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Abstract
This paper presents a novel two degrees of freedom (DOFs) contact force control method for robotic blisk grinding. The grinding
tool is controlled to automatically adapt to the curvity change of the blisk blade and maintain a constant contact force as expected.
A smart end effector is used as the actuating device for contact force control. The proposed force controller includes a gravity
compensationmodule, a force predictionmodule, and a force-position controller. The direction and amplitude of the contact force
are predicted with the force prediction module and are controlled with the force-position controller. The tool path of the robotic
blisk grinding process is generated and optimized so that the contact points between the tool tip and the workpiece are evenly
distributed along the grinding path. Both simulations and experiments are carried out to validate the effectiveness of the proposed
method. The results show that the proposed method provides a good contact force control performance, with less than 1 N force
fluctuation. The surface finish and roughness are significantly improved compared to the case without force control. The grinding
efficiency is raised by about sixfold compared to the case with one DOF force control.
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1 Introduction

Blisks are the key parts involved in energy conversion in an
aero-engine. The machining accuracy and surface quality of a
blisk directly determine its performance, efficiency, and life
time [1–3]. The design requirement of the surface roughness
of a blisk is normally less than 0.4 μm [4]. Thus, grinding is
required after milling of a blisk. Due to the complexity of the
blisk surface, the grinding of blisks is largely carried out man-
ually by skilled workers. However, manual grinding is labor
intensive and time consuming and produces inconsistent qual-
ity [5].

Automated blisk grinding would be invaluable in the in-
dustry; the time savings and cost savings would be substantial.
This fact has attracted extensive research to investigate possi-
ble methods of realizing automated blisk grinding process. Shi
et al. [4, 6, 7] and Xiao et al. [8–10] have proposed to use a

five-axis computer-numerical control (CNC) machine tool
with a constant force control system for automated blisk
grinding and turbine blade grinding. But a five-axis CNC
machine tool is normally quite expensive. Industrial robots
have been proven to be a more economical solution for auto-
mation. The robot can be programmed to carry out the grind-
ing jobs and can achieve the required surface quality and ma-
chining consistency with active contact force control. The
existing active force control methods can be broadly catego-
rized as through-the-arm and active end effector force control
[11].

Through-the-arm force control uses force sensors to deter-
mine the tool-to-part contact force and adjusts the robot’s po-
sition accordingly to achieve a constant contact force.
Thomessen et al. [12] present a through-the-arm force control
strategy for robotic grinding of large hydro turbine blades. A
three-axis force sensor is installed between the robot end ef-
fector and the grinding tool to sense the contact force, and an
external force control loop is added outside the original posi-
tion control loop of the robot for active contact force control.
Park [13] develops a parametric model of the grinding force in
the disc-grinding operation, and implements a model refer-
ence adaptive pole placement controller for active force con-
trol. Minami [14] proposed a sensorless force control method
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for robotic grinding. The grinding force is expressed as a state
and is obtained by calculating the dynamic equations of the
system. Sun [15] implemented a relative reference calibration
method before the robotic grinding process to eliminate the
relative error between the tooling system and the workpiece,
and applied on-line force compensation during the grinding
process to achieve the constant contact force. Different control
algorithms are further studied in [16–18] for the through-the-
arm force control in the robotic machining applications. In the
through-the-arm force control method, it does not employ
extra devices for contact force generation. Instead, the robot
itself is used to generate the contact force. Therefore, the low
positioning accuracy of the robot may limit the achievable
force control performance.

Active end effector force control senses the tool-to-part
contact force with its embedded force sensor and adjusts
the tool compliance through utilization of actuators. Since
extra positioning device is implemented for force genera-
tion, the contact force control does not couple with the
robot’s motion control, and it is able to achieve better force
control performance. Xi et al. [11, 19] propose an active
end effector for contact force control in robotic grinding.
The presented end effector has a pneumatic spindle that
can be extended and retracted by three pneumatic actuators
to provide tool compliance. ATI Industrial Automation has
developed an active force controlled axial-compliant tool
which is realized by using a pneumatic actuator to actively
adjust the tool compliance in the axial direction. Similar
product can also be found in PushCorp Inc. However, the
available active force controlled end effectors only have
one degree of freedom (DOF). When grinding a part with
complex curved surfaces, such as a blisk, the orientation of
the end effector needs to be regulated all the time by the
robot to make sure the actuating direction of the end effec-
tor matches the contact force direction. This process sig-
nificantly slows down the moving speed of the robot and
limits the efficiency of robotic grinding.

In this paper, a novel two DOFs contact force control
algorithm is proposed for robotic blisk grinding with a
smart end effector. The proposed method makes the end
effector and the grinding tool adapt to the curvity change
of the blisk surface and predict the amplitude and direc-
tion of the contact force in real time. The amplitude of the
contact force is controlled by simultaneously manipulat-
ing the moving velocity of the grinding tool in both feed
axes of the smart end effector. The tool path is generated
and optimized so that the contact points are evenly dis-
tributed along the tool path on the workpiece surface. In
the proposed methodology, the actuating directions of the
end effector do not need to match the contact force direc-
tion all the time anymore, which significantly improves
the efficiency of the robotic blisk grinding process by
about six times.

2 Experimental setup

The proposed system configuration for robotic blisk grinding
is shown in Fig. 1. A smart end effector is designed and
installed on a Comau robot for active contact force control.
A blisk is clamped to the work table through fixture 1 as the
workpiece. The presented smart end effector is composed of a
grinding tool, a spindle, a three-axis force sensor, a three-axis
tilt sensor, and an XY positioning stage. The grinding tool is
made by gluing a rubber cylinder to the tip of a steel rod and
bonding a strip of abrasive paper outside the rubber cylinder.
The spindle is fixed to the force sensor with fixture 2. The
axial directions of both the spindle and the force sensor are
arranged to be parallel with each other. The smart end effector
senses the contact force between the grinding tool and the
blisk with its integrated force sensor and a proposed force
prediction algorithm. The relative angles between the global
coordinate system and the force sensor axes are measured
using the tilt sensor for gravity compensation. The force sen-
sor and the tilt sensor are installed on the moving table of the
XY stage through fixtures. The feed directions of the XY stage
are parallel with the x and y axes of the force sensor. Two servo
motors are connected to the ball-screws of the XY stage to
drive it to move in its two feed directions. The information of
the sensors, spindle and XY stage used in the smart end effec-
tor are given in Table 1.

During the robotic grinding process, the robot controls
the primary position of the tool tip for blisk grinding, ac-
cording to the optimized tool path. The smart end effector
controls the amplitude of the contact force according to the
force control algorithm. Please note that the experimental
setup configuration presented in Fig. 1 can be used for both
one DOF contact force control tests and two DOFs contact
force control tests.

For one DOF contact force control tests, only one axis of
the smart end effector (y-axis in Fig. 1 configuration) is con-
trolled in the robotic grinding process. The feed direction of
the smart end effector (y axis in Fig. 1) needs to be in the same
direction as the normal direction of the workpiece surface at
the working point (contact force direction) all the time during
the grinding process. A one DOF controller is implemented to
adjust the moving velocity of the feed axis (y axis in Fig. 1) of
the XY stage to achieve the desired contact force.

For two DOFs contact force control tests, both axes of
the smart end effector need to be controlled to realize the
expected contact force control performance. The feed di-
rections of the end effector do not need to match the
contact force direction all the time anymore. The direction
and amplitude of the contact force are identified with a
force prediction algorithm. The velocities of both feed
axes of the XY stage are manipulated according to the
proposed two DOFs force control algorithm to achieve
the expected contact force.
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3 System modeling and controller design

3.1 Configuration of the presented robotic grinding
system

The block diagram of the presented two DOFs contact force
controlled robotic grinding system is shown in Fig. 2. The tool
path and the position commands of the robot are generated
and optimized in advance for the robotic blisk grinding pro-
cess. The robot controller receives the position commands and
manipulates the robot gestures to achieve the expected tool
path. The smart end effector controls the tool tip displacement
in the contact force direction (ap) during the robotic grinding
process to achieve the expected contact force.

Figure 3 shows the forces loaded on the tooling system
which is composed of the grinding tool, the grinding spindle,
and the fixtures. The contact force (Fc) and the tangential
grinding force (Ft) are loaded on the tip of the grinding tool.

G is the gravity of the tooling system. F
0
x, F

0
y, and F

0
z are the

forces between the force sensor and the tooling system which
are loaded on the clamping area of the fixture 3. The relevant
forces sensed by the force sensor in the force sensor coordi-

nates are Fx, Fy and Fz. (F
0
x, F

0
y, F

0
z ) and (Fx, Fy, Fz) have the

same amplitudes and opposite directions. Since the contact
force (Fc) and the tangential grinding force (Ft) are parallel
with the Fx − Fy force plane, the forces in the Fz direction will
not affect the amplitude Fc and Ft. Therefore, only the forces
loaded in the x and y axes of the force sensor (Fx and Fy) are
analyzed here. Assume the gravity components of the tooling
system loaded in the x and y axes of the force sensor are Gx

and Gy; the contact force components sensed in the x and y
axes of the force sensor are Fcx and Fcy; the components of the
tangential grinding force mapped in the x and y axes of the
force sensor are Ftx and Fty; the measured forces (Fx, Fy) can
be obtained as

Fx ¼ Fcx þ Ftx þ Gx

Fy ¼ Fcy þ Fty þ Gy

�
ð1Þ

The pitch, row and yaw angles (βp, βr, βy) of the force
sensor axes relative to the global coordinate system are mea-
sured with an embedded tilt sensor. The measured forces (Fx,
Fy) and angles (βp, βr, βy) are sent to the controller for predic-
tion and control of the contract force (Fig. 2). The controller of
the smart end effector includes a gravity compensation mod-
ule, a force prediction module, and a force-position controller.
The gravity compensation module calculates the gravity com-
ponents loaded on the force sensor axes and removes them
from the measured force signals (Fx, Fy). The output signals
(Fx; Fy ) of the gravity compensation module represent the
measured forces that are resulted from the contact force (Fc)
and the tangential grinding force (Ft) only, and they can be
expressed as

Fx ¼ Fx−Gx

Fy ¼ Fy−Gy

(
ð2Þ

The force prediction module calculates the amplitude of Fc
from the compensated force signals Fx and Fy, and predicts
the relative angle between the Fc direction and the positive Fx
direction. The predicted amplitude ( F̂ c) and direction angle
(α̂ ) of the contact force are passed to the force-position con-
troller for active contact force control. The force-position con-

troller is a multi-input-multi-output controller. Besides F̂c and
α̂, the other inputs include the expected contact force Fe, and
the displacements (dx, dy) of the XY stage in its two feed
directions. The controller outputs are the velocity commands
(vxc, vyc) to the motor drivers that control the movements of the
XY stage. Therefore, the tool tip displacement in the contact
force axis (ap) is adjusted to achieve the expected contact
force. Also, the tool tip displacement in the tangential direc-
tion (at) resulted by the movements of the XY stage is con-
trolled to be zero to avoid introducing extra positioning errors
to the grinding process. The rotation speed of the grinding
spindle is controlled by the spindle driver according to the
velocity command vsc.

3.2 Modeling of the tool tip displacements

The frequency response functions (FRFs) from the velocity
command (in the voltage form) to the translational velocity of
the smart end effector in its feed directions are measured, as

Blisk

Comau robot

Smart end effector

XY stage

Grinding 

spindle

Force sensor

Tilt sensor

Fixture 2

Fixture 1 Worktable

Grinding 

tool

x

y
z

Servo motors

Fig. 1 Experimental setup configuration
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shown in Figure 4. Sinusoidal signals at different frequencies
are given as the inputs to the motor drives, and the resulted
translational velocities (vx, vy) of both axes of the XY stage are
recorded. From the measured FRFs, we can see that the dy-
namic relations from vxc to vx, and from vyc to vy can be both
considered as a second order system. The related transfer
functions are denoted as Tvx and Tvy, respectively, and their
model parameters are identified as given in Table 2. Therefore,
the tool tip velocities (vx, vy) and displacements (dx, dy) in the
feed axes of the XY stage due to the motion control of the
smart end effector can be expressed as

vi sð Þ ¼ Tvi sð Þvic sð Þ ¼ bi
s2 þ 2ζiωnisþ ωni

2
vic sð Þ

di ¼ vi sð Þ
s

; i ¼ x; y

8><
>: ð3Þ

where bi, ζi, and ωni are the model parameters of the transfer
functions Tvx and Tvy.

The relations between the forces and displacements at
the tool tip are explained in Fig. 5. The relative angle
between the contact force (Fc) and the positive x-axis of
the force sensor is denoted as α. The positive directions
of the displacements (dx, dy) and the measured forces
(Fx, Fy) are opposite to each other. It is the same case
for the displacements (ap, at) and the forces (Fc, Ft). The
tool tip displacements in the contact force axis (ap) and
in the tangential direction (at) can be obtained by map-
ping the displacements dx and dy to their axes, and su-
perposition the displacement components, as shown be-
low:

ap
at

� �
¼ cosα sinα

−sinα cosα

� �
|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

Md

dx
dy

� �
ð4Þ

where Md is the transformation matrix from [dx, dy]
T to

[ap, at]
T.

3.3 Modeling of the contact force and grinding force

The grinding tool is made by gluing a rubber cylinder to the tip
of a steel rod and bonding a strip of abrasive paper outside the
rubber cylinder. Since the flexibility of rubber is much larger
than the steel rod and the amplitude of the contact force is
small, only the deformation of the rubber part is considered
in the modeling. When the tool tip just gets in contact with the
workpiece, the contact force is zero, and the tool tip has a
round shape without deformation. When the desired contact
force is reached, the center of the tool tip has moved forward
to the workpiece with a displacement ac, and the rubber tip is
deformed as shown in Fig. 6. The rubber tip is considered as a
linear spring, and the contact force (Fc) can be modeled as

Fc ¼ kcac ð5Þ
where kc is the spring coefficient of the rubber tip, which is
about 3 N/mm. Assume the XY stage needs to move the tool
tip towards the workpiece with a distance of a0 in the negative
Fc direction to make the tool tip and the workpiece just get in
contact, the displacement ac can be obtained as

ac ¼ ap−a0 ð6Þ

In order to explore the relation between the grinding force
(Ft) and the contact force (Fc), Grinding tests are carried out
with one DOF contact force control. The feed directions of the
XY stage are arranged to be parallel with the directions of the
contact force and the tangential grinding force respectively by
path planning. Therefore, the values of the contact force and
the grinding force can be directly measured with the force
sensor after gravity compensation. Only the tool tip displace-
ment in the feed direction that is parallel with the contact force
direction is controlled in this test for contact force control.
During the grinding tests, the contact force is controlled to
stay at different values, and the amplitudes of both the contact
force and the grinding force are recorded, as shown in Fig. 7. It
can be found that the relation between the tangential

Table 1 Information of the
devices used in the smart end
effector

Items Brand and model Description

Force sensor Liheng, LH-SZ-02 Three-axis force sensor;

Range: 100 N in each axis

Tilt sensor WitLink, VG400 Range: pitch ± 90°, roll ± 180°, heading 360°;

Resolution: 0.1°

Spindle Windward spindle, S4225-B40FL8 Maximum speed: 40000 RPM;

Maximum torque: 13 N cm

XY stage NSK, MC type two-axis table Stroke: 50 mm× 50 mm;

Pitch: 5 mm

Servo motors YASKAWA, SGMJV-02ADE6S Power: 200 W;

Torque: 0.637 N m
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grinding force (Ft) and the contact force (Fc) can be approxi-
mated as

Ft ¼ kt Fc; kt≈0:3 ð7Þ
where kt is a force coefficient.

3.4 Design of the gravity compensator

In order to accurately predict the contact force, the mea-
sured force signals (Fx, Fy) need to be gravity compensat-
ed. To compensate the gravity effects on the measured
force signals, the gravity components (Gx, Gy) loaded on
the force sensor axes need to be calculated and removed

from the measured force signals. The gravity components
can be obtained with the coordinates transformation meth-
od. Figure 8 shows the coordinate system relations of the
smart end effector. The force sensor coordinate system (x-
y-z) is assumed to be originally coinciding with the global
coordinate system (P-Y-R). The rotational angles of the
force sensor coordinate system (x-y-z) in the pitch, roll,
and yaw directions are denoted as βp, βr, and βy, respec-
tively. These three rotational angles (βp, βr, βy) are mea-
sured by the tilt sensor in the smart end effector. The
transformation of the gravity (G) coordinates from the
global coordinate system (P-Y-R) to the force sensor co-
ordinate system (x-y-z) can be obtained as

Gx

Gy

Gz

2
4

3
5 ¼

1 0 0
0 cosβp sinβp
0 −sinβp cosβp

2
4

3
5

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
MP

cosβr sinβr 0
−sinβr cosβr 0

0 0 1

2
4

3
5

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
MR

cosβy 0 −sinβy
0 1 0

sinβy 0 cosβy

2
4

3
5

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
MY

0
G
0

2
4

3
5

¼
sinβr

cosβpcosβr
−cosβrsinβp

2
4

3
5G ð8Þ

where [Gx Gy Gz]
T is the coordinate vector of the gravity (G)

in the force sensor coordinate system (x-y-z).MP,MR, andMY

are the coordinates transformation matrices for the pitch, roll,
and yaw movements. Therefore, the gravity compensated
forces can be obtained as

Fx ¼ Fx−Gx ¼ Fx−Gsinβr

Fy ¼ Fy−Gy ¼ Fy−Gcosβpcosβr

(
ð9Þ

Fig. 2 Block diagram of the
presented robotic grinding system

Blisk bladeGrinding toolGrinding
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Fig. 3 Force analysis of the
tooling system
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3.5 On-line prediction of the contact force

The amplitude and direction of the contact force (Fc) can be

predicted from the compensated force signals (Fx; Fy ). The

relations between the forces (Fc, Ft) and (Fx, Fy ) are shown

in Fig. 9. Fx and Fy are the summation of the force compo-
nents of Fc and Ft that are mapped on their axes, and can be
expressed as

Fx

Fy

" #
¼ cosα −sinα

sinα cosα

� �
Fc

Ft

� �
ð10Þ

The superposition of the forces Fc and Ft are the same as

the superposition of the forces Fx and Fy. Therefore, we have

jFsj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fx

2
þ Fy

2
r

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fc

2 þ Ft
2

p
ð11Þ

where Fs is the resultant force of Fc and Ft. Substituting (7)
into (11), we haveffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Fx

2
þ Fy

2
r

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fc

2 þ kt Fcð Þ2
q

¼ Fc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ kt2

q
ð12Þ

Thus, the predicted value (F̂ c) of Fc can be calculated from
Fx and Fy as

F̂̂c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fx

2
þ Fy

2
q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ kt2

p ð13Þ

The angle (γ) between Fc and Fs can be obtained as

γ ¼ atan
Ft

Fc

� �
¼ atan ktð Þ ð14Þ

The angle (α+ γ) between Fx and Fs can be got as

αþ γ ¼ atan
Fy

Fx

 !
ð15Þ

Therefore, the predicted relative angle (α̂ ) between the
contact force direction and the positive x-axis of the force
sensor can be calculated as

α̂̂¼ atan
Fy

Fx

 !
−atan ktð Þ ð16Þ

3.6 Force-position controller design

The controller design goal is to control the contact force (Fc)
to be the same as the expected value (Fe), and not to bring

(a) (b)

Fig. 4 The measured FRFs of the
smart end effector, (a) FRF from
vxc to vx; (b) FRF from vyc to vy

cF

xF

xd
pa

tF

yF

yd

ta

Fig. 5 Relations between the forces and displacements at the tool tip

Table 2 Model parameters of the system transfer functions

bi(mm · s/rad2/V) ζi(%) ωni(rad/s)

Tvx 1.96 × 105 65 69.11

Tvy 3.91 × 105 70 94.25
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extra positioning error to the grinding process (at = 0). The
structure of the proposed force-position controller is shown
in Fig. 10. It is composed of a force controller, a position
controller, and a transformation matrix. PI control structure
is implemented in the design of both the force controller and
the position controller, as shown below:

vp sð Þ ¼ kp1 þ ki1
s

� �
Fe sð Þ− F̂̂c sð Þ	 
 ð17Þ

vt sð Þ ¼ kp2 þ ki2
s

� �
0−at sð Þð Þ

at sð Þ ¼ −dx sð Þsinα̂̂þ dy sð Þcosα̂̂

8<
: ð18Þ

where vp and vt are the outputs of the force controller and
position controller, respectively. The tool tip displacement in

the tangential direction (at) resulted by the movements of the
XY stage is calculated from the tool tip displacements (dx, dy).
kpj, kij (j = 1,2) are the proportional gains and integral gains of
the controllers, respectively. The proportional gains (kp1, kp2)
are tuned to adjust the responding speed of the force control
loop and position control loop. Larger proportional gains give a
faster responding speed. The integral gains (ki1, ki2) are tuned to
adjust the steady state error of the controlled force (Fc) and tool
tip position (at). A larger integral gain leads to a lower steady-
state error. However, if the gains are too large, the system may
become unstable. Therefore, both the proportional and integral

Fc = 3 N Fc = 8 N

Fc = 5 N Fc = 10N

Fig. 7 Measured contact forces
(Fc) and tangential grinding
forces (Ft)

G

R

Y

P
roll

pitch

yaw

O

x y
z

Fig. 8 Coordinate system relations of the smart end effector
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tF ca

 

0a
pa

Fig. 6 Schematic diagram for the contact force modeling
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gains need to be carefully tuned to achieve a satisfying control
performance.

The physical meanings of vp and vt are the velocity com-
mands of the tool tip in the ap and at directions (Fig. 5). In
order to get the expected velocities (vxc, vyc) of the XY stage in
their feed directions (dx and dy directions in Fig. 5), the inverse
matrix of Md which is defined in (4) is implemented as a
transformation matrix for the controller outputs (vp, vt).
Therefore, the desired velocity commands can be obtained as:

vxc
vyc

� �
¼ cosα −sinα

sinα cosα

� �
|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

M−1
d

vp
vt

� �
ð19Þ

4 Tool path generation and optimization

4.1 Tool path generation for robotic blisk grinding
with one DOF force control

The tool path for the robotic blisk grinding process is planned
in advance with the commercial software MasterCAM, and
the position commands of the robot are generated using
Robotmaster CAD/CAM. In robotic grinding with one DOF

force control, the feed direction of the smart end effector needs
to be in the same direction as the normal direction of the
workpiece surface at the working point (contact force direc-
tion) when generating the tool path. The generated tool path
for robotic grinding of a blisk blade with one DOF force
control is shown in Fig. 11. The tool points are dense in the
areas where the curvity is large, while the tool points are
sparse at the locations where the curvity is small. The time
that a robot spends to move between each two adjacent points
is the same. Therefore, around the leading and training edges
where the tool points are dense, the grinding tool moves very
slowly, and this may cause excessive grinding of the blade. In
some areas of the convex and concave surface where the tool
points are sparse, the grinding tool moves very fast, and this
may cause insufficient grinding of the blade.

4.2 Tool path generation for robotic blisk grinding
with two DOFs force control

In robotic grinding with our proposed two DOFs force control
method, the grinding tool can be controlled to automatically
adapt to the curvity change of the blisk blade, and maintain a

cF

xF

tF

yF

sF

Fig. 9 Relation between the contact force (Fc), grinding force (Ft), and
the compensated forces (Fx; Fy )

eF

ˆcF

xd

pv

tv

xcv

ycv
yd

Fig. 10 Structure of the proposed force-position controller

Fig. 11 Tool path for robotic grinding with one DOF force control

Fig. 12 Tool path for robotic grinding with two DOFs force control
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constant contact force as expected. The relative angle between
the contact force direction and the feed axis of the smart end
effector can be predicted with the presented force prediction
algorithm. Also, the amplitude of the contact force can be well
controlled by manipulating the moving velocities of both feed
axes of the smart end effector according to the control com-
mands. In this way, the control force direction can automatically
match the desired contact force direction. Therefore, one of the
feed directions of the smart end effector does not need to be
collinear with the contact force direction all the time anymore.
Due to this effect, the tool path can be generated with the tool
tip points evenly distributed, as shown in Fig. 12. Thus, a

constant feed rate of the robotic grinding process can be
achieved, which can solve the excessive and insufficient grind-
ing problems in some extent.

4.3 Tool path optimization

For the tool path shown in Fig. 12, the tool tip points are uni-
formly distributed. However, these points represent the tool
center points. The contact points between the tool tip and the
workpiece contour are still not distributed evenly, as shown in
the left part of Fig. 13. The contact points are dense near the
leading and trailing edges, and are uniform around the concave

Fig. 13 Optimization of the tool
path

Fig. 14 Simulated contact force
(Fc), direction angle (α) and
tangential tool tip displacement
(at), when the expected contact
force (Fe) is set to 3 N
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and convex surfaces. In order to make the dense contact points
around the leading and trailing edges distributed more evenly,
we first calculated the trajectory of the contact points from the
tool center path. Then, we calculated the distance between each

two adjacent contact points along the trajectory. For the contact
points around the leading and trailing edges, we manually de-
lete the contact points whose distance in between are much
smaller than the regular distance between two adjacent contact
points in the concave and convex areas and make the contact
points distribute evenly, as shown in the right part of Fig. 13.
The tool center points which relate to the remaining contact
points are used as the tool path for robotic grinding. In this
way, the contact points on the workpiece contour are uniformly
distributed, which can further improve the performance of the
robotic blisk grinding process.

Fig. 15 Simulated contact force
(Fc), direction angle (α) and
tangential tool tip displacement
(at), when the expected contact
force (Fe) is set to 5 N

Case 1

Case 2

Case 3

Fig. 16 The measured contact forces in different cases during the robotic
blisk grinding tests Fig. 17 The measured trajectory of the contact force angle (α)
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5 Simulation analysis

The performance of the prediction and control of the contact
force, as well as the tool tip displacement control in the tan-
gential direction, is validated by simulation in this section. The
system model used in the simulation is built according to the
system structure shown in Fig. 2. Since the spindle speed does
not contribute much to the contact force and the grinding force
in our grinding tests, the spindle driver and grinding spindle
modules (Fig. 2) are ignored in the simulation model. The
direction angle (α) of the contact force will change continu-
ously during the robotic blisk grinding process. Therefore, a
ramp signal from 0° to 360° is used to simulate the change of
α when calculating the tool tip displacements (ap, at) from the
displacements (dx, dy) of the XY stage. In the simulation, the
initial distance between the tool tip and the workpiece (a0) is
assumed to be 0.5 mm. The positioning error of the Comau
robot is considered as a sinusoidal disturbance with 0.3 mm
amplitude and 0.1 Hz frequency. This disturbance is directly
added to the tool tip displacement ap. White noise signals are
added to the simulated force sensor outputs (Fx,Fy) to estimate
the real work conditions. The expected contact force (Fe) is set
to 3 N and 5 N respectively to test the control and prediction
performance.

In the simulation, the controller parameters are tuned to k-
p1 = 0.08, ki1 = 0.009, kp2 = 0.2, ki2 = 0.1, according to the

tuning method explained in section 3.6. The simulated results
are given in Figs. 14 and 15. The control error for Fc repre-
sents the difference between the expected contact force and
the real contact force (Fe − Fc), and the prediction error for Fc
indicates the difference between the real contact force and the

predicted contact force (Fc − F̂ c). The prediction error for α
represents the difference between the real direction angle and
the predicted direction angle (α − α̂ ). It can be found that the
contact force (Fc) is well controlled to the expected values (Fe)
in both cases with less than 0.2 N control errors, and the

predicted contact force (F̂ c) matches the real contact force
(Fc) in the grinding process with less than 0.1 N prediction
error. The large control error happening when the simulation
time is close to zero is due to the fact that the real contact force
(Fc) needs a response period to rise from zero to the expected
value (Fe). The direction angle (α) of the contact force is also
predicted. The maximum prediction errors are less than 2°.
The prediction error is mainly caused by the noise added in
the force sensor output signals. The tool tip displacement in
the tangential direction (at) is controlled to be zero in the
simulation. It can be seen that the maximum amplitudes of
at are about 0.065 mm and 0.090 mm for the cases in Fig.14
and Fig. 15, respectively. Therefore, it adds almost no addi-
tional positioning error to the original grinding process.

6 Experimental results

In order to further validate the effectiveness of the proposed
contact force control method, robotic blisk grinding experi-
ments are carried out in three different cases: (1) with our
proposed two DOFs force control method; (2) with one
DOF force control method; (3) without force control. The
orientation of the smart end effector is different in case 2
compared to that in cases 1 and 3. In case 2, the one DOF
force control method requires the feed direction of the smart
end effector to be the same as the contact force direction.
Therefore, the robot needs to adjust the orientation of the
smart end effector all the time during the grinding process.

0

Fig. 18 The measured and simulated tool tip displacement (at) in the
tangential direction

Case 1:

with 2 DOFs force control

Case 2:

with 1 DOF force control

Case 3:

without force control

Over-grinded

Over-grinded

Smooth and

shiny surface Smooth and

shiny surface

Milling

marks

Fig. 19 The surface finish of the
grinded blisk blades in different
cases

Int J Adv Manuf Technol (2019) 101:461–474 471



But in cases 1 and 3, the orientation of the smart end effector
needs to be seldom adjusted. In the robotic grinding experi-
ments, the controller parameters (kp1, ki1, kp2, ki2) in case 1 are
the same as the ones used in the simulation in section 5. In
case 2, a PI controller with a proportional gain of 0.08, and an
integral gain of 0.009 is implemented for one DOF contact
force control. The measured contact forces in these three dif-
ferent cases are shown in Fig. 16.

In cases 1 and 2, the expected contact force is set to 3 N.
It can be found that the contact force is well controlled to
the expected value, and the force fluctuation is less than
1 N in both cases. When the blisk blade is grinded without
force control (case 3), the contact force fluctuation is much
larger than that in the cases with force control. Comparing
the machining time cost in cases 1 and 2, we can see that
the machining time in case 1 is about 215 s, while it is

around 1277 s in case 2, which is about 6 times longer.
This is due to the reason that the robot needs to always
adjust the orientation of the smart end effector in case 2
to make sure its feed direction is the same as the normal
direction of the blisk blade at each working point. This
greatly slows down the grinding process, especially when
grinding the leading and training edges, where the curvity
change is severe. Moreover, grinding the leading and train-
ing edges for too long a time may lead to over-grinding of
the edges, and may damage the blisk.

In case 1, the measured trajectory of the contact force
angle (α) and the tool tip displacement (at) in the tangential
direction are shown in Figs. 17 and 18, respectively. Since
the range of α is set to [0360°], the value of α starts from
0° again when it reaches 360°. It can be found that the
contact force angle (α) changes dramatically around the
leading and training edges, and changes gradually along
the concave and convex surfaces. The tool tip displacement
in the tangential direction (at) is controlled to be zero. The
experimental results of at are compared with the simulation
results which uses the values of the measured contact force
angle (α) in the simulation. It can be seen that the experi-
mental results and the simulation results match each other,
and the maximum controlling error of at is less than
0.1 mm. Therefore, the proposed two DOFs force control
method adds almost no additional positioning error to the
original robotic grinding process.

The surface finish of the grinded blisk blades in different
cases are shown in Fig. 19. With force control (cases 1 and 2),
the grinded blade surface is smooth and shiny, and the milling
marks are well removed. Without force control (case 3), the
milling marks in the middle area of the concave surface can
still be clearly seen. But they are removed in the areas that are
close to the leading and training edges. This is because the
contact force in case 3 is large around the leading and training
edge areas, and it is small in the concave and convex surfaces,
as shown in Fig. 16 (case 3). From Fig. 19, it can also be found
that the training edges of the blisk blades in cases 2 and 3 are
over-grinded. This is due to that the tool path points for case 2
is too dense around the training edge area, causing that area
been grinded for too long a time, while the contact force is too
large around the training edge area in case 3, leading to exces-
sive grinding of that area. In case 1, with the proposed two
DOFs force control, the blisk blade is not over-grinded, and
the surface quality is good.

The measured average surface roughness (Ra) of the blisk
blades in different cases are shown in Fig. 20. With force
control (cases 1 and 2), the surface quality is uniformly good.
The measured Ra is 0.155 μm for case 1, while it is 0.195 μm
for case 2. Without force control (case 3), since the contact
force fluctuates significantly along the tool path, the surface
quality is not uniform in different areas of the blade surface.
The middle area of the concave surface, where the contact

Case 1: with 2 DOFs force control

Ra=0.155 µm

Ra=0.195 µm

Ra=0.919 µm

Case 2: with 1 DOF force control

Case 3: without force control

Ra=0.264 µm

Measured around the lower area of the concave surface

Measured around the middle area of the concave surface

Fig. 20 The measured surface roughness of the grinded blisk blades in
different cases
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force is very small, is not grinded sufficiently, resulted in a
large Ra of 0.919 μm. The milling marks in the lower area of
the concave surface are well removed, since the contact force
is large, therefore, leading to a small Ra of 0.264 μm.

7 Conclusion

In this paper, a novel two DOFs contact force control method
is proposed for robotic blisk grinding process. A smart end
effector is developed and used as the actuating device for
contact force control. The direction and amplitude of the con-
tact force is measured with a force prediction algorithm, and
the contact force is controlled with a force-position controller.
The tool path is generated and optimized so that the contact
points between the tool tip and workpiece are evenly distrib-
uted along the grinding path. Both simulation and experiments
are carried out to evaluate the performance of the proposed
method. The following conclusions are obtained.

(1) The proposed contact force prediction algorithm can well
predict the direction and amplitude of the contact force.
The predicted direction angle (α̂ ) matches the real value
(α) with less than 2° error. The error is mainly caused by
the noise in the force sensor signals. The predicted con-
tact force agrees with the real contact force verywell, and
the prediction error is less than 0.1 N.

(2) The contact force is well controlled to the expected value
with the proposed two DOFs force control method. The
force fluctuation is less than 1 N. Without force control,
the force fluctuation can reach about 10 N.

(3) The tool tip displacement in the tangential direction (at)
resulted by the movements of the smart end effector is
controlled to be zero. The maximum control error is less
than 0.1 mm in both simulation and experiments.
Therefore, the proposed two DOFs force control method
introduces almost no extra positioning errors to the orig-
inal grinding process.

(4) With the proposed two DOFs contact force control meth-
od, the grinding tool is controlled to automatically adapt to
the curvity change of the blisk blade, and maintain a con-
stant contact force as expected. Therefore, the robot does
not need to adjust the orientation of the end effector to
match the contact force direction any more. Also, the tool
path can be generated to be more evenly distributed to
improve the efficiency and surface quality. Experimental
results show that the efficiency of the robotic blisk grind-
ing process improves by about six times, compared to the
case with one DOF force control.

(5) Great surface finish quality of the blisk blade is achieved
with the proposed two DOFs contact force control meth-
od, and the average surface roughness is 0.155 μm. With
one DOF force control, although the surface finish is also

good with a Ra of 0.195 μm, the training edge is over-
grinded. Without force control, the surface finish is poor.
Because the contact force varies significantly along the
tool path, some areas are insufficient grinded (milling
marks are not well removed), and some other areas (e.g.,
the training edge) are over-grinded.
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