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The methodology for improving the accuracy of fitting the 
cooperating surfaces of the freeform is presented. It involves 
introducing corrections to the machining program and then 
performing the correcting machining of one of the surfaces. 
The basis for determining the corrections is the CAD model 
of the gap. 
KEYWORDS: accuracy of fitting, freeform surfaces, CAD 
model of the gap, correcting machining 
 

Currently, the use of injection molds is one of the main 
ways of producing different products. In the machining of 
complex mold and die surfaces, machining is performed on 
multi-axis machining centers. In addition to the quality of 
molds, it must ensure its proper functioning. An important 
problem in the milling of injection molds is the achievement 
of an adequate accuracy of the matching of the closing 
surfaces, which are often free in shape. Deviations of 
surfaces processed from the nominal shape cause a leak in 
the joint and, as a result, a plastic leak. 

In the literature on multi-axis milling of the free-form 
surfaces, much attention is paid to improving the accuracy 
of the surface treated. One approach is to analyze and 
model the sources of processing errors and their impact on 
product quality [1, 2]. Another approach is to analyze 
surface deviations after machining and to improve accuracy 
by modifying the machining program. One of the methods is 
to introduce compensating corrections based on raw 
measurement data [3]. 

Measurements of the freeform surfaces are most often 
carried out on numerically controlled coordinate measuring 
machines (CMMs), equipped with contact measuring heads 
[4]. The result of the measurement is a set of points with a 
specific distribution on the surface. For each measuring 
point a local deviation is determined, i.e. the distance of the 
measurement point from the CAD model in the normal 
direction. Then the nominal CAD model is modified by 
adding local deviations with the opposite sign. Measurement 
data contain information on deterministic and random 
phenomena occurring on the surface as a result of the 
machining process, and measurement noise [5, 6]. Due to 
the spatial variation of spatially-variable curvature are: the 
distribution of cutting forces and other phenomena 

accompanying the treatment. As a result, the distribution of 
deviations has the same character. In order to separate the 
unwanted random component from spatial measurement 
data, it is possible to apply regression analysis and methods 
of spatial statistics [6, 7]. 

The problem of geometrical accuracy becomes more 
complex when two surfaces are associated, especially when 
a tight fit is required. In combination, the deviations of both 
surfaces add up. This is the case with injection mold closing 
surfaces. 

The article proposes a methodology for the correction of 
machining errors of the cooperating freeform surfaces. It 
consists in improving the accuracy of their matching by 
introducing  compensating corrections  to the machining 
program of one of the surfaces. The basis of the 
methodology are CAD models of actual surfaces, 
determined on the basis of data obtained from 
measurements on CMM according to the regular grid of 
points. The model determination procedure uses: regression 
analysis, iterative procedure, NURBS modeling [8] and 
spatial statistics tests [9]. When models are available, 
simulation testing of joint tightness can be performed in the 
CAD software. It is then possible to determine the spatial 
CAD model of the gap between the surfaces and use this 
model to determine compensating corrections in the second 
processing step. 

 
 

Description of the methodology 

 
In the proposed method of improving the accuracy of 

matching two freeform surfaces, the results of simulation 
tests of joint tightness are used. Actual surfaces CAD 
models (MASes) determined on the basis of coordinate 
measurement data are necessary. 

To obtain a virtual CAD model of the gap between the 
associated surfaces, MASes of both closing surfaces should 
be determined. Then the closing of both surfaces in the 
CAD software should be simulated. The defined virtual gap 
between the models in the CAD representation is the basis 
for determining the corrections compensating errors in the 
machining process. To improve the tightness of the joint, it 
is sufficient to apply the  correcting treatment only to one of 
the closing surfaces. 
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■ Acquisition of measurement data. In order to obtain 

data for carrying out the procedure, the measurements of 
both surfaces on the numerically controlled CMM should be 
made according to the regular point grid and the values of 
the measurement points deviations from the CAD models 
should be determined. It is therefore necessary to: locate 
the CAD object and model in a common coordinate system, 
generate nominal measurement points on the CAD model, 
perform a numerically controlled measurement and compare 
the designated measurement points with the corresponding 
points on the CAD model. 

 
■ Actual surface CAD modeling procedure. In the 

discussed methodology, on the measurement data, 
regression surfaces are modeled using the iterative 
procedure, NURBS modeling and Moran / spatial statistics. 
The determined smooth regression surfaces are the most 
probable representations of deviations determined in the 
measurements. By applying these models to the nominal 
CAD models, spatial models of actual surfaces are 
obtained. The procedure for determining MASes for closing 
surfaces is shown in fig. 1. 

 

 

 

Fig. 1. Scheme of the procedure for determining MASes 

 
■ Determining corrections to compensate for the joint. 

Based on the MPRs of both surfaces, they can be simulated 
in the CAD software by approaching the inverted model of 
one surface to the model of the other surface in the direction 
of the Z axis, excluding the remaining five degrees of 
freedom. The result of the simulation is a virtual CAD model 
of the gap between the surfaces. On its basis, corrections 
are determined at the measuring points to compensate for 
the sum of machining errors on both surfaces. At the next 
stage, the CAD model of one of the surfaces should be 
modified, adding the designated corrections, and generate 
on its basis the corrected path of the reprocessing tool. 

 
 

Experimental research 

 
The method was verified on the surfaces of free samples 

with the dimensions of 50 × 50 mm base, made of WCLV 
steel (fig. 2). The machining was carried out on a free stand 

machining center. A spherical cutter with a diameter of 6 
mm, a rotational speed of 8000 rpm, a feed of 800 mm/min, 
two-sided machining in the XY plane was used. 

 
 
 
 
 
 
 
 
 

Fig. 2. View of samples 

 
 

■ Measurements on CMM. The measurements were 

performed on CMM GLOBAL Performance 070705 with 
SP25M head (PC DMIS software, MPEE = 1.5 + L/333μm). 
A 20 mm measuring  pin with a d = 1 mm tip was used and 
2,500 measuring points were measured according to the 
regular grid of u × v (50 rows × 50 columns). Deviations 
were obtained with the distributions of values presented in 
fig. 3; deviation values are given in the tab. I. 

 
TABLE I. Values of the observed deviations 
 

 Left surface Right surface 

Average deviation, mm – 0,0482 – 0,0516 

Minimum deviation, mm – 0,0589 – 0,0596 

Maximum deviation, mm – 0,0381 – 0,0395 

|𝑀𝑎𝑥 – 𝑀𝑖𝑛|, mm    0,0208    0,0201 

 

 

Fig. 3. Maps of observed deviations 

 
■ Setting corrections. The regression surfaces were 

modeled on the deviations obtained from the measurements 
in accordance with the diagram in fig. 1. In the iterative 
procedure, in subsequent steps the number of NURBS 
surface control points in both directions was changed (for 
subsequent surface stages 2 and 3), testing in each step r 
model residuals. The regression model with the smallest 
number of control points and the lowest surface degrees in 
the directions u and v [10] was considered adequate for 
which model residuals met the criteria of normality of 
distribution and spatial randomness. An adequate 
regression models was obtained for the number of 31 × 31 
control points and the 3 × 3 surface degrees of the left 
(convex) surface and for the number of control points of 29 
× 29 of the right (concave) surface. Mastercam X4 and 
Rhinoceros 3.0 software were used in modeling the surface. 
Maps of deviations determined from the models are shown 
in fig. 4, and statistical characteristics of the deviations are 
given in the tab. II. Models of deviations were imposed on 
the nominal CAD models - so MASes of both surfaces were 
obtained. In the simulation tests, a spatial CAD model of the 
gap between the surfaces was obtained. The map of the 
gap model width is presented in fig. 5, and the gap 
dimensions are given in the tab. II. Corrections were 
determined in measurement points to compensate for the 
sum of machining errors as the inverse of local gap widths. 
The corrections received were added to the  nominal CAD 
model of the left (convex) surface, and then a control 
program for corrective processing was generated. 
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Fig. 4. Maps of deviations determined from models 

 
 

TABLE II. Values of deviations determined from models 
 

 Left surface Right surface Gap 

Average deviation, 
mm 

–0,0482 –  0,0517 0,0162 

Minimum deviation, 
mm 

–0,0585 –0,0591 0,0000 

Maximum deviation, 
mm 

–0,0389 –0,0433 0,0322 

|𝑀𝑎𝑥 – 𝑀𝑖𝑛|, mm   0,0196   0,0158  

 
 

 
 
 
 
 
 
 
 
Fig. 5. Map of the width of 
the gap model before 
correction 

 
 

 
 

■ Assessment of the accuracy of surface fitting after 
correction. After corrective processing, measurements of 

the improved surface were made. Based on the deviations 
received, their CAD model was determined (according to fig. 
1). An adequate regression model was obtained for the 
number of control points 28 × 32 and surface areas 3 × 3. 
The results of measurements and modeling are included in 
the tab. III, and fig. 6 shows the maps of deviations 
observed and determined from the model. On the basis of 
measurement data, MASes were determined, followed by a 
gap model (fig. 7). 

As you can see, the width of the gap model between the 
surfaces after applying the correcting treatment decreased 
by about 80% (tab. II and tab. III). 

 

 

Fig. 6. Maps of deviations after correction: a) observed, b) 
determined from the model 

 
 

TABLE III. Measurement and modeling results of deviations of 
the left (convex) surface after correction 
 

 
Observed 
deviation 

Deviation de-
termined from 

the model 
Gap 

Average 
deviation, mm 

 0 ,0005   0,0007 0,0035 

Minimum 
deviation, mm 

–0,0369 –0,0394 0,0000 

Maximum 
deviation, mm 

 +0,0337  +0,0331 0,0062 

|𝑀𝑎𝑥 – 𝑀𝑖𝑛|, 

mm 
  0,0706   0,0725  

 
 
 
 
 
 
 
 
 

Fig. 7. Map of the width 
of the gap model after 
correction 

 
 
 
 
 

Conclusions 
 

The presented methodology for improving the accuracy 
of fitting two freeform surfaces is used in the milling of 
injection mold surfaces. The corrections compensating the 
width of the gap between the surfaces are determined on 
the basis of simulation tests in CAD programs. The 
corrections determined from the CAD model of the gap are 
introduced into the program controlling the processing of 
one of the surfaces, and then a re-machining is carried out. 
The basis of the research are NURBS surface models, 
representing actual surfaces, which are determined on the 
basis of measurement data from a co-ordinate measuring 
machine. The advantage of this methodology in relation to 
the correction of errors of both surfaces is a reduction in the 
labor-intensity of the processing, because in the second 
stage only one of the surfaces is machined. Simulation and 
experimental tests confirmed an increase in the accuracy of 
fit by 80%. After applying the correction, the width of the gap 
model decreased from 0.0322 to 0.0062 mm. 
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