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Carbon fibre and fibre lamination in prosthetics and orthotics:
some basic theory and practical advice for the practitioner

B. L. KLASSON

National Centre for Training and Education in Prosthetics and Orthotics, University of Strathclyde, Glasgow, UK

Introduction

The first experiments with carbon fibre (CF)
in prosthetics and orthotics were probably made
by Mr. Nigel Ring, Chailey Craft School and
Heritage, Sussex, England, around 1966,

This was in the very early days of CF
technology, just a couple of years after the
introduction of the very expensive stretched
high modulus fibre. It was a very promising
new technology, but it tumed out, that there
werg some very expensive lessons to be learned
by the high tech industry, before the new
material could be safely used in product
development. The most famous of these lessons
is probably the one when the first use of carbon
fibre in jet engine turbine blades failed after the
production had started, with disastrous
economical consequences for the company.

Mr. Ring tried to make light, stff torso
sockets for upper limb amelics, and soon afier
Dr. David Simpson, Edinburgh, the author and
maybe some others followed. The results were
mnteresting but the costs were prohibitive and it
must be confessed, that we did not use the fibres
very intelligently at the time.

In 1972 Mr. Bengt Ostherg at our Een &
Holmgren Uppsala branch tried to reinforce
aluminium braces with carbon fibre prepreg
after final adjustment of the brace. The
aluminium was then used as a core in the final
product. The results were excellent, but the
manufactaring technique, including the use of a
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large and heavy autoclave, was too impractical
for use in prosthetic and orthotic service.

In the late 1970s Mr. Ossur Kristinsson,
Iceland, invited us to join him in the
development of his new trans-femoral socket
concept, the flexible socket. A key component
in this concept is a very stiff upright, and for
this he suggesled the use of CF. Since then the
author has maintained a very productive contact
with Mr. XKristinsson, although many others
have provided very important inputs to our
development and to our education programmes.

We can now look back at more than a quarter
of a century playing around with CF and more
than a deczde routinely using it in prostheses,
orthoses, corscts and orthopaedic footwear, and
we are far from the only ones. CF is now widely
used in prosthetics and orthotics and many
allied industries, pioneered by Blatchford, UK,
(prosthetic components) and Proteor, France
(orthotic components) have introduced CF
products and applications, one of the most
recent ones the very interesting Icelandic
Masterstep foot. Many of these products are
beautiful examples of good professionalism in
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development and high quality production, while
some of them bear evidence, that the developers
did not know what they were doing, or that they
hoped, that the customers would not know what
they are buying. “If there is CF, it must be high
tech and good!” The author has seen products
where a black matrix has been used to give the
impression that there is carbon fibre in it.

We have given many courses to our own Een
& Holmgren/LIC staff, and we have been
invited to give courses all over the world on
fibre mechanics, CF and lamination since 1981.
This activity has been very stimulating,
although it has been a surprise, that there was
such a need for improved understanding of
basic  fibre mechanics and  lamination
procedures There is no doubt, that the
introduction of the expensive CF has stimulated
us to improve our act and do much better also
with GF (glass fibre) and other less expensive
fibres.

This paper briefly summarises the classroom
content of these courses and emphasises
mechanical  aspects. It includes  basic
engineering analyses, experience gained by the
author and others, and recommendations and
(printed} information from suppliers and
manufacturers such as Union Carbide, Thoray
and [Exel. Complicated chemical and
mathematical analyses have been purposely
avoided because that is just not the way to
communicate with the intended target group:
the advanced, interested and demanding
practitioners amongst prosthetists, orthotists and
orthopaedic technicians.

The designer is strongly recommended to
study the subject more closely in textbooks on
fibre mechanics. Most designers are used to
working with isotropic materials like metals,
and this is a completely difierent game. Fibre
composites are anisotropic (different properties
in different directions), amd strength and
stiffness are much more dependent upon the
manufacturing process.

In high tech applications in spacc and
aeronautical engineering, the performance to
weight ratio is very important, and thus high
costs for calculating and testing the design and
refining the manufacluring procedures are
accepted even if the gain may appear to be
smail. [n mass production and in less critical
applications, such as fishing rods, ski poles,
saiing wmasts, guitar necks etc., a marginal

improvement of the performance is usually not
very important, Thus the costs spent for
optimising the product are modest, while cfforts
are spent on rationalising the manufacturing.
Sorme years ago the author approached different
manufacturers asking for cost estimations for
manufacturing  components for  prosthetic
systems. It turned out, that the high tech
industries, specialised in space and defence
technologies, were 6-10 times more expensive
at maybe 10-15% better performance compared
to what the other calegory of companies could
offer. The other companies gave us, satisfying
morte limited demands, 5-8 times more for the
dollar, if you prefer to put it that way.

In prosthetics and orthotics we see a lot of
manufacturing of individual objects, using hand
lay-up, vacuum membrane moulding and other
techniques where the tooling costs are low. It is
the author’s view that in this category of design
and manufacturing extremely good results and
high quality products are within reach with only
a basic understanding of fibre mechanics, let us
call it “guided common sense”, and this is what
this presentation is about,

There are several problems when introducing
CF, and also glass fibre (GF) although it is
much less expensive, in prosthetics and
orthotics. One is that the basic rules of materials
distribution are not fully appreciated. The
difference between stiffness and strength is
sometimes  not  understood {(CF is  not
significantly stronger than GF, 0 to some 40%
only, but it is about three times stiffer). Many
find it difficult to understand, that the fibres
cannot be permanently deformed, and
consequently the shape of a fibre dominated
composite cannot, with exceptions to be
discussed later, be adjusted after curing if full
strength is expecled.

Maybc one reason for misunderstandings is
the confusing concept of reinforced plastic
(RP). We do not reinforce the plastic. We use
the plastic as a matrix to hold the fibres in such
a position, so that they can do as much as
possible of the job. It would be more correct,
maybe, to say “matrixed fibres”, but “fibre
composite” is an excellent name.

A composite material is a material consisting
of more than one component. In this context it
consists of fibres 1o provide strength and
stiffness, a matrix to bond the fibres in order to
utilise their properties and, sometimes, a core to
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determine the strength as well as the stiffness of
the composite, If the force is perpendicular to the
fibres, the matrix determines the strength, and the
sliffness is determined by the fibres and the
matrix. Short fibre composites approach the
properties of perpendicularly loaded long fibres,
i.e. significantly less fibre domination for strength
than for stiflness.

How is it that a fibrc composite ¢an be matrix
dominated regarding strength and partially fibre
dominated concerning stiffness in the very same
direction?

Look at the matrix dominated orientation in
Figure 12. The fibre to matrix ratio does not
matter. Also if there is 90% fibre, the fibres never
bridge the force flow. The composite is 100%
matrix dominated concerning strength. But if the
fibres are much stiffer than the matrix, which they
are, they will act as a stiffening filler. Then the
composite is partially fibre dominated as far as
stiffness is concerned, be it that we are no longer
lalking about loads alonyg the fibres.

In reinforced concrete the reinforcing steel bars
may be pre-stressed. There is a tension in the bars
before external load is applied. It would be wrong
to say that the fibres in plastics are pre-stresscd the
same way. The thermal shrinking of the matrix
during setting may actually compress the libres
and the yielding of the matrix after setting relaxes
the stresses. As a matter of fact, CFs may have a
negative thermul expansion coefficient, which
means that they shrink when heated during setting,
and cxpand again when cooling to normal
temperature.,

It is important that the matrix tolerates a longer
elongation to failure than the fibres with a
considerable margin. If this is not the case, the
properties paid for of the fibres cannot be fully
utilised as matrix failure ruins the laminate beforc
the fibres take the full Joad.

As the purpose of the matrix is first of all o
create working conditions for the fibres, it is
obvious that the fibre content should be high.
When using autoclave, pultrusion or filament
winding processes, 65% fibre by volume is the
highest valuc for long fibre composites except for
extrcme requirements, when 70% may be reached,
It is however, possible to exceed 30% by more
primitive methods. It deserves attention, that the
quality of laminations performed in limb fitting
shops, using a combination of vacuum membrane
moulding combined with manual removal of
excess matnx, is sometimes so high that the

composite  industries are unable to offer
competitive solutions!

For short fibres 15-30% fibres by volume is
normal.

If cylindrical fibres are ideally distributed and
pressed  together, the space between them
represents about 9% of the velume, and the fibres
about 91%. There is, however, no reason to try to
exceed 635-70%, because then there is a risk that
the matrix may not be able to cover the surface of
the fibres completely, resulting in inferior
bonding.

There is no point in copying conventional metal
structures or designs and making them from fibre
composites. [t is often said that the key to
composite design economy and success is
integration of functions or integrated design. It is
not the purpose to emphasise on design
philosophies here, so let us avoid it by suggesting
that as much as possible is integrated in large
modules and units instead of assembling a lot of
very specialised small components. Specialised
components are bolts, hinges, bearings etc.. Tt is
not only the anisotropy that causes problems.
Bolting, riveting, press fits etc. do not behave as in
mefals, very much because they rely upon pre-
stresses possible, because the metals are used in
their clastic range. The plastic matrix materials
may not offer such assistance for a longer period
of time.

One further reason that makes integrated design
attractive is that fibre composites can be formed to
shape without waste of material due to machining.

It may be reasonable at this point to draw the
conclusion, thal investing in  “materials
substitution” projects, where fibre composite
components or modules are supposed to replace
conventional metal vnes may not necessarily be a
very sensible approach.

Prepregs
A prepreg is a tape or a fabric with
unidirectional  fibres, impregnated by a

thermosetting resin, usually an epoxy resin, 10
serve as matrix.

The resin is partially cored to a “tacky” state (B-
statc). The resin is finally cured by heating under
pressure when the intended structure has been
formed.

Narrow tapes are used when the shape is more
complicated, while large sheets are used for
bending in one plane (aircraft wings etc.).
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It is not correct to say, that the bond between
the fibres and the matrix should always be as
strong as possible. Too strong a bond may give a
fibre cleavage failure mode and to weak a bond a
delamination failure mode. There is an optimal
bond for maximum tensile strength in a composite.

The different coefficients of thermal expansion
of fibre and matrix will develop internal tensions
when heating and cooling, also when there is no
external load. When tensions due to external loads
are added to these internal pre-tensions, we may
too soon reach the tolerance level and ger failure at
less external load than we had cxpecied. We may
actually get cracks in the matrix beforc any
cxternal load is applied.

The first critical moment is actually during the
exothermic setting process when laminating with a
thermosetting mateix. If the internal stresses are
eliminated at peak temperature during the selling,
stresses will be developed during cooling, the
greater, the more difference between the
expansion coefficients. The thermal expansion of
the fibres can usually be neglected. Hence it boils
down 1o a requirement, that the thenmnal expansion
coefficient of the matrix should be as small as
possible. Different sources report different figures,
but it is hopefully possible to agree that polyester
expands about 10 times more than epoxy, and
acrylic expands 10-30 times morc than epoxy per
unit temperature change.

This is one of several reasons why epoxy is the
technically superior matrix material. Other reasons
are that i. is best for wetting, protection and
fatigue. For the most advanced high tech CF
applications epoxy is more or less the one and
only serious alternative. But it is also the most
expensive, and it is very aggressive to the skin
before hardening.

The chemical resistance of cpoxy depends on
the hardening system. 1t is generally good, but
amine cured epoxy has poor resistance to acids.
Anhydride cured ones neither resist strong alkalis
nor organic solvents. There is a wide range of
epoxy resins and hardencrs available, and there is
a lot to gain by selecting them carefully to satisfy
the requirements.

In mass production, at pultrusion and filament
winding, epoxy is sometimes substituted by vinyl
ester (CF sailing masts, ski poles elc.) with very
good results due to its excellent resistance to
weather and chemical stresses combined with
good mechanical properties.

But GF with polyester is excellent for many

applications. In optimised {integrated) design it
made possible a weight reduction from 8 to 2
pounds of a rear wheel suspension element of a
Volvo truck. The springs of the Corvette sports car
are GF with polyester matrix.

It should be noted, that shrinking during
manufacture using polyesters as well as vinyl
esters, can be significantly reduced by using
additives.

Acrylic is an interesting compromise. The
reason why it is used in prosthetics and orthotics,
also for CF, is probably that it has a successiul
tradition there for use with the other fibres. Tt was
carly discovered, that it had to be modified hy
thinning 1o be able to wet sufficiently for use with
CF, and we witnessed the birth of “carbon
acrylic”. [t may be an ideal matrix to work with in
prosthetic and orthotic shop conditions, but it is
cerfainly not the best way to utilise CF. Acrylics
are actually very seldom, if ever, mentioned in the
composile literature.

During the past decade a lot of inleresting
development has been going on in the area of fibre
composites with thcrmoplastic matrices, but so far
no simple method to add the matrix to the
continuous, long f{ibres has been introduced. Such
laminates are commercially available, and if the
user knows what he is doing, they can be very
useful. Sometimes the matrix is “semi-
thermopiastic”. If epoxy is used. it may be
possible to soften it by heating and deform it
permanently once or lwice. This properly expires,
however, when the cross-linking starts (see
below),

Unfortunately, however, it is frequently
believed, that if the matrix is thermoplastic, the
composite 15 also thermoplastic. This is, as
discussed above, not true, at [east not i the
composite is suppased to maintain its strength
properties after deformation.

It is very different with short fibre composites.
Nylon with short GF or CF has become very
successful, also in prosthetic and orthotic
applications. These composites also exhibit 4 troe,
but limited thermoplastic behaviour.

Matrix strength

As indicated above, the most sought after
strength in the matrix is shear strength. This is
very much because il is sometimes more or less
impossible te avoid matrix domination for shear
stresses due to bending,.

It is frequently suggested, that the matrix should
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Density E E/dens. o a/dens.
Fibres (Kg/m*) (N/mm?*) (N/mm’)
E-glass 2,540 70,000 27.6 1,500 0.59
S-glass 2,500 85,000 34.0 2,100 0.84
CF-high strength 1,800 230,000 128 3,500 — 8,000 1.95-4.45
CF-high modulus 1.800 400,000 222 2,100 - 6,000 1.17-3.33
Boron 2,630 400,000 152 2,100 - 4,100 0.80 - 1.56
Kevlar 1,450 150,000 103 3,700 2.55
SIC: (Whiskers) 2,200 500,000 227 7,000 3.18
Polyurethane 1,100 70,000 63.6 1,500 1.36
Metals
Aluminium 2,700 70,000 25.9 230 -700 0.085-0.26
Steel 7,900 210,000 26.6 500 - 2,200 0.063 - 0.28







