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.4 when nitinol alloys are plastically deformed below the TTR, they

///' are capable of reversable and forceful total recovery of shape
when heated to temveratures exceeding the TTR. This study inves-

tigated the bio-compatibility of nitinol alloys and the ability

of these alloys to display their "shape memory" properties in vivo

All tests concerned vith the biologic acceotability of the
nitinol alloys showed no adverse tissue reaction to the nitinol
alloy when compared to titanium and 316-L stainless steel.!| These
studies included the effect of nitinol alloy powder on human fiber|
glass cultured in Leighton tubes, the effect of nitinol alloy
filings on collagen synthesis in fetal rat calvaria tissue, and
the tissue response to nitinol implants placed in the subcutaneous
tissue of standard laboratory mice.

' Nitinol bone plates containing a strain guage were manufac-
tured. These plates were pre-stressed below the TTR and held in
a pre-stressed manner until anplied to the femora of sheep, after
which the restraining device was removed allowing the alloy to
. return to its original'shape.ﬁQThe force transmitted through the
plate to the bone was documented by monitoring the strain guages
at periodic intervals. Data obtained in this fashion revealed
that the nitinol alloy retained the "mechanical memory"” in vivo.

A hip prosthesis and intermedullary rod were constructed using
internal fixation comnonents wnroduced of nitinol. These were
placed into a human femur with the temperature of the units bhelow
the TTR. Firm fixation of the metalic comnonents within the bone
by changes in shane of the nitinol components as the temverature
exceeded the TTR demonstrated the feasibility of utilizing nitinol
alloy in the production of certain Orthopaedic implants.
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EVALUATION OF NITINOL FOR USE AS A MATERIAL IN THE
CONSTRUCTION OF ORTHOPAEDIC IMPLANTS
Army Contract, DAMD contract 17-74-C-4LO41

PHASE 1, 1 December 1973-2% February 1975

BACKGROUND AND D1SCUSSION

The near equiatomic alloys of titanium and nickel with their unique
‘"shape memory'' displayed future potential as superior materials for ortho-
paedic implants. It was the purpose of phase | of this project to investi-
gate and evaluate the in vivo biologic acceptance of such materials, given
the generic name NITINOL (Ni-Ti-Naval Ordnance Laboratory). Previous studies
by Buehler‘ have shown that each of these alloys possesses arcritical
transition temperature range (TTR) over which the alloys undergoes a highly
unique electronic change and atomic repositioning. This TTR can be varied
through alloy composition changes in excess of IOOOC down through the 1iquid
nitrogen temperature (-196°C). Certain mechanical properties such as
elastic modulus and yield strength, also vary drastically as the alloys are
moved through the TTR. Furthermore, when NITINOL alloys are plastically
deformed below the TTR (up to 8%), they are capable of reversible and
forceful total recovery when heated to temperatures exceeding the TTR.

The greater the amount of strain, up to B4, the larger is the recovery

stress on force produced.

OBJECTIVES
1. Investigate the corrosion resistance of NITINOL alloys of varying
composition when exposed to biologic fluids for different time
periods based on earlier work by Castleman, et al. (personal
communication) that revealed that NITINOL‘was, in fact, bio-

logically acceptable,

‘Results of this work may be found in Appendix A.




2. Demonstrate that these alloys continued to display thelr 'shape

memory'' properties in vivo,

MATERIALS

To study the biocompatibility of NITINOL, it was necessary to look at 3
several alloy compositions. Because various potential medical davices
require certain design characteristics, representative alloys spanning the 1
temperatures and recovery stresses were invostigated in order to ¢rovide
for a broad spectrum of future applications (see Tabie 1), The primary

difference between each alloy was in the nickel-cobalt retationship. Such ;

i i

changes altered the heat recovery range. The inmediate wrought configur-

ation and ultimate use of each alloy may be found in Table {l. The fol-

lowing four NITINOL materials were prepared for this Investigation:
1. Filings and powder. Fine filinys and powder redu!red for flbro-
blast tissue studies were producad by filing a 4.5mm diameter
alloy rod with a tungsten carblde fite,

2. Inplant specimens (see fig. 1). NITINOL alloys were machined into

implant specimens whose axis was the same as the principal

aris of the original hot swaged rod, The dumbbell conf!yur-

B e

ation allowed for ingrowth of tissue which could then ef fec~

é

1

!

{

|

1

|

. {
tively resist wandering of the implant in the tissue. é
3. Washers. Washers were prepared, but were not used untll phase || ‘
i

of this project and will be described further at that wolnw.

. k. Bone plates. Contracting bone plates were designed and marhined
as outlined in Appendix A to determine whether or not NITINOL

alloys would continue to exhibit memory recovery when heated

i L . N2 S L S, SN .- SO SN S PR S

through the recovery range in vivo,
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. METHOD AMD RESULTS

The folloving studies were performed in order to determine tissue re-

sponse to various L (TINOL alioys.

1. he first study utilized NITINOL powder alloys |, IV, and V in human

M o0 e S

fibroblasts cultured in Leighton tubes with McCoy's culture medium plus

calf serum. Titanium and 316-L stalinless steel were used as controls. In

[
|
;

this short-term experinent, morphology and cell counts were checked as
gross barometers of tissue toxicity. At 20 and 26 days, no significant ,;
differences in morphology or cell counts among the three metals were

revealed (see fig.2)

2. The <econd study was carried out by Dr. Gerald Finerman and his staff

at UCLA., Filings from each of the 5 alloys as well as from titanium and

stainless steel were placed in buffered fetal rat calvaria tissue in order é

to determine their effects b.uth on general protein and on collagen synthesis

(see fig.3). With over a hundredfold concentration range for each of the é

substances, no statistically significant differences from the controls were
" found. Shaded areas on the graph in fig.3 indicate the range for control

* values, and in all cases, experimental values fell within these ranages.

3. The third portion of phase | utilized the small dumbbell-shaped im-
plants beneath the skin of standard laboratory mice (fig.4). Each of the
five alloys was tested on 27 mice, nine implants left for one week, nine
for thkree weeks, and nine for nine weeks. The animals were fed a standard

diet and watered ad libitum. Activity was not restricted. For surgery,

-

the mice were anesthetized with ether. A small incision over the sacral

area we made with a hemostat subcutaneously approaching the scapular area

.

\ .
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posterforly. The chromic suture materia! was passed from ;he sacrum
cept.alad and emerged with the needlie superior to the scapula. The implant
was then pulled from the sacrum into the scapular area and locked witﬁ a
chromic suture. {implants were not left over the sacrum as orininally
planned because of the animals' ability to get to this area and disturb the

implants. At one, three, and nine weeks, the mice were sacrificed and

the impiant was remuved in toto. Specimens were observed for gross f(rri-

tation and discoloration., The metal was not explanted from the surrounding

tissue in order to preserve the interface.

The metal, together with the surrounding tissue, was then embedded in

methy Imethacrylate. The extreme hardness of the metal, however, pre-

vented the microtome from Eutting sections. It was therefore necessary to

place the entire block in an acid solution and to pass a current

through the metal. The NITINOL implant then popped out, allowing sections

to be cut with the microtome. Although small bits of the fibrous layer in

contact with the metal were lost, representive sections in most of the prep-

arations were obtained (fig. %)

No gross necrosis and/or color changes were observed by macroscopic

examination of the tissue samples in the NITINOL, stainless steel, or ti-

tanfum tests. Microscopic tissue response was evaluated by studying the

fibrous membrane {nmediately adjacent to stainless steel, titanium or

alloy implants,by »sserving the cellular activity of the connective tis-

sues around th. .xmbrane, and by checking the muscle around the implant for

signs of degeneration and/or abnormal cellular Infiltrates. An early fi-

broblastic respor-e in the formation of a membrane aound the implant was

revealed in afl cases. At nine weeks, vasculature apd blood vessels sur-

There were no giant cells present or

rounding the ares a2ppeared normal.
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i degeneration of the muscle layers or loose connective tissue. No signi-

ficant differences between the control and the NITINOL implant tissue sec-

tions were noted. ‘ .

4, The final step in phase | was to study N!TINOL plates as designed

P e T B e R e L -

and machined in App. A. The plates were instrumented using strain gauge

TE IR XA T

cells glued into the plate (fig. 6) Two small wedges were drawn into the

siraining cavity during cooling of the plate. Because the outside diameter

of the wsdges was larger than the entrance diameter, the straining cavity :

was effectively elongated. With the straining device In place, the plate |

was then dipped into 90% alcohol at -ISOOC. This temperature was monli-=
tored by probe tnermometer during plate cooling, As the plate and the
straining device were cooled, a wrench was used to apply active forces i
to the straining device. Once.this device was sufficiently elongated,

and the wedges were in place, the plates were allowed to warm to room temp=-
erature and were standardized with a hep strain gauge cell,

Following standardization, the plates were gas sterilized for implan-
tation in sheep femora. The hind legs of the sheep were prepped and draped
for » lateral incision., Either the dorsal or lateral aspect of the femur
was ..iected, dependent upon how well the plate mated itself to the bone,
Standard placement of the screws was achieved using a torque of 40 kilo-
ponds of force. The straining device was then removed, and the pressure was
recorded in kilopounds (fig. 7)

* Measurements of the strain gauge cells were taken at wzekly intervals
(fig. 8). The sheep were fed standard diets with water ad iibitum. MNo
restrictions were placed on activity. The plates weme left on for 1-Z months.

Radiographs of the femora were taken at two-week intervals (fig. 9).
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Eight sheep underwent surgery. A totuj of eight different plates were ap-
plied at this time., Control plates were the A-0 DCP type made of stainless
steel, Microradiographs were taken and normal staining of bone tissue was

carried out (fig. 10) No grossly abnormal proliferation or discoloration of

T e T e

tissue surrounding the plates were observed. On all histological specimens
Including controls, absorption cavities could be seen beneath the plate indi-

cative of stress being borne by the plate rather than by the bone. The 1

A
¥
I
Il b
%

4

strength of the forces at work within the plates was evidenced by a plate ]
that fractured after being warmed to rcom temperature with the constraining
device in place, sending portions of the constraining device several meters
from the original site (fig. 11). Two other plates were renderéd inaccurate
when the strain gauge wires were broken by the sheep. Points In fig., 12
represent the initial measurement of force taken with the plate in place

on the sheep femora. The range extended from 8-108 kllopoﬁds. Tests
revealed a standard bone response to the strees applied, whether by

NITINOL or by stainless steel,

CONCLUSIONS

1. NITINOL appears to be as biocompatible as presently accepted materials. é

2, Unique properties of NITINOL are not altered by a biologic environ=

Mntl
3. NITINOL continues to show promise in several specific problem areas

of orthopaedic surgery, as further supported by the data obtained

. in phase Il of this project.
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} . PHASE ||, Ending January 31, 1976

] Phase | revealed that:

1. NITINOL appeared to be biologically acceptable in vivo.

2. The distinct and unusual characteristics of NITINOL would

YR T e i -2

indeed function in a biological environment.

T

Based upon the findings in phase |, phase |l combined the efforts of the

Johns Hopkins University School of Medicine, Division of Orthopaedic

Surgery and the Naval Surface Weapons Center in White Oak, Md. to produce

a new implant technology. Under primary consideration were the problems f
f K surrounding fixation of prostheses to the hip and the possibilities of

using a NITINOL intramedullary rod (App. B).

Mr. Dave Goldstein and Mr. John Tidings of the Naval Surface Weapons

TR, IR

Center designed and manufactured both a prototype hip proéthesls and an

intramedullary rod (fig. 13) The prototype hip prosthesis was fabricated

with heat-activated self-deploying NITINOL tabs (fig. 14) This prosthesis

gV Y

was Inserted in a cadaver fenur at a temperature of 0°F. Upon warming to

70°F, the tabs deployed and formed a structurally rigid assembly with the

0 S 1 DD

femur (fig. 15) This was considered to be a strong indicator of feasi-
bility of a self-deploying NITINOL prosthesis. Removal of the prosthesis
was achieved after recooling the femur to 0°F and then pulling at opposite
ends of the assembly. The insertion and removal process was videotaped
through an image intensifier at the University of Mississippi. A copy
of this tape is available through Mr. David Goldstein at the Naval Surface
Weapons Laboratory.

An intramedullary rod was also designed using a bulbous NITINOL as-

sembly which would fix internally and cause increased stability (fig. 16)

L .
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This prototype was also tested by inserting it in a rnamad«hole in a femur
after flattening of the NITINOL elemcnts at 0°C. As with the hip pros-
thesis, withdrawal was possible by re-chilling the bone/rod assembly.'
The embedded device in the expanded mode was impossible to withdraw,

thus indicating that exceptional stability was achieved In tha femur.
Radiography illustrated both the deployed and non-deployed position of

the NITINOL elements in relationship to the bone (fig. 17).

One added erperiment to investigate use of NITINOL in orthopaedic
biomaterials tested NITINOL washers that were implanted into sheep femora
with alternating stainless steel and titanium screws. These were implanted
in two sheep in 1975 ana remaln.ln place. Stress reactions around the
screws can be observed in fig. 18, but there was no evidence of toxicity
related to the Interaction of the different metals. On physical examination,
no lymph adenopathy or reaction in the soft tissue surrounding the im-
plant were present., The sheep have continued to graze and perform the
usual duties of sheep without any alteration of their normal lifestyle.

The sheep vtill be sacrificed at a later time and studies of the histol-
ogical compatibility of NITINOL, stainless steel, and titanium will be under-
taken at that time,

PFoblems encountered with the above project were primarily centered
around the difficulties in: 1.) stardardization of the titanium-nickel
ratio into an appropriate temperature mode for use in the body, and
2.) attempting to work with an extremely hard material.

Despite these technical problems, it appears that NITINOL can be suc-
cessfully utilized in the manufacture of properly designed orthopaedic im-

plants and will deploy in the body as expected. The pogltivo findings in

both phases of this project merit further attention in the future.
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pr. S. M., Perren

Laboratorium fiir Experimentelle Chirurgie
Schweizerisches Forschungsinstitut .
CH-7270 DAVOS~-PLATZ ;
Switzerland :

‘oo -

Dear Dr. Pecrren:

i i I have received a cvopy of your letter addressed tn hr,
) Lee H. Riley, M.D., dated 10 November 1972. I have made a
very careful study of the letter's contents in order to

respond in a thorouqh and proper manner,

> I feel the first response correupondence should deal

primarily with denign cnnsiderations. This would consider

. such aspects as the strain-hcat=racovery nf the Nitinol,

function of temparaturn and time, sclectinn of an aptimun

;
|
contracting forece and the effrnects nf varicd strain as a i
é
!
l alloy "transition temnerature range" (TTR) and various miseacl- %
i laneous required data in order to make vour measurements i
mcaningful. !
Algn, in light of the following discussions, vwe shouid
jointly consider whethar the presant. provnnscd bone plate
denign is optimum for experiments with the Nitinol allev:n.
While these thounght prncesces may appear somevhat time con- !
. suming, I fceel thdt fewaer aexperiments may be nceded to con-
cluasively test the valums of a rontracting Nitinnl bhonae plate
system, . ;

To profacc what followr, T definitely feel a contracting

Nitinol bonc plate is a noval approach and it could add a




? ) new dimension to hecaling fractured hones. However, my initial

concern lies in the arca of the contracting force. 'With the

X I

contracting force potential of the Nitinol, means may be re-

pr

quired to lessen or moderate this force, T have devoted a sece-

tion of my following vrite-un to this aspeat. ﬂ

The In Vive Compatibility of Nitinol

During the discussions following a recent talk that I gave %
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in San Francisco, California, U.S.A., a Dr. Alan A. Johnionn,
Ph,D., Department llecad, Department of Materials Scicnce and
' Engineering, Washinqgton State University, reported that he had
. ' ‘tested binary TiNi-base alloys (Nitinols) in vivo on beagln

dogs. His study was only to determine the biocompatihility.

His tests centerced aronund plates that were merely fastened to ;
4 the front leg hones of the beagle. Some plates had haeen

embeddad for as miuch as 18 months. e summarized Wi reasulhs

. e——

hy stating that there had haen no evidenae of irritation or

inflammation in the plate area and thnt a thin fibrous sheath

[T,

had formed over the platen.

It would appear, basnd upon thesc data and our own success-
ful crevice corrosion results on cohalt-modified Nitinol in
saawater, that this aspect will present no problem and may bhce

sat aside at this time,

Important Design Considerations ?

The Nitinol materials undcrgo what in commonly termed a
"martensitic transition" (transformatiop). This transition is

in part described in the literature; sce references A, B, C

and D, enclosed. The term “martensitic transition" is used
. A : ;
' | 2 K
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here only to denote an atom "shear" movement associated with

the application of a "shear force." A second feature of the

Nitinol alloy systenm is.the unique electron bonding change that.

occurs as a function of heating and coocling through the transi-
tion temperature range (TTR). The combination of atomic

shearing and clectron honding change provide the strain-hecat-

recovery behavior and the unusual force .that accompanies this
raecovery.

I have enclosed reforence E in an cffort to have the basac
design principles better understood. The information and data
in reference E were extracted from a "Nitinol Charactcrization
Study” paerformed at Goodyear Acrospace Corporation for the MHNASA
orqanizatién. In this study three alloy cémpositions were uned,
which were labelcd A, B and €. Information on the three alloys
is given in Table ITI (Ref. E)- Figure 5 (Ref. E) graphically
illustrates (as a function of resistivity) the keoy critical
temperatures as they relate to the martensitic transition in
the Nitinol materials. The symbhol definitions arec given in the
upper right-hand corncr of Figure 5 (Rref, E),

It should be emphasized that heat-recoverable straining

must be performed bhelow the M_ temparature. TFurthcr, the A
oF ]

D
tomperature must he reached (on heating) hefore the onsct of
dimensional recovery can occur. Alsn, tho precisae temperatures
of hs and HD can be varied considerably by altering the alloy
composition., This latter point is deccr#bed in some dctail on
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pages 111 and 112 (Ref, A). In a practical sense recovery
temperatures (A_.) may be established by alloying as- low as

liquid N_ (~196°C) or at various levels up to about +100°C,

2

This A_. temperature flexibility is a most important design

S
consideration and will Le discussed in more detail below,
Following alonqg in refercnce E it can he seen in Figure 6
that there is a definite relation hetwaeen strain-teat-recovoery
(bend in this case) and the elecatrical resistance (resistivity)-
temperature profile, Tha optimun recovery accurs in a material
with proper cold working (below "D temperature) noupled with a
proper final anneal; see Iigure 6 (Re", L), upper right nanel,
Typical enqincaring stress-elonqgation cuxves (in tengion)
are presented in Pigurns 14 andl 15 (Re®. RB). MNota the chanqge
in curve shapa hoth helew and above the tranusition tempnerature
ranqo (rrny . This may be acun more clearly tn my Ggenaral anrvaey
qtvén in referencn F. The vast diffrraeneanns in curvr shapc
arohdirectly attributsable to the aleoctron bhonding shanqges that
occnr between the l\S tmperature nn healting (Ms on vonlin-g) and
thn HD temperature,  Thaae bondineg chiangos are nost v dent on
the elastic modulus (1) and Lthe yinld strangth (Y.5.), and the
change is summarized graphiecally in P'igure 16 (Ref, FE). Stated
in simple terms the Hikinel materials are wery ductile and
flexihle (R % 3.5 x 10” psi) and passess lev stvenqgth (Y.5.
10 x 103 pni) below the As {(nn heating). The application ¢£
heat causcs a chanqe to pradominantly gﬂlﬂlﬁﬂﬁ_hﬁliinl tn tane

place above the As, which sharply.chanqges the F ta about 12 x

6
10" psi and the Y.S5. to ahout RO x ]0J psi. The resultant alley,
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above its transition temperature range (>> AS) is thus quite
strong .and rigid. Certainly, above AS it represcnts an cngin-
eering typo material th&t one can work with in a decsign sense,
Thercfore, in designing a suitable bone plate alloy one must be
certain to have body temperature definitely above the AS-MD
range (Fig. 16, Ref. &) of the alloy. Such an alloy will pro-
vide, at body temperaturn, a suitable immobilizing hone plate
structure and yet will receivae sufficient heat f£rom the body
to contract with grecat {orce.

To be an cffective means of forcing together or impacting
‘the fractured hone rncctions the "mechanical memory" must hna
capable of exerting an adequate force--yct not too large a
forca., Piqgure 28 (Ref. I) shows typical ténsile recovary strass
versus temperature curves at wvarious prestrain levels (when

straining is donn bholow tha MD'AG ranqn). fAne can immediately

~note certain key points; for example, tha maximum recevery

stress appears to bhe asneciated with a toensile strain of f13,
Also, the recovery stress increasnes as a function of strain

up to the 8% strain lavnl, Another inportant fact 15 the tcn-
perature chanqge (AT) that ins regquirand te reach the maximum
recovery stress, 1In earh strain level un to 8% the AT from
onset of thermal recoverv to the "kneo" of the curve iu
increasing with inecveasing prestrain, o best illugtrate the-ne
points I have extrantad the curves »nf three prestrain conditions
(2, 4 and 8%) and these are shown in refimrence G, In hrief
thesa curves are ohtainnd by prestraining a Nitinol wire sanmple
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; -
j . a given amount (for example, 2, 4, 8, etc.) , then resistance

g . heating the straincd wire to increasinqgly higher temphraturcs

? ; while providing the nccessary forece (arrows, Ref, G) to main-

; ' tain the prestrained length. Knowing the sample cross saction

E arca, curves of recovery stress versus tenperaturce are attained,
é i It has been previously established that the initiation of

recovery (A.) is a variable of the allay, enmposition. Sinee
body temperature is fairly consntant (ahnut 37°C), some inter=-

esting design possibilities arise.

Assume the above 2, 4 and 8% recovery stress-temperaturc

curves and further assume that through alloying these cuzves

i

|

H

’ can be moved sidewise in positinn with reupect to tha temperna-

ture axis, Vith these ascumptions ectablished now pnsition

body tempecrature vurticrally across the eurves, Aas thown in

e mme —————-

' reference Il by the Aathed lines., Redy temperature i 37°0; ;

however, it is shewun all fouy Aifferent lncations, This graphieal
representation is simnler than maving the curves sidewise and

provides an equivalant rasalt,

v e e b ol

Now 2ne may ohgserve hhe follawing;: if body Lemperaturs

is at positinn A the 4% strain will preduce “he greatest

recovery stress followed hy 2% and lewst by 2%, In positinn 8

the 4% strain gives greatest recovery stress while the 2% and ;

. 8% are equivalent. 1In pnsition 7 the 4% and 8% arec equivalent

while 2% lags behind. At position D the 8% strain is previding ;

T much the larazst raecovery strass with the 4% and 2% Aronping

down in order.
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From the representation given in reference H the import-

ance of alloy design (composition) can be seen., Where should

the As temperature (onsct of recovery) be with respecct to a

fixed body temperature? Illow much temperature change (4T) is

required to provide the nroper bonn imnacting force? Further,

how much impacting strens is desired or can he tolerated by the

bones? Or, will the hone screws be stripped from the hone

thrcads if the load bhecomes excessive? A still further con-

sideration is: what might the curve of impacting fnrce as a

fuﬁction of time look like-=~particularly if the bone mending

is accompanied by contraction and thus strain reductinn? I

have conjectured graphically in refarenece I on thin anpest.,

No effort has been made fo put these nurves in any proportionate

scale. The curves are nmarely qgiven tn qraphically <hnow tha

relationship of impactiug forae, the 1 to holy temuecature
. 'Rl

change and the possible aoflects »f roduecoed strain during hone
1

mending.,

In summary, it would appear that situatioca D (Ref. H and 1)

is lecast complex. Maximum impanting force nccurs immandiately

on heating the 8% prestrained plate to bndy temperaturn. Then

any lovering of the striin will bhe arceaompanicd by modest lovwer-

ing of the impacting “naven.,  The other reprosentations (hody

temperature at A, C in Pef, 1l and T) mevely show what might

occur with very caraful A_ to hody temperature cortrol. MHow-
3 .

: b

ever, these latter possihilities wonld probably require a very

careful alloying study in erder to bhe able to place body

7
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!
: temperature in cither position A or ¢ (Ref."H),
Now iet us address the design conciderations dealling with

the contracting force (recovery stren:) asgsoclated with tha

Nitinol material. Figurae 28 (Ref. L) chows the magnitude of

for an anngaled uniaxial-gtraineu 0.1

‘ the "recovery stress”

inch diamcter wire (rod). To assure continued pressure at the )

fracture interface during hecaling one would probably tend to use
1

a strain (stretch) approaching that vhigh will provide naarlv

complete hecat-induced recovery. Furthor study of Fiquras 29

through 31 would set that strain (stretch) level somawhera in

: . the 6% to BY range. Alsn usiig a 6% Lo A% strain will provide

a significant amount o€ plate "stretech”" evan in rathar short ?

bone plates., A stretch of 0,060 inch te 0,080 inch per inch ]

: of strotched bonn plate would allow adnquata tolaeranca during

s i ot

initial bone nating, healing aceommodatinn, cte. IFurvher, as

was indicated ecarlier, if this initial ascommoda“iun cauges a

1nad (feren) associatnd

moderate drop in strain (atreteh) thae

with the lower strain values will s¢ill he quite high (saun

Filgures 29-31, Ref. ).

Ascuming the uue of strain lecvnln of 6% to €%, nna must ba

i
concarned with the kind »f racovary strass nr furra thip wirl !

produca, Usnsing Fiqurn 10 (Ref. E) data fov a 0.1 {n~h d.amater

wire (rod), one is abla tn derive the data given ir Ta%l» I. =
¥
Thasne data show the relative magnitude nf racovary str.tg onn *

night expect from a 12 mm x 4um Nitine)l bone plate crvons nratlon

when strained (ntratcherd) to various loeyels. Onu a 1.0 squ&rn

6
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; " inch of hone interface the impacting stress varies from 1995

psi to ‘5920 psi. While‘a 2.0 square inch interface va}ies from
998 psi to 2960 psi. Ohserving the genarally lower recovery .
stress trend for laraqor dismeter wire and sheet (Figures 29-31,

Ref., E) might indicate come gencral lowering in a wrought bonea

d plate section. How nmuch lower the rercnvery stress values (at

C CIRRTTIEALG T E S W AT L T e T
-

various strains) might h: in the proposed 12 mm x 4 mm hone
plate section is unknmewn., Since the re¢covery stress (force) iw

a functiuvn of the orientation and degrece of microtwinning, one

would have to actually determine the recovery stress at various

i

strains insiho 12 mm x 4 mm bone platr experimentally.

|

I | Now;éne has to ask the question, "What level of impacting
g :orcé g; optimum tn expedite bone mendinq?J Is that impacting ‘
; torce-;ttaincd. or exceceded in the proposcd bone plates and
expeiimcntn? 5
~ The maximum impacting forcus (revovery stresses) shown in
Takle I cannnt he exceaded in the 12 mm x 4 mm proposed lone

* plate. Higher impanting forces anould nnly vesult from larger !

bone plate sectinn size. Chances are very good that the values
given in Table I are higher than rcan be expected in *he more
massive wrought beone plate snection.

llow then dones one reduce the impanting force while employ-
ing a fairly larqge strain or strateh in the plate? Delcw are
listed some sugger.cod techniquas:

1. Use a lower proestrain (strntch)“but somechow extend
the length of the strained zone. For cwample, 8% strain over

! 10
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2 inches = 0.160 inch of stretch. While the same 0.160 inch
While the

stretch .is poosihle using a 4% strain over 4 inches.

NETZR e

)
: stretch is similar the racovery stress for 46 strain is consid-

exrably lower than in the 88 situation.

2. Reduce the cross saectional arca of the portion of the

bone plate that is strained (stretched). This will lessen the

recovery stress proportioenal to tha area of the stretched portion;

T S TR IR W PO 7T et Loy

]
however, it will also reduce the stiffness of the honne platne in

the thinned section. The latter limitation may affect the abilisy

of the plate to immobhilime bending or lateral movament in the

—— e mem

fractured arca.
Establish the TTR, through alloying, so that body

. 3,
] ) temperature (37°C) falls nn tha sloping portion of the racovery

e — .-

}
gtress-temperature curye (oen Fiqg. 29, Eaf, E and Ref. U, Jinesg

S ' A, B and ¢), llowavar, ohserving Ref. 1, lines A and P and

referring to my prinr discussion--anna can sae potantial problens

(contraction) the impacting stress

ARG T e S o

whein the strain levael lassens

>

.. can actually inernasa,.

N 4. fge overctraining as a means of forcing the maximum
recovery stress down £m a lowaer 1nvel, One can oboterve this

R S

trend in Figures 28 (19% «curve), 29 through 31. Howuaever, to

LD
employ this scheme onne would havn to %nnu more ahnut the recovury

_‘.‘A
o stresg vs temperature profile for ovarstraining sections lika

those utilized in hone plates.
i

5. Fnploy 4 two-picece bhone plate that is designad to

telescope or slide one piace within another but yet maintain

1 _ !

.
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rigid alignment of the fractured bone sections. This scheme,

if at all suitable, would allov initial fastaening of the plate(s)

\ ? to the fractured hone seations followed by the attachment of a

stretched Nitinol element(s). In this case the contracting

(impacting) force could be accurataly controlled based on the

straining and cross-sectional arca of the contracting NHicinnl

element(s). )
' 6. Another possible method 2f reducing the contraacting 7

T TN B TN A S S L e e e e et -

X

force might utilize the bucking action of a apring component

i built into the bhone plate propar. A arude atteompt at a dasiqgn

ig offercd in refaerenca J. Here one could use oinr or mora

AN B 22t

ptratched and contracting Nitineol wire or rnd nleoments that

2 L,

would producae a force nadnaratedl Ly tha comprensive straining ;

(hending) of a designated partion of the plate. Refarence J

) ; shouwns a typical prepoased middle seection. 1If this middle sra4ion

were Aesigned properly it seems that elastic bending could bHa

made tn occur sidewise as illustrated while minimiuzing upward

bending. Pearhaps to acecomplish thin a considerally differeanc

neeexie

e T

o
: Hitinol element maounting cut-nut wehhing design wouldl bLie

sary. The illustratiors in rafercnce 3 are mercly emploved to

2]
v+, augqgest the usae nof tha hone platn itself to control more acecu-

i
- rataly the imparting force. Whether nr not a multicnampmnent

34 contracting bone plate is feasible still remaine a nuestinn.

| In summary, six "tachniques" have bobp sugqented as pnasikle
-'L .
means of controlling or moderatineg the impacting force produced

by the uniaxial eantracting force.of hhn Hitinol., Thig g not

' " to imply that the above are tha only moans of contrelling the

impacting force. The major intent of Ehis exercine in tn shew

12
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that some means are available by which the impacting force can.
be adjusted. Further variations are definitely possible and it

is hoped the above will encouraqe original thoughts and tech-.

nigques that may prnve mnre desirable.

o o

+he Nitinol material altrtays exhibhits a heat-recovery which
is in opposition to the prestrain diraction. This sufggests the
poosibility for multiaxial straining and complex bone plate per-
formance. How much recoverable straininng is possible in twn or
more directions simultancously is unknown. ~Perhaps it bhears
some relation to the 8% level of uniaxial prestrain. This point
is made merely to suggest that multiaxial movement is probably
available from Nitinnl, If this conuld ;dd a highly useful
aspect to hone healinqg, some cxpetimentgtion should he initiated
to hetter underntand tha eomplex ztrain-hnat-racnvery as a pre-
lude to bone plate desiyn,

nitinnl Bone Plate Maunting Technigne

Agsume tha use ot a Hitinnl composition that has a TTR
gslgnificantly below hody temperature (see point D, Ref. ).
Itlow, then, dnes ane mount such a plate without triggering con-
traction during the mounting preacess? ’

In prineiple, 17 one can helicve fully the data in reforence
K, it ig apparently pnssible to supprasg the heat-actuated
recovery. In refarnonce X the hent Nitinol wira was allowed to
recover alastically, then it wan conﬁtrnincd in pnsitio; whila

it was hoated wall above its normal unstrained TTR (Ag ~ 100°F).

13
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At about 280°F the constrained wire was relcased and allowed.to

The data in reference X indicate ahout 964

14

frealy recover.
recovery nnder these conditions. TFrom these data one might assume

a similar behavior when constrained following stretching and

heating woll above the TTR. This latter point should be checkod

experimentally hefore considering it for bone plate use. If the

constrained recovery is nermissible then: the following hone plate

mounting steps are suqqgested.

1. The carefully machined plate is immersed in 1 suitable

sterile rafrigerated bath to lowver its tempcerature well helow

the Mp-Ag range for the alloy used. Partial rilling of the

strained area only may he employed if thnre are attendant advan-

tagoa,

2. Strain the chilled bone plate nuing a suitable mechanical

or hydraulic ntratining device. Some predesiaqned qgqripping halern,

in the plate ta assure uni- j

lugs, etc., will have to hn praovided
form ntraining. .
3. Uge the straining devien or otlher deviee placed in

the gripping holes, 1luqs, ete,, to consntrain recovery on subse-

quent hecating above the Ag temperature range.
plate using the gserewing
i

R

4, Conventionally mount fhe bone

action to provide initial imparting 1oad,

5. With the plate(s) screvu-fastened in position re-chill ;

the stretched (strained) Nitinml plote soction that has been
constrained from contracting during the*initial warming during

screw mounting. When the'plate is chilled the constraining ;

- device is removed., . :

' 14 . .
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6. The Nitinol plate is then wﬁimed causing it to

'conttlét and load tho fracture interface. The load-level
profile as a function of time was discussed carlier,
7. LlLater removal of tha plate may be accomplished by
once again chilling the contracting saction of the plate. This

should reolieve the contracting load long cnnugh to allow casy

TR M TWE 7 T M T T 2" g e e -

load~-frec removal of tha n:rews.

e B Rkl
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An alternative to ttnp 3 abave would be to maintain the

temperaturce of the stretched portion halow tha As during instal- \

/s .
lation, While this possnible, it is fclt the method dascrihaed

in 3 is prefcrahla.

gteps to he Taken

z.
P iR

3 It is sugqgested that the addressce and eothors receiving

R

this letter roviaw it and submit thelr suggentions directly to

! me, I will combine those suqggentiona into a nccond open 1ty

! *nd in the same letter resnond to the various suggestionsn,

The most prassing design questinng appear to bhe in the

* ares of strain (streteh) and the atssoriated inpactineg forea, 3
You have gtated a leval of load for immacting shaeep tibia of j
about 200 pounds. My immadiate quention centers on whether or i
not this force level is optimum for hcaling, or whether it is .
bascd on experiences with compression produced by conical secrew
holes.

From my prior discussions you can appraciate the intrircacies
. Y
of the strain-racovery strcss of the Nitinol materials as wall !
as tho relative lavels of‘inhcrunt.rocovory stresa. This then

Z : ' 15
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points up the important quecstion of whether the 200 pounds’il
b S an optimum value, or would significantly higher impacting |
{ T forces be desired if they can rcadily be attained? An anawver
L . to this question probably constitutes a primary step in the
dciign of a contracting Nitinol hone plate.
If this consideration can be adcquatqu addressed, then

other steps should follow., For example, a suitable alloy with

i proper TTR should be desiqned; the stress-strain cu?vo (at 37°C
and abovae the TTR) should be determined for this'alloy and the

,cﬂill + constrain + relcase =+ recovery bhchavior determined, 1If
these results prove satisfactory, then actual bone plates, with
the necessary stretching provisien, would be produced for eval-

unation. ' 1

Sinceorelyv yours,

| /. v s .'.. . l'../...
";?’::‘/.':.' [y /' . /v (!-'f; :".’. I /
‘:I I)LT’AM n?’- n”n'”;ﬂ )’.

b sk it

Copy to: 1
' (1) Major David Eddy, M.D,

(2) hr. Tea Riley, M.D.
(3) nr. Toby llaves

|
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. . APPENDIX A (cont.)

NAVAL ORDNANCE LABORATORY ~

WHITE 0AK
SILVER SPRING, MARYLAND 20910 . 1N REPLY REFER TO:
211:WJIB:e)
S June 1974

Dr. Jamus L. Hughes, M.D.
Assistant Professor of Orthopedic Surgery
Department: of Orthopaedic Surgery
The Johns Hopkins Hospital .
Baltimore, Maryland 21295

Dear Jim:

I am in hopes with this éummary letter to convey many of the detalls per-
taining to the modified-Nitinol alloy bone plates for use under A:ny
Contract DAMD~17-74-C-4041.

METALLURGICAL HISTORY

Alloy Composition. The bone plates were made from an alloy with the
composition Ti gNi 45Co o5 with a transition temperature range (or
recovery temperature rxange) measured to be about =52°C to =18°C (see
letter of 4 Feb 1974 to J. L. Hughes).

Alloying and Casting. Eighteen 150-gram melts were weighed with the
wt § composition as follows: Ti = 67,38 grams, Ni = 74,32 grams, Co =
8.30 grams [or Ti gNi, 45C0 o5). Each 150-gram charge was melted multiple
times on a water-cooled copper hearth using a nonconsumable arc technique.®*
All melting is performed in a partial atmosphere of purified argon to avoid
alloy contamination. . Repeated alloy melting is done to insure composition

homogeneity. The final product is a 150-gram "button" about 2 inches in
diameter by 3/8 inch thick.

Three of these alloyed "buttons" are then remelted together to form
a bar. The finished 450-gram bar measures about 1 inch thick x 1-3/8
inches wide x 4-1/4 inrhes long. Using this procedure 18 alloy buttons
were made and these w. ‘e then remelted into 6 rectangular bars.

Metallurgical Processing. The arc cast bars, as described above,
were then given the following processing operations.

*Considerable delay was encountered in this operation due to atmospheric

humidity and its adsorption on the internal components in the arc-
melting chamber.
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Dr. James L. Hughas, M.D.

1. The arc-cast bars were hot rolled to the rough thickness of 3/8".
Initial rolling passes were performed at 850°C and the temperature was
lowered gradually to a final rolling temperature of 600°* to 650°C. The
reason for the lower finishing temperature was to induce a finely textured
micro-twinning in the bone plate stock to enhance the strain-heat-recovery
behavior.

2. The hot rolled plates ware press-flattened using a heating tempera-
ture in the 600°* to 650°C range.

3. On cooling to room temperature ﬁhe hot rolled plates were cut
longitudinally using an abrasive cut-off wheel. The cut plates are shown
in Fig. 1(A), attached. .

4. The cut plate sections from 3 above are then surfuce ground to a
width of 0.550 :;§33 inch.

S. The cut-and-ground bars from 4 above are heated to the 600° to
650°C rangs and press forged to form the strain gage cavity section‘ozt
line with the bar ends.

PLATE MACHINING

Machining. The following machining steps were taken to obtain the
finished bone plate.

1. The upset forged bars were reground on their side surfaces to a
width of about 0.550 inch.

2. The bottom surfaces of the end sections were surface ground in-
line and flat.

3. The rough ends were abrasively cut to length and mill finished?*
to insure accuracy. '

4. The remaining unmachined suxfaces were sanded or ground to remove
any surface oxide left from the "hot" processing operations. Clean oxidae-
froe surfaces were necessary for trouble-free EDM (electrical discharge
machining) of the holes, cavities, etc.t The bars as delivered to the
Main NOL shop for EDM are shown in Fig. 1l(b), attached.

S. Upon return from EDM each bar was hand ground on a specially
contoured 8iC grinding wheel. This grinding operation provided the

*All milling, turning, etc., required use of tungsten carbide tooling.

tEDM was 4)fficult until the surface oxide was removed and an adequate
electrical .th to the work piece vas obtained. .

A)




pr. James L. Hughes, M.D.

r’ ‘reduced sections on either side of the strain gage cell (see Fig. 2,
attached).

6. The next operation was to hand grind or sand the approaimately
2-inch radius on the upper portion of the end sections of the bone plate.
Considerable care was exercised to avoid uneven grinding of the parallel
side sections of the straining cavity (see Fig. 2, attached). Uneven,
cross-sectional areas in these straining sections could lead to nonuniform
straining and highly unpredictable heat-recovery. The upper and lower
views of a plate, at this stage, are shown in Fig. 1l(c).

7. Tungsten carbide end and ball mills were then employed to finish
machine the screw holes, screw slots, screw countersinks, inner wall of
the strain cavity and the strain gage cell.

8. As of this writing the concave undersurfaces of the plate ends ) '
have not been finish machined. This will be accomplished by either ball ]
milling usiny a l-inch radius ball mill or making a series of longitudinal n
passes with a contoured surface-grinding wheel.

9., Finally, hand grinding and sanding using various abrasive grits
will be employed to remove all sharp edges and roughness.

Post-Machining Treatment. The finish machined bars will be washed
carefully in trichlorethylene to thoroughly degrease them. Then they will
be heated for several minutes in boiling water to remove any possible
surface contamination due to absorption of hydrogen into the metallic
suxface, the possible hydrogen contamination coming from the EDM operation.

ALLOY CONTROLS

Very few controls or checks were possible during the plate prepara-
tion to assure a uniform composition from plate to plate. Most of the .
w assurance comes from the following: '

e s i - T i

| 1. Careful alloy component weighing prior to melting.

2. Care in.melting, both in handling the weighed charges and in
preventing gaseous and interstitial contamination (e.g., the formation of
Ti4N120, Ti‘NizN' Tic' .tco')o

3 3. Qualitative damping to crudely dectermine the approximate transi-
| tion temperature range and be certain that the dry ice temperature is
below this critical temperature.

4. A thin "tang" was abrasively cut from the edge of one of the hot
rolled plates (see Fig. 1(R)). This tang was sanded to reciuce a short
section to ~ 0.057 inch thick. The test piece was'cooled in dry ice until
its temperature had equilibrated to that of the dry ice. It was then

.

‘

4
Ty AT Sl heicameneni o - s
g 22 b £ M hmmm_ ENET SV RRPY WICE o 2.0 SN VY. )



I e S

YL LT .

B acine—Sapt ) S

Dr. James L. Hughes, M.D.

quickly bent into a tight U-bend with an approximate bend radius qf 0.4
inch. The bent section was then warmed by a human hand to cause recovery.
The recovery from this approximately 6.5% outer fiber strain was rapid and
efficient. The ground tang virtually recovered its original shape. This
test tang has been included along with this letter report and bone plates.

BONE PLATE VARIATIONS

The finished bone plates as received by Drs. Riley, Hughes and Perren
will be totally ready for deployment. However, there may be a desire on
the part of the above doctors to slightly modify the "as received” plate(s).
As a result, the following suggestions are made:

1. A reduction in the cross sections of the contracting walls of
the straining cavity. This may be accomplished two ways: (a) Surface
grind the same amount from the total length of the plate side surfaces.
This way both the straining members would be reduced in cross section
while simultaneously reducing the width of the total plate. (b) Locally
surface grind the same amount from each straining wall and leave the bulk
of the plate the original width. Surface grinding, as described above,
should be done with a proper grinding wheel and appropriate coolant. The
latter will be important to avoid possible "walking" or movement of the
thinned-down straining walls. If this should happen, a nonuniform strain-
ing wall could result. Finally, heating in boiling water may be a desirable
precautionary step to eliminate any possible contamination fron the grinding-
coolant combination.

2. A further reduction in the thinned-down sections on either end of
the strain gage cell may be desired. This can be accomplished by either
carefully hand grinding these zones using a contoured grinding wheel, or, .
alternatively, it can be done by milling using tungsten carbide mill cutters.

3. Any other variations may logically be accomplished through the
careful use of grinding, sanding or cutting using appropriate tungsten
carbide tooliny. Coolants used during grinding and/or sanding appear
helpful; also, cutting lubricants used during carbide milling, drilling,
etc., are recommended.

BONE PLATE OPERATION

The current contracting bone plates are designed to operate by the
contraction of the gide sections of the straining cavity. The principal
mode of strain is parallel to length of the plate. Two tools are pro-
vided to render the plate contracting. One is a modified vice-grip pliers
and the other is a tool for constraining contraction during deployment of
the plate. In addition to these tools, dry ice is the only other item
required. The suggested steps for plate operation are as follows:

o
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Dr. James L. Hughes, M.D.

1. Chill bone plate, straining pliers and constraining fixture in
crushed dry ice.

2. When the plate, pliers and fixture have reached the dry ice

temperature, insert the two 3/8" diameter stretching lugs on the pliers
into the bone plate.

3. Slowly (possibly by steps) elongate the straining cavity. Moni-
tor the amount of strain by constantly checking the length of the plate.
For example, the straining legs on the straining cavity are ~ 0.625 inch
long. Therefore, a 4% strain would be .04 x .625 = ,025 inch. Check the
unstrained (initial) length of the plate when cooled to dry ice tempera-
ture. This length plus the 0.025 inch would represent the length of a
4\ strained plate. NOTE: DO_NOT ATTEMPT TO STRAIN THE PLATE UNLESS IT
IS AT A TEMPERATURE NEAR THE DRY ICE TEMPERATURE. The latter could result

in permanent deformation and/or fracture of the wall of the straining
cavity.

4. Once the plate is strained to the desired level the chilled
constraining fixture is inserted and adjusted so that its lugs will: pre-
vent any contraction during the installation of the plate.

5. Following installation the screw in the constraining fixture is
backed off allowing the plate to contract. This contraction should follow
previous measurements as shown in Fig. 3, attached. The force of con-
traction against the screw at 37°C may be large enough that pliexs or a
wrench will be required to hold the side¢ of the constraining fixture while the
set screw is backed off allowing contraction of the bone plate.

It is suggested that the above steps be practiced on simulated bones,

at room temperature, in orde¢r to master the manipulation of the Nitinol
bone plate.

PLATE STRAINING VARIATION

In accordance with an indirect communication from Dr. S. Perren it
was suggested that the straining cavity could be given a "bent" or "bowed
out" memory configuration. This is shown in Fig. 4(B). Then on cooling to
dry ice temperature the side walls of the bowed cavity could be bent back
straight (see Fig. 4(C)). Warming to body temperature would cause the
straight walls (Fig. 4(C)) to revert back to the bowed configuration
(Fig. 4(B)). 1If the bone screws are fastened while the strain walls are

maintained straight, then when bowing was allowed to occur the fracture
interface would be loaded,

While this scheme appears to be a suitable alternative to tensile
straining there may be certain drawbacks. These are:

]




s Dr. James L. Hughes, M.D.
1. The regovery force, from a bending mode, may be quite lpw.

!

L e 2. Considerable bowing is required to derive much axial contraction.
Further, this bowing is somewhat limited by the maximum outer f£iber strain-
b ing that can completely racover.

i : 3. Considerable care must be exercised in the bowing operation. This
i 2 probably should be done in the 550* to 650°C range. This i{s a temperature |
' range of larger plasticity. Some early experiments to deform (bow) a hone ]
plate at room temperature, when the TTR was -52°C to ~18°C, resulted in
early low strain fracture. This can be seen by observing the small expexi=- .
mental plate attached. - ]

4. 1f bowing the side walls is to be attempted, in addition to the
550° to 650°C temperature, special plate holding fixtures and heated spread=
ing mandrel will probably be needed in order to symmetrically accomplish the
task.

5. Assuming now that a suitable bowed memory confiéurction is obtalned
then it would require certain specific steps to deploy this plate., These {
are:

a. Chill the plate, suitable pliers and the constraining fixture in
dry ice. '

b. Bend bowed strain cavity walls straight-=probably with pliers.

€. Insert constraining fixture and adjust to prevent bowing on
heating.

|
v d. Fasten plate to fractured bone sections. ' g
1

e. Back off on set screw in the constraining fixturo allowing tha ;
‘walls to bow and load the fracture interface. , o |l

Additional questions will probably arise i3 the use of thesc plates. How-
ever, the above writeup should serve to ~ddress and answer many of the
obvious questions.

S8incerely yours,

¢ {/{q'/}."fc‘"}ll'l (’ /‘uh‘/'."( oy /
WILLIAM J! BUEHLER
Magnotigp & Metallurgy Division
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. APPENDIX A (cont.)

Added Notes on thc Rone Plate Design

The attached drawing is the design consensus of John
Tydings and myself. 1Initially we arc discounting the Nitincl
section joined (probably by hammer swaging) to a titanium~basc
alloy to fo.m the end sections of the plate. In the overall
view, the harder machining of Nitinol may be more than out-
weighed hy mechanical joining problems, sterilization, ectc.

In addition to the mechanical drawing, I have alsc made a
three-dimensional sketch showing more realistically tha
proposed plate.

Observing the drawing(s) (Figure 1l and/or 2) it can be
seen how we plan to chill and stretch the "TiNi Straining
Cavity." The locking wedge will have a taper that will not
allow it to "hack out" under the contracting load of the
warming bone plate. If this should be a problem then we have
alternative schemes that can be used and are almost equally
as simple. Iurther, if the wedge technique works, wedges of
varying thickness can be employed to provide variable initial
strain, e.g., 2%, 4%, 6% ctc.

The design of the bone platc is bascd upon its use as
shown schematically in Figure 3 (A=-D). 1he section callcd
the "TiNi Straining Cavity" would he chilled and straincd
below the '"TR of the alloy (Figure 3-B). Reccvery “iould Lo
constrained during installation and warming, by the use of th
locking wadge. ‘Thic is shoun schoematically in Vigure 3=,
Then the wedge could be carcfully ejectad allovwing contraciion
and loading of the fracture (Ficure 3-D), The graph given in
Figure 3 shows the extent of recovery when one first constrain:s
recovery and then removes the constraint and allows [ree
recovery.
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— ' Table I
. hﬁsﬁ NITINOL Alloy Compositions Chosen for Experimental Studies*

ﬂ,g Alloy Eharge Approximate Heat
;£~ No, Composition Recovery range (°C)
K 1 TiNg 52 to 68

I Ti.sNi 483 017 0 to 24

III Ti.SNi 47Co 03 =22 to §

Iv Ti‘SNi 45 05 -52 to -18

v Ti.5N1.43 07 -80 to =40

i *Charge Materials were:

Ti, commercial purity sponge
Ni, Mond carbonyl nickel
Co, High purity grade (MRC)

+Based upon bending wrought sheet specimené below transition
range followed by heating to induce recovery under no load.
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lUise

specimens
(4)

specimens
j4)

specimens

(4)

specimens

(4)

specinens
(4)

contracting bhone

Table 'TI
i . Summary of the Arc-Melted Alloys Produced and Their Ultimate
E Arc-Melted
: Alloy Arc-Melted Rars (15n0gr) Hot Wrought Component
§ No,* Buttons-150gr. Bars (4509rf Shape Produced
: 1 2 2 (150gr) Hot swaged e filings
§ (dia) 13mm, e implant
: 4.5 mm e washers
]
% 11 2 2 (150gr) hot swaged e filinas
: (dia) 13mm,c e implant
E 4.5mm e washers
i 111 2 2 (150gr) hot swaged e filings
(dia) 13mm, e implant
4.5mm e washers
v 2 2 (150gr) hot swaged e filings
(dia) 13mm, e implant
4., 5mm e washers
\' 2 2 (150¢gr) hot swaged @ filings
(dia) 13mm e implant
4,5mm e washers
\' 12 4 (4509r) hot rolled ®
into plate plates (R)

-

9.6mm thick

*See Table I for information on the compositions and heat
recovery ranges of the five alloys listed.
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FIGURE 4a
. INSERTION OF IMPLANT SPECIMEN IN MOUSE
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. FIGURE b
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% IMPLANT SPECIMEN IN PLACE ABOVE THE SCAPULAR AREA
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IMPLANT SPECIMENT EMéEDDED IN TISSUE
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FIGURE 5

! PREPARATION OF TISSUE SECTIONS FOLLOWING REMOVAL OF IMPLANT SPECIMEN
NINE WEEKS POST~SURGERY

FIGURE 5a
TISSUE AND IMPLAMT EMBEDDED IN METHYMETHACRYLATE

FIGURE 5b

REMOVAL OF |MPLANT FROM TISSUE BLOCK

) __,,_‘ “_' %, . e -
1a gﬂ.a 'l.sh &‘ h!ﬂu‘ M&dh-‘“d‘.‘&;ﬂd N




)
. 1
FIGURE 5c¢
TISSUE SECTIONING :
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FIGURE 5d
NORMAL TISSUE SURROUNDING IMPLANT
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FIGURE 6
NITINOL PLATE WITH STRAIN GAUGE CELL
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! _FIGURE 7 - | )

FIGURE 7a

PLATE APPLICATION
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FIGURE 7b
PLATE IN PLACE ON SHEEP FEMUR
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FIGURE 8

MEASUREMENTS OF THE STRAIN GAUGE CELLS TAKEN AT WEEKLY INT”RVALS
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L FIGURE 9 v
NITINOL PLATES ON SHEEP FEMORA
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EARLY RADIOGRAPH FOLLOWING PLATE APPLICATION X
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FIGURE 9b

LATER RADIOGRAPH REVEALING EARLY BONE FORMATION
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FIGURE 10a
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NORMAL BONE FCRMATION AT THE EDGE OF THE PLATE
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: ' FIGURE 10b

F EDGE OF BONE AFTER REMOVAL OF NITINOL PLATE
BONE 1S ALIVE AND NORMAL
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i ' . FIGURE 11
f PLATE FRACTURED AFTER STRESS
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5 FIGURE 12

S . INITIAL MEASUREMENT OF FORCE TAKEN WITH THE PLATE IN PLACE
| ON SHEEP FEMORA ‘
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FIGURE 13
PROTOTYPES OF HIP PROSTHESIS AND INTRAMEDULLARY ROD
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FIGURE 14 -

NITINOL HIP PROSTHESIS WITH SELF-DEPLOYING TABS
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FIGURE 15

B

HIP PROSTHESIS IN PLACE (N SHEEP FEMUR
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:  FIGURE 16
) NITINOL INTRAMEDULLARY ROD
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C L FIGURE 17 o
INTRAMEDULLARY ROD [N CADAVER FEMUR |

FIGURE 17a
DEPLOYED POSITION

FIGURE 17b
NN-DEPLOYED POSITiON i
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| FIGUKE 18

-

NITINOL WASHERS WITH ALTERNATING SCREWS OF STAINLESS STEEL
AND TITANIUM
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