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This paper proposes a procedure to adapt the geometry of the toolpath to remove a
constant thickness on a five-axis machine. The aim of this work is to contribute to the
automation of prosthesis machining, mainly, in the preparation of polishing surface. The
proposed method can deform and adapt a toolpath to respect the geometry of the
manufactured surface. This method is based on three steps: alignment, deformation and
smoothing toolpath. In the alignment step, a mapping is carried out between the
measured surface of prostheses and the nominal toolpath using the Iterative Closest Point
(ICP) algorithm. The aligned toolpath is deformed in two steps. The first step is the
projection of aligned points on the measured surface (defined by STL file). In the second
step, these points are offset by a value (ap) to obtain the required geometry. During the
deformation step a meshed surface is used, reducing the smoothness of the deformed
toolpath. Experimental tests on industrial prostheses are conducted to validate the
effectiveness of this method. During these tests the effects of the smoothing methods on
the surface quality of machined parts are presented.

1. Introduction

The surface quality of surgical implants is one of the most important properties
to be controlled in their design and manufacture. The polishing operation
represents the final action in the production cycle to improve the quality of
implants surfaces. Generally, knee prosthesis is constituted of three parts. Two
metal parts are fixed respectively on the femur and one on the tibia. The third
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part is intercalated between the two metallic’s and it is made up of a very strong
plastic resistant called the polyethylene, which improves the knee slip [1].

To reduce the removed bone volume the knee prostheses thickness is reduced.
Thus, this small thickness is caused by deformations due to the foundry process
[2]. The geometry has a small influence on the lifespan of the prosthesis, because
the intercalated parts in polyethylene will be deformed to compensate geometry
errors of the femoral part which is commonly made in cobalt-chromium alloy.
On the other hand, the surface discontinuities and the surface quality (roughness
and waviness) have a major influence on the lifespan of the prosthesis; this
implies that we must have a very accuracy surface quality and to ensure the
thickness of the prosthesis to avoid the prosthesis failure. When CNC machines
are used to polish these functional surfaces, the polishing force is not controlled
because usual CNC machines drive the position and not the applied force. This
effect requires a geometrical adaptation of the machining toolpath at each rough
work piece [3]. In manual polishing, the operator uses his eyes to adapt his
toolpath.

In the proposed method, a three-dimensional measurement is needed to obtain
the rough part geometry made by foundry process. An STL model is generated
after this measurement process, it should be noted here that the STL format is
obtained by a triangulation of real work piece after acquisition step. The initial
tool trajectory is calculated by a CAM (Computer Aided Manufacturing). It is
defined on the nominal model given by CAD (Computer-aided design) software,
with the respect of toolpath synchronization (figure 1). It makes it possible to
avoid the traces on manufactured surface and thus avoid the build of CAD model
of each deformed part and to remake a special CNC program [4-5].

Tool path
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Figure 1: Tool-path generate using CAD model of the knee prosthesis (femoral condyle).
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The main objective of this research work is to modify a trajectory of machining
calculated on a nominal model to remove a constant thickness over a rough
surface of part coming from the foundry. In this paper, the case of femoral
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component of knee prostheses (femoral implant: condyles) is studied. The CNC
toolpaths are made only on the upper part of the knee condyle.

2. Description of the developed procedure

This study proposes a method to adapt the geometry of the toolpath with the aim
to remove a constant thickness. As presented in introduction, this case is present
in the machining process of the femoral component of knee prostheses. The
figure 2 illustrates the stages of this method. The proposed toolpath deformation
method is composed of three stages: the measured surface alignment, toolpath
deformation and toolpath smoothing. Each of these three items is studied in
relation to the bibliography.
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Figure 2: The stage of the method
The deformation of the toolpath is performed in three steps:

a) Aligning the tool path (computed on the nominal model) and the STL model
of the rough surface using the ICP algorithm,

b) Deformation of the tool path,

c¢) Smoothing of the deformed toolpath.



3. The alignment process using ICP algorithm

The alignment process using the ICP algorithm begins by the measurement of
rough surface which must be aligned with the nominal toolpath. The ICP
algorithm is a well-known method for registering a 3D set of points to a 3D
model [6]. It will be noted that the successive coordinates of the drive point
expressed in the coordinate system of the workpiece give the nominal toolpath.
Some CAM software options allow expression of the toolpath of the cutter
contact point [3]. Subsequently, these coordinates are noted Pcc(xi,yi,zi) and the
tool axis direction, u. On the other hand, an STL file defines the measured
surface [7]. It is composed of vertices, edges, and triangular facets. Each facet
has a normal vector, n. It should be noted here that P’cc(Xi,Vi,zi) is the vertical
projection of Pcc(Xi,yi,zi) on a triangular facet. A rigid transformation [Tt]
consists in the rotation matrix [R] and the translation vector {T} giving the
iterative transformation Eq. 1.

Pce(Xiyizi) = [R]% Pec(Xiyi,zi) + {T} 1)

The transformation is calculated in the aim to displace the nominal toolpath on
the measured surface. The algorithm minimizes the sum of squared residual
errors between the set of points and the model, and finds a registration that is
locally the best fit using the least-squares method Eq. 2.

f([R]l {T }) = NLZS:HP(;C, - [Tt]>< Pcc, H (2)

s i-1

4. Deformed toolpath and offset step

After alignment phase, the toolpath is deformed in two steps (figure 3). In the
first one the projection of the aligned points on the measured surface (STL
model) is realised. In the second step, an offset of these points by a value (ap) is
necessary to obtain the required geometry. These steps are detailed below.
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Figure 3: Deformation of the nominal toolpath



4.1. Projection aligned points

Firstly, all the points of the trajectory P’cc(xi,yi,zi) are projected on all facets of
the STL model. A test is carried out to verify if the projection is inside the
triangle or not. The distance between P ’cc(xi,yi,zi) and a triangular element of
STL model (figure 3) is determinate using the Eq. 3. The triangle vertices are
denoted N1, N2 and Ns. Eq. 4 is used to calculate the point Pcc_gef(Xi,yi,zi).

Ei = PcciNi . n (3)
OPcc_def(Xi,yi,zi) = OP "cc(xi,yizi) + Ei . n 4)

Where n is the unit vector of the triangular element and E; is the distance
between P ’cc(xi,yi,zi) and Pcc_der(Xi,Yi,zi).

4.2. Offsetting the toolpath after projection

The projected toolpath is offset with a quantity a,: depth of cut inside material
(figure 3). The equation Eq. 5 is used to carry out to determinate the points
Pcci_det dec(Xi,Yi,zi).

OPCCi_def_dec (xi,yi,zi) = OP "cc(xi,yi,zi) + (Ei—ap).n (5)

It will be noted that, on a meshed surface (plane element); the local normal is
submitted at discontinuous variations along a toolpath. This last will induce
discontinuities on the deformed toolpath [3]. This deformation induces
oscillations, principally, in the axis of the machine and this is observed in the
manufacturing surface, because the initial trajectory is far from the target surface
(figure 4). To resolve this impediment, section 5 proposes a method to smooth
the toolpath within a pre-assigned tolerance.

*-=*Deformed tool path
— STL Model

Figure 4: Discontinuities observed on the deformed tool path.

The generation of toolpath starting from model STL generates disturbances of
deformed trajectory then decelerations of the machine and defects on the part.
These phenomena are harmful with respect to production and the surface quality.



Toolpath smoothing is carried out to improve surface quality after the
deformation step. A technique of smoothing methods is developed in literature.
Some authors propose the B-Spline curve interpolation to smooth the nominal
toolpath points [8-9].

5. Smoothing toolpath and experimental validations

The proposed smoothing method is based on smoothing axis by axis with a 3-
dimensional admissible tolerance IT. This method may be applied to the 3 axes
of the toolpath or only to one. On each axis a low degree polynomial (<6) is
calculated using the least squares method. In addition with that, we propose to
use the Bezier curves to smooth the toolpaths with an aim to have a better
surface quality.

Tests are carried out on a femoral prosthesis. This prosthesis is a uni-
compartmental knee component. Shape complexity of these surfaces requires
machining by a multi-axis CNC machine, in this case five-axis “ULTRASONIC
20 linear”. A Siemens 840D CNC was used to carry out the tests. The
measurement of manufacturing time gives us an idea of the effectiveness of the
smoothing technique and makes it possible to select the most smooth toolpath
trajectory as shown in the figure 5. It shows clearly that the proposed technique
of smoothing by Bezier curves offers a better fluidity.
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Figure 5: Experimental testing and validation.

The machined surfaces are measured with an optical coordinate measuring
machine. Figure 6 presents the obtained results. This figure illustrates the
roughness surface to the machined surface and compares the total depth of
surface in micron [um].
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Figure 6: The measurement roughness surface results.

From the machining experiments and the results of roughness measurements, we
can conclude that the best strategy is the smoothing according to the three
machine axes X, Y, Z.

6. Conclusion

In this paper a method to adapt a toolpath to a geometrical target to remove a
constant thickness on a rough surface was proposed. This case is generally
present in the production of knee prostheses. An STL model is generated after
the measurement process. The toolpath deformation method starts with aligning
the measured surface and the nominal toolpath. After this, a deformation
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toolpath method is proposed to remove a constant thickness on rough surface.
However, the use of a meshed model to deform the toolpath induces systematic
effect (apparition of pattern marks) on the manufactured surface. To resolve this
problem, a toolpath smoothing methods was developed. To validate the
usefulness of the presented method and its effects on the machined surface
quality, industrial tests were carried out and analyses, leading to an optimal
method based.
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