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FOREWORD

The papers included in this conference record represent research accomp!ishments
by investigators with a dedicated interest in engineering and the [ife sciences.
Two areas, instrumentation and health care systems, imerged with greatest pro-
pensity even though the response to the call for papers covered a very broad
spectrum. Neither of these areas could optimally benefit mankind without the
other. Hence this imergence reflects the realistic interests of the authors
toward a common goal. The papers represent the most current information on
biocenglineering research available today.

The Ninth Annual Rocky Mountain Bioengineering Sypmosium and the Tenth Inter-
national |ISA Biomedical Sciences Instrumentation Symposium was sponsored by

the Biomedical Sciences Division of the Instrument Society of America; Region
Counci! 4 of the Group .on Engineering in Medicine and Biology of the Institute
of Electrical and Electronic Engineers, and the Rocky Mountain Bioengineering
Symposium, inc. The Rocky Mountain Bioengineering Symposium is a group of engi-
neers, scientists, and educators of the Rocky Mountain area who sponsor a series
of symposia to further the exchange of information on bioengineering. A key
feature of these symposia has been the informality of exchange ranging from
tutorial papers to current research presentations to evening workshops.

The University of Nebraska has been represented on the Board of Directors of

the Rocky Mountain Bioengineering Symposium for a number of years during which
bloengineering has experienced real growth and development. The previous eight
symposia were held in the Rocky Mountain area. However, the Board of Directors
recognized the need to further the exchange of information on a broader geo-
graphic scale and it is for this purpose fthat this year's symposium is being

held at the University of Nebraska Medical Center in Omaha. |t is with distinct
pleasure that | welcome all participants to the symposium and hope that your stay
In Omaha is both stimufating and rewarding.

The program is due to the efforts of a number of dedicated people. First | would
I Tke to acknowledge the effort of Dr. R. J. Gowen, President of Rocky Mountain
Bioengineering Symposium, Inc. Also, the effort of the Program Committee in
reviewing the papers and making arrangements was invaluable. The assistance

and suggestions by E. C. Lowenberg, R. J. Morgan, J. E. Steadman, F. M. Long,

T. W. Nielson, D, Carlson, D. B. Haack, J. Hootman and K, C, Rock, were a major
contribution. Also, the supporting effort made possible by R. R, Moutrie, J. P.
Gilmore and J. E. Lagerstrom was invaluable in a number of areas.

We are most pleased to be your host and invite you to visit our campus and dis-
cuss areas of interest with our students and faculty.

Grant G. Myers, Ph.D.
Program Chairman
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DESIGN CONSIDERATIONS FOR THE USE OF FINE AND ULTRAFINE
DEPTH BRAIN ELECTRODES IN MAN

Anthony M. Dymond Thomas L. Babb
Division of Neurosurgery Division of Neurosurgery
UCLA UCLA

Los Angeles, California Los Angeles, California

ABSTRACT

This report summarizes the initial engineering
structures of the use of fine electrodes in the
human stereotaxic system. Among the factors
considered have been the mechanical characteris-
tics of potential electrode materials, electrical
recording characteristics, and localization of
electrodes placed in the brain. Also considered
have been electrode handling and insertion tech-
niques.

The electrode presently under investigation is a
coaxial composite of concentric layers of high
elastic modulus metal and dielectric, with an
overall diameter of about 0.005 inches.

INTRODUCTION

The clinical use of implanted depth brain elec-
trodes in man Is constantly increasing, but there
has been little change in the types of

gross recording electrodes used. These generally
consist of a group of wires held together by
epoxylite or a similar material, Since it is
often desirable to place a number of electrodes
into a given region in the brain, smaller
electrodes would significantly reduce trauma
during implantation. Increased electrode flexi-
bility would also reduce trauma resulting from the
small movements of the brain around electrodes
fixed rigldly to the skull,

Other practical considerations are related to the
implantation technique. In one of the most
commonly used systems (1), the individual elec-
trodes are guided to pre-determined targets in
the brain through hollow guide screws mounted in
the skull, The guide screws are placed by means
of a stereotaxic apparatus, using X-rays of the
skull and ventricles for reference. Passing the
electrodes from outside the head through the
screw guides into the brain, presents a pathway
through which infection can enter the brain. In
addition, the screw guides project out past the
scalp and must be protected from external mechani-
cal forces.

This report describes a preliminary investigation
of new materials and techniques for producing
fine, flexible depth electrodes, and also

Lloyd E. Kaechele
Division of Neurosurgery
UCLA

Los Angeles, California

Paul H. Crandaltl
Division of Neurosurgery
UCLA

Los Angeles, California

implantation techniques for use in the operating
room, The design of this system has dealt with
the question of electrode materials, handling and
insertion techniques, and localization of the
implanted electrodes in the brain,

MATERIALS

The relevant mechanical properties of materials
considered for electrodes are stiffness and
strength. The overall stiffness and strength of

an electrode depends on the basic properties of

the electrode materials, and the size, shape, and
arrangement of materials in the electrode. The
basic material property determining stiffness is
the modulys of elasticity or Young's modulus,
which determines the amount of electrode deflection
produced by transverse forces, and the resistance
to buckling or bowing produced by axial compressive
forces.

Strength is a more complicated property, and can be
greatly affected by alloying or by thermal or
mechanical processing. The concept of strength
requires careful definition. Generally, for elec-
trodes, the strength behavior of interest concerns
either breaking (fracture) or else the develop-
ment of a bend or set in the electrode that does
not straighten out when loads are removed (ine-
lastic behavior). For conventional metal elec~
trodes, the latter form of failure is the one

of interest. The material property that determines
this failure is called the yield stress, and is
defined as the load per unit area at which perma-
nent deformation occurs. Below this load, the
material springs back to its original configu-
ration when the load is removed. Since yield stress
is greatly affected by mechanical and thermal
treatment and alloying, it cannot be listed in a
definitive fashion as can the elastic modulus. As
a general rule, higher modulus materials provide
higher yield stresses.

Some materials do break suddenly, with little or no
possibility of permanent deformation. In the

case of electrodes, these would usually be non-
metals such as gtass or ceramics. This type of
failure is called '"brittle'" and the related
material property is called the fracture stress,
expressed as the load per unit area at which this
failure occurs. This property is strongly affected



by surface conditions, and is reduced by nicks and
scratches on the surface. These materials fre-
quently have high values of elastic modulus, and it
is possible to produce nonmetallic electrodes

with strengths much higher than with metals. How-
ever, this advantage is offset by the undesirable
mode of failure, the sudden brittle fracture, that
typifies these materials.

Overall electrode strength characteristics are
determined by geometry as well as basic material
properties. The primary force applied to an
electrode during Insertion is an axial load to
push it in, but some lateral loads may also be
imposed. In addition, a variety of force distri-
butions may be applied during fabrication and
handling.

Axial forces above a certain level will cause an
electrode to buckle, or bow out laterally. The
amount of force that can be applied without
buckling depends on the size and shape of the
cross section of the electrode and also its length,
For a round cross section, this load varies with
the fourth power of the diameter. This is a
powerful effect, and,since the modulus of elasti-
city has only a linear effect on the buckling
load, it follows that materials with low moduli
can be used in only slightly larger sizes to com-
pete with the higher modulus materials. However,
when attempting to attain the lowest possible
electrode sizes, the high modulus materials will
always have the advantage.

The unsupported length of the electrode also
affects the buckling load, the dependance being
with the inverse square of length., For long fine
electrodes it may be necessary to devise an
insertion technique that reduces the unsupported
length,

Considering all the material properties and
design factors discussed above, our present
thinking favors a coaxial electrode composed of
concentric layers of high modulus metal and
ceramic. The basic structural core is metal
rather than ceramic because of the desirable
failure mode 1f overloaded. This core, also the
center electrode, is insulated from the coaxial
electrode by a thin dielectric coat. Present
plans are based on a ceramic film, either silica
or alumina, probably utilizing an advanced coating
technology such as sputtering. The coaxial
conductor surrounding the dielectric layer is a
thin film of gold or platinum, insulated in turn
by another coating of ceramic. The selection of
core material must satisfy biological compatibi-
11ty and electrical requirements (2), in addition
to providing the desired structural properties.
Candidates at this point are tungsten, rhenium,
and high iridium alloys of platinum. These all
have high elastic moduli, have excellent X-ray
absorptivity, and can be obtained in work hardened
states with high yield strengths.

work on prototypes is In progress to determine the
mechanical properties of the composite, tncluding
the adherence of the coatings when subjected to

handling and insertion loads and the integrity of

both the insulating and conducting coatings follo~
wing these loadings.

HANDL ING AND IMPLANTATION OF ELECTRODES

To be of pratical use, electrodes must be able to
withstand normal handling during fabrication and
during use in the operating room. The electrodes
must also permit accurate insertion into a target
in the brain., For the present application,
anatomical and neurosurgical considerations lead to
a maximum allowable displacement of an electrode
tip of 2.0 mm after transversing 6.0 cm of brain
tissue.

The accuracy of placement by hand insertion was
used to estimate a practical lower limit of
electrode diameter. The smallest electrode studied
was a tungsten-boron composition with a 0.004 inch
diameter outer layer of boron surrounding a 0.0005
inch inner tungsten core. Studies of placement
accuracy with these electrodes were conducted by
passing them through a one inch long guide tube
placed outside a piece of fresh steer brain. The
electrode had to pass into the tissue and trans-
verse an average of 6.0cm of tissue before emer-
ging from the other side and coming to rest at a
ruled target used to score the tip dispersion. The
dura was removed from the brain prior to electrode
insertion, but the pia mater was intact at both the
entry and exit points. Some of the electrode passes
crossed a ventricle whose ependyma was intact. The
brain tissue was repositioned for each trial to
prevent the electrode from traveling along a pre-
vious track.

With no tissue in the path of the electrode, the
mean dispersion of a group of electrodes was 0.2
+ 0.1 mm, In brain penetration tests, electrodes
with symmetrical tips (sharpened with a high speed
carborundum wheel) had a mean dispersion of 0.7
+ 0.1 mn, Electrodes with asymmetrical tips had
a dispersion of 1.9 + 0.1 mm. which clearly shows
the importance of a symmetrical tip on fine elec-
trodes for accurate guidance through the tissues.
Also, these electrodes could be handled without
damage during the placement tests.

For comparison, the mean dispertion of 0.005 inch
diameter tungsten wires with symmetrical tips was
0.8 + 6.1 mm, However, it was difficult to make
more than a few passes with these electrodes before
they were accidently bent. This fragility would
make an all metal electrode of this diameter
impractical for use in the operating room, unless
much higher yield strength could be provided.

Although the tungsten-boron electrode amply
satisfies the criteria for accuracy of placement,
it is unsatisfactory in that it undergoes brittle
fracture if bent sufficiently. However, this
faiture mode can be eliminated without greatly de-
creasing the elastic modulus by increasing the
relative amount of metal in the electrode and by
slightly increasing the diameter.

These studies showed a practical lower limit for the
diameter of fairly long, hand inserted electrodes



to be near 0,005 inches. A composition electrode
appears to be a practical way to obtain the neces-
sary values of elastic modulus and yield strenath.
To implant electrodes of smaller diameter it is
necessary to seek novel insertion techniques.

some of the possibilities are high velocity
electrode injection, which would use the inertia
of the wire to make up for loss of stiffness, or

a magnetic technique which would use magnetic
fields to guide or even draw the electrode into
the brain. The technical problems associated with
any of these techniques are formidable.

The effort needed to develop the techniques to
implant long electrodes of less than 0.005 inch
diameter does not appear justified at this time.

A reduction of only a few more thousandths of an
inch would be obtained, while the electrodes of
larger diameter, which can be inserted by con-
ventional methods, already satisfy the preliminary
engineering goals.

Once the techniques for electrode implantation
were established, new equipment was designed to do
this in the operating room, The system presently
under evaluation is shown in Figure 1., It has the
advantages of utilizing most of the techniques and
hardware presently used in stereotaxic implanta-
tion. Rather than having guidance provided by
hollow screws placed in the skull, the electrode
is directed by an electrode holder traveling
through the stereotaxic drill-insertion guide.
After a hole is drilled in the skull, the elec-
trode is assisted into the opening by a hand guide
which is removed after the electrode has partially
entered the brain, The electrode is inserted the
rest of the way until a press fit is made between
the top of the electrode and the skull. The lead
wires from the electrode are then tunneled be-
neath the skin to a point where they join with
other lead wires and leave the skin to be insert-
ed in a plug. This approach does not represent a
major departure from the previous techniques, but
removes the external guide screws and minimizes
the danger of infection.

ELECTRODE_LOCAL{ZATION

It is essential to accurately localize electrodes
in the brain since the electrical recordings are
used to determine the advisibility of surgical
procedures (3). The preferred method for deter-
mining the position of an electrode is through
the use of x-ray radiographs. |In some of these
cases, prior electrode location within brain
structures Is confirmed by examination of surg-
ically removed tissue.

Ideally, with precision stereotaxic equipment and
a placement technique having small, known toler-
ances in positions and angles, the electrode
position is determined. However, radiographs
would always be desirable not only as confirma-
tion of placement but also as a permanent record.
Visibility of electrodes is thus an important
factor. Larger electrodes generally present no
problems, but with the trend to finer electrodes,
the quatities that enhance visibility in radio-
graphs become important.

Geometrical properties of the x-ray and electrode
system, such as the relative positions of the x-
ray source, electrode, and film, affect visibility,
Elements having higher atomic numbers and high
density are more opaque to x~rays, with the heavy,
high atomic number elements having absorptivities
equivalent to iron with only a few percent of the
thickness. In general, absorptivity decreases
rapidly with increasing x-ray energy, but at cer-
tain energies there is a very large increase in
absorptivity due to the K absorption edge.

X-rays from the sources found in an operating room
cover a range of energies, extending downward from
the selected energy. The spectrum may also include
peaks at energy levels which are characteristic of
the target metal of the x-ray tube, and may also
be affected by filters placed in the x-ray beam.
These factors complicate the effect of electrode
material properties, but it is still possible to
conclude that etectrodes made of the heavier, high
atomic number elements should be more easily seen
in x-ray radiographs, and the use of higher
energies for making radiographs will enhance fine
electrode visibility by utilizing K edge absorp-
tion.

Some of the effects discussed above are shown in
Figure 2, a radiograph of a cadaver head with wires
of several sizes and materials placed on the beam
source side of the head. (Electrodes within the
head would give a slightly sharper image.) It can
be seen that the heavy, high atomic number metals
are visible in very small sizes, down to about
0.002 inches by using existing equipment and tech-
niques.

ELECTRICAL RECORDING PROPERTIES

Fine electrodes in the size range proposed present
no special problems for recording from the brain

if the exposed area of conductor is sufficiently
large to provide impedances in the range of con-
ventional macroelectrodes. However, if only the
cross-sectional area of the fine wire is exposed,
the impedance may be much higher, requiring record-
ing amplifiers with high input impedances. In this
case, short leads to the amplifiers should be used
to avoid radiated interference or cable movement
artifact, and impedance transducing with FET's
attached to the electrodes is recommended (4).

The sultability of fine wires for recording EEG is
illustrated in Figure 3a, which compares EEG waves
recorded from monopolar 0.0025 inch diameter
electrodes (top four traces), and from bipolar low
impedance macroelectrodes situated less than one
millimeter from the fine wires. This recording
shows the onset of an experimental epileptic attack
induced by cobalt in the right ventral hippocampus
of a cat. The slow waves at onset, followed by
high frequency waves, and then lower frequency
oscillations towards the end of the section are
recorded equally well by the fine wire electrodes.
Figure 3b shows the waveforms of neuronal dis-
charges recorded with a similar fine wire located
in the nucleus ventralis anterior of a cat., The
ability to detect individual extracellular dis-
charges, which may be recorded for months after



implantation, is an additional advantage of using
fine, flexible electrodes.

SUMMARY

The purpose of these investigations has been to
decide on the smallest electrode practical for
implantation In man., Such electrodes must permit
accurate insertion into targets deep in the brain
and must be able to withstand normal handling.
Based on considerations of strength and stiffness,
the electrode selected is a coaxial composite of
concentric layers of high elastic modulus metal
and dielectric., The inner core and center conduct-
or is metal to insure a failure mode of inelastic
deformation, rather than brittle fracture. This
inner core is surrounded in turn by concentric
layers of dielectric, metal, and outer dielectric.
Placement accuracy and handling tests with compos-
ite and single material electrodes suggest an
overall electrode diameter of about 0.005 inches
is feasible. Electrodes of this size can still be
localized in the brain with x-ray radiographs, and
they have satisfactory recording properties.

Prototype electrodes are being constructed to
evaluate the different materials and fabrication
techniques avallable. A modification of the ster-
eotaxic technique used to implant electrodes is
also under evaluation.
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Figure 1: A system under evaluation for implantation of electrodes in man.
- Hand gulde for assisting an electrode into a skull bur hole.
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mounted in the stereotaxlic frame.
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ABSTRACT

This paper describes the result of a de-
velopment effort to design and fabricate

a strain transducer suitable for implanta-
tion in the tibia bone of a rhesus monkey.
The transducer described uses a unique
monolithic integrated circuit as the
sensing element. The design is discussed
in detail, and experimental data are
presented.

INTRODUCTION

Recently, for a variety of reasons,much
attention has been focused in the area of
adapting technologies developed in the
aerospace industry to earthbound problems.
In particular there is considerable
interest in using sophisticated data
acquisition and analysis techniques to
obtain quantitive data on biological param-
eters in research, diagnostic and clinical
situations. The techniques and hardware
developed by the aerospace industry for
data analysis have a high degree of
generality and can be applied with much
success in biomedical settings. The
transduction of physical parameters (pres-
sure, force, acceleration, displacement,
etc.) in living organisms, however, often
presents new technical problems and re-
quires the development of transducers
which are problem-specific in their design.
This paper discusses the application of a
particular solid-state phenomena, semi-
conductor piezoresistance, to the measure-
ment of a biological parameter, bone strain.
The approach makes use of a property ob-
served by solid-state researchers in the
mid-fifties,' a fabrication technology de-
veloped for the production of integrated
circuits in the early sixties and bridges
the gap between its first large scale use
in aerospace and the present biomedical
problem.

The problem approached is to design a
strain transducer suitable for long-term
implantation in the tibia bone of a rhesus
monkey.

In order to provide usable output at low

strain levels, the use of a semiconductor
sensor with its high inherent sensitivity
(2 orders of magnitude over conventional

metallic strain gages) is dictated.

The fracture strain of bone material? may
be as high as 12,000 pin/in. Since semi-
conductor strain gages are limited to
strain levels of approximately 4000 win/in,
a strain reducing flexure must be incorpo-
rated in the design.

One approach is to modify a standard ex-
tensiometer design to make it suitable for
implantation. This approach, however, has
several inherent disadvantages. First,
extensiometers tend to be rather large.
Second, and more seriously, an extensiome-
ter must be mounted external to the bone.
External mounting aggravates the problem
of interaction between muscle tissue and
the transducer. In order for such a trans-
ducer to function properly in vivo, a cover
which effectively prevents the ingress of
body fluids must be provided, but the
mechanical configuration of an extensiome-
ter makes design of a suitable cover
difficult.

The approach pursued makes use of a cyl-
indrical strain transducer which is
sensitive to diametrical compressive and
tensile strain. The sensing element is a
diffused element semiconductor strain gage
mounted internal to the cylinder. The
transducer may be potted in place with a
suitable medical grade epoxy or it may be
force fit into the bone, the latter method
being the preferred technique. It is de-
signed for insertion into a one-eighth-inch
hole drilled in the test animal's bone as
shown in Figure 8.



TRANSDUCER DESIGN

a) Sensor Design

The sensing element is a unique dif-
fused monolithic semiconductor strain gage
bridge used as a bending beam. It con-
sists of a thin beam of monocrystalline
silicon on which integral piezoresistive
elements have been formed by solid-state
diffusion of boron. This approach has the
advantage that the force collector (bend-
ing beam) and the sensors (diffused piezo-
resistors) are an integral unit as op-
posed to the conventional technique of
cementing the sensors (semiconductor or
metallic strain gages) to the force col-
lector. Thus, problems associated with
creep, slippage and hysteresis of organic
epoxies are avoided.

Gage configuration is determined by using
oxide masking and photolithographic tech-
niques allowing the fabrication of very
small geometries. The stress sensors are
isolated from the beam by the presence of
a p-n junction. Details of the design
and fabrication of such sensors have been
discussed extensively in the literature
by Kurtz et al. and will not be repeated
here. Ref. 3, 4, 5.

Figure 1 shows the construction of the
basic sensing element. The crosshatched
areas are p-type regions formed by solid-
state diffusion of boron through appro-
priately shaped windows in a masking layer
of thermally grown silicon dioxide. The
larger areas to which the leads are
affixed are metallized contact lands,
while the narrow interconnecting stripes
are the piezoresistive elements.

Two longitudinal elements (Rj) and two
transverse elements (R,) are intercon-
nected to form a Wheatstone bridge, as
shown in Figure 2. Such a circuit pro-
vides inherent temperature compensation
since temperature induced resistance
changes are the same for all four arms

and consequently are nulled out. Varia-
tions in the level of bone strain are
converted by a mechanical flexure to
simple longitudinal bending of the dif-
fused sensor, and for full output from

the Wheatstone bridge shown in Figure 2,
the gages designated R_ must have a
negative resistance chgnge with respect to
those designated R;. This is accomplished
by utilizing transvVerse sensitivity for

Ro and longitudinal sensitivity for Ri'
The longitudinal piezoresistive coef-
ficient ("2) is given by,

™ =T

2 - 2(m - -1 ) « K (1)
11 1

1 12 by

where K is (Zi mi + 2? ni + m: ni)

are direction cosines of the

current direction with respect

to the crystallographic dir-

ections.

- 12 - are.thg fundameptal piezo-
resistive coefficients.

The transverse piezoresistive coefficient

Te is given by,

T, =T + (m - - .
t 12 ( 11 T2 ﬂuu) K (2)

For p-type silicon of the orientation
shown in Figure 2,

Ty % T (3)

T =% LI (4)
The resistance change under an applied

stress is related to the piezoresistive
coefficient by,

AR _
] - (5)
where m may be either My OF T

It can be seen then, for the orientation
used, a uniaxial stress o will produce a
negative resistance change in R_ and a
positive resistance change of equal mag-
nitude in Rj. The orientation chosen
yields maximum values of AR/R under the
restraining condition that n, = -m .

For the impurity concentraticn levéls used
the resistance change at an appropriate
full scale stress will be on the order of
3%. The output of a Wheatstone bridge is
approximated by,

_ AR
Vo = & Vin (6)

So full scale output levels on the order of
30 mv/v might be expected.

b) Mechanical Design of Transducer

(1) Force Collecting Element

In order to measure the strain in
living bone accurately, the displacement
of a fixed point with respect to another
must be determined without affecting the
displacement by the presence of the meas-—
uring device. The effective stiffness of
the measuring device must therefore be the
same or lower than that of bone. The
force collecting element of the transducer
is a cylinder in diametric compression.
The internal sensing elements of the
transducer, as will be shown in a sub-
sequent section, have a negligible effect
on the elastic behavior of the cylinder
and can thus be neglected in the cylinder



displacement calculations.

The force applied to the cylinder under
the maximum strain condition in the tibia
of the monkey of 12,000uin is given by,

F = E . .
1 1 el A 7

120 1bs.

where F is the total unidirectional
! force on the cylinder

E is Young's Modulus for bone
! (n2x 10° psi)

€ is the strain in the bone under
conditions of maximum loading
(12,000 x 107% in/in)

A 1is the projected area on the
cylinder in the direction of
the force A=b * d =5 x 10”% in

The cylinder must have an effective stiff-
ness equal to or lower than that of bone
(2 x 10° psi). Assuming that the cylinder
follows the bone, the change in diameter
is given by,

Ad

d e (8)
1

= 1.5 x 10°° in
where 4

is the diameter of the
transducer (.125")

€ 1is the maximum strain in the
! pone (12,000 x 10~% in/in)

The relationship between the parameters of
the cylinder and the required force to
produce a given deflection is as follows,

Eb t® Ad

F .79 £% (9)

2

25.5 1lbs.

where F is the force required to deflect

the cylinder
t 4is the wall thickness (.016")
r is the radius (.054")

b is the length of the cylinder
(.040")

Ad is the change in diameter under
maximum strain (.0015")

E is Young's Modulus of the
cylinder material (30 x 10° psi
for stainless steel)

This calculation applies only to point

forces radially aligned as in Figure 4.

In fact, the force is distributed over the
entire surface of the cylinder at a vary-
ing angle of application. If this factor
is accounted for, it can be shown that the
actual force required to deflect the
cylinder is twice the calculated force

(56 1bs.) As was shown in Equation (7)
the force available under the maximum
strain condition in the bone is 120 lbs.
Thus using the indicated dimensions, ap-
proximately twice the force necessary to
deflect the cylinder is available. The
force required is designed low by a factor
of two, in order to preclude the possibil-
ity of the cylinder being stiffer than the
bone due to tolerance build-up. Provided
the force required is less than the force
available, the transducer will measure

the true deflection. The thin ends of the
cylinder are merely for attachment of the
end plates. These end plates have been
neglected in the calculations because the
stiffness varies as the cube of the thick-
ness. The presence of these plates stif-
fans the transducer by a negligible amount.

(2) Flexure Design

The sensing element shown in
Figure 4 is a "U" shaped flexure made up
of stainless steel moment arms and the
diffused silicon bending beam described
previously.

When diffused beam is bent in an arc with
the gages on the tension side, the inner
gages increase in resistance due to the
positive gage factor of the gages in
tension, while the resistance of the outer
gages decreases due to their negative
transverse gage factor.

When a force is applied as indicated in
Figure 4, the bending moment and thus the
strain will be uniform over the diffused
beam. Therefore, the gages can be placed
at any location along the axis of the beam
without loss in sensitivity. The flexure
is designed to provide a 6 to 1 strain
reduction ratio, allowing the use of semi-
conductor strain gages at an appropriate
full scale strain level of 2000 pin/in for
a bone and cylinder strain of 12,000 uin/
in. The magnitude of the force required to
deflect the U-beanf to full scale is given
by,
€ E wt
F = —ﬁ-iTE (10)
1+ 3

= ,094 1b.
is the strain in the beam at

maximum cylinder deflection
(2000 x 107% in/in)

where ¢

w is the width of the beam (.030")
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t is the thickness of the
diffused beam (.0025")

C 1is the moment arm from the beam
to the applied force (.020")

E is the modulus of elasticity of
silicon (30 x 10°® psi)

Thus the force required to bend the in-
ternal sensing element is more than three
orders of magnitude less than the force
required to deflect the cylinder. This
justifies the neglection of the effect of
the flexural element in cylinder stiffness
calculations.

The required beam thickness is determined
by applying two geometric relationships
(11, 12) for the U-flexure with the con-
dition that the strain in the beam is to
be 2000 uin/in at a bone strain of 12,000
pin. When the forces are applied as in
Figure 5, the beam describes a circular
arc with the moment arms perpendicular to
the ends of the beam. The moment arms are
thick enough with respect to the beam
that it can be assumed that there is no
bending in these arms.

It can readily be seen from Figure 5 that
the relationship between the deflection
(d) and the deflection angle (8) is,

sin 0 = d
nbv=g (11)

The second geometric relationship re-
lating the strain (a) to the thickness of
the beam is given by,

_ X(1 + g) - X(1 - ¢€)
o = 7 (12)

a = Xe

Since, for small deflections, X is ap-
proximately equal to L,

a = Le

but by inspection of Figure 5,

in =2
Slne—t (13)
therefore,
: _ Le
Slne-—T (14)
but from Equation (10},
ino=@
sin 6 = P
Le _d
so, T = ¢ (15)
_ LeC
t==3

11

t = 2.46 x 10 % in

where L is the length of the bending
(46 x 107° in)

€ is the maximum strain in the
bending beam (2000 x 107% in/in)

C is the moment arm from the beam
to the applied force (20 x 107° in)

d is one-half the deflection of the
cylinder under maximum strain
(0.75 x 1073 in)

FABRICATION

The assembly details are shown in Figure 7.
The transducer housing is fabricated from
body-compatible stainless steel. The end
caps are affixed with medical grade RTV
adhesive. Tests have shown that the
construction techniques used;prevent the
ingress of a saline test solution for at
least 200 hours at body temperature. The
overall tolerance on the o.d. of the
transducer is held very closely to allow
force fitting into an accurately drilled
hole in the bone as shown in Figure 8.
Alternately, the transducer may be mounted
in a somewhat larger hole and secured with
a medical grade epoxy.

EXPERIMENTAL DATA

A number of bone strain transducers were
built and tested with good results. Fig-
ure 9 is a plot of bridge output vs. strain
at an input voltage of 5 volts. The
sensitivity is close to the expected
value, and, although some nonlinearity

is observed, it is deemed acceptable.
Variation in sensitivity from unit to unit
was found to be approximately 25% and was
undoubtedly due to tolerance build-up.
Repeated tests showed that the hysteresis
and repeatability were excellent.

An important consideration in a transducer
designed for in vivo measurements is that
the construction be such as to prevent the
ingress of body fluids over extended
period of time. Accordingly several com-
pleted transducers were immersed in a
saline solution and held at body tempera-
ture for a period of 200 hours. No gross
change in the transducer no-load output
voltage was observed during this period,
indicating that the seals were leak free.

Another important consideration is that
the transducer should exhibit no change
in its characteristics when used at body
temperatures. The monolithic strain
sensor employed in the subject transducer
possesses inherent self-compensation for
variation of zero with temperature. The
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