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1. ...arbon As A Surgical Implant Material 

Carbon ia a natural selection for a biomaterial, comprising a1 it doe1, 

one of the major components of the human body. However, it waa not 

investig&ted for use because at the ;:ime of increa1ing intereat in aurgical 

implant materials, the technology had not developed to make it in a form 1uitable 

for medical use. Metal• were the matec~,l· of choice for replacement of the 

load bearing joints in the body and in combination with polyethylene (ultra 

high molecular weight) seemed to be satisfactory, at lea1t for the age group 

of patients considered. Aa deficiencies in metals began to be realised, 

corrosion and fatigue, and with the demand for replacement surgery in ever 

yo~nger patients ne~er material~ were sought. Another factor wa1 the 

mismatch in mechanical properties between metals and living bone. lbe 1tiff­

ness of metallic implants leads to interruption in the normal phy1iological 

stress loadings and leads to bone resorption. 'nli1 has led to lover 

rigidity materiala, in particular for fracture fixation device1. 

In cardiovascular surgery the biocompMtibility problem i• more difficult 

due to the complex nature of blood interaction• vith foreign material• and 

the consequences of changing th• blood flow pattern• by u1e of le11 

compliant materialo. 
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Various ceramic materials have been studied, notably alumina for 

ort~opaedic use and apatite for dental surgery. Clinical experience is still 

being gained vi~h these and atten~io~ has also turned to various forms of 

carbon. 1be biocnmpatibility had been established by vork of Benson and 

particularly Bokros vho studied blood and soft tissue. 

Already LTI isostropic carbon, a pyrolytic form made by vapour deposition 

of car.ban from hydrocarbon• on to carbon substrates is uaed in heart valves 

and in excess of 200,000 have been inaerted in patients. Biocompatibility 

in terms of no'l-thrombogenicity ie excellent for the material used in the 

disc occluder in a prosthetic valve, but vear has been obaerved and failures 

reported Vitreous form• of carbon, prepared from an organic polymer 

precursor, have been in~eatigated for tooth root implants. 

Coatings of carbon on to varioua substrate• have been investigated 

since this is a m£ana whereby the bulk mechanical propertiea of the substrate 

material can be utilised vith the compatible surface produced by the co~ting. 

Particularly lov temperature method• nov available (ULTI carbon) mean that 

plastics ancl heat sensitive materials can be treated Dacron knitted 

vascular prostheses Ue one example 

contact devices are being developed. 

Various methods for coating blood 

In bulk carbons three types are being studied ei high strength iaotropic 

carbon, o) silicone carbide/ carbon compoaitea and c) carbon fibre reinforced 

carb?n (cfrc), generally for orthopaedic application(joint reFlacementa). 

'nlia paper is only concerned with the latter, cfrc, being a fibre baaed 

product. 

l 

f 
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2. Carbon Fibre 

Since the development of cart~n fibre it has aeen application in many 

areas in leisure products and industrial developm~nta, particularly aerospace. 

1lle first medical application of carbon fibre vas in the repair of 

tendons and ligaments and more recently for repairin& defects in the 

cartilage of joint surfaces It appears that the fibre induces 

formation of collagenoua fibrous tissue ordered in the direction of the 

c3rbon fibre filaments. 11\e carbon fibre is partially fragmented and 

considerable deposits are ~bserved in the regional lymph nodes. One of the 

problems in replacement of knee ligaments by carbon fibre appears to be the 

laxity which gives a p0!3r end result. Tendon replacement seems to be more 

satisfactory but the frag111entation may be a cause for concern. 

0 
Braided carbon fibre, made up of 32 tows with a braid angle of 43 h• 

been used in medial collateral ligament repair in sheep, the end being 

inserted under a bone shelf to provide anchorage 11\is anchorage was 

found to be firm when implants were later examined and connective tissue 

surrounded the strands under the shdlf with single fibres embedded in bone. 

Oriented collagen fibres were observ~d associated with the strands. 

In a similar experimental aeries in which the braid waa fed through a drill 

hole in the bone histology confirmed the presence of irregular collagen 

bundles in the direction of the ligament but leu dense than normal. Fragments 

o! fibre were seen intracellularly. 1be observation vaa that at one y~ar 

there remained a granulomatoua tissue showing that it is a foreign body 

reaction but well oridnted. c.omplicationa reported included intraartlcular 

di11emination of fibre fragments, rupture and failure of ti•••~• ingrowth. 



'nl.e applica:~on of carbon fibres to the•e replac~ent1 does not seem 

to be a completely satisfactory tech~ique and ia not 4~itable for uae near 

to the skin. The thaue forined around the braid, alt~11ugh partly organised 

does not seem to be noraal tendon or ligament and long-term uee 11 probably 

not yet indicated. 

Biocompatibility is dependent on several factor;:. nc: simply tiuue 

response as usually understood. Mechanical facto1a a1·e ,.qually as important 

and therefore present. results may devend as much on me,:hani cal design 

ce:icier.cies. A study on different braiding m~thods has ~st~bliahed the 

0 differences and has optimised the design to a 43 braid •ng!e with 32 tows 

(each 3000 filaments) In vivo sheep exp~riments •~d laboratory tensile 

testing and fatigue studies vere performed, for the latter t:1e braids were 

attached in human cadaver knees. The importance of an ela~U.c fixation 

was demonstr&ted. 

Experimental uee as a patch for hernia re~air is rep'lrtcd using it in 

the form of a nun-woven fabric A poly,crylo nitril~ ~abric was made 

and then c~rboniaed at l000°c. Dense tiseue pe~eation was obaerved wit~ 

infla111111atory reaction up to 8 veek1. In cont••~ to polyc•ter patches, the 

carbon onee increased in 1t1ength vith time of implantation. 

3. Ca~bon Fibre Reinforced Composites - General Comnent& 

Au important diatinction in the properties of carbon cornpo1ite1 in 

general compared with the other forms of carbon i• that fibre delamination 

is a etrength determining fact~r. Ther have an. advantage that a short 

duration overloaa will not cause catft•tropnic failure although 1ome fibre• 

~111 be broken. ~ a con•equence of delaaination eff9ct•, 1trength 

effectively decreaae• ac the l/d ratio (thickne••/support d11tance) der.rea1e1, 
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1·.e. as the span increaaes. 11\ie impoaee design limitations on biOllledical 

uses and may account for the unacceptable level of breakage found when 

endeavouring to use this aaterial aa a bone plate (8. Hclt1bbin peraonal 

colllllunication). 

11\e use of unidirectional or multidlrectional c0111poeitea ia an &rea 

for discussion. lbe beet strength properties are given by unidirectional 

reinforcement but only when the loads ar~ applied p~rallel to the fibre 

direction. 1be natural reinforcement patterns of :>ones in general accord 

with this concept and certainly the pattern of trabeculae in the head of 

femur !how the lln~s of reinfo~cement to correspond to the directions of the 

principal str~eses. However, bone is a living material which constantly 

responds via cellular activity to the variations in load patterns. It 

also will repair damage. Since a replacement material a:ay not be placed in 

the exact alignment with the atr~•• patterns, since these ci&y change anyway, 

and since the stress distributions are very coap\ex in vivo, it would •~em 

better to nee a multidirectional or croaa ply , laminate. 1bis ia a 

compromi•e and results in •ome lose of strength but does give assurance 

against toralonal forces aa well aa those which are purely tensile. 

Fibre content will also considerably affect strength and Young'• modulus. 

TI"lese increase linearly with increasing fibre content. For biomedical 

applications it la probably pref•rred to opt for maximum poaalble fibre 

content and t~ rely on variatinna in fibre propertfea (e.g. low modulus/ 

high strength, high moclulua/lov strength) to •chleve product modification. 

Particularly in the ca•• of resin b&Med composites, a minimum amount of 

reaih 1• preferred to optia1ae properties and aid quality control. 

-1 
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1he relationehlp between Young 1 1 modulue of an implant and bone 

properties la an area of controverey. It is observed in clinical practise 

that a stiff implant material will lead to loaa of bone density and thus of 

strength of bone material. To avoid this, it is suggeeted that lov modulu• 

materials should be use-J. Hovever, since stiffness depends on the section 

~f the device, i.e. it is design dependent, modulue reduction alone is not 

the solution. Some reduction in modulus will be beneficial but not the 

extent of reduction of strength to a dangerously low level. 

Tile use of hybrid composites has not been really explored for biomedical 

use. Some of our results with carbon-KevlarR hybrid• shoved that althou~h 

toughness was enhanced Kevlar was unacceptable for biocompatibility rea1ons 

(unpublished vork). 

Q'\e limiting factor in surgical implant design vith metal a'.loys h 

the inadequate fatigue life shown by the surgical materiale. Cyclic 

loadings in an insufficiently supported load-bearing prosthesis lead to 

rapid failure by a corrosion enhanced process. Since carbon fibre compo1itea 

do not &how a yield point and the strain at failure is greater than would 

be expected in normal clinical use they are unlikely co fail in service. 

Progressive delaminatiot1 and therefore lo•• in r14idity i• obeerved and 

some of the weaker fibre• aa) fall progressively, but cataetrophic failure 

othei:' than by nigh velocity impact, i• not likely. (See later). 

4. Carbon Fibre Re1nf6rced Carbon 

Carbon ftbre reinforced carbon made by 1a• pha1e denaiZication of a 

carbon fibre matrix .ay be aade with unidirectional or multidirectional 

reinforcement. '1'he proP41rti•• of a unidirectional .. terial are given in 

Table l. 
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TABLE l. 

(19) 
Carbon Fibre Reinforced C&rbon 

Density 

Flexural Strength 

Youngs Modulus 

C.Ompresaion Streneth 

g/cm3 

HN/m2 

l0
3

HNJm
2 

MN/m2 

1.7 

800 

140 

800 

llle high strength, low lllOdulu• combination led :o the propoaal for 

its use in the 11tem portion of an upper femoral pro•t•1eah. v~rioua method• 

for producing cfre have been deacribed 

It is clearly im~ortant for biocompatibility to be eatabliehed and 

Neugebauer et al implanted fragment• into the femoral medullary canal 

of rabbits. Some particle• wece found in other part• of the ani...al but without 

foreign body reaction•. No bone deetruction waa 1een. 'lbere va• a tmall 

&lt!?unt of fibroais and foreir~ body giant cell reaction and alio aoee new 

bone formation. Toxic effect• and aev~re inflammatory reaction• were not 

observed. 

5. Carbon Fibre Reinforced Plastic• (cfrp) 

5.1 Carbon Fibre Reinforced Poltethylene: 

Ultra high moleculaf weight ;>olyethylene (URMWPE) i• well 

e1tabli1hed for uae in prosthetic joint replaceaenta. It doea, however, 

wear and al10 1uf fer• from a certain amount of creep. leinforc .. ent 

with carbon fibre ha• been propoted. One of the problem• i• that 

UHHWPE i• difficult to 110Uld due to it• high (>106
) 110lecular weight 

and lt would be difficult to obtain a good c011poeite. Ueina a eli1htly 
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lower ~clecular weight product this has been achieved. 'Ibis was alao 

ir.vestigated using high density polyethylene , for greater ease of 

fabrication. As reported, when mechanical properties were optimiaed, 

the wear rate was reduced in comparison with results reported by others. 

Creep results indicate that the reinforced polymer may have a more 

stady state behaviour than the unreinforced. 

A carbon fibre reinforced UHHWPE (Poly TwoR ·Zinvner USA) has been 

in~roduced into clinical practise. In vivo studies on abraded particles 

introduced into mice ir.dicated a similar tissue response to that ob5erved 

with unreinforced polymer a 1 though it shou).d be noted that the 

volume of debris produced is important. 

It appears that there is a lack of compatibility between fibres and 

polymer and this requires further inveatigation. 

5.2 ·Carbon Fibre Reinforced Epoxies (cfre) 

'Illis project developed from work on water emulsified epoxy resins 

and the reinforcement of these as potential orthopaedic implant 

materials. However, for load-bearing devices conventional 

systems are required and attention turned to use of pre-preg to make 

laminated composites Type II fibre was used in a heat hardenin~ 

resin system. 

Two aims in the prograimie were to attempt to reduce the effect.• of 

stress protection in bone arising from use of stiff metal lie irr?lante 

and to provide better fatigue life. It is important in fracture 

treatment to provide stable fixa~ion co that healing can proceed. 'Illie 
. " 
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occurs naturally by an internal bridging proce•• (callue formation). 

Rigid metal implants lead to a by-pauing of thi• stage in healing and 

rely for their function on a minimal gap between the broken end• of 

bone. 'n\e plate i• thus supported in a neY bone/plate/ecrew• ayetem. 

If exces• movement occurs the plate will fatigue rapidly (a few we•ke). 

Laboratory fatigue studies in reversed plane bending at lOHz 

were ca~ried out on bone plate designs (8 hole DCP) while sodiwn 

chloride solution at 37°c was circulated round the plates. Stainlea• 

6 
safe load for 2 x 10 cycles steel controls showed a maximum 

minimum lifetime (corresponding 1-2 year• in a patient) to be 6th. None 

6 
of the carbon fibre composite plates broke at 2 x 10 cycles for load• 

up to 13.Sth. Reduction in stiffness was observed and used aa a meaeure 

of endurance limit and an upper limit of 10.SHD waa propoeed. A 

stiffness reduction of 10.3l was noted. 'nle endurance limit i• 

approximately 30~ better than that for stainle•• ateel and of courae. 

catastrophic failure did not occur. 

Following in vivo functional testing in aheep. h•.unan trial• were 

begun for tibial fractures and have been ~eported Approximately 

30 fractures were ao treated and in all caaes aatiefactory healing waa 

ob~ained. Stainleas ateel screws were uaed. 11\e trial ha• now been 

extended to forearm fractur~s for which this is more cl~srly a rec011111ended 

tredlnent and aatisfactRry stability and healing have been obtained. 11\e 

level and type of activity in the forearm 1• quite complex and re1ult• 

may in fact ahow a relationship to theae factor1. 'n\e healing pattern 

is distinctively different from that aeen in the tibia but thi~ may 

affect the relative atiffne•• of the two diffe~ent ayatema. 
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Calculation show• that the cfrc tibial plate• vere of comparable 

sdff nese to the recomn.~nl.ed steel plates and the main &~vantage was the 

improved fatigue properties for a greater poasible range of elaatic 

deformation. 
• 

Laboratory studies show that the method used by the surgeon can have 

• 
profound effects on the overall stiffness of the system and may, in fact, 

mask differences in material•. 

Strain gauged plates have also been used lu determine effects of 

screw fixation on plate characteristics and recent deve~opmenta in 

telemetry should pennit direct in vivo evaluation to take place. 

A full analysi~ of re&ulta is presently being performed and 

includes r~sulta of healing, tissue reaction, plate propertie1 poet 

implantation in patient• Long term studies are alao in hand to 

study the biological performance. Thia, itia hoped, vill lead to 

development of joint·proathesea and a progranme of deaign evaluatiGn and 

mechanical testing is under way and will incorporate our late1t 

developments in ceramic materials. 

Polyaulphone is another matrix polymer receiving attention 

Hunt has extengively studied its potential as a lover modulua implwnt 

m4terial. 

Other groups also report work on composite bone p~ete1 u1ing 

c~rbon fibre reinforced carbon (see earlier). 

5.) Carbon Fibre Reinforced Acrylics 

Acrylic bone cement u1ed to atabiliee the poeition of joint endo-

pro1the1es hae limitations in long-term d~rability and work ha• begun 



I 
- 11 -

to study the benefit obtained by carbon fibre reinforcement. 

Mechanical properties are improved and biocompatibility ia being evaluated. 

A pos~lble use for reinforcement of acrylic dentures has been 

investigated and as anticipated fatigue life of the material ia improved 

but the scatter in results, for varioue reaaona, make• evaluation of a 

complete denture difficult. 

Composite bone plates based on polypropylene and on a diacrylate 

resin have also Leen examined. Poor fibre-matrix adhesion led to 

fibre m!gration and cell culture studies are not completely 1atiafactory 

for the diacrylate material. 
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