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Abstract—This study proposes a new electromagnetically 
driven active contact flange design in which a magnetic field is 
used as the source of the contact force and the characteristics of 
the mechanical structure are leveraged to overcome the problem 
of insufficient rotating motor flexibility. The proposed flange was 
verified experimentally, and the results revealed that it exhibited a 
faster transient response time, more stable contact force control, 
and less noise disturbance when compared with the conventional 
design. Furthermore, an optimization method was developed to 
compensate for the nonlinearity of the magnetic field under 
varying flange positions. The proposed active contact flange is 
suitable for delicate polishing tasks. 

 Index Terms—Active contact flange; magnetic field; polishing. 

I. INTRODUCTION 

N many industrial applications, surface polishing processes 
such as grinding, sanding, and polishing are used in the 

finishing stage to reduce surface roughness [1]. Currently, 
industrial robots are used to perform the polishing process to 
reduce the cost of labor and to improve efficiency and quality 
[2]. The quality of polishing is based on the control of the 
contact force, and contact flanges can effectively control the 
contact force; thus, contact flanges have been commonly used in 
polishing processes. Contact flanges can be divided into two 
types according to whether the flange is controlled: active 
contact flanges (ACFs) and passive contact flanges [3]. Passive 
contact flanges commonly involve spring mechanisms, but the 
spring oscillation engenders challenges in maintaining a stable 
contact force [4] [5]. ACFs were developed to overcome this 
problem, including the FerRobotics ACF Kit, ATI PCFC, and 
PushCorp AFD; moreover, ACFs use pneumatic pressure as a 
power source [6]. The use of a pneumatic power source enables 
the contact force to be adjusted through air pressure 
measurement [7]. However, ACFs have several disadvantages; 
for example, ACFs are expensive to maintain and are noisy, and 
the compressibility of the air results in a relatively long transient 
response time of the force control system [8]. 

Computer numerical control machining has the advantages 
of rigidity and precision. These properties are crucial for 
automatic polishing, which requires precise and rapid force 
control [9]. The quality of polishing is affected by multiple 
factors, such as the grinding particle size, tool path, contact 
force, tool wear, feed rate, and rotational speed [10]. Several 
studies have shown that contact force is a key factor affecting 
the roughness of a polished surface [11] [10] [6]. 

Usually, force control methods in robotic polishing uses 
multiple joint motors of a robot to regulate the force [12]. 
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Nevertheless, systems with multiple motors respond more 
slowly than do those with a single motor due to the high inertia, 
which causes severe vibrations, consequently leading to more 
energy consumption. To avoid surface damage caused by 
excessive polishing, industrial robotic polishing systems require 
variable and responsive contact flanges [11]. Whitney [3] 
proposed two main approaches for contact force control: passive 
compliance control and active compliance control. Because 
passive compliance control methods are not suitable for 
high-precision polishing operations, active compliance control 
methods are used [13]. Accordingly, this study proposes a new 
ACF design involving the use of a voice coil motor (Fig. 1). 

The remainder of this paper is organized as follows. In 
Section II, the static performance of a pneumatic contact flange 
is explained and compared with our proposed 
electromagnetically driven ACF. In Section III, a contact force 
optimization method based on a force-constant model is 
proposed for obtaining stable contact quality rapidly in order to 
solve the problems of magnetic field attenuation and nonlinear 
force constants during voice coil motor movement. In Section 
IV, simulations and experiments are presented to validate the 
feasibility and effectiveness of the proposed ACF. 

 

 

Fig. 1.  Structure diagram of the proposed ACF (1)Polishing tool (2)Motor 
mover (3)Motor stator (4)Upper flange(5)Grinding holder (6)Grating scale and 

IMU sensor (7)Linear slide 

 

II.  COMPARISON OF PNEUMATIC AND MAGNETIC FIELD 

METHODS 

A. Transient analysis of contact flanges 

The time required to reach a stable contact state depends on 
the transient time of the contact force control method. In 
addition, rapid dynamic control is achieved with a high response 
speed. This study conducted an experiment to measure the 
transient state and performance of the contact flange. In the 
experiment, a force sensor and a contact flange were installed on 
a milling cutter seat and the platform of a milling machine, 
respectively. The thrust direction of the contact flange was 
calibrated to ensure that the contact force was perpendicular to 
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the force sensor. A weight holder was installed on the moving 
end to simulate load changes with different tool installations. 
Fig. 2 illustrates the experimental setup. 

 

Fig. 2. Experimental setup for transient analysis (1)Force sensor 

(2)Pneumatically (3)Pneumatically (4)Magnetic 

The total mass of the mover can be expressed as follows: 

 (1) 

Where  is the net weight of the mover and  is the tool 

payload. The mass of the mover changes as the load increases. 

Fig. 3 shows that the effect of gravity on the mass of the mover 

changes with the tilt angle (Fig. 3). 

 

Fig. 3.  Schematic of the analysis of the force of the compliant device 

The static force can be expressed as follows: 

  

 (2) 

where  is the angle between the normal direction of the 

surface and the direction of gravity,  is the normal contact 

force of the workpiece, and  is friction between the mover 

and the stator. 
 

B. Transient analysis 

When the static resultant force Fcont is positive, the mover 

makes contact with the force sensor in the positive direction; 

however, if it is in the opposite direction from the workpiece, 

the mover does not make contact with the device. An increase 

in kinetic energy engenders an increase in the speed of the 

mover. The work and kinetic energy can be derived as follows: 

 (3) 

 (4) 

where  is the velocity of the y-axis, and  is the displacement 
of the y-axis. 

When the static resultant force is positive, the mover 

eventually makes contact with the force sensor, at which point 

the force sensor records data regarding changes in the force, 

which can be used to observe the device’s transient control 

characteristics. In addition, if the mass of the mover is 

increased through the addition of loads, the corresponding 

increase in the kinetic energy of the mover must be balanced 

out at the moment of contact, and this is directly reflected in the 

maximum capability of the force sensor (Fig. 4). 

 

Fig. 4. Transient response 

C. Steady-state errors 

As illustrated in Fig. 4, the voice coil motor is always in 

contact with the sensor, and this can effectively reduce changes 

in the relative position between the polishing tool and the 

workpiece and reduce unnecessary work in the normal 

direction, which is useful for precision polishing. To evaluate 

the influence of kinetic energy on control performance, this 

study considered the mass of the mover as the experimental 

variable and considered the static resultant force and the y-axis 

displacement as the control variables. 

Fig. 5 displays the original unfiltered sensor data. The voice 

coil motor maintained a fairly stable magnetic field after making 

contact with the force sensor. Under different loading conditions, 

the steady-state error was easily maintained within 0.5 N, which 

is closely related to the winding method of the coil and the 

stability advantage of the permanent magnetic field [7]. These 

findings indicate that the proposed electromagnetically driven 

contact device has a shorter transient response time, more stable 

contact force control, and better dynamic response performance. 

Nevertheless, it still has some obvious problems. The expected 

steady-state output slightly shifted under different loads (Fig. 5). 
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Fig. 5.  Steady-state errors observed in the study 

III. DESIGN OF ELECTROMAGNETICALLY DRIVEN CONTACT 

DEVICES 

A.  Control system 

The steady-state errors and transient problems described in 

the preceding section must be addressed before the pneumatic 

contact flange can be used for precise contact control. This 

section presents a discussion of the magnetic drive system and a 

verification of the advantages of the voice coil motor, such as 

its fast dynamic response speed and high control accuracy [14]. 

During the polishing process, the voice coil motor acts as 
the driving device to control the contact force by adjusting the 
current. Fig. 6 illustrates the system structure of the proposed 
ACF, indicating that the proposed ACF contains a voice coil 
motor, a grating scale, and a motor driver. The stator end of the 
voice coil motor is installed on the end of the industrial robot. 
The mover is connected to the polishing tool, and the stator and 
the mover move linearly along the linear slide rail. 

 

Fig. 6. Proposed system structure 

B.  Magnetic field theory formulas 

When current flows through a metal wire, a magnetic field 

is generated around the wire. The generated magnetic field is 

proportional to the magnitude of the current. If the wire 

thickness is not considered, the strength of a magnetic field 

around a wire can be derived as follows: 

 (5) 

where  is the constant  , I is the current, and r is 

the shortest distance to the wire. 

When the wire is circular, the strength of the magnetic field 

at the centre of the wire can be derived as follows: 

          (6) 

where R is the radius of the wire and z is the distance from the 

wire. 

When multiple circular wires are combined into a solenoid, 

the strength of the magnetic field at the centre of the wire can be 

derived as follows: 

 (7) 

where L is the length of the solenoid, D is the diameter of the 

solenoid, and x is the distance from point P on the central line of 

the solenoid to the central point of the central line. 

Numerous types of voice coil motors are available. Under 

normal conditions, the principle of operation of a voice coil 

motor is to place the coil in a permanent magnet and move it in 

the magnetic field through the effect of electromagnetism. The 

magnetic field generated by the coil is proportional to the 

magnitude of the current. In contrast to linear motors, no actual 

contact exists between the mover and the stator of the voice coil 

motor; thus, less friction is lost. Voice coil motors are often 

used in fields that require high-speed reciprocation. 

C. Force constant of the voice coil motor and the magnetic 

field model 

If the length of the threaded coil of the motor is considered 

to be limited, then the diameter and distance of the coil affect 

the strength of the magnetic field at any point on the central axis 

of the coil. If the magnetic field of the coil is far from the 

magnetic field centre of the permanent magnet, then the force 

constant of the coil decreases. The distance between the coil 

and the centre of the magnetic field of the permanent magnet 

affects the force constant of the voice coil motor. To analyse the 

magnetic field model, this study first conducted an experiment 

on the magnetic field of the voice coil motor to determine the 

force constant of the magnetic field centre and each position.  

The force constant of the coil is affected by the permanent 

magnetic field. Accordingly, if the relative position of the 

coil and the centre of the permanent magnetic field is 

limited, the force constant is limited. The force constant in 

the model can be expressed as follows: 
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 (2) 

where y is the position of the linear optical scale of the voice 

coil motor mover,  is the current of the voice coil motor, and 

 is the relative distance between the voice coil motor mover 

and the stator magnetic field. In the experimental environment 

of this study, the controller provided a current step signal to the 

voice coil motor (Fig. 7). 

 

Fig. 7. Relationship between V-step transient response and mover displacement 

After the mover coil generates a magnetic field, it generates 
an opposite force to the magnetic field of the permanent magnet. 
The kinetic energy of the force drives the mover to ensure that it 
makes contact with the force sensor. The coil and the 
permanent magnet no longer produce relative motion after 
contact. At this instant, the force sensor records data regarding 
changes in the force. The recorded data can be used as the 
reference value of finding the force constant. Moreover, the 
y-axis displacement can be used as the independent variable, 
and the output current can be used as the control variable, 

which can be used to derive the output force  at different 

positions  in order to derive the force-constant model  

(Fig. 8). 

 

Fig. 8. Force-constant model  and curve fitting 

D. Curve fitting of the magnetic field model 

This study used MATLAB to perform curve fitting for the 

force-constant model data; thus, the magnetic field model of the 

voice coil motor could be derived (Fig. 8, right panel). For the 

voice coil motor used in this experiment, as the magnetic field 

moved away from the centre point of the coil, the force constant 

decreased gradually. Only 75% of the centre point remained 

when the field reached both ends of the coil; this signifies that 

at the same current, the output force is lower than the expected 

value. Subsequently, different weights were added in the 

experiment (0/1/2/3/4/5 kg). After the measurement of the 

output force, curve fitting was performed with reference to the 

static resultant force (50 N, as measured by the force sensor; 

Fig. 9). 

 

Fig. 9. Influence of load changes on magnetic field curve 

The addition of loads was noted to influence the force 
constant. To facilitate the observation of the influence of the 
loads on force control performance, this study conducted curve 
fitting on the data points (Fig. 10). 

 

Fig. 10. Curve fitting results for force constant 

The simulation results indicated that the contact force 
optimization method enabled stable and rapid contact operation 
under changing load conditions and that the control error 
derived for the same contact force under different loads was 
improved. To further verify the effectiveness of the 
optimization method in the control of the voice coil motor, this 
study also conducted an experiment involving the use of a 
robotic arm to execute a polishing process. 

IV. EXPERIMENTAL RESULTS FOR ROBOT ARM POLISHING 

A. Experimental environment 

A robotic arm equipped with the proposed ACF was used to 
polish a raw egg (Fig. 11). MATLAB (2021b), scanCONTROL 
Configuration Tools 6.6 (a laser line scanner), and 
scanCONTROL 3D-View 3.6 (a laser ranger output 
visualization program) were used in the experiment. The 
effective stroke of the ACF system was 20 mm. The speed of 
the robotic arm was 10 mm/s. The egg rotated eccentrically at 
0.5 rpm, and the eccentricity of the rotation was more than 5 
mm. The maximum gravity tilt angle was 45°. During the 
polishing process, the contact force was set to 1 N, and the 
rotating speed of the polishing wheel was 300 rpm. During 
movement execution processes, the inertial measurement unit 
and attitude coordinates sent back by the arm were used to 
calculate the gravity tilt angle to provide the ACF with instant 
force control. 
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Fig. 11. Experimental process 

E. Polishing results 

The surface of the egg was inspected after every minute of 
polishing, as displayed in Fig. 12. The results revealed that the 
voice coil motor–based ACF and the contact force optimization 
method maintained the integrity of the egg structure during the 
polishing operation. The average roughness increased slightly, 
but it tended to converge centrally. In general, in polishing 
operations, roughness inevitably becomes stable towards the 
end of the polishing processes. The surface of an egg is 
comparable to that of high-quality car sheet metal with regard to 
the characteristics important for polishing. Accordingly, this 
study compared the time required for egg polishing with that 
required for sanding and revealed that egg polishing was faster 
than sheet metal sanding; this is because eggs are softer than 
sheet metals. Only a small contact force and a short transient 
response time is required in egg polishing. Accordingly, the 
results of this experiment demonstrate that the proposed 
electromagnetically driven ACF is suitable for high-precision 
polishing. 

 

Fig. 12. Polishing results - Software analysis and polishing result 

 

Fig. 13. Polishing results - The box and whisker plot of surface roughness 

V.  CONCLUSION 

This study proposes an electromagnetically driven ACF for 
polishing operations. The study established a magnetic field 
model to improve the contact force quality; this can solve the 
problem of the nonlinearity of the output force of two 
interacting magnetic fields in the voice coil motor under 
varying relative distances and can improve the control 
performance of the electromagnetic driver under small contact 
forces, thus improving polishing performance. The 
experimental results indicate that when a constant load was 
applied to the mover, the transient response time of the 
electromagnetic driver was short. Moreover, fewer steady-state 
errors allow the ACF to maintain high control precision 
compared with a pneumatic driver, even without the use of a 
force sensor. The proposed ACF is useful for achieving static or 
dynamic control for precision polishing. 
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