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Various cutting procedure e.g., drilling, reaming, sawing, chiselling and threading on
bone are commonly used during orthopaedic surgical operations. Bone is a complex,
anisotropic, viscoelastic material. To study the mechanics of chip formation during
orthogonal cutting of bone, a series of tests were carried out on mature, fresh bovine,
and human bone. The tests were performed using a milling machine at depths of cut
from 0.05 to 0.15mm and cutting speeds of 30, 190 and 1000mm/min. The single point
cutting tools were ground and polished, generating various orthogonal rake and ciearance’
angles.

Cutting forces during chip formation were measured with a two component
dynamometer. Microscopic and photographic studies of the formed chips showed the
nature of deformation of the bony structures during cutting. The nature of chips ob-
tained from radial, tangential and longitudinal directions is significantly different so
also the cutting force. ’
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INTRODUCTION

MANY orthopaedic operations require various cutting procedures like drilling, ream-
ing, sawing, chiselling and threading to be carried out on bone. Much work has been
done on the mechanics of drilling!-2 thermal damage to bone,23-45 and histopatho-
logic changes due to drilling.® Drill bit and tap breakage are very common in or-
thopaedic surgery.

To investigate such maladies the basic mechanics of bone machining was thought
to be appropriate for study. Bone is an anisotropic, viscoelastic material.” A number
of factors such as species, age, anatomical site, moisture content and orientation af-
fect the mechanics of cutting of bone, together with the tool geometry and cutting
parameters. Fig. 1 depicts the architecture of bone which indicates its anisotropic nature.
Orthogonal cutting was carried out in longitudinal, radial and circumferential direc-
tions to study mechanics of chip formation. During orthogonal cutting, the cutting
edge of the tool is kept perpendicular to the direction of relative motion of the tool
and the workpiece, i.e., the bone sample.

Microscopic study of bone shows lamellar tubular structure known as osteons ly-
ing principally in the long axis of the bone, embedded in a less structured matrix
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(Fig. 1). In transverse section, the osteons appear as round structures. The lameliae
are formed of collagen fibers and hydroxyapatite crystals together with a smaller pro-
portion of other large molecules like glycoproteins.

The notation system adopted for the cutting situation employs two figures, the
first, indicating the angle between the cutting edge and the principal osteon direction
of the bone, and the second, the angle between the toolmotion vector and the prin-
cipal osteon direction (Fig. 2). Thus, orthogonal cutting in the {ongitudinal direction
1s designated as 90-0, in the circumferential as 0-90 and.in the radial direction as 90-90.

MATERIALS AND METHODS

In this study fresh, compact and a bovine tibial bone and also a section of human
femoral bone removed during operation, were used. The material was stored at
-10 °C and before experiment it was thawed to normal temperature. All procedures
were carried out with the samples kept saturated with saline to keep it moist and cool
during machining.

Single point cutting tool were ground to generate orthogonal rake angles of 0°,
10°, 20°, 30°, and 40° and a clearance angle of 10°. The rake and clearance faces
were polished, finishing with 4-0 polishing paper. Orthogonal cutting was carried out
on a milling machine (HMT-Bangalore model M2) with the tools mounted vertically
on a special tool holder fixed to the dovetailed overhung part.

a) For the measurement of cutting forces, test specimens of size 10mm X 15Smm
and thickness 5+ 2mm were used. The specimens were clamped on a special vice on
top of a two component dynamometer specially designed and manufactured for the
purpose. The outputs proportional to the two cutting force components were process-
ed through two strain measuring bridges (Philips, PR-8307) and recorded on a multi-
track chart recorder (Encardiorite). Calibration of the dynamometer with dead weights
established a linear input-output relationship. The experiment with various combina-
tion of feed, tool and job factors were repeated and randomised for obtaining a
statistically significant result.

b) For the microscopic study, bone sections of lmm thickness were cut with a
diamond slitting saw in the three directions, and then ground down under saline ir-
rigation to 300 + 50 microns. One edge of this was ground flat. The specimens were
mounted vertically on a sample holder fixed to the milling machine table. Orthogonal
cutting was performed serially with the orthogonal tools of rake angles 10° and 40°
respectively near one margin of the cutting edge. Cutting was terminated suddenly when
the sampie reached its middle by laterally moving the table suddenly away from the tool.

Formed chips 5 + 2mm wide and the thin sections with attached chips were studied
under the microscope (Jenaval GFPA-Carl Zeiss) at X 125 and X 250 magnifications.

The chip thickness was measured at the junction with the workpiece by eyepiece
grid micrometer (Zeiss 225) of the microscope, which was previously calibrated with
a stage micrometer (Zeiss 1/0.012).
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RESULTS AND ANALYSIS

Fig. 3 shows the mean resultant cutting force for different tool rakes and orientations
of bone. As expected, the forces diminish with increase in rake angle. The maximum
cutting forces were recorded for bovine bone in the 90°~ 90° direction.
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The two components of the cutting force were used to compute the resultant cut-
ting force and the apparent coefficient of friction according to Merchant’s derivation®

p = (F + F;tan v)/(F, - F, tan v),

where F, = horizontal force component, F, = vertical force component,
v = orthogonal rake angle and p = coefficient of friction between tool rake
face and chip.

The chip reduction coefficient was derived from velocity analysis according to
Kronenberg?

where £ = e "2
£

and e

chip reduction coefficient and v = rake angle in radians

1

base of the Napierian Logarithm.
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From the specimens in the second set, chip reduction coefficients were computed
from the thickness of the chip root and the employed depth of cut i.e., the uncut layer
of thickness.

£’ = thickness of chip/depth of cut.

Table I shows the results from the two methods employed.

TABLE |

Chip reduction coefficient

Clearance angle = 10° Clearance angle = 8°
Rake Angle Bone Sample Human Bone Bovine Bone
(Degrees) orientation
Computed' Measured? Computed! Measured?
n =30 n=>5 n=4 n=4

10 Longitudinal 1.872(.114) 1.586(.054) 2.141(.169) 1.90(.014)

Circumferential — 1.738(.041) 2.063(.035) —

Radial 2.283(.181) 2.075(.075) 2.340(.014) —
40 Longitudinal 1.718(.097) 1.568(.065) 1.841(.059) 1.80(.059)

Circumferential — 1.563(0.41) 2.190(.068) —

Radial 2.087(.061) 1.863(.041) 2.716(.041) —

Cutting Velocity = 190mm/min; Depth of Cut = 0.10mm. The figures in parenthesis indicate £ 1 s.d.
!Computed from F. and F,. Direct measurement from formed chip.

DISCUSSION

In the longitudinal direction (90-0) as the tool engages with the workpiece, the bone
is locally compressed until the tool face is in contact with the cross-sectional area of
the undeformed chip. As the tool moves forward, the bone is further stressed in com-
pression parallel to the osteon direction. Cleavage failure originates at the tool edge
in the osteon direction. As the chip moves up the rake face cleavage failure precedes
the tool edge forming a continuous chip. Under certain conditions, cleavage failure
continues to a point where bending stresses become the limiting factor and the chip
fails as a cantilever beam (Fig. 4).

In the circumferential (0-90) direction, as the cutting edge moves forward, the
bone is compressed perpendicular to the osteon direction. As the compression increases,
failure starts from the tool edge into the chip, which begins to rotate and move up
the rake face of the tool (Fig. 5).

In the radial (90-90) direction, Osteon severance is preceded by deflection. Because
the tool has'a small radius at the cutting edge, the osteons are initially deflected before
failure occurs in tension at the cutting plane. The deformation of the osteons ahead
of the cutting edge leads to a tensile bending stress some distance below the cutting
plane. Under the microscope the machined surface is irregular with breaks between
the osteons. The chip is most often discontinuous, or held together loosely (Fig. 6).
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The chip reduction coefficient during cutting is affected by a numbers of variables:
cutting speed, depth of cut, nature of work material, tool geometry, friction at the
rake face and nature of coolant.

The orthogonal cutting experiments under similar conditions show that the com-
putation of the chip reduction coefficient from the force components gives comparable
results to the direct determination (Table I). Measurement of chip thickness is difficult
for material like bone so an indirect method of computation from force measurements,
provides a means of determining the chip reduction coefficient and the shear angle.
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