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Abstract

The production of implants is challenging due to their complex shapes, the filigree structures and the great regulatory effort. Therefore, a manu-
facturing cell with an integrated optical measurement was realized. The measurement system is used to determine the geometric deviations and
to fulfill the documentation obligation. The measurement data are used to create a matrix containing the nominal coordinates and the error vector
for compensation points at the relevant shapes. Based on this, the corresponding tool-path segments are isolated in the G-Code and compensated
in order to reduce the geometric deviations. With this method, the deviation could be reduced by 85 %. However, it is pointed out, that the result

of the compensation strongly depends on the quality of the optical measurement data.
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1. Introduction

Manufacturers of implants are simultaneously facing an in-
crease of the cost market pressures, individualization as well as
variety. In addition, regulatory requirements of the certifying
authorities are becoming more stringent with the result that
more personnel resources are being tied up in non-productive
activities [1]. Implants are often made of the biocompatible ti-
tanium alloy Ti6Al7Nb, which has similar mechanical proper-
ties to Ti6AlV4 and is considered difficult to machine due to
its material properties [2]. The filigree shape and curved struc-
ture of the implants also result in complex cutting conditions
and large deflections of the workpiece and cutting tools during
machining, making it difficult to maintain the required toler-
ances [3].

In common practice, an iterative setup process is performed
in which the process parameters and path planning are adjusted
until the workpiece geometry achieves all tolerances [4]. In or-
der to avoid the associated costs, especially for small series,
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approaches have been investigated to reduce the influence on
manufacturing errors or to compensate for the occurring di-
mensional and form errors by suitable compensation methods.
In predictive compensation, the manufacturing errors are deter-
mined and compensated for by models or simulation ap-
proaches before or in parallel with the manufacturing process
[5]. However, these approaches reach their limits with complex
cutting conditions and with the deflection of tool and work-
piece. Reactive compensation provides a more accurate com-
pensation because the real manufactured part geometry is
measured after manufacturing. With this measurement data, a
compensation can be performed for the next part [5].

Two methods have been established for the geometry meas-
urement. First, the touch probe located in the machine is used
to measure the geometry immediately after production [6]. One
advantage of this procedure is the immediate measurement of
the manufacturing errors while the workpiece is still in the
clamping fixture. However, since the probe is guided by the

This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-ne-nd/4.0)
Peer-review under responsibility of the scientific committee of the 15th CIRP Conference on Intelligent Computation in Manufacturing Engineering,

14-16 July, Gulf of Naples, Italy
10.1016/j.procir.2022.09.049

This is a resupply of March 2023 as the template used in the publication of the original article contained errors. The content of the article has remained unaffected.



Berend Denkena et al. / Procedia CIRP 112 (2022) 122—-127 123

same machine, geometric errors for example due to thermoe-
lastic displacements are not considered. In order to eliminate
this disadvantage, a geometry measurement for subsequent er-
ror measurements often takes place with a coordinate measur-
ing machine (CMM) [7-9].

The deviations regarding the target geometry is determined
by comparing the measured workpiece geometry with the
nominal geometry. For this purpose, various measuring points
along a surface are evaluated to allow the consideration of a
complex path of deviation. In order to compensate these
complex errors, it is necessary to adapt the tool path. Different
approaches along the process chain have been made, starting
from CAD/CAM planning [10] and ending with the adaptation
of the G-Code [11].

For close-to-process compensation, the direct adaptation of
the G-Code is useful, since there is no post-processor necessary
to generate the tool path after the adaptation. For this purpose,
the mirror method is an established and easy method to derive
the tool path for the compensation from the measured manu-
facturing errors. The measured points along a surface are mir-
rored against the ideal surface, resulting in one compensation
point for each measured point (Fig. 1). These points are then
used as points for the compensated tool path [12-15].

Error vector  cae
o
l e

Compensation vector
Kai/100579 © ITFT'W

Fig. 1. Mirror method for the determination of the compensation profile

The compensation methods introduced refer without any ex-
ception to the measurement data obtained with tactile measur-
ing systems. Compensation based on optical measurement data
has rarely been investigated, since the optical measurement
systems existing up to now do not achieve the required meas-
urement accuracy. However, due to the continuous develop-
ment of the optical measurement technology, it is increasingly
reaching the application fields that were reserved for tactile
measurement technology with regard to measurement accuracy
and process reliability [16].

Therefore, first approaches to use optical measurement data
for error compensation have been made. For machining with an
industrial robot, a fringe light projection method was used to
digitize the manufactured component. The generated 3D Model
in a STL Format model can be compared with the nominal ge-
ometry, which is available as a Dexel model. By the intersec-
tion between the Dexel and the nominal profile from the STL
model, measurement points are derived, which are thus used
for compensation with the mirror method. This method leads to
a reduction of the error from 0.6 mm to 0.1 mm [17].

The processing of the point cloud obtained with optical
measurement technology is challenging since a large number
of points are available, which must be processed in a way that
the information necessary for the compensation is obtained and
made usable [18]. One approach is to adapt the original 3D

model based on optical measurement data of a manufactured
component. Error vectors are derived between the initial STL
model and the measured point cloud, which are used to create
anew STL model in which the compensation values are already
integrated. Path planning is then performed without modifica-
tions in the CAM software. This method is also able to signifi-
cantly reduce the geometric errors [10].

This paper presents a new manufacturing cell for implants
in which an automated optical measurement is integrated into
a manufacturing cell to perform a measurement of each manu-
factured implant directly after production. On the one hand, this
enables an automated documentation, which reduces the man-
ual documentation effort. On the other hand, the measurement
data from the optical measurement is used to perform an auto-
mated close-to-process G-code adaptation to compensate the
manufacturing deviations. This paper describes a method for
this close-to-process compensation based on the optical meas-
urement data. This enables an immediate and fast reaction to
occurring errors without the need of an additional CAD/CAM
planning.

2. The manufacturing cell

An automated manufacturing cell was developed and oper-
ated for the production of implants (Fig. 2). It consists of an
automation robot that loads the machine tool and a measuring
robot (not shown) that guides the optical measuring system.
This setup enables an automated documentation in accordance
with regulatory requirements in addition to manufacturing.
This includes automated quality inspection with the measuring
system as well as documentation of all data relevant to the pro-
duction.

Robot automation

Machine tool
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Fig. 2. The manufacturing cell

In addition, compensation can be performed, which is pre-
sented here. Implementing this compensation in the context of
medical technology is an important step as the manufacturing
process is certified. Automated adaptation of the tool paths is
only possible if it can simultaneously be proven that the change
is within a small permitted tolerance range and the manufac-
tured geometry meets the certified criteria. This proof can only
be provided by complete quality inspection of the manufac-
tured implants. Therefore, a wrist implant is used as an example
of application (Fig. 3). With seven tools the final contours are
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produced by face milling, peripheral milling and ball end mill-
ing. As common with implants, the manufactured implant not
only remains on the raw part for the entire manufacturing pro-
cess but also for quality inspection via thin retaining bars. For
the following investigations, the shaft surface as well as the
face surface were used.

=——Raw part

Retaining bars
Outer radius
@ [ace milling
@ Peripheral milling
@ Ball end milling

Fig. 3. Implant with the finish-operations a) and tolerances b)

R6,5+0,1
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3. Optical measurement of the implants

The optical measurement is currently carried out manually.
The system consists of a hand-held laser line scanner (Fig. 4),
which is spatially tracked by a tracking system via active infra-
red markers, enabling a three-dimensional reconstruction of the
measurement data from the laser line.

The tolerances defined for the production process of the im-
plant (Fig. 3b) require a measuring accuracy in the order of mi-
crometers. To determine the suitability of the used measuring
system, the optical measurement results were compared with
measurement data from a coordinate measuring machine. Fig-
ure 5 shows the comparison of the measurement data on two
surfaces on the shaft of the implant. The maximum measure-
ment deviation of about 20 um is sufficient for compensation.

“
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Fig. 4. Handheld laser scanner

Furthermore, the measurement data shows a significant in-
crease in machining errors towards the tip of the implant, due
to increasing deflection caused by the process forces Fig. 5 a).
In addition, Fig. 5 b) shows an oscillating, stepped surface
structure. The reason for this is a production of the surface with
gradually increasing axial infeed depths. However, the meas-
urement show that the measuring system is suitable for the
measuring task. In addition, complex geometric deviations oc-
cur. For a compensation of these surfaces, an adjustment of the
tool path is necessary.
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Fig. 5. Comparison of measurement results between optical
measurement and CMM
4. Compensation approach based on optical measurement
data

The measurement data of the current geometry are initially
available in the form of a point cloud. According to the
schematic sequence of the compensation shown in Fig. 6, data
processing of the measurement data takes place first. The
resulting compensation matrix is subsequently used in the G-
code adaptation to modify the toolpath for the machining of the
next implant in a way that compensates the errors that occur.
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Fig. 6. Schematic procedure of error compensation
The steps of data processing and G-code adaptation are de-
scribed more detailed below.

4.1. Data Processing

The measurement data processing is carried out using the
Inspect Suite software from the company GOM. To allow for
an automated processing, a Phython script was created that
automatically processes the measurement data and calculates
the compensation matrix.

The compensation methods described initially use the
probed points on the workpiece surface to perform further data
processing directly on them. In contrast, the optical
measurement first makes a nominal-actual comparison of the
entire implant without taking into account which surfaces will
be compensated. For further evaluation, a matrix is specified
that contains the points Py; on the nominal geometry (blue
points in Fig. 7). These points are located on the surface to be
compensated and they represent the data points that assign
which compensation is performed. A perpendicular vector is
defined from each point on the surface that is long enough to
intersect the face of the 3D model of the actual geometry. This
results in the error vector vg;, which describes the error for
each nominal point. In order to obtain an accurate result, the
nominal points must be located on flat parts; corner points can
lead to an incorrect evaluation and are not valid.
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Fig. 7. Nominal points and determination of the error vectors

In the last step of the data processing, the error vectors are
mathematically mirrored at the nominal point, resulting in the
compensation vector Vgomp; - All nominal points are
represented together with the corresponding compensation
vector in columns in the compensation matrix My, which is
exemplary shown in (1).

F X1 X2 Xi 7
Yo Y2 W
Zy Z, z;
Mcomp = [vcomp,l vcomp,Z vcomp,n] = Axl sz "'Axi (1)
Ay, Ay, Ay,
Az, Az, Az,

This matrix contains all geometric information in the work-
piece coordinate system that is necessary for compensation.

4.2. G-Code adaption

For the adaptation of the G-code, the file available on the
network drive of the machine is used and the adapted G-code
is again copied directly to the machine. This procedure allows
for an automated and close-to-process compensation. The com-
pensation sequence is shown in Fig. 8. The following infor-
mation are initially required as input parameters:

- G-code file for adaptation

- Compensation matrix from optical measurement

- Name of the machining operation for compensation
- Tool radius

- Machining type (peripheral/face/ball end milling)

- Point density of the tool path to be interpolated.

The processing of the G-code is taken over by the inter-
preter, whereby it handles the code line by line and in it again
word by word. Its function is to identify the relevant machining
operations in the code and to classify the machining operations
(straight line, circle, TRAORI) in order to apply the correct
compensation method. First, all lines of the original G-code are
copied into the new G-code until the operation to be compen-
sated is reached in the code. Usually, these final contouring op-
erations result from the CAM planning. Subsequently, the com-
pensation is activated and the G-code adaptation takes place. It
begins with the acquisition of the start and end points of a ma-
chining operation, the rotary movements of the A and C axes
as well as executed coordinate transformations.

This information is transferred to the geometry data pro-
cessing. Here, a coordinate transformation of the tool paths into

the workpiece coordinate system is performed. This ensures
that the geometric information from the compensation matrix
and the toolpaths are available in the same coordinate system.

Original G-Code
G1 X0 YO0 F1000

—> X100 Interpreter I
750
- T
Start End .
IGeometry data processmg] -
G1X0Y0.01 F1000
X Xz X _ X10Y0.008
Jz’l 32’2 32’5 X20Y0.009
Memn= |2 22t Interpolator | | {X30 Y0.01
o, by By X40 Y0.01
w0 ) | [OOIDOSMIONS GNGZ) | |xs0 vo 011
- X60Y0.011
_ | Compensation || |x70 Y0.012
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X100Y0.014
. | Write G-Code |
Next Line
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Block-by-block processing of tlhe G-Code

Fig. 8. Error compensation procedure
Until now, the tool paths in the G-code are only described
by the start and end points between which the machine interpo-
lates the path. However, only the start and end positions are not
sufficient to compensate complex errors. For this reason, the
density of the tool points in the G-code must be increased,
which is realized by interpolating the tool paths between the
start and end positions. The interpolator also considers move-
ments during combined translational and rotational movements
of the tool. As a result of the tool path interpolation, the tool
paths are now available in small pieces with a high point den-
sity so that a detailed compensation of the errors along the tool
paths is possible. The applied interpolation distance is an input
parameter and should be defined based on the dimensions of
the workpiece and the expected errors. In the present case the
interpolation distance is 0.5 mm.

In the following step, the actual compensation of the tool-
path is carried out. Three compensation-points P 1, P¢ 2, P 3
(Fig. 7) are assigned to each tool path point Py from the nomi-
nal points Py ; that are closest to the tool point Pr, considering
the tool radius 1y;,. This assignment results in a spatial triangle
in which the tool point is located on the plane spanned between
the compensation points. Figure 9 schematically illustrates this
triangle (highlighted in orange) in one planar plane. However,
the compensation vectors C; in the compensation matrix

Kai/100582 © [FW
Fig. 9. Schematically compensation-interpolation

This is a resupply of March 2023 as the template used in the publication of the original article contained errors. The content of the article has remained unaffected.



126 Berend Denkena et al. / Procedia CIRP 112 (2022) 122-127

M_mp are related to the previously defined nominal compen-
sation-points Py ; (Ch. 4.1.). These points do not correspond to
the points of the toolpath Py.

Therefore, the compensation-interpolation aims to set the
tool path in relation with the compensation-vectors C, of the
compensation points Pg; in order to derive a compensation-
vector Cpy for each toolpath point Py. The result is the com-
pensated point Pr .., Which can be used directly as a new
point of the toolpath. In case the tool point is located in the tri-
angle between the compensation points, a spatial interpolation
is performed as shown below. If only one associated compen-
sation point is present, the compensation vector of this point is
used directly. If two points are available or the tool point is lo-
cated on a line between two points, a linear interpolation will
be carried out.

First, the vectors between the compensation points and the
vector between compensation point 1 to the tool point are de-
termined.

Vpciz2 = P = Pey 5 Vpcas = Pez — P

2

Vpcir = Pr — PPc,l

Defining the cross product of the vectors Vpeq, and Vpeas,
an additional vector V| is obtained which is perpendicular to
the plane and indicates the first direction of the compensation
vector.

Vi = Vperz X Vs 3)

An inverted matrix is established from the calculated vec-
tors, which is multiplied by the vector Vpc;7. This mathemati-
cal description allows a calculation of the weighting factors a,
b and c. Starting from compensation point P ; , these factors
describe the fractions of each compensation vector C, and Cs,
which are transferred to the tool point during the interpolation
from all correction vectors.

a
<b> = [mez Vipcas V_L]_l “Vpeir “4)

c
In a last step, the compensated point Pr .., in the work-

piece coordinate system is obtained by starting from the origi-
nal tool point Py and defining the linear combination of the
three compensation vectors C;_; at the measurement points
with the factors a and b between the spanned surfaces.

PT,corr=PT+{CT1+{a'(CT2_CTl)+b'(CTB_CT2)} (5)

This new, interpolated tool point Pr .o, is now used instead
of the original point P;. For each tool point in the operation,
which is to be compensated, an interpolation is performed.
Nevertheless, is it possible that no compensation point can be
allocated to the current tool path. This occurs, for example, dur-
ing infeed movements when the tool is not engaged. In this
case, an interpolation of the tool path is performed in order to
calculate additional interpolation points. However, a compen-
sation cannot be realized and the original tool path is kept. This
method can be used for the machining operations of face mill-
ing and peripheral milling with an end mill or three-axis ma-
chining with a ball end mill, even for free-form surfaces.

5. Results

The compensation methodology was evaluated on the im-
plant presented in Fig. 3, but without the hole to obtain a larger
face area, which can be used to better illustrate the results. Two
series of tests were performed with a peripheral and a face mill-
ing process. The following Fig. 10 shows the measurement re-
sults of the peripheral milling process of the shaft surface. The
optical measurement of the shaft is compared with measure-
ment data from the coordinate measuring machine (CMM),
which are used as a reference due to the significantly higher
measurement accuracy. The line represents the averaged meas-
urement results over three tests, the shadow behind shows the
measurement span. The width of the shaft corresponding to
1.6 mm is considered and a tolerance of + 0.05 mm is included.

The measurement data of the uncompensated implant in the
left graph show that the deviation increase towards the end of
the workpiece due to increased deflection during machining
with a cantilever length of 17 mm. In addition to the bending
line, a constant offset is present, which can be explained by in-
correct tool geometry for example. The equal distance between
the two lines show a constant measurement error of about
20 pm. The right graph sums up the measurement data of the
compensated implant. The results show an increase in accuracy
of about 65 % compared to the non-compensated implant. The
deviation line was almost completely eliminated. This was also
shown when the tests were repeated three times. The measure-
ment results of the optical measurement are now close to the
nominal dimension, what shows the effectiveness of the com-
pensation, which only refers to the optical data. However, the
reference measurement with the coordinate measuring machine
shows that the true dimension is shifted due to the measurement
inaccuracy of the optical measurement.
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Fig. 10. Nominal points and determination of the error vectors

The compensation of the face milling process leads to simi-
lar results. An improvement of up to 85 % could be achieved.
Figure 11 shows measuring points over the entire face area. It
is noticeable that the variation of the measurement data of the
uncompensated production presented in the left graph is (com-
paratively) low (~10 um) for the coordinate measuring ma-
chine. However, the variation of the optical measurement data
is about 50 um much larger. By using this optical data for com-
pensation, an improvement is achieved, although the variation
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of the measurement data obtained with the CMM for the com-
pensated surface also increases.
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Fig. 11. Nominal points and determination of the error vectors
To further illustrate this, the relative frequency of the devi-
ations is plotted against the measured deviation from the nom-
inal surface. In Fig. 12, only the measurement data of the coor-
dinate measuring machine are shown. This implies that the var-
iation of the optical data due to the G-code adaptation is trans-
ferred to the actual compensated geometry.

3\ 0.25 | -CMM uncompcnsatcdl R

£ 0.20 | | head heighth _Measurement
s CMM compensated 4 2" points for plot
=2 | \|

o 0.15

3 0.10

o 0.

>

= Comp. surface

= 0.05 face milling

5]

~ 0

80 -60 -40 -20 0 um 40
Measured deviation Ah

Kai/100585 @ TFW
Fig. 12. Nominal points and determination of the error vectors
It can be concluded that the quality of the compensation
strongly depends on the quality of the input data. An improve-
ment can be achieved by smoothing the measurement data.
However, to achieve an excellent quality of the compensation,

the measurement-quality has to increase as well.
6. Conclusion

In this paper, a method for compensating geometric errors
based on optical measurement data by adapting the G-code was
presented. With a compensated (face milling) process the geo-
metric deviation could be decreased up to 85 % compared to a
non-compensated surface. However, it was shown that the
quality of the optical measurement data is essential for the com-
pensation quality. In the case of the presented face compensa-
tion, the variation in the measurement data of the optical meas-
urement system was transferred to the new component surface
by the compensation. The following development steps include
another robot for automated optical measurement to achieve
higher repeatability and a higher degree of automation. In ad-
dition, the optical measurement system should be further de-
veloped to be able to measure various form elements with in-
creased precision. The introduced production cell is intended to
be used specifically for medical technology. Subsequently, the
work carried out will be harmonized with the medical technol-
ogy requirements in order to derive the next development steps

necessary to prepare the manufacturing cell for medical tech-
nology certification.
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