transtar. Vitox: VITA In-Ceram ALUMINA

Healthcare applications ©] Hasmadialysis devices. Joint replacement
Surgical instruments

Steriizability (ethylene oxide) ®  Excollent

Sterlizability (radiation) ®  Excellent

Steriizability (steam autoclave) ®  Excellent

Guidance for MRI Safety @ Na Interaction - MR Safe

ASM Medical Materials datashest (subscription required)  (®©  Alumina
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Therein is more
information on
standards etc.

Alumina : Linked records for FDA approved devices containing this material

% Alumina Head (K042025) [Collapse Nate]
Alumina heads are made of Biolax forte alumina (rademark of CERAMTEC) according
to - ASTM F 8474 standard

B ¥ 2lumina Head (K050556) [Collapse Nate]
B ¥ Apex Modulsr Alumina Femarsl Hesd (K012918)

The device is manufactured of Biolox forte alumina (high purity aluminium oxide

[Collapse Note]
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There is also extensive information 1:st and 2:nd generation highly crosslinked UHMWPE as shown below.

o . — - Hel
ASM MEDICAL MATERIALS [ . # = B =2
Substitite  Reports Advanced Search | T
Contents LR Leyout: All Attributes View  Tools  Units ™
| Ful Database g Poly(ethylene), Ultra-High Molecular Weight Crosslinked (XLPE) (Poly(ethylene), UHMWPE Crosslinked)
* ~
= [£] ¥ materials
Y ¥ Subset:Al Matessls (Defaull
v [ ¥ Msterisls
* [ ¥ Biclogicals ction in crystallinity thet occurs
* | ¥ Ceramics and Glasses antz, typically vitamin ral), which resdily react with free radicals and has
b O ¥ Metals ad qical responses in vivo (Bracco and Oral 2011).
+ [ ¥ Polymers
D < Pour Special Features Bearing surface applications (e.g. acetabulsr cups)
P 3 ¥ Additives
» [ ¥ Biosbsorbables Besignation
» [ ¥ Biclogicals Eetyoletin
r ¥ o
O ¥ Compasites Foly(athylens), Crosslinked (XLPE)
r v mers
. [y E== XLPE, XLP, HXLPE, HXLP, PEX, XPE
¥ I
=i Tadenames
nihstics
N yA } ArGomXL, Crassfire, Durasul, E-Poly HXLPE, Longevity, Marsthon
¥ Acylic
» [} ¥ Aoylonitile Butadiens Styrene Standards
N ASTH F2588
b 7 ¥ Flucropely Alternate names
b (3% Pofvarides Highly-crosslinked and thermally stabilized UHMWPE (ultrs-high molecular weight polyethylene)
» [] ¥ Polycarbonates Bioactivity
b)Y Palyesien Bioastive No
= [] ¥ Folyethylenes
[&] ¥ Folyetnylene), High Density Bioabsorbable N
[&] ¥ Polyiethylene), Low Density
E‘ ¥ Polylethylens), UHMWPE .
[&] ¥ Folyiethylens), UHMWPRE Antioxidant )
[E] ¥ Folyiethylens). UHMWPE Crosslinked Young's modulus Tt GFa
b [ ¥ Palyimides
g & Compressive strength 17212 37.9 MPs
» [] ¥ Pobetones
» [ ¥ Polymethylpent
ClmERpEniEnss & Tensile strangth wioez MPa
» [ ¥ Polyoxymethylenss -
» (] ¥ Polypropylene
HproRy Yield strength (elastic limit) 1910 24 MPa
b [ ¥ Palystyrane
L
FREnT & Elangation 10 to 440 % shain
» [ ] ¥ Polyurethanes
L
Mo & Flexural sirangth {modulus of rupture] 20.4t044.8 MPa
» [5] ¥ Specific Grades
¥ [L] ¥ Costings Material manufacturer information
» ¥ Drugs
El o 5 ¥ Specific Grades
3 E ¥ Adhesives
[l ¥ acomxL
» 5] ¥ Medical Devices

5. What does CES EduPack bring to the understanding?

In this case study, CES EduPack suggest the following conclusions:

¢ CES EduPack Bioengineering Level 3 database is useful to select and understand the biomaterials used
for the femoral stem and also benchmark the femoral head of a total hip replacement.

e Both properties of cortical bone and biocompatible metal alloys can be used in a selection process. The
identified candidates match real-world implant materials and adds to the understanding of their
development in recent history

e Bio-ceramics and biocompatible metal alloys can be compared and contrasted to the UHMWPE used as
lining. To follow the development for highly crosslinked UHMWPE of generation 1 and generation 2 (heat
treated), with enhanced mechanical properties for use in the joint, the ASM medical materials database
can be invoked from within the software, provided a subscription with ASM.
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