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Many studies have been made on the mechanical response of bone and
bones to forces applied to them. These have frequently involved the
removal of a small sample from the body, its reduction to a convenient
shape both for mathematical analysis and for handling in a test ma-
chine, and its subjection to various loads (Ascenzi, Bonucci & Checcucci
1966, Cooke 1955, Coolbaugh 1952, Currey 1959, Dempster & Coleman
1961, Evans & Lebow 1952, Evans & Bang 1966, Forssblad 1959, Sedlin
& Hirsch 1966, Semb 1966, Smith & Walmsley 1959, Weaver & Chal-
mers 1966).

Other investigations have been carried out using whole hones either
in situ or removed from the cadaver and denuded of their surrounding
tissues (Evans 1953, 1957, Evans & Lissner 1948, Evans, Lissner & Pa-
trick 1962, Evans, Lissner & Pedersen 1948, Gurdjian & Lissner 1944,
1945, Hirsch & Brodetti 1956, Hirsch & Evans 1965, Kalen 1961, Lissner
1964, Lissner & Roberts 1966, Martz 1956, Stevens & Ray 1962).

These investigations involved stressing the bone artificially and
studying its response in various ways. Many of these workers used
strain gauges either bonded to a test piece (Forssblad 1959, Frankel &
Burstein 1964), to the isolated bone, (Gurdjian & Lissner 1944, Hirsch
& Brodetti 1956, Hirsch & Evans 1965) or to the hone in situ (Evans et
al. 1962, Lissner 1964, Lissner & Roberts 1966). Evans (1953) mentions
the use of strain gauges as a possible method of measuring strain in
vivo and cites an experiment, the results of which seem to be unpub-
lished, in which he, Coolbaugh, and Lebow bonded a gauge to the tibia
of a dog. Lissner bonded gauges to the vertebral bodies of dogs and
human cadavers during ejection seat trials. Kilpatrick (1967) mentions
some unpublished experiments where gauges were bonded to living
bone. But apart from a short preliminary report (Lanyon & Smith
1969) no results appear in the literature from gauges implanted into
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a living animal which would record the bone’s behaviour in its normal
biological and mechanical environment.

To gain any relevant understanding of the behaviour of bone as a
skeletal unit, it is essential that it be studied under these conditions.
The scrutiny of fracture types or their experimental production (Evans
1957, Hirsch 1954) yields information concerning the forces within the
living system at the instant of failure, but these circumstances are
patently not normal. To obtain information regarding the response of
various parts of the skeleton to the forces they normally encounter, it
was decided to implant gauges into the living animal and subsequently
study their behaviour during normal locomotion.

The medial aspect of the tibial shaft was a suitable gauge site for
preliminary work since it is readily accessible and has no muscles at-
taching to it. It could also be expected to have a characteristic strain
pattern during locomotion closely related to the movements of the hind
limb.

Sheep were used as experimental animals, as they are a convenient
size for handling, anaesthesia presents no special problems, and they
do not require any complicated husbhbandry. Once trained they will
readily walk on a moving platform; long trailing wires and a large
work space are thus not necessary and filming is made much easier.

METHOD

In the initial experiments polyester-backed wire strain gauges with a gauge factor
of 1.9 were used in a D.C. bridge circuit. (In tension or compression, strain is the
change of length per unit length, §L/L. The gauge factor is the ratio between change
in electrical resistance and change in length, gauge factor = §R/R/§L/L.) Al-
though results were obtained with this apparatus, it was plagued with many prob-
lems which were eliminated by transferring to an A.C. system and semiconductor
strain gauges whose gauge factor was fifty times as great (100). These consisted
of a U-shaped semiconductor strain-sensitive element encapsulated in an epoxy-
bonded glass fibre carrier.

The gauge wires from each arm of the U were soldered to PTFE (poly-tetra-fluor-
ethylene) covered leads of silver-plated copper wire. The soldered joint was pro-
tected by a slightly flexible epoxy resin coating (Prepot No. 1, Fleming Services,
Cambridge) expanded laterally to form two flanges just proximal to the gauge.
Another flange was moulded round the leads 1 cm proximal to the first. At their
other ends the leads were connected to a multipin socket embedded in an epoxy
resin casting. In this way all connections were protected from their environment.

Several gauges were implanted at a time. One of these instead of being fixed to
the tibia was bonded to a piece of stainless steel and placed near the others. Al-
though under similar conditions, it would not be attached to any stress-bearing



240 L. E. LANYON & R. N. SMITH

structure. From the behaviour of this “dummy” we hoped to be aware of any con-
ditions, other than strain, which cause an alteration in gauge resistance.

Each unit consisting of “active” and “dummy” gauges, leads, and multipin socket
was disinfected by a low temperature steam and formaldehyde process (Alder et al.
1966).

The sheep were operated on under general (Halothane) anaesthesia. A small
incision was made in the flank to receive the epoxy-embedded multipin socket and
another longer one to expose the medial surface of the tibial shaft. The gauges were
fed along a polythene tube connecting the two incisions which, when removed, left
the leads in place.

The tibial periosteum was reflected and the gauge site, after being carefully
wiped, was treated with surface activator (X83/272 Ciba (A.R.L.) Ltd.,Cambridge).
Once this had evaporated, the adhesive (Isobutyl, 2-cyanoacrylate monomer, Ethicon
Ltd.) was applied to the undersurface of both gauge and flanges and these were
speedily pressed in position. The monomer rapidly polymerized if the gauge site
had been properly prepared. Each “active” gauge was treated in the same manner.
The periosteum was sutured and the “dummy” gauge positioned nearby. The wound
was then closed.

Healing was good; the animals, although lame for twenty-four hours and favour-
ing that limb for a few days, walked perfectly soundly within a week.

A bony outgrowth and dense fibrous tissue reaction developed where the perio-
steum had been reflected. However this did not seem painful and served to hold
the leads firmly in place.

Once walking soundly, the sheep, which had been previously trained, was put
on the moving platform. A multipin plug was attached to the socket in the animal’s
flank so connecting the implanted gauges to transducer meters (C.62. Boulton Paul
Aircraft Ltd., Wolverhampton). Each gauge formed one arm of a bridge circuit;
any change in its resistance produced an out-of-balance signal across the bridge.
The output from the transducer meters resulting from this signal was fed via suit-
able filters to the galvanometers of an ultra-violet recorder. Thus the strain pattern
from each gauge was instantly recorded as the animal walked.

In addition to the gauge trace, signals were recorded from a small variable in-
ductance accelerometer strapped to the dorsal aspect of the middle phalanges.
From the shape of the trace that this instrument produced we could determine the
phase of the stride. To ensure that the accelerometer was providing a reliable indica-
tion of limb movement and to allow for more detailed analysis a slow motion
film (64 frames per second) was also taken.

Paper trace and film were synchronized with the aid of a large clock face which
was included in the photographic field. An eccentric cam on the hand-shaft triggered
a micro-switch once every revolution, causing a bulb on the clock face to flash and
a spike to appear on one of the recorder channels. By this means any incident on
the film could be accurately timed on the traces and vice versa.

RESULTS

Varying numbers of semiconductor and wire resistance strain gauges
were implanted during ten operations.
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Figure 1. The trace of an “active” gauge bonded to the medial aspect of the right

tibia of a walking animal and a “dummy” bonded to a piece of stainless steel and

positioned nearby. Below these is the trace from the accelerometer strapped to the
right hind limb.

Figure 2. The trace from the same gauges taken during trotting. The accelerometer
trace is also shown.

16 AcCTA ORTH. 41,3
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The traces shown (Figures 1 and 2) are typical and were obtained
from one animal during walking and trotting on the moving platform.
Traces from both “active” and “dummy” gauges are shown; the “ac-
tive” gauge was bonded to the cranio-medial aspect of the midshaft
of the right tibia. The “dummy™ gauge was positioned nearby. Whilst
the “dummy” trace shows no response to the animal’s movement, the
“active” trace conforms to a regular pattern related to the movement of
the limb as indicated by the trace from the accelerometer strapped to it.

This was a constant and expected finding during these experiments;
any pattern present in the “dummy” trace produced by a gauge sup-
posedly not subjected to any change in strain would have been an
artefact and would have undermined confidence in the reliability of the
“active” traces.

Traces were reproducible daily over a period of two or three weeks
after which the animals were killed. Many similarities existed between
strain patterns from different sheep; naturally differences existed also.
Although all gauges were orientated along the long axis of the bone, no
effort was made to use exactly the same gauge site. In any case there
was considerable individual variation in the style of gait shown by
each animal,

In some cases results became erratic and were no longer considered
reliable. If this occured the experiment was terminated. The commonest
cause of failure was fatigue fracture of the leads usually near the
femoro-tibial joint where they were subjected to continual bending.
Damage to the insulation, failure of soldered joints, and deterioration
of the bond caused failure in some cases.

Once removed from the cadaver all tibiae were placed in a test
apparatus where a rhythmical bending force could be applied to the
midshaft, both ends of the bone being supported. Results obtained in
vivo were only considered reliable if the gauge traces so obtained con-
formed to the expected sine curve pattern thus producing qualitative
evidence that the gauges were still accurately responding to bone strain.

From a frame-by-frame analysis of the slow motion film it was
shown that the trace conformation was related not only to movements
of the test limb but also to those of the other limbs as weight was
distributed amongst them. This is shown in Figures 3 and 4. During
walking when the right hind foot (test limb) was seen to contact the
ground (Figure 3, point 1) there was an immediate tensional rise on
the trace which reached its peak just before the sole of the left hind
foot was seen to lift (Figure 3, point 2). The compression imposed
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Figure 3. Analpsis of a trace obtained during walking. The numbered instants
correspond to those in the text and to the numbered illustrations in Figure 4.

upon the tibia during the consequent diagonal support phase was only
halted when the right fore foot was placed to the ground (Figure 3,
point 4).

This transitory triangular support phase was terminated when the
left foot was lifted (Figure 3, point 5) leaving a right unilateral sup-
port. The resulting transfer of weight to the test limb coincided with a
reimposition of compression. By now this limb was nearing the end of
its stride. The contralateral hind limb was placed on the ground (Fi-
gure 3 point 6), allowing a compressional release which continued
during the initial part of the swing phase (Figure 3, point 8) and ap-
peared to overshoot before returning to the level immediately preceding
the foot being replaced on the ground.

A trot consists of alternate diagonal support phases. With the ab-
sence of any complicated transference of weight during triangular and
unilateral support phases, there is no inflexion at the base of the com-
pressional period which occurs on the walking traces. The overshoot
following the release of compression during the swing phase is similar
to, but more exaggerated than, that which occurs during walking.

The total change in strain (trace height) occurring during at least 10
consecutive strides was measured on the daily recordings. The overall

16"
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Figure 4. (1) Right hind foot (test limb) contacts the ground, triangular support
phase. Small initial tensional phase on the trace. (2) Sole of left hind foot lifts.
Period of sustained compression begins. (3) Left hind limb enlers its swing phase.
Compression continued. (4) Right fore foot placed on the ground, triangular support
phase. Some release in the compression. (5) Left fore foot leaves the ground, right
unilateral support phase. Compression reimposed. (6) Left hind foot placed on the
ground, triangular support phase. Period of sustained compressional release begins.
(7) Sole of right hind foot lifts. Compressional release continues, (8) Right hind
limb enters its swing phase. Compressional release continues and overshoots before
the foot again contacts the ground.
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average from the 4th-28th day postoperatively is shown in Table 1.
The reasonably large standard deviation for this figure is related to
the changing conditions over the experimental period. Although ap-
pearing to walk soundly by the 4th day, it is unlikely that full weight was
placed on the limb so soon. Inevitably the animal gained confidence
and walked more easily as the experiment progressed. The daily trace
height increased until the 14th day and then gradually diminished. The
average figure for five-day periods at the beginning, in the middle, and
at the end of the experiment are shown. The decrease in value from
14th—28th day is probably associated with deterioration in the bone-
gauge bond.

Table 1. Sheep S. 11

Mean trace Standard
microstrain _ deviation
Walking
Per day overall 4th-28th day inclusive 262 40.3
Per 5-day period; 4th- 8th day 238 123
14th--18th day 317 13.9
24th-28th day 221 23.3
Trotting
Per day overall 12th-28th day 305 51.3
Per 5-day period; 14th-18th day 353 17.9
24th-28th day 255 28.6

1 microstrain is 1 X 108 em/cm.

DISCUSSION

The significance of findings from one gauge in one position can only
be of limited value in determining the stress patterns existing in the
bone. The strain-sensitive elements were only 2 mm by 0.5 mm and
could only respond to the strain in the small area of bone to which
they were bonded. For a complete analysis, theoretical predictions of
the strain pattern that would be expected should be made and these
verified by experimental means. This would entail many gauges being
bonded to selected sites on any one bone.

Until some knowledge is available concerning the working loads of
various skeletal components and their response to them, design for
their artificial replacements can only be based on surmise assisted by
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theoretical computations of forces due to body weight, muscle pull, etc.
which of necessity so simplify the picture as to be of doubtful value
unless supported experimentally. The large and variable forces exerted
by muscles on small areas of bone must produce an extremely compli-
cated stress pattern.

Although in this report bone strain has been related to weight-
bearing alone, the greatest potential source is muscular. The massive
local deformation that culminates in fracture is in many cases the
result of uncoordinated muscular action.

Confidence in the experimental method and realization of its limita-
tions are essential. The existence in these experiments of constant
strain patterns from day to day with similarities between animals is
encouraging. From the qualitative experiment described on the iso-
lated tibia, we know that the gauges do respond to bone strain. How-
ever, not yet having any quantitative means of verification, we were
greatly concerned that changes in bone strain might not be the only
stimulus. Great care was taken in the use of two flanges, each bonded
firmly to the bone, to eliminate any effect of the leads pulling on the
gauge and producing false indications of strain. If this lead pull oc-
curred one would expect large signals during the time that the leg is
undergoing its most violent movement, i.e. the swing phase. In our
experiments no great change of strain was indicated during this phase.

If it is assumed that the only variable producing a signal is strain in
the hone, there is still the possibility that the magnitude of strain in-
dicated is far less than actually occurs. If the bond is not transmitting
100 per cent of the strain, then the gauge cannot respond to it. Even if
the strain values in different experiments seem to agree, this may only
indicate the maximum efficiency of bonding possible and not actual
bone strain. To test the efficiency of the bond in this respect, it is neces-
sary to develop a quantitative method of calibration, the gauge must
be removed with the piece of bone to which it is bonded and strained
to a known extent. Difficulties arise in machining the piece of bone
and not disturbing the attached gauge; calibration and test would not
be under identical conditions, one in vivo and one in vitro, and even
with a machined test piece computation of the actual strain in the
gauge area may be inaccurate.

Although much confirmatory work has yet to be done, we believe
that this approach will yield valuable basic information concerning the
response of the skeleton to its mechanical environment which has not
been available using less direct techniques,
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SUMMARY

A method has been reported which enables in vivo recordings of bone
strain to be made in the walking animal.

Semiconductor strain gauges have been used on the tibia of sheep to
develop this technique and the incidental results showing the strain
pattern from one gauge on the medial surface of the midshaft are
illustrated.

ACKNOWLEDGEMENTS

We are most grateful to the Department of Veterinary Surgery, under Professor
Messervy, and especially to Dr. Barbara Weaver for her great help and cooperation.
We thank Miss Mary Kear for her assistance during the experiment.

This work has been made possible by a grant from the Agricultural Research
Council.

The monomer was kindly provided by Ethicon Ltd. of Edinburgh.

REFERENCES

Alder, V. G., Brown, A. M. & Gillespie, W. A. (1966) Disinfection of heat sensitive
material by low temperature steam and formaldehyde. J. ¢lin. Path, 19, 83-89.

Ascenzi, A,, Bonucei, E. & Checcucei, A. (1966) The tensile properties of single
osteons studied using a microwave extensimeter. Studies on anatomy and
function of bones and joints, ed. F. G. Evans. Springer, Berlin.

Cooke, A. M. (1955) Osteoporosis. Lancet 1, 877-882, 929-936.

Coolbaugh, C. C. (1952) Effects of reduced blood supply on bone. Amer. J. Physiol.
169, 26-33.

Currey, J. D. (1959) Differences in the tensile strength of bone of different histo-
logical types. J. Anat. 98, 87-95.

Dempster, W. T. & Coleman, R. F. (1961) Tensile strength of bone along and across
the grain. J. appl. Physiol. 18, 355-360.

Evans, F. G. (1953) Methods of studying the biomechanical significance of bone
form. Amer. J. phys. Anthrop. 11, 413—435.

Evans, F. G. (1957) Stress and strain in bones. Charles C Thomas, Springfield.

Evans, F. G. & Bang, S. (1966) Physical and histological differences between human
fibular and femoral compact bone. Studies on anatomy and function of bones
and joints, ed. F. G. Evans. Springer, Berlin.

Evans, F. G. & Lebow, M. (1952) The strength of human compact bone as revealed
by engineering techniques. Amer. J. Surg. 88, 326-331.

Evans, F. G. & Lissner, H. R. (1948) “Stresscoat” deformation studies of the femur
under static vertical loading. Anat. Rec. 100, 159-190.

Evans, F. G., Lissner, H. R. & Patrick, L. M. (1962) Acceleration—induced strains in
the intact vertebral column. J. appl. Physiol. 1%, 405-409.

Evans, F. G., Lissner, H. R. & Pedersen, H. E. (1948) Deformation studies of the
femur under dynamic vertical loading, Anat. Rec. 101, 225-241.



248 L. E. LANYON & R.N. SMITH"

Evans, F. G., Pedersen, H. E. & Lissner, H. R. (19561) The role of tensile stress in the
mechanism of femoral fractures. J. Bone Jt Surg. 88-A, 485-501,

Forssblad, P. (1959) Determination of elasticity modulus of bone. Acta orthop.
scand. 28, 262-268.

Frankel, V. H. & Burstein, A, H. (1964) Load capacity of tubular bone. Biomechanics
and related bio-engineering topics, ed. R. M. Kenedi. Proceedings of a sympo-
sium held in Glasgow, September 1964.

Gurdjian, E. S. & Lissner, H. R. (1944) Mechanism of head injury as studied by the
cathode ray oscilloscope. J. Neurosurg. 1, 393-399.

Gurdjian, E. S. & Lissner, H, R. (1945) Stresscoat methods in studies on skull frac-
tures. Surg., Gynec., Obstet. 81, 679—-687.

Hirsch, C. (1954) An attempt to explain fracture types. Acta orthop. scand. 24, 8-29.

Hirsch, C. & Brodetti, A. (1956) Methods of studying some mechanical properties of
bone tissue. Acta orthop. scand. 26, 1-14,

Hirsch, C. & Brodetti, A. (1856) The weight bearing capacity of structural elements
in femoral necks. Acta orthop. scand. 26, 16-24.

Hirsch,C. & Evans,F. G, (1965) Studies on some physical properties of infant
compact bone. Acta orthop. scand. 885, 300-313.

Kalen, R. (1961) Strains and stresses in the upper femur studied by the stresscoat
method. Acta orthop. scand. 81, 103-113.

Kilpatrick, D. G. (1967) personal communication.

Lanyon, L. E. & Smith, R. N, (1969) Measurements of bone strain in the walking
animal. Res. vet. Sci. 10, 93-94.

Lissner, H. R. (1964) The response of the human body to impact. Biomechanics and
related bio-engineering topics, ed. R. M. Kenedi. Proceedings of a symposium
held in Glasgow, September 1964.

Lissner, H. R. & Roberts, V.L. (1966) Evaluation of skeletal impacts of human
cadavers, Studies on the anatomp and function of bones and joints, ed. F.G.
Evans. Springer, Berlin.

Martz, C.D. (1956) Stress tolerance of bone and metal. J. Bone Jt Surg. 88-A 827-
834.

Sedlin, E.D. & Hirsch, C. (1966) Factors affecting the determination of the phy-
sical properties of femoral cortical bone. Acta orthop. scand. 87, 29-48.

Semb, H. (1966) The breaking strength of normal and immobilised cortical bone
from dogs. Acta orthop. scand. 87, 131-140.

Smith, J. W. & Walmsley, R. (1959) Factors affecting the elasticity of bone. J. Anat.
98, 503-523.

Stevens, J. S. & Ray, R.D. (1962) An experimental comparison of living and dead
bone in rats. J. Bone Jt Surg. 44-B, 412-423.

Weaver, J. K. & Chalmers, J. (1966) Cancellous bone; its strength and changes with
ageing and an evaluation of some methods for measuring its mineral content.
J. Bone Jt Surg. 48-A, 289-308.



