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Abstract
In robotic grinding, significant tool deflection occurs due to the lower stiffness of the manipulator and tool, compared with
operation by universal grinding machines. Tool deflection during robotic grinding operation causes geometrical errors in the
workpiece cross section. Also, it makes difficult to control the grinding cutting depth. In this study, a method is proposed for
calculation of the tool deflection in normal and tangential directions based on grinding force feedback in these directions.
Based on calculated values, a real-time tool deflection compensation (TDC) algorithm is developed and implemented. Force
interaction between the tool and workpiece is significant for grinding operation. Implementing grinding with constant normal
force is a well-known approach for improving surface quality. Tool deflection in the robotic grinding causes orientation
between the force sensor reference frame and tool reference frame. This means that the measured normal and tangential
forces by the sensor are not actual normal and tangential interaction forces between the tool and workpiece. In order to
eliminate this problem, a resultant grinding force control strategy is designed and implemented for a parallel hexapod-
robotic light abrasive surface grinding operation. Due to the nonlinear nature of the grinding operation, a supervised fuzzy
controller is designed where the reference input is identified by the developed grinding force model. This grinding model is
optimized for the robotic grinding operation considering setup stiffness. Evaluation of the experimental results demonstrates
significant improvement in grinding operation accuracy using the proposed resultant force control strategy in parallel with a
real-time TDC algorithm.

Keywords Robotic grinding · Resultant grinding force control · Supervised fuzzy control · Tool deflection compensation ·
Grinding force model

1 Introduction

Robotic machining systems have been researched for years
to compromise between performance and flexibility for
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automated machining tasks such as grinding of jet engine
turbine propellers. Despite providing great working capa-
bilities on the complex paths of machining tasks, robotic
machining setups have less stiffness compared with com-
puter numerical control (CNC) machines. Tool deflection
in robotic machining significantly affects the machin-
ing forces, machining accuracy, and surface quality. The
machining setup stiffness and effects of setup, workpiece,
and tool deflections in the operation performance as well as
techniques of handling these effects have been researched
[2, 3, 16–18]. In order to decrease dimensional errors due
to the tool deflection in surface milling operations, a tool
path selection method is developed in [10] based on min-
imization of tool deflection forces along the path. In this
method, for three and five axis milling operations, the paths
that result minimum tool deflection cutting force, which is
defined in the plane of the tool axis and the normal vector to
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the workpiece surface, are extracted. Implementing milling
on these paths decreases dimensional errors. For three-axis
milling, two options are proposed. The first is selecting
a general path that minimizes the mean value of the tool
deflection force and the second is selecting the various
milling directions at each control node that results in less
tool deflection force and connecting these nodes together.
For the five-axis milling, both tool axis orientation and
milling direction are considered in order to minimize the
tool deflection force. In spite of higher accuracy-choosing
proper tool path, the authors did not propose any algo-
rithm for compensation of the tool deflection. In [35], a
method is proposed for minimization of vibrations and cut-
ting forces during ball end milling of hardened steel. This
method is focused on optimal selection of tool overhang and
surface inclination in order to minimize the cutting forces
and vibrations and improve the surface quality of machined
workpiece. The results of this research show that increas-
ing the tool overhang causes an increase of acceleration
of vibration amplitudes. Also, the results of this research
indicate that increasing the surface inclination causes to
decrease of cutting forces where the maximum value for
cutting forces is obtained during slot milling with zero incli-
nation. The surface inclination effect together with cutting
speed effect is investigated in [34] during ball end milling
of hardened steel. Optimum values are proposed for cutting
speed and surface inclination for minimization of cutting
forces. Such a minimization in cutting forces decreases the
tool deflection and improves the machining accuracy. The
focus of both mentioned researches is on optimization of
machining parameters with respect to the workpiece sur-
face profile, but compensation of the tool deflection is not
considered. In ultra-precision machining, the effect of work-
piece material properties is more important in comparison
with that of conventional machining because the depth of
cut changes in sub-micrometer range [6]. The effect of elas-
tic recovery of workpiece material on surface roughness
during ultra-precision milling is investigated in [33]. The
results of this research revealed that the elastic recovery
capability of workpiece material improves the surface fin-
ish in ultra-precision raster milling. The static stiffness of
different points of workpiece is calculated, and the surface
topography of these points after precise turning is investi-
gated in [21]. The results reveal the considerable effect of
stiffness on surface roughness. In most of the experiments,
the surface quality is better at the points with higher stiffness
and less deflection.

There are several studies in the literature related to the
compensation of tool deflection effects on workpiece. In
this section, a review of the different strategies of these
studies is presented. Most of the mentioned studies are
related to end-milling operation. Kline et al. [9] proposed
a method for predicting the amount of tool and workpiece

deflection in end-milling operation based on cantilever
beam theory. A force model and cantilever beam theory
were used to obtain the amount of deflection. Similarly, Ryu
et al. [28] investigated side will machining operation and
attempted to predict the errors caused by tool deflection.
However, a solution for compensation of these errors was
not presented. The effect of the workpiece curvature on tool
deflection and the resulting surface errors were investigated
in [26]. A method based on path correction was proposed
by Law et al. [12]. Their aim was to decrease tool deflection
and its effect on the workpiece using an optimum tool path.
Approaches for path correction in end-milling operations
were presented in [4, 29, 30] and [7] by adding an offset to
the tool path. Cantilever beam theory was used to calculate
the amount of tool deflection. Rao et al. [27] proposed an
iterative approach instead of a single offset to compensate
for offset error caused by tool deflection. However, tool
angle compensation was not investigated. A method for
compensation of tool angle and tool displacement during
end-milling operation was proposed by Yang et al. [36]
where a proximity sensor was used for detecting tool
deflection. A strong aspect of their research is that they
considered both tool angle and tool tip displacement by
compensating errors.

1.1 Constant force control

In recent years, force control during robotic machining has
been significant for the proper execution of the operation
tasks [1, 38]. In these tasks, the robot is controlled to
maintain a given set force while the deflection of the
robotic arm and cutting tool are major factors that should be
considered. In [15], a force control system was designed to
reduce the surface roughness by decreasing grinding force
variation. A PID controller was used without considering
tool and setup deflections during the process where the force
sensor is mounted under the workpiece. A constant normal
force control technique was developed by the authors. A
normal force control on robotic grinding and deburring
was investigated by Domroes et al. in [5]. They tried to
maintain a constant normal force by adjusting the feed
rate. However, they did not offer a systematic procedure
for defining the reference force. Also, the stiffness of
the setup and workpiece was not investigated. In [25], an
adaptive control strategy for surface finishing was studied
in which the goal was to track the desired motion in the
tangential direction and regulate the desired force normal
to the surface simultaneously. For this purpose, a dynamic
model of the robot was generated. Using the dynamic
model, a control scheme was developed that adapts the
grinding coefficient, which is the relationship between
the normal and tangential forces. The designed controller
was tested on straight and curved surfaces. Thomessen
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et al. proposed a strategy to control the normal grinding
force by simultaneously adjusting the position and feed
rate of the tool [32]. Active control force feedback was
used in grinding of large Francis turbines where the
force sensor was located behind the end effector of the
manipulator. However, a user-defined reference force was
used during experiments. Despite the large normal grinding
force values, the effects of tool deflection and resulting
errors on the sensor reference frame were not considered.
An automatic grinding system using a hand grinder and
a CNC machine was investigated by Liu et al. in [14].
Compliance of the grinding system was considered by
modelling the stiffness of each component using a mass
spring model. The real-time normal force feedback was
supplied by a force sensor located under the workpiece. For
normal grinding force control, a PID controller was used.
A linear relationship between the cut depth and the normal
force was assumed, and the slope of the cut depth-normal
force graph was used as a stiffness of material removal
process.

There are two options for the placement of force sensors
for grinding operation. The first option is mounting the
sensor under the workpiece. The advantage of this option
is that there is no orientation between the sensor reference
frame and workpiece reference frame. This means that the
measured normal and tangential grinding forces by the
sensor are real normal and tangential interaction forces
between the tool and workpiece. However, in grinding
of larger workpieces, it is not functional to use a sensor
under the workpiece. The second option is placing the
force sensor behind the spindle. This option is useful for
industrial grinding applications using robot manipulators.
But, in robotic grinding, due to deflection of the tool,
there is an orientation between the sensor reference frame
and tool reference frame. This means that the measured
values for normal and tangential forces are not the real
normal and tangential interaction forces between the tool
and workpiece. In this study, the second option is selected
for mounting the force sensor. In order to solve the problem
caused by the tool reference frame orientation, the resultant
grinding force was selected as a control parameter.

There is limited research on the effects of resultant
force control in machining. An adaptive controller was
developed by Budak to control the resultant force of milling
operations [1]. A significant improvement was observed
in the surface quality of the workpiece using the resultant
force control algorithm. An adaptive control strategy was
used in [8] to maintain a constant resultant force while
implementing robotic deburring. The proposed approach
showed promising results in force/position tracking of an
unknown environment. Although normal force control in
robotic grinding is a research field that is often investigated,
model-supervised resultant force control is not studied

in detail. In this study, model-supervised resultant force
control is studied in order to improve surface quality.

1.2 Control approaches

Designed linear controllers, such as PID, can be tuned and
used in certain grinding conditions. However, due to the
non-linearity of the grinding process, the mentioned linear
controllers do not turn out a comprehensive solution. Fuzzy
controller or a combination of fuzzy and PID controllers
are preferable solutions for force control during grinding
operations. A hybrid force motion control architecture
is proposed in [20] for increasing robot autonomy. The
performances of PI and fuzzy PI controllers were compared,
and fuzzy PI controller showed better efficiency. A fuzzy
controller is used for force control of a ceramic grinding
(Al2O3) process in [19]. The results showed a more stable
machining process when fuzzy controllers were used. Li et
al. proposed an adaptive fuzzy control algorithm for hard
sphere grinding [13]. Instead of a force sensor, a model was
used to estimate the grinding force based on the spindle
current indirectly. Based on the grinding force, the cut
depth and spindle speed were controlled with a dynamic
threshold-based fuzzy adaptive control approach. Although
spindle current is used as a key factor for estimation of
the grinding force, the obtained model cannot be used for
different setups and spindles. This is because of the different
characteristics of different spindles. The same current value
can correspond to different grinding force bands when the
spindle types are different. In our study, a factor called
percent load is used in the grinding force model instead
of spindle current. A fuzzy PID controller for grinding
and deburring applications was generated in [31, 37]. The
parameters of the PID controller were updated online at
each sampling time by fuzzy rules.

In this study, a combination of a robotic grinding force
model and a fuzzy control strategy is developed to maintain
a constant resultant grinding force during robotic grinding
operation. The grinding model used is optimized for robotic
grinding applications considering the setup and tool and
workpiece stiffness. As a result, a realistic reference force
is generated for the fuzzy controller. Also, an approach is
utilized for calculating tool deflection values as a function
of grinding forces in the normal and tangential directions. A
kinematic solution is proposed for real-time tool deflection
compensation (TDC).

2 Effect of tool deflection on robotic surface
grinding forces

Grinding with constant normal force and constant tangential
velocity is a well-known approach for increasing operation
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accuracy and obtaining constant cutting depth and surface
quality along the workpiece. However, the mentioned
approach is effective when using universal grinding
machines that are very stiff and the deflection of the tool
and setup is negligible. In the case of robotic grinding,
the stiffness of the robot and setup is lower than that
of CNC-type grinding machines. Consequently, there are
considerable tool and setup deflections that have significant
effects on the grinding forces. During grinding with CNC -
type machines, when there is a flat workpiece profile and the
grinding parameters (depth of cut, spindle speed, and feed
rate) are constant, the grinding normal and tangential forces
are expected to be constant. However, in robotic grinding,
due to lower stiffness and tool-setup deflection, the grinding
forces can show three different characteristics through the
workpiece profile even when the grinding parameters are
constant and the workpiece has a flat surface profile [11].
The three characteristics are classified in three regimes in
Ref. [11]. These regimes are identified based on variation
of a grinding force pattern during the surface grinding
experiments. By the grinding parameters (feed rate, spindle
speed, and depth of cut) or by changing the stiffness of the
grinding robot, tool, and workpiece, one of the regimes can
occur. In the first regime, the grinding forces remain almost
constant because the tool is able to cut the workpiece at a
constant feed rate (Fig. 1a). The factors that lead to obtain
constant grinding forces (regime 1 in surface grinding) are
low feed rate, low depth of cut, high spindle speed, and high
stiffness of grinding machine. During the surface grinding
operation, the forces increase almost linearly in the second
grinding regime (Fig. 1b). If significant tool deflection
occurs, this grinding regime is observed. The factors that
lead to obtain ascending grinding forces (regime 2 in surface
grinding) are high feed rate, high depth of cut, low spindle
speed, and low stiffness of grinding machine. The third
grinding is a transition between the first and second regimes.
In this regime, force fluctuations occur during the operation
(Fig. 1c). The force fluctuations take place because of small

tool deflections followed by fast deflection compensation
that frequently occur during grinding experiments.

The differences between the characteristics of robotic
grinding and CNC grinding show the effects of tool
deflection and setup stiffness on normal and tangential
force behaviors. In grinding operations with force feedback,
the force sensor is commonly mounted behind the spindle
or behind the workpiece. If tool deflection occurs, an
orientation occurs between the tool tip reference frame and
the force sensor reference frame, as shown in Fig. 2. This
tool deflection can be expressed as two orientations around
the Ysensor axis (βt ) and Zsensor axis (γt ). In this case, the
measured normal and tangential grinding forces are not the
grinding forces of the tool reference frame because of the
orientation. Force changes caused by the deflection cause
an undesired variation of cutting depth along the workpiece.
The other important effect of tool deflection is geometrical
errors in the cross section of the workpiece. The contact
angle between the tool and workpiece changes the cutting
depth in the cross section of the workpiece.

3 Experimental setup

In this research, an experimental setup was designed. The
setup consisted of a PI H-824 hexapod, PI P-602 piezo
move flexure actuator, ATI Gamma IP60 Force/ Torque
sensor, high-frequency BMR 222-42-MHM spindle, CBN
ZY 4.0-5 B126 tool (tool diameter 4 mm, overhang 25
mm), workpiece (St37 steel), tool changer, and collets
(Fig. 3). The 6-DOF parallel robot that is used in this
study has 7N/μm stiffness in tangential direction (y
direction) and 1.7N/μm stiffness in the normal direction
(z direction). The repeatability of the hexapod in normal
and tangential directions is 0.1μm and ±0.5μm and the
single actuator design resolution of the hexapod is 0.007μm.
The resolution of the force/torque sensor in tangential and
normal directions is 0.00625 and 0.0125N . Stiffness of the

Fig. 1 Regime 1 example (a),
regime 2 example (b), regime 3
example (c), workpiece (d)
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Fig. 2 Orientations between the
tool tip reference frame and
force sensor reference frame

force/torque sensor in normal and tangential directions is 18
and 9.1N/μm. Head stiffness of the spindle is negligible.
The force/torque sensor and parallel hexapod are notably
stiff, and they are accurate enough to cover the range
of parameters for the grinding experiments conducted in

Fig. 3 Experimental setup

this study. The maximum nominal output power of the
used electro-spindle is 300W and the maximum rotational
speed is 60000 rpm. In addition to the 6-DoF parallel
manipulator, the experimental setup has an additional 1
degree of freedom that is actuated by a piezo actuator. The
actuator is fixed to the properly constrained table, presenting
a single degree of freedom in the z-direction as shown
in Fig. 3. While performing grinding in the y-direction
as shown in Fig. 3, the machining errors can be reduced
by admittance control-based negative compensation by the
actuation of the piezo actuator.

4Modelling tool deflection

In this section, the model developed for tool orientation
and displacement in the normal and tangential directions is
explained. The tool-workpiece interaction and their reaction
parameters are shown in Fig. 4. Assuming that the spindle

Fig. 4 Tool modeled as a cantilever rod (left). Internal moment at x

distance from the tool holder is shown (right)
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and the robot are rigid and that the tool has a finite rigidity,
the tool can be modelled as a cantilever rod where the
internal moment at a distance of x from the tool holder
(point A) can be represented as M .

To calculate the deflection and stiffness, the double
integration method is utilized:

EI
d2δ

dx2
= −M (1)

where

E modulus of elasticity
I Moment of inertia
δ displacement
x distance from point A

The following equilibrium equation can be written:

−Fx + FL + M = 0 (2)

so,

M = Fx − FL (3)

Substituting Eq. 3 into Eq. 1 and implementing the double
integration method, Eqs. 4–6 can be written.

EI
d2δ

dx2
= FL − Fx (4)

EI
dδ

dx
= F L x − Fx2

2
+ C1 (5)

EIδ = F L x2

2
− F x3

6
+ C1x + C2 (6)

where C1 and C2 are constants. Implementing boundary
conditions:

For x = 0

{
δ = 0 → C2 = 0
dδ
dx

= 0 → C1 = 0
(7)

As a result:

dδ

dx
= F

EI

(
Lx − x2

2

)
(8)

δ = F

2EI

(
Lx2 − x3

3

)
(9)

Maximum deflection and slope occur at the end of the tool
where x = L.

In normal direction, considering F = Fn, tool tip
displacement (δn) and tool deflection (βt ) are obtained as
Eqs. 10 and 11.

δn = FnL
3

3EI
(10)

βt = FnL
2

2EI
(11)

In tangential direction, considering F = Ft , tool tip
displacement (δt ) and tool deflection (γt ) are obtained as
Eqs. 12 and 13.

δt = FtL
3

3EI
(12)

γt = FtL
2

2EI
(13)

5 Kinematic solution for tool deflection
compensation

In order to develop a kinematic solution for TDC, the exact
position and orientation of the tool tip should be identified
with respect to the hexapod reference frame. Then, it is
possible to determine the new position and orientation for
the hexapod aiming to compensate for geometrical errors
caused by tool deflection. For this purpose, five reference
frames are defined in the setup. The first reference frame
(Rbase) is the base reference frame, which is defined at the
center of the hexapod top plate when it is in home position
without any rotation or translation. Rbase is fixed at this
point and acts as the global coordinate system. The second
frame (Rhex) is defined at the center of the top plate of
the hexapod and moves with it. The third frame (Rspn) is
defined as the tool holder of the spindle. The fourth and
fifth reference frames (Rtan and Rnor) are assigned to the
tool tip. The last two reference frames are related to the tool
deflection in normal and tangental directions with respect to
the Rspn. The side and front views of the setup and assigned
reference frames are shown in Fig. 5.

The reference frames from the base frame to the tool tip
are shown in Eq. 14.

Rbase → Rhex → Rspn → Rtan → Rnor (14)

Let C(i,j) be the rotation matrix of the j th reference frame
with respect to the ith reference frame.

In this paper, the rotation matrices are written as
exponential rotation matrix in the general form of eũθ as in
[22, 23]. It expresses a rotation of an angle θ about axis n,
which is a unit column matrix. Here, ũ represents a skew
symmetric matrix corresponding to the unit vector n.

u =
⎡
⎣ u1

u2

u3

⎤
⎦ → ũ =

⎡
⎣ 0 −u3 u2

u3 0 −u1

−u2 u1 0

⎤
⎦ (15)

The expansion of the exponential rotation matrix about axis
n with angle θ is known as the Rodrigues formula, as in
Eq. 16.

eũθ = I cos θ + ũ sin θ + uuT (1 − cos θ) (16)
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Fig. 5 Illustration of the setup
and assigned reference frames

Also, ui is defined as the ith basic column matrix, which is
the column matrix representation of the ith unit basis vector−→
u

(k)
i in reference frame Rk that is its own reference frame

[24].

ui = u
(k/k)
i =

{−→
u

(k)
i

}
|Rk

(17)

Considering the end axis of the assigned reference frames
indicated in Fig. 5 and the expression of the rotation
matrices. The rotation matrix from Rhex to Rnor can be
expressed as follows:

Ĉ(hex,nor) = Ĉ(hex,spn)Ĉ(spn,tan)Ĉ(tan,nor) (18)

Considering assembly errors, the position and orientation of
the spindle tool holder with respect to the hexapod reference
frame are identified using a coordinate measurement
machine (CMM). Consequently, the rotation matrix from
Rhex to Rspn can be written as Eq. 19.

Ĉ(hex,spn) = ĈCMM (19)

where ĈCMM is a constant rotation matrix that expresses
the orientation of the spindle with respect to the hexapod
moving plate.
Tool deflection can be decoupled to two successive rotations
in the tangential and normal directions. Note that both of
the mentioned rotations occur about unit vectors of the
spindle reference frame. γt is the rotation of the tool around
the z-axis (u3) of Rspn due to deflection in the tangential
direction. So the rotation matrix from Rspn to Rtan can be
written as Eq. 20.

Ĉ(spn,tan) = e

(
ũ

(spn/spn)
3 γt

)
(20)

βt is rotation about the y-axis (u2) of Rspn due to deflection
in the normal direction. So, the rotation matrix from Rtan to
Rnor can be written as Eq. 21.

Ĉ(tan,nor) = e

(
ũ

(spn/tan)
2 βt

)
(21)

Equation 21 should be expressed in the spindle reference
frame as follows:

e

(
ũ

(spn/tan)
2 βt

)
= Ĉ(tan,spn)e

(
ũ

(spn/tan)
2 βt

)
Ĉ(spn,tan) (22)

Considering Eq. 23 as:

Ĉ(tan,spn) = e
−

(
ũ

(spn/spn)
3 γt

)
(23)

so, Eq. 22 will change to Eq. 24.

e

(
ũ

(spn/tan)
2 βt

)
= e

−
(
ũ

(spn/spn)
3 γt

)
e

(
ũ

(spn/spn)
2 βt

)

e

(
ũ

(spn/spn)
3 γt

)
(24)

Tool deflections in both the tangential and normal directions
are expressed in the spindle reference frame. Consequently,
substituting Eqs. 19, 20, and 24 into the Eq. 18, rotation
matrix from hexapod to tool tip (Ĉ(hex,nor)) can be obtained
as follows: Simplifying ũ

(spn/spn)
i as ũi , consequently:

Ĉ(hex,nor) = ĈCMM e(ũ3 γt )e−(ũ3 γt )e(ũ2 βt )e(ũ3 γt ) (25)

given

e(ũ3 γt )e−(ũ3 γt ) = Î (26)

Ĉ(hex,nor) = ĈCMM e(ũ2 βt )e(ũ3 γt ) (27)

Let thex
spn be the translation from the hexapod reference frame

to the spindle reference frame obtained by CMM.

thex
spn =

⎡
⎣ rx

ry
rz

⎤
⎦ (28)

Considering the assigned reference frames and tool
deflection, the translation from the hexapod reference frame
to the tool tip can be written as Eq. 29. Based on the feeding
direction, δt can be a positive or negative value. Here, δn is
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always a negative value because the normal grinding force
and z-axis are in opposite directions.

t
spn
nor =

⎡
⎣ −L cos γt cos βt

δt

δn

⎤
⎦ (29)

Consequently, the translation matrix and transformation
homogenous matrix from Rhex to Rnor are as follows:

thex
nor =

⎡
⎣ rx − L cos γt cos βt

ry + δt

rz + δn

⎤
⎦ (30)

T hex
nor =

[
Ĉ(hex,nor) thex

nor

0 0 0 1

]
(31)

In order to obtain the forward kinematics of the robotic
grinding setup, the transformation homogenous matrix
should be written in the base reference frame. This means
the rotation and translation of the hexapod moving plate
with respect to the base frame should be considered.
Considering the transformation homogenous matrix from
Rbase to Rhex as T base

hex :

T base
hex =

[
Ĉhex tbase

hex

0 0 0 1

]
(32)

where Ĉhex and tbase
hex are the orientation and translation

matrices of the hexapod moving plate and can be controlled
in real-time. The forward kinematics of the robotic grinding
setup can be defined as TFK and obtained by multiplication
of T base

hex to T hex
nor .

TFK = T base
hex T hex

nor (33)

The transformation homogenous matrix for hexapod that
maintains the desired position and orientation of the tool
tip can be defined as (T base

new−hex). The desired forward
kinematics of the setup is TFK−desired . Therefore,

T base
new−hex T hex

nor = TFK−desired (34)

Finally, multiplying the desired forward kinematics with
the inverse of T hex

nor , a new position and orientation of the
hexapod are obtained that compensate for the geometrical
errors due to tool deflection.

T base
new−hex = TFK−desired T hex

nor

−1
(35)

In this study, the desired orientation for the tool is
to maintain the vertical direction. Therefore, all of the
calculations during operation are made with this goal. In our

setup, the calculated new rotation matrix for the hexapod
should be changed to the Euler angles 1-2-3 sequence
format to use as the input to the robot. In the next section,
the resultant force control strategy is explained, which is
implemented in parallel with the TDC approach.

6 Constant resultant force control using
model-supervised fuzzy controller

In the previous section, the effect of tool deflection is
investigated and a kinematic solution is proposed. The

Table 1 Descriptions of model parameters

Symbol Description

ap Depth of cut

de Tool diameter

A1f t Area under Ft graph from start time to

peak time

A1f n Area under Fn graph from start time to

peak time

A2f t Area under Ft graph from peak time to

end time

A2f n Area under Fn graph from peak time to

end time

�Af t A1f t − A2f t

�Af n A1f n − A2f n

Ft Tangential grinding force

Fn Normal grinding force

Fpt Peak Ft value

Fpn Peak Fnvalue

Is Spindle current

Lp Percent load of the spindle. If the spindle is

not loaded and no defect exists, the Lp will

equal to 0%

Lpmax Peak Lpvalue of penetration test

t1f t Difference between peak time and start time

of t-Ft graph (ascending period)

t2f t Difference between end time and peak time

of t-Ft graph (descending period)

t1f n Difference between peak time and start time

of t-Fn graph (ascending period)

t2f n Difference between end time and peak time

of t-Fn graph (descending period)

tpf t Peak time of Ft graph

tpf n Peak time of Fn graph

Vf Feed rate

Vs Velocity of tool wheel periphery (m/s)

ωs Spindle speed (RPM)
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Fig. 6 Architecture of the
proposed model-supervised
fuzzy admittance controller

normal and tangential grinding forces measured by the
sensor were shown not to be the grinding forces of the
tool reference frame because of the mentioned orientations
related to the tool deflection. Therefore, controlling the
force in the normal direction of the force sensor reference
frame is not a proper approach. This is the reason that
the resultant of the grinding force components (normal
and tangential forces measured by the sensor) is controlled
instead of the normal force.

The robotic grinding operation has a highly non-
linear nature as shown in the previous section. Therefore,
designing a control architecture that needs to be able to
maintain a constant resultant grinding force is challenging.
The conventional linear fixed-gain PID controllers can be
optimized easily for desired control specifications such
as overshoot, rise time, and settling time. Due to the
nonlinearity of the grinding process, application of a PID
controller with constant gains is not a proper approach and
the gains should be modified continuously while handling
different inputs and operating conditions. Even if the PID
controller is optimized and used for certain conditions,
implementation of the controller on a physical setup is
challenging. In the physical setup, there are three input
sources that should be considered. The first source is the
parallel hexapod by which the grinding path and feed rate
are controlled. The second source is the piezo actuator by
which the depth of cut is controlled. The third source is the
force sensor that supplies the force feedback. All of them
have different response times. The controller should be able
to synchronize the model and physical setup and control the

Fig. 7 Membership functions of Error

setup force response in such a way that it converges to the
model output that acts as the reference input.

In this study, a model supervised fuzzy control archi-
tecture was designed. For the user-defined set depth of cut
(SDOC), spindle speed, feed rate, and average spindle per-
cent load, the model gives the proper reference resultant
grinding force. The aim of the model-supervised controller
is to make the physical setup interaction resultant force con-
verge with the reference value provided by the model. The
depth of cut and its rate of change are the controlled param-
eters that are output by the fuzzy controller. During the
operation together with the resultant force controller, the
TDC algorithm is also used.

6.1 Grinding force model

The resultant force in grinding operation is the sum squared
root of the normal and tangential forces, which is to be
controlled. In order to design and optimize a controller, a
grinding force model is defined. In robotic grinding, due to
the effect of tool deflection and setup stiffness, the grinding
model should be able to predict the forces in the different
regimes mentioned in Section 2. In [11], an optimized
force model for robotic grinding is proposed. In this model,
using penetration tests and extracting the defined features,
the mechanical properties of the setup and workpiece are
included in the model indirectly. Also in this model, the
percent load of the spindle, which is a function of spindle
current, is included as an extra predictor in the model.
The mentioned model is used in this study as a reference

Fig. 8 Membership functions of (�ap)
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Fig. 9 Membership functions of (�ȧp)

(required force components) input generator. The equations
of normal and tangential grinding forces are as follows:

Ft = − 4.67 − 37.1 (
b ap Vf

Vs

)

+ 0.505 (
b ap Vf
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) ln(
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Table 2 Rule bases of the fuzzy controller

No Rule bases

1 If (Error is N4) then (�ap is N4) and (�ȧp) is N4

2 If (Error is N3) then (�ap is N3) and (�ȧp) is N3

3 If (Error is N2) then (�ap is N2) and (�ȧp) is N2

4 If (Error is N1) then (�ap is N1) and (�ȧp) is N1

5 If (Error is Z) then (�ap is Z) and (�ȧp) is Z

6 If (Error is P 1) then (�ap is P 1) and (�ȧp) is P 1

7 If (Error is P 2) then (�ap is P 2) and (�ȧp) is P 2

8 If (Error is P 3) then (�ap is P 3) and (�ȧp) is P 3

9 If (Error is P 4) then (�ap is P 4) and (�ȧp) is P 4

Fig. 10 Grinding resultant force profile without using a force controller

The descriptions of the model parameters are mentioned in
Table 1. The parameter Lp represents the percent load of the
spindle.

Lp = Is − Is0

Is100 − Is0

× 100 (38)

In the percent load equation, Is0 is the spindle current
without any load and Is100 is the spindle current for full load.
These are spindle characteristics and can be derived from
the spindle datasheet or by experiment for each speed base
[11].

The details of the grinding force model are explained in
[11].

6.2 Fuzzy controller design

In order to obtain desired cutting depth (SDOC) a resultant
grinding force control strategy is used. The reference value
for resultant grinding force is generated by the grinding
force model where the inputs of the force model are
desired depth of cut (SDOC), spindle speed, feed rate,
and average spindle percent load. The output of the model
is proper reference resultant grinding force. The physical

Fig. 11 Measurement setup
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Fig. 12 Surface profile of the workpiece before grinding and after
grinding operation without any force control

setup resultant force is controlled by the fuzzy controller
in order to track the reference force generated by the
grinding force model. The input of the controller is the error
between the reference force profile and resultant grinding
force feedback measured by the sensor. During tool and
workpiece interaction, to prevent any impulsive behaviors
followed by unwanted overshoots and force fluctuations and
probable tool and workpiece defects, both cutting depth
and its rate of change should be controlled simultaneously.
So, the outputs of the fuzzy controller are the necessary
change in depth of cut (�ap) and its rate of change (�ȧp).
The mentioned fuzzy controller outputs are input to the
piezo actuator. The architecture of the proposed admittance
control structure is shown in Fig. 6.

In this study, nine Gaussian membership functions were
designed for error, (�ap) and (�ȧp) as shown in Figs. 7, 8,
and 9 respectively.

The rule bases of the fuzzy controller are given in Table 2.
The results and advantages of the proposed control strategy
are presented in the next section.

7 Results and discussion

The general form of the proposed resultant grinding force
control strategy is shown in the previous section. An

Fig. 13 Inclined cross section because of tool deflection

Fig. 14 Grinding resultant force profile using the proposed force
control approach

example of the grinding resultant force profile without
using a force controller and without implementing the TDC
algorithm is shown in Fig. 10. A flat-shaped workpiece was
used for this experiment.

As the normal, tangential, and resultant grinding forces
increase almost linearly, this experiment belongs to the
second grinding regime. Such a force increase is due to
the tool deflection and low stiffness of the robotic grinding
setup. The profile of the workpiece surface is measured by a
Keyence-LK-HO27 laser distance sensor, shown in Fig. 11.

Due to the applied resultant force (Fig. 10), the profile
produced on the surface is shown in Fig. 12 together with
the original surface profile of the workpiece.

As shown in Fig. 12, the grinded surface profile shows
the expected depth of cut increase along with the resultant
force rise. It shows that the material removal rate is changing
along the workpiece. Therefore, it is not possible to obtain
desired cutting depth (SDOC) and desired constant material
removal rate during the surface grinding operation which
cause geometrical errors. The increase in the resultant force
is due to tool deflection. Such a deflection adds an extra
component to the grinding force continuously, and this
component can be considered as a spring force.

Without implementing the TDC algorithm, a significant
error occurs in the cross section of the workpiece. As shown
in Fig. 13, an inclined cross section is obtained because of

Fig. 15 Surface profile of the workpiece before grinding and after
grinding operation using the proposed force control approach
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the tool deflection. Such an inclination makes it difficult to
control SDOC.

Applying the proposed control approach on the robotic
grinding operation and trying to maintain a constant
grinding resultant force led to the force graph shown in
Fig. 14. In this graph, the force controller tries to maintain a
resultant force of 9 N based on the grinding model output.
In this experiment spindle speed is 30000 rpm, SDOC is 230
μm, feed rate is 0.1 mm/s, and percent load is 36%. The
percent load value is selected based on maximum value of
percent load in penetration test that is explained in Ref. [11].

In this research, in order to express the effect of the
resultant grinding force on the workpiece profile, the force
change is shown from tool and workpiece contact instant
until tool exit, in parallel with the resulting workpiece
profile. The measured surface profile of the workpiece
after the grinding operation with resultant force control
is shown in Fig. 15 together with the original workpiece
surface profile before grinding operation. As shown in
Fig. 15, by entering the tool to the workpiece, the cutting
depth is increased. When the grinding force reaches to
the reference resultant grinding force value, the controller
keeps the resultant grinding force at the range of reference
grinding force value. In this condition (point A to point
B on the workpiece), the cutting depth remains almost
constant until the tool begins to exit from workpiece. In
both Figs. 12 and 15, there are increases in the last parts of
the workpieces′ machined surfaces which means decrease
in material removal rate. This increase starts when the tool
begins to exit the workpiece. Consequently, the cutting
force and the cutting depth decrease and this changes
cause ascending in the workpiece profile graph. In this
experiment, when the tool is completely in contact with the
workpiece and without considering effect of tool entrance
and tool exit (point A to point B on the workpiece), the
average cutting depth is equal to 209 μm where the SDOC
is equal to the 230 μm. Using the controller, the average
error between actual and target cutting depth is equal to
21 μm. The maximum variation on the workpiece profile
in this condition is equal to 30 μm. It means that using

Fig. 16 Effect of the TDC algorithm on the workpiece cross section

Fig. 17 Hexapod motion in the x, y, and z directions during the robotic
grinding experiment

the resultant force control method, the cutting depth and
surface quality remain constant with acceptable accuracy.
Without using the proposed controller, the cutting force and
consequently cutting depth increase until the tool starts to
exit from the workpiece. The maximum variation on the
workpiece profile in this condition is equal to 106 μm and
the average cutting depth is equal to 185.5 μm. It means that
without using any controller, the cutting depth and surface
quality variate along the workpiece where the average error
between actual and target cutting depth is equal to 44.5 μm.
The target grinding accuracy in this study is 30 μm for the
range of 200 − 250μm cutting depth in one-cut machining.
The achieved average accuracy was 21 μm. Note that
the tool entrance and exit parts are not considered. It is
important to note that without implementing TDC, due to
the inclination of workpiece cross section, the above values
are not meaningful for cutting depth values and operation
accuracy.

The effect of TDC is shown in Fig. 16. Implementing
the tool deflection compensation algorithm, a vertical cross
section is obtained.

The motions of the hexapod in the x, y, and z directions
while implementing the deflection compensation algorithm
are shown in Fig. 17. Also, the hexapod rotations around
the x, y, and z axes during operation are shown in Fig. 18.
The motion in the y-direction decreases linearly because
the feeding during operation is in the y-direction. The other
motions and orientations are due to the outputs of the
compensation algorithm.

Fig. 18 Hexapod rotation around the x, y, and z axes during the robotic
grinding experiment
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One of the challenges of using fuzzy controllers is
their stability check difficulty in different conditions. If a
constant improper reference input is used, it is possible
to encounter instabilities. However, the fuzzy approach is
useful for controlling cutting depth and its rate of change
simultaneously, but tuning this type of controller without
using a model is problematic. The first advantage of the
proposed control architecture is that due to its model-
supervised nature, the reference force profile that should be
tracked by the physical setup is realistic. This means that
an improper reference force is guaranteed not to be given
to the physical setup. Consequently, the unwanted grinding
force overshoots and fluctuations followed by probable
instabilities and tool or workpiece defects are prevented.
Furthermore, application of the grinding model and the
model-supervised controller facilitates the pre-simulation
of the operation and tuning of the controller based on the
desired controller characteristics.

8 Conclusions

In this study, a novel approach is proposed for parallel
hexapod-robotic light abrasive grinding with constant
resultant grinding force and real-time TDC. For this
purpose, a model-supervised fuzzy admittance controller is
proposed for the robotic grinding operation with constant
resultant force. The robotic grinding behavior is different
from grinding behavior with common CNC-type stiff
machines. Due to tool deflection and the lower stiffness
of the robotic grinding setup, three different regimes
can be observed for the grinding force profile. A force
prediction model is used in this study that is designed
for robotic grinding operations. In grinding operation, the
tool deflection is the main disadvantage which causes
geometrical error (inclined profile) in the cross section of
the workpiece. In this research, a method for calculation
of tool deflection in tangential and normal directions is
utilized, combined with a kinematic solution for real-time
compensation of the tool deflection. Application of this
approach leads to obtain disinclined cross section.

Investigating the results of experiments, the following
inferences are concluded.

• Resultant force control is an effective method for prevent-
ing geometrical errors in robotic grinding operation.

• The resultant grinding force can be adjusted in real time
by controlling the depth of cut and its rate of change.

• The tuned realistic reference input produced by the
force model, combined with the functionality of the
fuzzy controller for nonlinear plants, provides a proper
method for increasing the accuracy of robotic grinding
operations.

• The proposed model-supervised fuzzy control structure
decreases the instability probability of the fuzzy
controller because of the realistic reference input profile
produced by the grinding model.

• Computation of the tool deflection value as a function
of grinding forces and compensation of it in real time
during the robotic grinding operation is an effective way
of preventing geometrical errors in workpiece cross-
section.
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