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Abstract Free-form surfaces are used for many industrial
applications from aeronautical parts, to molds or biomedi-
cal implants. In the common machining process, CAM soft-
ware generates approximated tool paths because of the limi-
tation induced by the input tool path format of the industrial
CNC. Then, during the tool path interpolation, marks on fin-
ished surfaces can appear induced by non smooth feedrate
planning. Managing the geometry of the tool path as well as
the kinematical parameters of the machine tool are two key
factors for quality and productivity improvements. The aim
of this paper is to present a unified method to compute the
trajectory directly on the surface to be machined avoiding
CAM approximations and producing a smoother trajectory.
This paper proposes an interpolation of the trajectory based
on the free form surface mathematical model while consid-
ering the kinematical limitations of a high speed milling ma-
chine (velocity, acceleration and jerk). The amelioration of
the data exchange between CAD/CAM and CNC opens new
ways to optimize the manufacturing process. The Direct Tra-
jectory Interpolation on the Surface (DTIS) method allows
to obtain both a higher productivity and a better surface
quality. Machining experiments carried out with an Open
CNC on a 5-axis high speed milling machine show the bene-
fits of the proposed method compared to the classical strate-
gies available with an industrial CNC.
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1 Introduction

3 and 5-axis High Speed Milling machines are often used
to generate free-form surfaces for mold and die, aeronauti-
cal or biomedical industries. Various sources of geometri-
cal deviations on part coming from all the elements of the
manufacturing process have been identified in the literature.
These errors are for example linked to the Computer Aided
Manufacturing (CAM) programs (tool path computation), to
the CNC (interpolation, inverse kinematical transformation,
axis follow-up), to the static, dynamic and thermal errors of
the machine tool (machine geometry) or to process related
errors (actual tool geometry, tool deflection, vibrations, chip
formation, etc.).
As it is can be seen in [26], the tool path interpolation can be
one of the main source of problem regarding the productivity
and the quality of the free form surface machining process.
5-axis surface machining has several advantages compared
to 3-axis surface machining such as increased material re-
moval rate, tool length reduction, better surface finish, etc.
However, 3 and 5-axis machining strategies encounter the
same problems concerning the linear discretization of the
tool path which reduces the performance of the machining
process.

In the typical manufacturing process for free-form sur-
face machining, the CAM program discretizes the continu-
ous free-form curves in small segments. Indeed, the linear
interpolation (G1) is the most commonly used format to de-
scribe the tool paths in current industrial CNCs. However,
the G1 discretization brings several major drawbacks:

– The linear interpolation of a curve induces geometrical
deviations. Even though no physical process is involved,
a chord error is generated between the ideal tool path
and the discretized one in CAM software by the use of a
machining tolerance. These geometrical deviations can
be reduced at the expense of the amount of data.
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– The amount of data required to describe a simple para-
metric curve can be huge and these data have to be treated
in real time by the CNC. Moreover, small segments can
induce a reduction of the feedrate because of the block
processing time of the CNC. Hence, the geometrical de-
viations cannot be reduced to a negligible value with the
linear interpolation while keeping high productivity.

– The segments which discretized the continuous curves
present tangency discontinuities. So even if the profile to
be machined is really smooth, the tool path geometry is
only G 0 continuous with the linear interpolation which
leads to the following disadvantages.

– The maximum reachable feedrate along the machined
profile is limited by the discontinuous geometry gener-
ated with the linear interpolation. The length and the an-
gle between the segments can have an important effect
on the feedrate; the relation between these parameters
and the actual feedrate is not trivial.

– Finally, the G1 discretization is harmful for the surface
finish. Indeed, if tool paths are synchronized, facets can
appear on the machined surface. The use of desynchro-
nization may also induce marks, called ”skin effect”, on
the surface. Moreover, the feedrate variations caused by
the discontinuities can also leave marks of the free-form
surface.

Smart CNC algorithms have been developed to reduce
these effects. However, the results presented in this paper
should convince that for free-form surface machining appli-
cations, even compared to the advanced B-Spline interpola-
tions available in the market, significant quality and produc-
tivity improvements can be obtained using a better represen-
tation and interpolation of the tool path.

In the literature, several propositions have been made to
improve the manufacturing process of free-form surfaces.
Three approaches can be distinguished: first, different tech-
niques are implemented in the CNC to smooth the tool path.
Second, improved CAM algorithms are proposed to gener-
ate better tool paths. Third, new tool path formats are pro-
posed to avoid the CAM discretizations.

CNC tool path smoothing techniques have been presented
in the literature to round the discontinuities created by the
linear interpolation. In order to obtain a G 2 continuous tool
path, a 5th order polynomial curve is used to round the cor-
ners in [6]. A cubic B-Spline with eight control points is
used in [21] to round 3-axis G1 corners whereas a cubic B-
Spline with five control points is used in [3] to round 3 and
5-axis discontinuities. CNC builders also developed efficient
algorithms to smooth the tool path geometry. Siemens 840D
CNCs offer corner rounding methods [28] or online Spline
interpolation with compressor functions (see CompCad in
[23]). This kind of online Spline interpolation is detailed in
a patent owned by Fanuc [20]. These tool path smoothing
method combined with look ahead strategies reduce the ef-

fects of the G1 discontinuities and thus improve the produc-
tivity. However, on top of the CAM tolerance, a CNC toler-
ance is required which induces again geometrical deviations
between the tool path and the surface to be machined. More-
over, the performances of these complex algorithms are lim-
ited by the real-time constraint. Finally, the improvements
that can be achieved within the CNC systems are limited be-
cause of the lack of information about the machined surface.

Ameliorations of CAM algorithms have been proposed
to improve the tool path sent to the CNC. A circular arc
or biarc curve interpolation able to reduce the amount of
data and to increase the continuity of the tool path is pre-
sented in [27]. G 1 continuity is also obtained in [4] with
linear (G1) and circular (G02/G03) interpolation. Circular
as well as polynomial interpolation has been studied in [24].
Surface quality improvements have been observed with the
improvement of the continuity of the tool path. However,
circular interpolation techniques are not able to represent
a free-form curve efficiently. Thus, Spline or polynomial
curves are more suited for free-form machining. An algo-
rithm to generate a cubic B-Spline tool path and thus to im-
prove the surface quality while reducing the amount of data
is proposed in [14]. In [15], a polynomial surface format is
presented and native B-Spline curves are sent to the CNC. In
[29], an arc length parameterized NURBS CL path with path
errors and parameterization errors globally bounded is pre-
sented. Advanced CAM and CNC systems such as Catia v5
and Siemens 840D can allow a native B-Spline interpolation
which means that the NC code sent to the numerical con-
troller contains the mathematical expression of the B-Spline
curves representing the tool path. The native B-Spline in-
terpolation is the best solution currently available to get a
smooth tool path with high productivity and improved sur-
face finish.
No matter which previously cited strategy is used, the CAM
tool path sent to the CNC is an approximation of the exact
tool path. The result is that the CAM tool path is oscillating
around the exact tool path which reduces the smoothness
and induces geometrical errors, Fig. 1. The improvements
that can be achieved by the CAM programs are limited be-
cause of the lack of possibilities available in the NC code to
specify the tool path geometry.

The third option is to use the exact tool path geome-
try instead of an approximation. This option should obvi-
ously be preferred but as the NC code interpreted by indus-
trial CNCs is really limited in terms of geometrical entities,
this proposition cannot be implemented on current indus-
trial machines. The work carried out around the Step-NC
standard [9] intends to enhance the communication possibil-
ities between CAM and CNC. This new standard will allow
to specify a tool path with a complex mathematical expres-
sion. However, for the moment Step-NC compliant CNC ex-
ist only in laboratories [22] so the new tool path description
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Fig. 1 Linear (G1) and native B-Spline interpolation

proposed in this paper is linked to the development of an
Open CNC.

Exact interpolation on the surface has been proposed
first by Koren in 1995 [12]. A new G code instruction is pro-
posed to define the surface to be machined and a real-time
interpolator computes the axis setpoints based on this exact
geometry. This work is extended in [17], however in both
articles a second order Taylor expansion is used to obtain
a constant feedrate. These articles emphasize the geometri-
cal benefits of the surface interpolation but the machining
time reduction is not demonstrated. Then several papers fo-
cused their attention on the difference between the Cutter
Location (CL) feedrate and the Cutter Contact (CC) feedrate
[18, 25, 5]. However this difference does not seem to have
an important impact for milling applications.

Experimental validations of surface interpolation are car-
ried out on 3-axis machines in [25, 5, 19], but the physi-
cal constraints of high speed machining are not considered,
especially the physical limitations on velocity, acceleration
and jerk of the axes which limit the actual feedrate [2]. Re-
cently, a 5-axis surface machining controller has been pro-
posed by Liang and Li in [16]. Instead of defining new G
code instruction such as in [12, 17, 18, 19, 8], the Step-NC
standard is used to define the tool path. A NURBS free-
form surface is machined in 5-axis with an in-house Step-
NC compliant machine [16]. This work is really promising
but as in all the previously published papers, the kinematical
limitations on the axes are not considered.

To prove the benefits carried out by the exact surface in-
terpolation compared to G1 discretization, it is important to
include kinematical constraints in the feedrate interpolation.
To the best of our knowledge, no previously published paper
addressed the problem of exact surface interpolation with
kinematical limitations. Moreover, the experimental valida-

tion requires a high speed milling machine equipped with
an Open CNC to overcome the limitations caused by the NC
code format.

The aim of this paper is to interpolate the trajectory di-
rectly on the surface to be machined bringing two new con-
tributions. First, the DTIS (Direct Trajectory Interpolation
on the Surface) method computes the trajectory exactly on
the surface while considering kinematical constraints (ve-
locity, acceleration and jerk) of each axis. Second, a 5-axis
high speed milling machine equipped with an Open CNC
and a Siemens 840D CNC allows to compare the new strat-
egy with the best standards available with an industrial CNC.
Thus, a fair comparison can be made concerning machining
time reduction and surface quality improvements.

The rest of the paper is organized as follows: the DTIS
method is presented in Section 2. Section 3 presents the de-
velopment carried out to build an Open CNC able to use
this new interpolation method. In the last section, a surface
is machined in 5-axis to compare the classical (G1 and B-
Spline) strategies to the proposed DTIS method.

2 Direct Trajectory Interpolation on the Surface

The DTIS method aims at computing axis setpoints which
are exactly on the surface which is machined thus avoiding
the geometrical errors classically introduced by the CAM
approximations. First, the exact definition of the tool path is
given as well as the method to compute it. Then, the trajec-
tory interpolation with kinematical constraints is performed.

A distinction is made between the words ”tool path” and
”trajectory”. For the rest of the paper, the word ”tool path”
is used to refer to the geometry of the trajectory whereas the
word ”trajectory” refers both to the geometry and to the tem-
poral evolution along this geometry. NC code contains the
tool path and the programmed feedrate, the CNC computes
the trajectory with an actual feedrate which is often lower
than the programmed feedrate depending on the kinematical
characteristics of the machine.

2.1 Definition of the tool path

As it has been said in the introduction, the NC code which
is currently used does not allow to define a tool path based
on a mathematical expression. With the Step-NC format de-
signed to replace the old G code, the tool path format is not
limited anymore and it will be possible to define the tool
path using high level information.

The free-form surface is expressed as a B-Spline surface
using the Step format. The Step-NC ISO14649-11 standard
[10] already contains the entities to define the machining
strategies as well as the tool parameters. With the proposed
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DTIS method, the tool path is defined by the following high
level entities:

– the surface S(u,v) to be machined
– the machining strategy (”uv strategy”, ”plane cl strat-

egy”, ”plane cc strategy”, ”leading line strategy”)
– the tool orientation
– the cutting tool geometrical and technical parameters

It is also important to specify the tool path when the tool
is not in contact with the surface. The specific management
of the tool path for approach and retract movements is also
defined in [10] with the ”Approach retract strategy” ab-
stract supertype.

With this definition of the tool path, the NC program
contains the information about the surface which is machined.
The amount of data is reduced but the quality is improved,
nevertheless new algorithms have to be integrated in the CNC.
The amelioration of the data connection between CAD/CAM
and CNC will open new ways to optimize the manufacturing
process.

2.2 Link between the CC and CL points

The relation between the Cutter Contact (CC) point and the
Cutter Location (CL) point depends on the geometry of the
tool and on its orientation. To be as general as possible, a
bull nose tool with a 5-axis orientation is used. The expres-
sions for ball end or flat end mills are particular cases of the
following formulas.

Using classical definition of the tool orientation, the tilt
and yaw angles (θt and θn) are defined in the (f,n,t) basis
(feed direction, surface normal, transverse direction) by the
rotations Rotθt and Rotθn respectively around the vectors t
and n.

Rotθt =

 cosθt sinθt 0
−sinθt cosθt 0

0 0 1

 (1)

Rotθn =

 cosθn 0 sinθn
0 1 0

−sinθn 0 cosθn

 (2)

Thus, the combination of the two rotations makes the
transformation between the normal vector n and the tool ori-
entation vector u.

u = Rotθn ·Rotθt ·n (3)

Once the tool orientation is obtained, the link between
the CC and the CL points is given in Eq. 4 with R the ra-
dius of the tool, and r the small radius of the bull nose cutter.

When the CC point is known this expression gives an ex-
plicit formula to get the CL point. However, when the CL
point is known, this expression has to be solved recursively
to find the CC point and the corresponding normal vector n.

CL = CC+ r n+(R− r) v− r u with v =
u∧n
||u∧n||

∧u (4)

2.3 Tool path description

Using the high level definition of the tool path, the exact
position of the CL point can be computed as well as the
tool orientation. The general implicit problem for tool path
computation can be written as follows:

{
Exact position of the CC points on the surface S(u,v)
Compliance with the machining strategy

(5)

For an iso-parametric strategy (”uv strategy”), this sys-
tem is solved explicitly. The location of the CC points is
given by:

CC(v) = S(u = cst,v) (6)

and the CL point is obtained directly with Eq. 4.
The problem is more complex with a ”plane cl strat-

egy” than with a ”plane cc strategy”. Indeed, with a ”plane
cc strategy” (plane denoted ΠCC), the position of the CC
point is defined implicitly by Eq. 7 and the Eq. 4 is used to
compute the CL point directly:

{
CC ∈ S(u,v)
CC ∈ΠCC

(7)

For a ”plane cl strategy”, Eq. 8 has to be solved. Im-
plicit expressions have to be used both for the exact position
of the CC point on the surface and for the link between the
CC and CL points (Eq. 3-4).

{
CC ∈ S(u,v)
CL ∈ΠCL

(8)

It is now possible to declare the exact tool path accord-
ing to the machining strategy. However, up to now only the
geometry of the trajectory has been defined. Within the high
speed machining context, it is important to compute a fee-
drate profile along the tool path while considering the kine-
matical constraints of the axes. The computation of the ge-
ometry as well as of the feedrate will now be performed in a
unified algorithm.
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Fig. 2 DTIS method for trajectory interpolation

2.4 DTIS principle

Each drive has its own kinematical limits in terms of ve-
locity, acceleration and jerk. The role of the feedrate inter-
polator is to create the motion law respecting all the kine-
matical constraints along the tool path and especially the
axis jerk. The axis jerk often limits the actual feedrate and
it is an important parameter to avoid excessive vibrations in
high speed machining. This section will show how the DTIS
method can merge, in a unique scheme, tool path computa-
tion and feedrate interpolation. The feedrate interpolation is
based on the VPOp algorithm (Velocity Profile Optimiza-
tion) previously developed [2].

The DTIS method is composed of three main loops, Fig. 2:

– The main loop (in blue) is the trajectory interpolation: it
consists in computing new tool positioning from previ-
ous ones while verifying kinematical constraints.

– When axis kinematical constraints are not satisfied by
the initial tool positioning, the second loop (in orange)
modify the local feedrate by estimating an admissible
domain along the trajectory.

– The third loop (in purple) deals with situations where no
admissible solution can be found (empty interval). Typ-
ically, on portions of tool paths with high curvature, it is
necessary to reduce feedrate before entering the curve.
If the feedrate is too high at the entrance of a high curva-
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ture area, a backward scan is performed to find the point
from which it is necessary to decelerate.

The main contribution of the proposed DTIS method is
to use the exact tool path definition and to respect the kine-
matical constraints.

2.4.1 Tool path interpolation

The tool path interpolation is performed directly into the
parametric space of the surface to cancel errors from tool
positioning. Moreover with DTIS method, since there is no
more association of linear or polynomial format, all com-
puted setpoints are by definition exactly on the surface with-
out chord error.

u,v

u*,v*
u0,v0

ε2

Δs+ε1

CC

θt θn

S(u,v)

Π

Fig. 3 Exact tool path computation

To solve the implicit problem of tool path computation
with ”plane cl strategy”, a Newton-Raphson method is il-
lustrated in Fig. 3. Starting from the point (u,v) of the ma-
chined surface, the first guest (u0,v0) is computed assuming
an evolution with maximum productivity (distance ∆s).Then,
the errors ε1 and ε2 are minimized to compute the next point
(u∗,v∗) on the tool path according to the machining strat-
egy. As the machined surface is usually really smooth, the
first guess is really close to the exact value, only one or two
iterations can be necessary to set the tool positioning with
an error under 0.001 µm. Such a threshold is negligible for
high speed machining applications. Thus with this iterative
method, the tool path can be computed exactly on the sur-
face.

2.4.2 Kinematical constraints from the tool path

The interpolation of the tool path is based on the estima-
tion of the feedrate profile. Indeed, from the previous tool
positionings (u j−2,v j−2), (u j−1,v j−1), (u j,v j) and their po-
sitions on the trajectory (s j−2, s j−1, s j) the feedrate pro-
file is defined with the tangential kinematical constraints

V fmax, Atan
max, Jtan

max. Considering that maximal and minimal
constraints are symmetrical and the fixed temporal step size
∆ t of the interpolator cycle time, it is possible to determine
the admissible domain of the tool path for s j+1. Hence, the
corresponding spatial step (∆s) on the trajectory is used dur-
ing the interpolation stage to set the new tool positioning
(u∗,v∗):

∆s = s j+1− s j (9)

To maximize the efficiency of machining and the pro-
ductivity, the farthest point is chosen by default (s j+1 = s1

max).

2.4.3 Kinematical constraints from the machine tool axes

Once the interpolation stage is performed, kinematical so-
licitations on each axis resulting from the previous tool po-
sitionings are compared to the axis constraints. Kinematical
solicitations are evaluated exactly since tool positionings are
previously evaluated using the CAD model and the inverse
kinematical transformation of the machine tool are known.
One can find more details on the equations of kinematical
characteristics in [2].

If constraints are satisfied, the current tool positioning is
validated and the algorithm goes to next iteration. If not, the
first stage is to locally modify the current tool positioning
to respect axis constraints (orange loop on Fig. 2). On the
first tool positioning, axis constraints are used to evaluate the
admissible domain ([s2

min,s
2
max]). This domain can then be

intersected with the domain no1 to find a new tool position
s j+1 and continue the main loop by the Newton-Raphson
refinement.

Sometimes, when feedrate needs to be decreased, the
intersection of admissible domains no1 and no2 is empty
(={∅}), Eq. 10.

s j+1 = min([s1
min,s

1
max]∩ [s2

min,s
2
max]) (10)

Hence, within the purple loop, previous tool positionings are
modified. An iterative backward research allows to find a
minimal sequence of setpoints to decelerate and reach the
admissible kinematical level to respect constraints. To do
so, the lower bound of the admissible domains intersection is
selected: criterium of maximum feedrate increase is switched
to maximum feedrate decrease. This method goes then back-
ward to modify previous computed points until tool posi-
tioning of index j is solved. The efficiency of the iterative re-
search can be notably improved by using a dichotomy prin-
ciple and look ahead anticipation [2].

To conclude, the Direct Trajectory Interpolation on the
Surface allows to compute axis setpoints which describe ex-
actly the geometry of the surface. Hence, the geometrical
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deviations and discontinuities introduced by the CAM pro-
grams are avoided and the tool path can be more accurate
and smoother. These improvements come from a stronger
communication between CAM and CNC with the Step-NC
standard able to transfer better tool path definitions.

3 PREMIUM-OpenCNC

As it has been said in the introduction, the exact surface in-
terpolation cannot be performed using an industrial CNC.
Thus, it is necessary to develop an Open CNC in order to
overcome the limitations of the NC code and to control di-
rectly the movements of the machine. This section will present
the development carried out to build an Open CNC system
connected to an industrial 5-axis high speed machine. An
interesting advantage of the hybrid solution used is that the
same machine can be controlled with a Siemens 840D CNC
and with an Open CNC, hence fair comparisons can be made
to demonstrate the benefits of the Direct Trajectory Interpo-
lation on the Surface.

3.1 Hybrid integration of the Open CNC in the Siemens
840D CNC

The PREMIUM-OpenCNC has been developed to control
the motion of a 5-axis Mikron UCP710 high speed milling
machine without using the Siemens 840D CNC originally
installed on the machine. Indeed, although the 840D CNC
allows the access to numerous variables, the PLC, synchronous
functions or specific libraries, the choice was done to de-
velop our own CNC to highlight improvements on the tra-
jectory definition and interpolation stages, without any lim-
itation to the Siemens kernel. Another possibility would be
to use the LinuxCNC [1] which represents an interesting at-
tempt to offer an open source CNC. However it does not
yet provide satisfactory algorithms for jerk limited feedrate
interpolation in 5-axis machining which is crucial for high
speed machining.

To reduce the development efforts, the Siemens 840D is
not totally disconnected. Indeed, the Siemens CNC is still
used for auxiliary tasks (cooling system, safety, PLC behav-
ior...) and to control the spindle. However, it does not have
any connection with the displacement axes which are com-
pletely controlled by the PREMIUM-OpenCNC.

The second step to be able to move the machine using
the PREMIUM-OpenCNC is to send the setpoints to the mo-
tor drive. In the Siemens Powerline CNC, the 611D motor
drives are connected to the CNC with the drive bus, Fig. 5.
A Siemens proprietary Profibus-DP protocol is used for the
communication. As it is difficult to use this communication
bus to control the drives, the 611D Digital control board are

industrial
Siemens 840D CNC

PREMIUM-OpenCNC
Matlab - Simulink - dSPACE

Fig. 4 5-axis high speed milling machine with the PREMIUM-
OpenCNC and the Siemens 840D CNC

3 * 2-axis control boards

X Y Z C A

840D

CNC

Drive bus end of bus

standard

configuration

611D

command

±10V

611U

motor

encoder

spindle

control board

OpenCNC

configuration

axis

encoder

Fig. 5 Open CNC and standard configuration of the control boards

replaced by 611U universal control board which can eas-
ily be controlled by a ±10 V command voltage. The orig-
inal and modified configuration can be seen in Fig. 5. The
time required to switch from the standard configuration to
the PREMIUM-OpenCNC is around 1h30. That means that
it is easily possible to machine the same workpiece using the
two configurations to compare the surface finish as it will be
shown in the application.

The machine is controlled with a typical cascade struc-
ture with current, velocity and position control loops. The
motor control boards perform the current and velocity loops;
that is why the motor encoders are plugged on them. In
the 611D configuration, the axis encoders are also plugged
to the motor drive but this information is sent back to the
Siemens 840D CNC which performs the position control
loop. In the Open CNC configuration, this information is not
sent anymore to the Siemens 840D CNC and it is directly
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used by the real-time computer used for the PREMIUM-
OpenCNC controller. Finally, to be able to control the ma-
chine one just need to send to command voltage which cor-
responds to the command velocity of the motor.

Once this technical implementation is performed, the tra-
jectory can be sent directly to the motor control boards avoid-
ing all the unknown treatments realized by the industrial
CNC. To move the axes, a real-time controller has been de-
veloped in order to close the position loop and to generate
the velocity commands.

3.2 Real-time control of the PREMIUM-OpenCNC

The PREMIUM-OpenCNC is based on a modular dSPACE
real-time system. An incremental encoder interface is used
to read the position directly on the encoders of the drives
and a high resolution Digital/Analog card converts the set-
points in a ±10 V signal. The position setpoints are pre-
processed with Matlab using a standard computer whereas a
dSPACE DS1006 processor board is used to perform all the
computations needed for the real-time control. The dSPACE
environment is user friendly as a Simulink model can auto-
matically be compiled for the real-time execution. Indeed,
the dSPACE Real Time Interface provides all the Simulink
blocks to connect the model to the physical input / output.
Hence, all the development is made with Simulink and the
user interface is realized with the software ControlDesk fur-
nished by dSPACE. The cost of hardware and realtime solu-
tion could be estimated to 30ke.

To obtain a low tracking error with high speed move-
ments, it is necessary to implement a feedforward strategy
on top of the feedback control. So a velocity feedforward
is tuned according to the dynamic response of the velocity
control loops of the axes. In 5-axis machining, a desynchro-
nization of the axes can cause large contour errors on the
workpiece. As the linear and the rotary axes have different
response time, it is also necessary to introduce a dynamical
adaptation of the setpoints. All these developments are out
of the scope of this paper so they are not explained in details.
Nevertheless, with this efficient control tuning, the contour
error generated with the OpenCNC are acceptable for 5-axis
high speed machining.

Finally, the 5-axis high speed Mikron machine can be
used both with a standard Siemens 840D CNC and with an
Open CNC where the setpoint generation is completely un-
der control. This experimental platform is well suited for
the implementation of the Direct Trajectory Interpolation on
the Surface presented in this paper. This platform offers a
unique opportunity to compare new scientific advances with
the best industrial standards.

Y(mm)
0 20 40 60 80

Z(
m

m
)

30

50 u θt=10°u

CL
CC

normal

machined surfacetool path

feed direction

Fig. 6 5-axis tool path with 10 deg tilt angle

Table 1 Machining strategies

Strategy CNC NC blocks Time (s)

1 G1 10 µm 840D 59 14.4
2 G1 1 µm 840D 189 12.2
3 B-Spline 10 µm 840D 85 8
4 B-Spline 1µm 840D 226 9
5 DTIS Open CNC - 3

4 Application

The DTIS method presented in this paper is applied on a 5-
axis tool path, Fig. 6. An aluminum workpiece is machined
with a bull nose cutter with 5 different strategies. The pro-
grammed feedrate V f is 3 m/min. For each strategy, the tilt
angle is fixed at 10 deg with no yaw angle which produces
a 5-axis tool path with a simultaneous movement of Y, Z
and A axes along one path. The machined surface is cho-
sen to emphasize the benefits of the DTIS method. However,
any free-form surface machining operation can be improved
with the proposed surface interpolation even in 3-axis ma-
chining. As the surface is ruled in the X direction, one pass
in the YZ plane is repeated with a step over distance of 2 mm
to machine the surface. The tool path lays in a plane, so it
is easier to measure and to represent the effect of the tool
path format on the feedrate. Moreover, the synchronization
of the passes in the X direction will leave obvious marks on
the machine surface as underlined further.

– The first two strategies use the most popular format which
is the linear interpolation (G1) with two different CAM
tolerances, 10 µm and 1 µm respectively. In the table 1,
the number of NC blocks used to describe one pass is
collected as well as the machining time. With a higher
CAM tolerance, the amount of data is reduced but it is
important to notice that the machining time is increased.
There is no direct connection between the machining
time and the number of blocks, depending on the angles
between the segments the feedrate variation is changing
as pointed out in [2].

– The strategies 3 and 4 use the native B-Spline format
generated with Catia V5 CAM software and interpreted
directly by the Siemens 840D CNC. Here also two dif-
ferent CAM tolerances are tested. A tolerance of 10 µm
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is standard for general purpose curve interpolation, with
1 µm the chord error is really small for precise finishing
operations. With the NURBS format that can be rarely
found within the CAM-CNC community, this native B-
Spline interpolation is the best solution industrially avail-
able for free-form surface machining. Indeed, a contin-
uous B-Spline tool path is created by the CAM soft-
ware so the CNC does not have to run complex smooth-
ing algorithms in real-time. As the tool path geometry
is smoother than with a G1 tool path smoothed by the
CNC, the machining time is reduced and the surface fin-
ish is improved.

– The last portion of the workpiece is machined with the
newly developed DTIS method. For this surface, the DTIS
algorithm performs both tool positionings and feedrate
interpolation in a synchronous manner, the PREMIUM-
OpenCNC replace the commercial CAM and CNC so-
lutions. As there is no discretization of the tool path,
the number of blocks is meaningless for this strategy be-
cause cutter locations are computed during the interpola-
tion on a portion of the trajectory. The machining time is
reduced by more than twice compared to the best indus-
trial solution, i.e. the native B-Spline interpolation and
by more than four times compared to the commonly used
G1 format. This machining time reduction is explained
by the better tool path smoothness obtained with the di-
rect interpolation on the surface. The reason for this dif-
ference of smoothness between the DTIS tool path and
the B-Spline tool path is quite clear. As the B-Spline tool
paths are approximated, they are oscillating around the
theoretical curve which is the smoothest tool path.

The measured feedrates are presented in Fig. 7. For the
G1 10 µm strategy, it is clear that the feedrate have strong
oscillations along the path. The discontinuities at the end of
each NC block induce feedrate slowdowns. With the second
strategy G1 1 µm, the discontinuities are reduced so as the
feedrate variations. For the B-Spline strategies, the tool path
is smoother so the feedrate profile is also smoother. How-
ever, the programmed feedrate of 3 m/min is never reached
with the industrial strategies. The DTIS strategy allows to
significantly increase the feedrate and even to reach the pro-
grammed feedrate at the end of the tool path. At the begin-
ning, the programmed feedrate cannot be reached because
of the acceleration and jerk limitations of the A axis which
is highly excited.

The feedrate profiles presented in the previous figure are
plotted on top of the tool path geometry in Fig. 8. As it is
a 5-axis tool path, the analysis of the feedrate reduction is
difficult because it is not directly linked to the curvature of
the tool path. However, for the first strategy, the feedrate os-
cillations correspond to the programmed position and orien-
tation of the G1 NC blocks. Around Y = 20 mm, there is a
long segment where the feedrate can be higher but as we will

G1 10µm G1 1µm
B-Spline 10µm B-Spline 1µm DTIS
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Fig. 7 Measured feedrate as a function of time for the 5 strategies

see further, this important variation of feedrate is harmful for
the surface finish. On the second graph for G1 1 µm, one can
see that the feedrate is not linked to the NC block density.
With native B-Spline strategies, the feedrate is everywhere
higher than with the G1 strategies. However, low feedrate in
dark blue is still present all along the tool path. Finally, with
the DTIS method the feedrate is quite high all along the tool
path without sharp oscillation. A feedrate reduction appears
just before Y = 20 mm because of a rapid movement of the
A axis caused by the rapid change of tool orientation. Fig. 8
shows that the feedrate is changing all along the tool path
and sharp feedrate variations leave marks on the machined
surface.

The reduction of the feedrate variations achieved by the
DTIS method can also improve the cutting process as it leads
to more constant cutting forces which can generate less ge-
ometrical errors caused by the deflection of the tool [13]. To
go further in this direction, a feedrate scheduling which aims
at maintaining constant cutting forces in 5-axis milling has
been proposed in [11]. It is possible to go even further com-
bining the jerk limited trajectory interpolation on the surface
with process constraints such as in [7].

Fig. 9 presents on the left side the photo of the machined
surface and the simulation of chordal deviations on the right
side. The comparison between the photo of the final piece
and the simulation of chordal deviation emphasizes the ef-
fect of the actual feedrate and slowdowns on surface fin-
ish and quality. The marks leaved by the feedrate oscilla-
tions are obvious when the surface is watched with differ-
ent light orientations. Macro and micro-geometry measure-
ments performed on a STIL micromeasure station equipped
with an optical chromatic confocal point sensor confirm the-
ses marks. It is difficult to give the same rendering with a
static picture so the yellow wave signs emphasize the area
where the main surface defects can be seen.
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Fig. 8 Representation of the feedrate on the geometry for the 5 strate-
gies

1. In the first portion of the surface machined with the G1
10 µm strategy, the long G1 facets are obvious on the
photo. The sharp feedrate variations before and after these
long facets leave important marks on the surface. The
synchronization of the paths allows to repeat the mark
in the X direction. At the end of this tool path strat-
egy, there are no straight marks but the surface aspect
is wavy. Simulation of chordal deviations confirms also
high variations of geometry in this area.

2. With the second strategy, as there are fewer sharp fee-
drate variations and maximal chordal deviation is lower
(1 µm), the surface marks are reduced. Few waves still
appear on the machined surface.

3. With the first native B-Spline strategy with 10 µm tol-
erance, chordal deviations are similar to the G1 10 µm
strategy, there are locally fewer oscillations. As feedrate
is smoother, the oscillations of the feedrate still have
an effect on the surface finish quality, but local marks
caused by strong slowdowns are removed.

4. Reducing the tolerance from 10 µm to 1 µm with native
B-Spline strategy reduces oscillations and thus surface
marks, but the increase of control points reduces the av-
erage feedrate. Few waves can still be observed at the
beginning of the paths.

5. Finally, the last portion of the machined surface proves
experimentally the benefits of the DTIS method. There
are no chordal deviations since the tool path is directly
interpolated on the surface. Moreover, as the feedrate
profile is smoother than with industrial strategies, the
surface finish is better and no feed mark is left on the
surface.

The application presented in this paper clearly shows the
benefits of the Direct Trajectory Interpolation on the Sur-
face in terms of productivity and surface quality. Thanks to
the experimental validation on a 5-axis high speed machine
and the comparison between the industrial strategies and the
proposed method, it has been demonstrated that the machin-
ing time can be divided by more than two while improving
the surface finish aspect.

5 Conclusion

Tool paths for free-form surface machining are usually ap-
proximated by CAM software. This approximation is in-
duced by the limited format for geometry entities in the NC
code. Indeed, the typical solution is to discretize smooth
curves with small linear segments (G1) introducing geomet-
rical deviations and tangency discontinuities. In the litera-
ture, exact tool path interpolation on the surface have been
proposed but the kinematical constraints were not consid-
ered whereas the feedrate reductions are caused by the ve-
locity, acceleration and jerk kinematical limitations. This pa-
per proposes a Direct Trajectory Interpolation on the Surface
with kinematical constraints in 5-axis. Once the new Step-
NC standard will be accepted by industrial CNC, this possi-
bility to describe the tool path exactly will be useful for in-
dustrial applications. The experimental developments of the
PREMIUM-OpenCNC allow to demonstrate experimentally
the benefits of the proposed method. Indeed, the machining
time reduction can be computed without machining exper-
iments but the surface finish improvements cannot be as-
sessed otherwise. Compared with G1 and native B-Spline
interpolations, the DTIS interpolation can reduce the ma-
chining time from 2 to 4 times as well as improve the surface
finish. As it is demonstrated in this paper, the amelioration of
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Fig. 9 Photo of machined free-form surface with feed marks and corresponding simulation of deviations

the data exchange between CAD/CAM and CNC will open
new ways to optimize the manufacturing process.
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