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Abstract: This paper presents a comparative analysis conducted by the authors in the field of robotic ma-
chining. The scope of the analysis was to compare light machining operations performed on various ma-
terials using an articulated-arm industrial robot equipped with a radially compliant end-effector. Thus, 
the experimental procedures were conducted on aluminium, wood and plastic. The approached machin-
ing operations were milling, chamfering and surface finishing. The goal of the research was to determine 
the values of the machining forces and to evaluate the influence of the end-effector compliance on ma-
chining results. The approach chosen for the experimental procedures was having the workpiece clamped 
on a dynamometer by using modular fixturing components. The equipment used for experimental purpos-
es consisted of a six DOF articulated arm Kawasaki FS10E industrial robot with 10 kg. payload and a 
Kistler 9257B dynamometer for measuring the machining forces on three orthogonal directions corre-
sponding to X, Y and Z axes of the part coordinate system. The robot was equipped with an ATI RC-340 
radially compliant deburring tool. The robot programming method used during the experimental proce-
dure was point to point block teaching using the teach pendant. The results were observed both visually 
and through the results shown by the Kistler dynamometer interface.  
 
Key words: robotic milling, machining forces, chamfering, surface finishing, dynamometer, force      

measurement. 
 

1.  INTRODUCTION1 
 

Robotic machining applications are gaining more and 
more field in the industrial landscape. Even though the 
flexible manufacturing cells in which the industrial robot 
itself does the machining operations are not as wide-
spread as welding or machine tending applications, an 
industrial robot has certain advantages which make it 
ideal for the most complex machining processes. One of 
the most desirable characteristics for an industrial robot 
integrated into a machining application is the ability to 
adapt to part shape variations and to compensate for its 
lack of accuracy. Thus, the research and development in 
the field of robotic machining focused in the last two 
decades towards adaptive trajectory planning and force 
feedback systems [1]. 

One of the elements that are particular to robotic ma-
chining systems are the compliant end-effectors, espe-
cially when compared to CNC machine tools. For a CNC 
milling centre, stiffness is always desirable. But an in-
dustrial robot, especially with a serial structure, is far less 
rigid than a machine tool, and it also has less accuracy 
[2]. A compliant end-effector, providing a controlled 
displacement of the tool either in axial or radial direction, 
ensures a constant and reliable contact with the part and 
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thus has an important role in following complex shapes 
and compensating for shape irregularities.  

Although there is some variety regarding the opera-
tions that can be done with compliant end-effectors, 
traditionally the radially compliant tools are used for 
deburring applications and axially compliant tools for 
chamfering and drilling [3]. In order to expand the inte-
gration of compliant end-effectors in machining applica-
tions, a study on the influence of the compliance on ma-
chining results must be conducted. 

The research presented by this paper continues the 
previous works of the authors in the field of robotic ma-
chining. While the experimental procedures conducted 
before focused on evaluating the influence of machining 
strategy and certain parameters (such as feeds and 
speeds) on manufacturing results, this research aims at 
using various materials to observe the influence of end-
effector compliance. The materials used for the experi-
mental procedures were aluminium, wood and plastic. 
The choice regarding the materials was made taking into 
consideration the available equipment, which was only 
capable of handling very light machining forces. Fur-
thermore, the machining operations performed were also 
chosen in order to generate low force levels at the tool-
workpiece interface: chamfering, surface finishing and – 
in order to test the limits of the experimental setup – 
milling [4]. The experimental results fall into two catego-
ries – those observed by visual inspection and the data 
acquired through the Kistler dynamometer interface. 
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Fig. 1. Kawasaki FS10E articulated-arm robot and Kawasaki D 
controller. 

 
2.  EXPERIMENTAL EQUIPMENT 
 

The experimental equipment used for acquiring the 
research data was based on light machining applications 
performed by a six degrees of freedom articulated arm 
industrial robot – Kawasaki FS10E, which is shown in 
Fig. 1. The Kawasaki FS10E industrial robot is con-
trolled by a Kawasaki D controller. 

The kinematic parameters of the Kawasaki FS10E in-
dustrial robot are described below [5]: 
 No. of axes: 6. 
 Joint limits 

- J1: ±160o; 
- J2: -105o – 140o; 
- J3: -155o – 120o; 
- J4: ±270o; 
- J5: ±145o; 
- J6: ±360o. 

 Joint speeds 
- J1: 200 o/s; 
- J2: 140 o/s; 
- J3: 200 o/s; 
- J4: 360 o/s; 
- J5: 360 o/s; 
- J6: 600 o/s. 

Also, taking into account the specific of the robotic 
applications performed during the experimental proce-
dures, the payload and wrist loads should also be consid-
ered. 
 Payload: 10 kg. 
 Joint torques 

- J4: 21,5 N·m; 
- J5: 21,5 N·m; 
- J6: 9,8 N·m. 

 Joint inertia 
- J4: 0,63 kg·m2; 
- J5: 0,63 kg·m2; 
- J6: 0,15 kg·m2. 

The Kawasaki FS10E industrial robot is equipped 
with an ATI QC41 automatic tool changer and an ATI 
RC340 radially compliant end-effector, which are shown 
in Fig. 2. The RC340 end-effector has a milling tool 
attached to the end of the spindle. The parameters of the 
milling tool are shown in Table 1.  

 
 

Fig. 2. ATI RC340 radially compliant end-effector. 
 

Table 1 
Milling tool parameters 

 

 

Model ATI 9150-RC-B-24065 
Tool diameter 9.525 mm (3/8") 
Length 15.875 mm (5/8") 
Shank diameter 6.35 mm (1/4")  
Materials Aluminium, soft materials, 

plastics 
No. of teeth 6 

 
The criteria regarding the choice of the milling tool 

revolves around the consideration that, for a reliable 
comparison between machining forces and results, the 
same tool was required for all operations, on all materials 
‒ aluminium, plastics and wood. Thus, the milling tool 
chosen for experimental procedures was a balanced one, 
suitable for all proposed operations. Also, for the exper-
imental procedures, the following general machining 
parameters were used:  
 Cutting speed Vc = 167‒227 m/min; 
 Feed/tooth fz = 0.014‒0.031 mm. 

Considering the fact that the end-effector has a fixed 
spindle speed of 40000 rpm, the feed used for the exper-
imental procedures were adjusted so that the feed/tooth 
was kept within the recommended range. This will lead 
to feed levels between 3360 mm/min and 7440 mm/min.  

The parameters of the RC340 end-effector that are 
relevant for the research are presented below [6]. 
 Motor type: air turbine, 
 Idle speed: 40 000 rpm, 
 Max. Torque: 008 Nm, 
 Power: 340 W, 
 Weight: 1.2 kg, 
 Compensation: max. ±7.5 mm, recommended ±3 mm, 
 Compliance force: 12.7‒42 N at 1‒4.1 bar, 
 Spindle air pressure: 6.2‒6.5 bar, 
 Collet size: 6 mm, 

In order to acquire the required data for analysis - 
machining forces and torques at tool-workpiece interface 
‒ the parts were mounted on a Kistler 9257B dynamome-
ter (shown in Fig. 3). The dynamometer is designed to be 
placed on a fixed support, with the part to be machined 
attached to it. Thus, it is suitable for the equipment used, 
as opposed to the solution in which the sensor is attached 
to robot's flange, because it does not place additional 
loads on robot's wrist ‒ the payload of the Kawasaki 
FS10E industrial robot is 10 kg. Also, it does provide a 
stiff support for the workpiece. The Kistler dynamometer 
has a high resolution and is able to measure the values of 
the machining forces along three orthogonal axes, rela-
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tive to the three axes (OX, OY and OZ) of the workpiece 
frame of reference, as well as the corresponding torques 
around the specified axes. As it can be seen from the 
dynamometer's parameters (shown in Table 2), it is more 
than capable of measuring the levels of machining forces 
for the proposed operations, being able to acquire values 
of up to 5 kN and measuring force values through four 
sensors and pressure-sensitive plates while maintaining 
the position of the workpiece [7].  

In order to acquire the force and torque data, the in-
formation is sent through a signal amplifier (also shown 
in Fig. 3) to a computer with a suitable acquisition board. 
The computer displays the data and offers analysis tools 
and diagrams through a dedicated software interface. 

The dynamometer was clamped to a T-slot table in 
front of the robot using modular fixture components. The 
workpiece was then placed on the top of the dynamome-
ter using M8 screws.  

 
3.  EXPERIMENTAL RESULTS 

 

In order to acquire the experimental data ‒ both re-
garding the levels of machining force and torques and the 
results that were visually observed on the parts ‒ multiple 
machining runs have been performed. For each run, the 
robot was programmed to follow a linear path, perform-
ing either a chamfering, lateral surface finishing or mill-
ing operation (Fig. 4). There were a total of eleven ma-
chining runs. The experimental setup is shown in   Fig. 5. 

As specified above, there were three type of materials 
included in the analysis ‒ aluminium, plastic and wood. 
Depending on the observed behaviour of the system and 
the material during the experimental procedures, a num-
ber of four machining runs were performed on alumini-
um, five on plastic and two machining runs were per-
formed on wood.  

 

 
 

Fig. 3. The Kistler 9257B system: the dynamometer and the 
signal amplifier. 

 
 

Table 2 
Kistler 9257B parameters 

 

Maximum values 
for measured 
forces 

Fx, Fy, Fz −5…5 kN 
Fz (for Fx  
and Fy ≤ 0.5 Fz) 

−5…10 kN 

Overload Fx, Fy, Fz −7.5…7.5 kN 
Fz (for Fx and  
Fy ≤0.5 Fz) 

−7.5…15 kN 

Threshold  < 0.01 N 
Rigidity Cx, Cy > 1 kN/μm 

Cz > 2 kN/𝜇𝑚 
Natural frequency  3.5 kHz 
Operating tem-
perature 

 0…70 oC  

Weight  7.3 kg 
Clamping area  100×170 mm 

          
              a                            b                               c 

 
Fig. 4. Types of operations: a ‒ slot milling; b ‒ chamfering;  

c ‒ lateral surface finishing.  
 

 
 

Fig. 5. Experimental setup. 
 

 
 

 
 

Fig. 6. Run 1 results. 

 
Considering the above described concept, each of the 

eleven experimental runs are described below. All the 
experimental operations were conducted at a spindle 
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speed n = 40 000 rpm. The maximum compliance force 
is of 42 N. 
 Run 1 

- Aluminium; 
- 0.5×450 chamfering (type b operation – see      

Fig. 4); 
- Conventional milling; 
- Path length: 50 mm; 
- Robot trajectory speed 100% ‒ feed Vf = 6800 

mm/min; 
- X axis: max. value 34.58 N, median value 5.87 N; 
- Y axis: max. value 52.76 N, median value 7.50 N; 
- Z axis: max. value 32.90 N, median value 5.10 N; 
- Observations: Medium surface quality, relatively 

constant spindle speed, very low tool deflection 
(see Fig. 6). The force levels were within robot 
specifications regarding load on arm and especial-
ly wrist loads. The highest machining forces were 
on the Y axis, corresponding to the feed direction. 
Also, the machining forces were below the maxi-
mum level at which the compliance system will 
cause the tool to depart from the programmed 
path, which means that the operation can be per-
formed without compliance-related issues. 

- Diagram shown in Fig. 11. 
 Run 2 

- Aluminium; 
- 1×450 chamfering × making a second pass from 

previous chamfering operation (type b operation – 
see Fig. 4); 

- Conventional milling; 
- Path length: 50 mm; 
- Robot trajectory speed 100% ‒ feed Vf =          

6800 mm/min; 
- X axis: max. value 17.49 N, median value 5.48 N; 
- Y axis: max. value 22.52 N, median value 5.13 N; 
- Z axis: max. value 35.80 N, median value 6.49 N; 
- Observations: Medium surface quality, constant 

spindle speed, very low tool deflection. The re-
sults from Run 1 were confirmed, with largely the 
same behavior of the system – even if, in this 
case, the volume of the removed material was 
slightly larger.  

- Diagram shown in Fig. 12. 
 Run 3 

- Aluminium; 
- 0.5×450 chamfering (type b operation – see      

Fig. 4); 
- Climb milling; 
- Path length: 50 mm; 
- Robot trajectory speed 100%% ‒ feed Vf =      

6800 mm/min; 
- X axis: max. value 39.00 N, mean value 10.03 N; 
- Y axis: max. value 46.11 N, mean value 9.94 N; 
- Z axis: max. value 27.07 N, mean value 9.11 N; 

- Observations: Lower surface quality, variable 
spindle speed, spindle stalled after 20 mm. In this 
case, using the climb milling approach, the ma-
chining forces were at higher values than for the 
previous operations. Due to the characteristic en-
gagement of the tool for climb machining, the rel-
ative lack of system rigidity (caused by both robot 
architecture and the compliance system) caused  

 
 

Fig. 7. Run 4 results. 
 

lower surface quality. The force values exceeded 
both the level at which the compliance causes the 
tool to deflect and the allowable load on the spin-
dle, which led to a stall. 

- Diagram shown in Fig. 13. 
 Run 4 

- Aluminium; 
- Milling, ae = 9.5 mm, ap = 0,5 mm (type a opera-

tion – see Fig. 4) 
- Conventional milling; 
- Path length: 50 mm; 
- Robot trajectory speed 100%% ‒ feed Vf = 6800 

mm/min; 
- X axis: max. value 44.43 N, mean value 10.67 N; 
- Y axis: max. value 50.87 N, mean value 10.92 N; 
- Z axis: max. value 24.84 N, mean value 8.54 N; 
- Observations: Good surface quality, variations in 

spindle speed, spindle stalled after 15 mm (see 
Fig. 7). Again, the machining forces proved to be 
at high values, causing the spindle to stop turning 
after 15 mm. The lower surface was of relatively 
good quality due to the machined surface being 
normal to the Z direction, which provides better 
rigidity. For the slot milling operation, the com-
pliance system proved to be a major disadvantage, 
because teeth on both sides of the tool engaged 
the workpiece and generated chatter. 

- Diagram shown in Fig. 14. 
 Run 5 

- Plastic; 
- 0.5×450 chamfering (type b operation – see      

Fig. 4); 
- Conventional milling; 
- Path length: 50 mm; 
- Robot trajectory speed 100%% ‒ feed Vf =      

6800 mm/min; 
- X axis: max. value 161.68 N, mean value 31.89 N; 
- Y axis: max. value 88.71 N, mean value 13.56 N; 
- Z axis: max. value 61.58 N, mean value 10.04 N; 
- Observations: Less than average surface quality, 

constant spindle speed, some tool deflection. For 
this operation, the force were at higher values due 
to the plastic chips melting locally and sticking to 
the teeth. Because plastic is a softer material, it 
did   not  cause  the  spindle   to  stall,  but  caused 
significant  tool  deflection and, as a consequence, 

Chatter, spindle 
stall 
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Fig. 8. Run 6 results. 
 

poor surface quality. The tool deflection was 
caused by the force levels exceeding the level at 
which the compliance system causes the tool to 
deflect. The plastic operations were performed 
along the X axis, and thus the highest machining 
forces were on this direction.  

- Diagram shown in Fig. 15. 
 Run 6 

- Plastic; 
- Lateral surface finishing, ae = 0.5 mm, ap = 8 mm 

(type c operation – see Fig. 4); 
- Conventional milling; 
- Path length: 100 mm; 
- Robot trajectory speed 100%% ‒ feed Vf =      

6800 mm/min; 
- X axis: max. value 173.55 N, mean value 21.64 N; 
- Y axis: max. value 80.87 N, mean value 16.19 N; 
- Z axis: max. value 64.45 N, mean value 11.19 N; 
- Observations: Poor surface quality, constant spin-

dle speed, significant tool deflection (see Fig. 8). 
These results largely confirmed the conclusions 
from the previous run, with relatively high ma-
chining force values, tool deflection due to the 
compliance system and, consequently, poor sur-
face quality. 

- Diagram shown in Fig. 16. 
 Run 7 

- Plastic; 
- Lateral surface finishing, ae = 0.5 mm, ap = 8 mm 

(type c operation – see Fig. 4); 
- Conventional milling; 
- Path length: 50 mm; 
- Robot trajectory speed 50% ‒ feed Vf =           

3400 mm/min; 
- X axis: max. value 144.96 N, mean value 19.17 N;  
- Y axis: max. value 75.59 N, mean value 12.96 N; 
- Z axis: max. value, 54.32 N mean value 8.98 N; 
- Observations: Poor surface quality, constant spin-

dle speed, some tool deflection. The same opera-
tion as in the previous run was performed, with 
half the value of the feed. The force levels were 
somewhat reduced, but the results were largely 
the same. This confirmed that the issues were not 
caused by the feeds and speeds, but rather by the 
lack of system compliance and material character-
istics. 

 
 

Fig. 9. Run 10 results. 
 

- Diagram shown in Fig. 17. 
 

 Run 8 
- Plastic; 
- Lateral surface finishing, following the same path 

as previous run and using the end-effector com-
pliance to improve surface quality (type c opera-
tion – see Fig. 4). 

- Conventional milling; 
- Path length: 50 mm; 
- Robot trajectory speed 50%% ‒ feed Vf =        

3400 mm/min; 
- X axis: max. value 186.80 N, mean value 34.05 N; 
- Y axis: max. value 108.28 N, mean value 17.35 N; 
- Z axis: max. value 82.86 N, mean value 13.45 N; 
- Observations: Medium surface quality, constant 

spindle speed, no tool deflection. Basically, the 
previous run was repeated with exactly the same 
parameters. Because the compliance works by ap-
plying a constant force to the workpiece, this pass 
was used as a finishing operation, in order to re-
move the material left from the previous run. The 
results showed that multiple passes with the same 
parameters (including the same robot path) using 
a radially compliant tool can improve the surface 
quality. 

- Diagram shown in Fig. 18. 
 Run 9 

- Plastic; 
- Lateral surface finishing, following the same 

path as previous run and using the end-effector 
compliance to improve surface quality (type c 
operation – see Fig. 4); 

- Conventional milling; 
- Path length: 50 mm; 
- Robot trajectory speed 50%% ‒ feed Vf =    

3400 mm/min; 
- X axis: max. value 50.29 N, mean value 11.85 

N; 
- Y axis: max. value 22.16 N, mean value 9.25 N; 
- Z axis: max. value 32.07 N, mean value 7.53 N; 
- Observations: Good surface quality, constant 

spindle speed, no tool deflection. The same op-
eration from Run 7 and Run 8 was repeated and 
confirmed the previous results and conclusions. 

- Diagram shown in Fig. 19. 

Chatter, tool 
deflection 

Tool deflection 
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 Run 10 
- Wood; 
- 0.5×450 chamfering (type b operation – see      

Fig. 4); 
- Conventional milling; 
- Path length: 50 mm; 
- Robot trajectory speed 50%% ‒ feed Vf =         

3400 mm/min; 
- X axis: max. value 90.06 N, mean value 22.42 N; 
- Y axis: max. value 103.85 N, mean value 14.89 N; 
- Z axis: max. value 74.95 N, mean value 12.06 N; 
- Observations: Good surface quality, variations in 

spindle speed, tool deflection (see Fig. 9). The op-
erations performed on wood were done with the 
feed direction along the Y axis – this being the di-
rection with the highest machining forces. The 
quality of the surface was good due to wood hav-
ing good machinability characteristics, but the 
high force levels caused tool deflection and varia-
tions in spindle speed. 

- Diagram shown in Fig. 20. 
 Run 11 

- Wood; 
- 1×450 chamfering ‒ making a second pass from 

previous chamfering operation (type b operation – 
see Fig. 4); 

- Conventional milling; 
- Path length: 50 mm; 
- Robot trajectory speed 50%% ‒ feed Vf =        

3400 mm/min; 
- X axis: max. value 12.24 N, mean value 3.26 N; 
- Y axis: max. value 13.15 N, mean value 3.11 N; 
- Z axis: max. value 24.57 N, mean value 3.80 N; 
- Observations: Good surface quality, variations in 

spindle speed, spindle stalled after 25 mm. The 
second chamfering pass confirmed the observa-
tions from the previous run. The issues were 
caused by the very high spindle speed, which 
caused the wood to burn locally and hinder the 
cutting process, thus causing the spindle to stall 
after 25 mm.  

- Diagram shown in Fig. 21. 

 

4.  CONCLUSIONS 
 

Taking into account that the end-effector has radial 
compliance, this provides some advantages, as well as 
some disadvantages. One of the disadvantages is linked 
to the fact that compliance is the opposite of rigidity.  

Thus, depending on the forces at the tool-workpiece 
interface, the spindle may be deflected from the ma-
chined surface, if these forces exceed the levels corre-
sponding to the set compliance value. The correspond-
ence between the compliance and machining forces can 
be found by analyzing the diagrams in the end-effector 
documentation. 

For aluminium machining experiments, chamfering 
operations using the conventional milling approach 
proved to be suitable for the setup that was used. If the 
chamfer does not require high precision levels and the 
part is properly aligned, with a suitable robot calibration 
the chamfering process can be done efficiently, especial-
ly with complex-shaped parts, where end-effector com-
pliance can help following the outline of the workpiece. 
If necessary, the chamfering can be done using multiple 
passes, without significantly affecting the results. 

Not the same aspects can be observed when using the 
climb milling approach. Given the climb milling nature, 
in which the chip is thicker at the tooth engagement and 
becomes thinner towards the end, this machining ap-
proach can generate more chatter and tool deflection if 
the setup does not provide a good stiffness, as observed 
in Run 3 (see Fig. 10). After several attempts, it has been 
concluded that climb milling cannot be used with this 
setup and these  

 

 
 
Fig. 10. Chatter and spindle stall in Run 3 (detail from Fig. 13). 

 
 

Fig. 11. Run 1 diagram. 
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Fig. 12. Run 2 diagram. 

 

 
 

Fig. 13. Run 3 diagram. 

 

 
 

Fig. 14. Run 4 diagram. 
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Fig. 15. Run 5 diagram. 

 

 
 

Fig. 16. Run 6 diagram. 

 

 
 

Fig. 17. Run 7 diagram. 
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Fig. 18. Run 8 diagram. 

 
 

 
 

Fig. 19. Run 9 diagram. 

 

 

 
 

Fig. 20. Run 10 diagram. 
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Fig. 21. Run 11 diagram. 
 

  
 
 
 

Fig. 22. Chatter and spindle stall in Run 4 (detail from Fig. 14). 

 
 
 
 

Fig. 23. Chatter in Run 7 (detail from Fig. 17). 

 

 
 
 
 
 

Fig. 24. Tool deflection in Run 10 (detail from Fig. 20). 
 
Regarding Run 4, where a milling approach with full 

diameter engagement has been attempted and the results 
showed that radial compliance is not compatible with 
such engagement level. On one side, the torques generat-
ed even at 0.5 mm depth of cut are too high for the used 
end-effector and, on the other side, tool deflection from 
opposite directions generate too much chatter (Fig. 22). 

For plastic, a material with a higher elasticity and also 
softer than aluminium, the tendency of the chips to stick 
to the milling tool teeth posed more problems. The quali-
ty of the machined surfaces is less than average, although 
chamfering can be done with satisfactory results, espe-
cially on harder plastics. Regarding lateral surface finish-
ing, due to the high depth of cut, the end-effector com-
pliance causes too much chatter and tool deflection (see 
Fig. 23). A better surface quality can be obtained with 
multiple passes, using the compliance to apply pressure 
on the part, but this approach is not productive, especial-
ly for a robotic application. 

For wood, which has a higher tendency to stick to the 
tool teeth than plastic, the machining process is hindered 
after 20‒25 mm and the tool losses proper engagement 
with the part (see Fig. 24). Here it should be noted that, 
with a harder, properly dried wood, it is possible to ob-
tain better results. 
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