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Abstract: This study proposes a parallel six-axis force/torque sensor decoupling method based on
an independent component analysis (ICA), and the experimental platform is built for experimental
exploration. First of all, the structural model and mathematical model of the parallel six-axis
force/torque sensor are introduced, which is composed of single-dimensional force sensors with
central symmetry. Secondly, the test prototype was developed and a test platform was built to
perform online static loading test on the sensor, and the test results were analyzed. Finally, the
ICA-based dynamic decoupling study of the sensor is carried out, the effectiveness and rationality of
the proposed algorithm are proved. The research results of this paper have certain reference values
for the further study of the decoupling of parallel six-axis force/torque sensors.

Keywords: six-axis force sensor; decoupling; ICA; online static calibration

1. Introduction

With the development of sensing technology and computer technology, robots have a
higher level of intelligence and better ability to interact with people [1,2]. In the industry of the
robot, people’s requirements for signal detection and intelligent control are intensifying [3].
Six-axis force/torque sensors are often installed at the wrist of the robot to force the working
state of the robot. Many strain elements of six-axis force/torque sensors are symmetrical.
Since the six-axis force/torque sensor is powerful, compact, and small, the problem of
coupling between dimensions is a common problem [4–6]. The key issue in making six-axis
force/torque sensors accurate is to eliminate the coupling between dimensions, which is an
extremely important prerequisite for robots to achieve intelligent control.

Decoupling studies on sensors often require calibration before they are used, so
better calibration methods have a significant impact on the accuracy performance of the
sensor [7–9]. The least squares method is the most commonly used calibration method so
far because of its intuitive characteristics, accuracy and because it is easy to test [10,11]. As
an alternative to the least squares method, Richard M. Voyles proposed the SFM calibration
method [12]. This method is based on the “shape and motion decomposition” technique
of computer vision (Tomasi and Kanade, 1991). Unlike the least-squares technique, the
shape from the motion calibration does not require knowledge of the resolution of all
interventions. Instead, it uses a very large amount of raw output that is easily available,
with some scholars having verified the accuracy of the calibration method [13]. In 2015,
Danfeng Chen [14] designed a large-range six-axis force/torque sensor applied to the space
manipulator and calibrated it.

In the research of six-axis force/torque sensor decoupling, Guo [15] explored a local
structure decoupling method (LSDM), which can achieve decoupling of translation and
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rotation in a short time. Hayward explored three parallel decoupling mechanisms through
geometric analysis with less freedom to implement different types of decoupling motions [16].
Wang [17] used a calibration matrix to eliminate mutual coupling and proposed an experi-
mental study of the best design and fully prestressed six-axis force/torque sensor. The Last
Square Support Vector Machine Regression (LSSVR) is applied to the sensor decoupling in
the study of Li. The maximum non-linear error and cross-coupling error of the sensor after
decoupling are 0.89% and 0.1%. Jia [18] proposed a method for decoupling the force/torque
stiffness of the six-axis force sensor. In this method, the condition of force/torque stiffness
decoupling is analyzed, and the relationship between stiffness decoupling and elastic limb
posture is established. The results show that the six-axis force sensor designed by this method
has low error and provides reliable design guidance for the design of decoupling six-axis
force sensor. Yao et al. [19] studied the isotropy performance of sensors and obtained the
analytic relations of key structural parameters leading to isotropic configuration.

Although force sensors have been widely used in many fields, there are still few
studies on dynamic decoupling of sensors. An important issue that needs to be solved by
the six-axis force/torque sensor is coupling. Since the six-axis force/torque sensor has an
integrated elastomer structure and there might be errors in the installation process, the
sensor has coupling between the switching channels in different directions. This situation
seriously affects the measurement accuracy of the sensor, so the decoupling analysis of the
six-axis force/torque sensor is very important. At present, most decoupling is based on a
modeling or decoupling network design, which is computationally complex and cannot
establish the exact model of some complex systems at all. Using an independent component
analysis (ICA) to decouple the sensor requires less calculation and more accurate data
processing. ICA has not been applied to the decoupling research of six-axis force/torque
sensors, so the use of ICA for decoupling research can fill the gap in this regard.

Based on the above facts, ICA is used to study the decoupling of sensors. ICA is an
analysis method based on the high-order statistical characteristics of signals. The signal
between the sensor channels is non-Gaussian and the components are independent on each
other. Because of this characteristic, ICA can be used as a decoupling algorithm to meet
the actual situation. In this paper, a decoupling method for parallel six-axis force/torque
sensor based on ICA is proposed and experimentally studied. The purpose is that the
output of the six-axis force/torque sensor after static/dynamic decoupling can meet the
requirements, and can quickly and accurately respond to changes in the measured data.

The remainder of this paper is organized as follows. The structural model and
mathematical model of the sensor are given in Section 2. Section 3 describes how we carried
out the loading test on the sensor prototype and analyzed the results. The decoupling
study of the ICA method for sensors is detailed in Section 4. Finally, Section 5 contains a
summary of this paper.

2. Parallel Six-Axis Force/Torque Sensor

This section mainly describes the analysis of the mathematical model and sensor
prototype of the six-axis force/torque sensor.

2.1. Introduction to Parallel Six-Axis Force/Torque Sensor Structure

Many factors must be considered in the development of the sensor prototype, such
as the strength and stiffness of the entire structure and whether its layout is reasonable.
The range design of the six-axis force/torque sensor is as follows: Fx = Fy = Fz = 100 N,
Mx = My = Mz = 10 N ·m. The measurement branch is an S-type one-dimensional force
sensor with a measuring range of 5 kg. The material of the measuring branch is selected
from alloy steel, and its properties are defined as follows: density ρ = 7.85× 103 kg/m,
elastic modulus E = 206 GPa, Poisson’s ratio µ = 0.3.

The measurement branch is shown in Figure 1. The S-type force sensor is a closed
quadrilateral steel frame that uses the S-curve path to complete the force transmission.



Symmetry 2021, 13, 172 3 of 15

Symmetry 2021, 13, x FOR PEER REVIEW 3 of 16 
 

 

sensor with a measuring range of 5 kg. The material of the measuring branch is selected 
from alloy steel, and its properties are defined as follows: density 37.85 10 kg/mρ = × , elas-
tic modulus 206GPaE= , Poisson’s ratio 0.3=μ . 

The measurement branch is shown in Figure 1. The S-type force sensor is a closed 
quadrilateral steel frame that uses the S-curve path to complete the force transmission. 

 
Figure 1. S type single-dimensional force sensor. 

The strain beam structure is located in the middle of the S-type sensor, and the dou-
ble-bend beam structure used in this paper greatly reduces the overall volume of the sen-
sor and has the advantages of easy processing. The working principle of the strain gauge 
is that when the S-type sensor is subjected to an external force, its resistance value will 
change accordingly. Therefore, the strain gauge should be installed at the weakest part of 
the top of the middle hole. The thickness of the upper and lower beams of the middle hole 
of the sensor is relatively thin, while the rest is thicker. The thickness of the strain gauge 
mounting position can be increased by enlarging the distance of the hole, and the rigidity 
thereof is also greatly improved. A prototype of an orthogonal parallel six-axis 
force/torque sensor assembled by the upper and lower platforms and the measuring 
branch is shown in Figure 2, with an overall thickness of 15 mm. The range is 5 kg and the 
external dimensions are 30 × 20 × 10 mm. Both the force measuring platform and the fixed 
platform are hexagons with a diameter of 50 mm and a thickness of 8 mm, while the thick-
ness of the column is 6 mm. 

 
 

(a) Sensor model diagram. (b) Sensor physical diagram. 

Figure 2. Six-axis force/torque sensor. 

2.2. Mathematical Model of Parallel Six-Axis Force/Torque Sensor 
The schematic diagram of the structure of an orthogonal parallel six-axis force/torque 

sensor is shown in Figure 3. 

Figure 1. S type single-dimensional force sensor.

The strain beam structure is located in the middle of the S-type sensor, and the double-
bend beam structure used in this paper greatly reduces the overall volume of the sensor
and has the advantages of easy processing. The working principle of the strain gauge is
that when the S-type sensor is subjected to an external force, its resistance value will change
accordingly. Therefore, the strain gauge should be installed at the weakest part of the top
of the middle hole. The thickness of the upper and lower beams of the middle hole of
the sensor is relatively thin, while the rest is thicker. The thickness of the strain gauge
mounting position can be increased by enlarging the distance of the hole, and the rigidity
thereof is also greatly improved. A prototype of an orthogonal parallel six-axis force/torque
sensor assembled by the upper and lower platforms and the measuring branch is shown in
Figure 2, with an overall thickness of 15 mm. The range is 5 kg and the external dimensions
are 30 × 20 × 10 mm. Both the force measuring platform and the fixed platform are hexagons
with a diameter of 50 mm and a thickness of 8 mm, while the thickness of the column is 6 mm.
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2.2. Mathematical Model of Parallel Six-Axis Force/Torque Sensor

The schematic diagram of the structure of an orthogonal parallel six-axis force/torque
sensor is shown in Figure 3.
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Figure 3. Orthogonal parallel six-axis force/torque sensor.

Such sensors are composed of six identical measurement branches, a load platform
b1, b2, b3 (b1, b2, b3 are three fixed points above the force platform, respectively) and a fixed
platform B1, B2, B3 (B1, B2, B3 are three fixed points above the fixed platform; the two
platforms are identical and have a radius of a1. The distance between the geometric centers
of the two platforms is L). b1B1, b2B2, b3B3 are three vertically distributed measurement
branches, where the angle between any two points of b1, b2, b3 and the origin O is 120◦;
b4B4, b5B5, b6B6 are three horizontally distributed measurement branches and are tangent
to a circle of radius a2. These three tangent points are not only uniformly distributed on
the circumference, but also the midpoint of the horizontal measurement branch. The mea-
surement reference coordinate system of the sensor is a Cartesian coordinate system, and
the origin O is determined as the geometric distribution center of the force measurement
platform. The z-axis is not only parallel to the vertical measuring branch b1B1 but also
perpendicular to the fixed platform B1B2B3 and oriented upwards. The distance between
the force measuring platform and the horizontal measuring branch is a3.

The static equilibrium equation of the force platform is established as follows:

Fw = Gf (1)

where Fw is a spatial three-dimensional external force and a spatial three-dimensional
external torque vector acting on the force measuring platform; G is a matrix of mapping co-
efficients between the axial force and the six-dimensional external force of the six measuring
branches; f represents six measuring branch axial force vectors.

The first-order mapping coefficient matrix in Equation (1) is as follows:

G =

[ b1−B1
|b1−B1|

· · · b6−B6
|b6−B6|

b1×B1
|b1−B1|

· · · b6×B6
|b6−B6|

]
(2)

where:
Bp =

[
a1 cos ξp a1 sin ξp −L

]T , p = 1, 2, 3;

Bq =
[

a2 cos θq − L
2 sin θq a2sinθq +

L
2 cos θq −a3

]T; q = 4, 5, 6;

bp =
[

a1 cos ξp a1 sin ξp 0
]T , p = 1, 2, 3;

bq =
[

a2 cos θq +
L
2 sin θq a2sinθq − L

2 cos θq −a3
]T;
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ξ—the angle between Ob1, Ob2, Ob3 and x-axis;
θ—the angle between the midpoint of b4B4, b5B5, b6B6 and the x-axis;
a1—the radius length of force platform;
a2—the inscribed circle radius length;
a3—the vertical distance between the force measurement platform and the inscribed circle;
L—the vertical distance between the upper and lower platforms.
Thus, we can get the following formula:

G =



0 0 0 0
√

3
2 −

√
3

2
0 0 0 −1 1

2
1
2

1 1 1 0 0 0
−
√

3
2 a1

√
3

2 a1 0 −a3
a3
2

a3
2

− a1
2 − a1

2 a1 0 −
√

3
2 a3

√
3

2 a3
0 0 0 −a2 −a2 −a2


(3)

G−1 =



− a3
3a1

√
3a3

3a1
1
3 −

√
3

3a1
− 1

3a1
0

− a3
3a1

−
√

3a3
3a1

1
3

√
3

3a1
− 1

3a1
0

2a3
3a1

0 1
3 0 2

3a1
0

0 − 2
3 0 0 0 − 1

3a2√
3

3
1
3 0 0 0 − 1

3a2

−
√

3
3

1
3 0 0 0 − 1

3a2


(4)

where G−1 represents the mapping relationship between the force platform and the reaction
force of the measuring branch under the force of six dimensions in space.

3. Online Static Loading Test

This section mainly builds a calibration test system, conducts calibration tests on
sensors, and analyzes the coupling between sensor dimensions.

3.1. Introduction to Test System and Loading Method

The online static loading test consists of two parts: a hardware system and software
system. Among them, the hardware system includes sensor prototype, voltage signal
amplifier, computer, DC power supply, weight, and data acquisition card, which are shown
in Figure 4. The data acquisition card uses PCI8932, its AD analog input function is mainly
used. AD conversion function can realize the conversion from analog to digital. The main
parameters are shown in Table 1.
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Table 1. AD analog main parameters.

Converter
Type

Input
Range

Conversion
Accuracy

Total Number of
Analog Input

Channels

Channel
Switching

Mode

System
Measurement

Accuracy

AD7321 ±5V
13 digits, and
the 13th digit
is the sign bit

Select single
channel mode, a

total of 6 channels

First and last
channel

sequence
switching

0.1%

In order to achieve the purpose of improving the accuracy of the loading force, this
test uses a 0.5 kg standard weight with an accuracy level of M1. Figure 5 shows the AD
acquisition flow chart in the software system, and Figure 6 shows the front panel of the
online static loading software system based on LabVIEW.
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The choice of coordinate system will have an impact on the entire static calibration test.
The sensor is in direct contact with the end of the manipulator. The six-axis force/torque
sensor is installed at the end of the robot for static calibration in order to reduce the
influence of gravity on the sensor during the loading process. The two loading points
about the origin symmetry are at the edge of the force measurement platform, establishing
the positive and negative directions of the x-axis. The change of the sensor pose is adjusted
by adjusting the pose of the robot. The loading points in the three directions of x, y, z in
turn add weights starting from 0 and incremented by 5N each time until it reaches a load
of 100N.

3.2. Analysis of Loading Test Results

The specific steps for static calibration are as follows:

1. Adjust the arm position to the position where the sensor is loaded, adjust the DC
voltage to 24 V, and run the software to reset the initial voltage.
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2. Perform 20 load and unload tests in sequence at the load point and store the voltage
of each load point in turn.

3. Perform a calibration test on the prototype according to steps (1) and (2) and save the
test data to Excel.

4. Check and test the test data, calculate the matrix of the fit coefficient, and determine
the static performance index.

The equation of the mapping relationship between the loaded calibration force/torque
and the branch output voltage can be expressed as:

Fs = GcU (5)

where Fs is the force of Space six-dimensional calibration; U is the output voltage of the
measuring limb measure branch; Gc is the mapping matrix between the calibration force
and the output voltage of the measurement branch.

After applying the calibration force 20 times to the six-dimensional force sensor, the
matrix of the corresponding measured branch output voltage, U, is obtained, and when the
number of measurement branches is n, the output voltage matrix U is of an n× 20 order.
The pseudo-inverse matrix of the output voltage matrix U of the measurement branch is
multiplied to the left and right sides of Equation (5), which can be obtained as:

Gc = FsU+ (6)

where U+ is the pseudo inverse matrix of U; U+ = UT(UUT)−1; Gc is the calibration matrix.
The loaded experimental data is brought into Equation (6). After the least square test

data processing, the calibration matrix shown in Equation (7) can be obtained:

Gc =



−0.038 0.083 0.001 −0.120 0.549 −0.460
0.048 0.022 −0.020 −0.4497 0.135 0.287
0.175 0.176 0.177 0.100 0.091 −0.007
−11.771 14.844 −1.057 −18.029 12.274 5.650
−9.053 −5.296 10.134 −0.486 −6.792 5.621
1.020 −2.358 −0.555 −7.830 −14.268 −13.130

 (7)

Based on previous research [20], we know that the measured value of the sensor’s
calibration force can be expressed as:

Fc = FsU+U (8)

where Fc =
[
Fcx, Fcy, Fcz, Mcx, Mcy, Mcz

]
, with each of these being a 6× 2m dimensional

matrix, m is the number of loading points with m = 6, Fs is the calibration force matrix, U is
the matrix of the corresponding measured branch output voltage, and U+ is the pseudo
inverse matrix of U.

The difference was determined between the actual and calculated values of the cal-
ibration force and the absolute value was taken, after which we obtained the deviation
matrix, which can be expressed as:

∆L = |Fs − Fc| =
[

∆LFx ∆LFy ∆LFz ∆LMx ∆LMy ∆LMz
]

(9)

The ratio of the average value of the deviation of each item of Equation (9) to the
full-load calibration force or the calibration torque in the corresponding measurement
direction is defined as the linearity of the sensor in the actual measurement. For example,
the calculation formula of the force linearity vector in the x direction can be expressed as:

ELFx =
[

ave(∆LFx1)
Fxm

ave(∆LFx2)
Fym

ave(∆LFx3)
Fzm

ave(∆LFx4)
Mxm

ave(∆LFx5)
Mym

ave(∆LFx6)
Mzm

]T (10)
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where ∆LFxi(i = 1, 2, . . . , 6) is the ith row element of matrix ∆LFx and ave(·) is the average
of all the elements in vector (·). Fxm and Mxm is the full-load calibration force/moment in
that direction.

In Equation (8), the first term of vector ELFx reflects the linearity of the x-measurement
direction when the x-direction calibration force is loaded, and the other five terms reflect
the coupling linearity of the remaining five dimensions when the x-direction calibration
force is applied.

Similarly, the linearity and coupling degree of the other five-dimensional calibration
force/torque can be calculated. The linearity matrix of the sensor can be expressed as:

EL =
[

ELFx ELFy ELFz ELMx ELMy ELMz
]

(11)

The data in Equation (5) is processed according to Equations (6)–(9), and the linearity
matrix of the prototype can be expressed as:

EL =



0.0651 0.0478 0.0247 0.0799 0.0286 0.0551
0.0093 0.0413 0.0378 0.0267 0.0197 0.0362
0.0100 0.0158 0.0225 0.0274 0.0299 0.0102
0.0147 0.0590 0.0143 0.0098 0.0333 0.0093
0.0049 0.0290 0.0118 0.0175 0.0303 0.0257
0.0237 0.0088 0.0104 0.0205 0.0057 0.0141

 (12)

It can be seen from Equation (12) that the maximum inter-dimensional coupling of the sensor
is 7.99%. As such, the sensor has a relevant coupling factor; thus, there is a need to dynamically
decouple the sensor to ensure that the sensor has a good dynamic response accuracy.

4. Dynamic Decoupling Research of Parallel Six-Axis Force/Torque Sensor

This section mainly describes the research on the dynamic decoupling of sensors. The
output after ICA decoupling is compared with the output after the diagonal dominance
matrix is decoupled to highlight the advantages of this research work.

4.1. Dynamic Decoupling Based on Diagonal Dominant Matrices (DDM)

A six-axis force/torque sensor needs to respond quickly and accurately to changes
in the measured data. Therefore, the sensor must be dynamically decoupled to meet the
application requirements. The transfer function of the parallel six-axis force/torque sensor
is G(S), the constant decoupling compensation network behind the transfer function is
Kp, and the transfer function of the parallel six-axis force/torque sensor is represented
by Q(S) = Kp × G(S). The basic idea of this decoupling method is to make the sum of
the absolute values of the non-diagonal elements in each row of Q(S) smaller than the
diagonal elements to achieve the diagonal advantage of the matrix [21].

The existing diagonal dominance matrix method is used to dynamically decouple the
sensor in order to reflect its decoupling effect. The unit step input signals are then loaded
onto channels 1, 2, and 3, respectively, and the corresponding output signals, as shown in
Figures 7 and 8, can be obtained.
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The output after applying the unit step signal to channel 2 is as shown in Figure 9.
The output after decoupling through the DDM is shown in Figure 10. The output after
applying the unit step signal to the channel 3 is shown in Figure 11, and the output after
decoupling through the DDM is shown in Figure 12.
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It can be seen from the above analysis that the output signal decoupled by the diagonal
advantage compensation is somewhat stable, and it is finally stabilized at about 2.2 V, but
the system is not fully decoupled.

4.2. Dynamic Decoupling Based on ICA

In many cases, sensors need to respond quickly and accurately to changes in measure-
ment data. Therefore, dynamic decoupling of sensors must be studied to achieve this goal.
In this section, ICA is used to decouple the sensor to make it respond more quickly and
accurately to data processing. The ICA decoupling method and the traditional diagonal domi-
nance matrix decoupling method are compared to highlight the significance of this work. ICA
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is a computational method and statistical technique. The process of ICA is actually optimized
by establishing an objective function to achieve an approximate goal, which mathematical
model is shown in Figure 13. The vector matrix model of ICA is as follows:

X = AS (13)

where X is the observed signal, with X = {x1, x2, · · · , xn}, S is the source signal, with
S = {s1, s2, · · · , sn}, and A is a hybrid matrix, with A =

{
aij, i, j = 1, 2, · · · , 6

}
.
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The starting point of ICA is to assume that the source signals S are independent of
each other, and establish a separation matrix W and a mixture matrix A by establishing
an objective function based on independence. The source signal can be estimated by the
following formula:

y = Wx = WAS = RS (14)

A complete estimation of the source signal is achieved when R = I is established.
The ICA algorithm includes three main aspects: centralization, whitening, and inde-

pendent component decomposition. The whitening matrix can be expressed as:

Q = ED−1/2ET (15)

where D−1/2 = diag
(

d−1/2
1 , · · · , d−1/2

n

)
. Then, we can get x = Q · x = Q · AS = AS.

In general, the choice of the ICA algorithm is basically between the adaptive algorithm
and the batch algorithm. The Fast ICA [22] algorithm is a very useful batch processing
algorithm, which can be used to maximize the multi-dimensional objective function. This
algorithm maximizes the negative entropy of A based on the objective function of negative
entropy, which is characterized by fast convergence and robustness.

MATLAB and SIMULINK simulation functions are used to create a simulation of a
parallel six-axis force/torque sensor system. The unit step input signals are, respectively,
loaded onto channels 1, 2, and 3, after which we can obtain the corresponding output signals
of the parallel six-axis force/torque sensor. We can then simplify the above SIMULINK
simulation data (centralization and whitening, etc.) and decouple the preprocessed test
data into ICA.

Channels 1, 2, and 3 are, respectively, the input with unit step signals, while the
outputs decoupled by ICA are shown in Figures 14–16.

The unit step signal of the main channel of the sensor after the ICA is close to the
ideal input, which can be derived from Figures 14–16. The output of the other channels is
almost equal to zero, indicating that the inter-dimensional coupling of the sensor is greatly
reduced and the desired goal is achieved.

Figure 17 shows the output signal after applying the unit step signal to the three
channels of the sensor simultaneously. It can be seen from Figure 17 that the output signal
of the sensor oscillates before 0.01 s, and the maximum value of the oscillation is 6.4 V. After
0.02 s, the sensor output signal tends to a state of about 4 V. However, it is not completely
stable, and thus, the sensor has a certain degree of inter-dimensional coupling. The output
signal after dynamic decoupling of the sensor by the ICA method is shown in Figure 18. It
can be seen that the output signal decoupled by the ICA method is close to the ideal unit
step input after 0.014 s, and the output is at 2 V.
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The above results prove that the coupling of the parallel six-axis force/torque sensor
after decoupling with ICA is small, and the measurement accuracy is greatly improved.
The use of ICA for dynamic decoupling of parallel six-axis force/torque sensors has a good
application value.

4.3. Analysis of Results

The output peak value and steady-state value after decoupling of different methods
are summarized in Tables 2 and 3 in order to make a significant comparison of the output
curve, where ‘None’ represents the original output signal.

Table 2. Output of each channel.

Output
Input

Channel 1 Channel 2 Channel 3

None
(V)

DDM
(V)

ICA
(V)

None
(V)

DDM
(V)

ICA
(V)

None
(V)

DDM
(V)

ICA
(V)

Channel 1 6.6 3.4 2.0 0.1 0.3 0.1 0.4 0 0.1
Channel 2 0.5 0.3 0.1 6.2 3.7 2.0 2.6 1.2 0.1
Channel 3 0.1 0 0.1 0.8 0.7 0.1 4.6 3.1 2.0
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Table 3. Output value of each channel.

Output
Input

Channel 1 Channel 2 Channel 3

None
(V)

DDM
(V)

ICA
(V)

None
(V)

DDM
(V)

ICA
(V)

None
(V)

DDM
(V)

ICA
(V)

Channel 1 4.0 2.1 2.0 0 0 0 0 0
Channel 2 0.2 0.1 0 3.9 2.2 2.0 2 0.1 0
Channel 3 0 0 0 0.6 0 0 3 2.1 2.0

The output signal of the sensor is preprocessed (including centralization, whitening,
etc.), and then the diagonal dominance matrix decoupling and ICA decoupling are per-
formed, obtaining the decoupled output signals, as shown in Figure 8, Figure 10, Figure 12,
Figure 14, Figure 15, Figures 16 and 18, respectively. It can be seen from the above results,
and Tables 2 and 3, that the output after the ICA method decoupling is compared with
the DDM decoupling, although there is still a certain degree of coupling in each direction,
but the output of the remaining channels appears symmetrically near the 0 position, and
the fluctuation range is smaller. The output stabilizes at around 2 V after 0.014 s, which is
close to the ideal unit step input. The above results prove that the coupling of the parallel
six-axis force/torque sensor after decoupling using independent component analysis is
very small. Compared with the output of the diagonal dominance matrix decoupling, the
measurement accuracy of the parallel six-axis force/torque sensor is greatly improved.
This proves that ICA has a very good dynamic decoupling effect on the parallel six-axis
force/torque sensor.

5. Conclusions

In this article, the mathematical model of the parallel six-axis force/torque sensor is
established, and the balance relationship between the force on the force measurement plat-
form and the force measurement branch is derived. Then, a parallel six-axis force/torque
sensor was designed, with calibration research and coupling analysis carried out on it.
The sensor is calibrated and the sensor is dynamically decoupled using the traditional
diagonal dominance matrix decoupling and ICA decoupling methods. Finally, the tra-
ditional method and the waveform of each channel after ICA decoupling are compared,
and the following conclusions can be drawn: the coupling of this sensor is smaller after
independent component analysis (ICA) analysis and decoupling. Compared with the
traditional diagonal dominance matrix method, the interdimensional coupling decoupled
by ICA shows a certain symmetry, and the fluctuation is significantly reduced. Experimen-
tal results show that ICA can achieve fast and accurate dynamic decoupling of sensors.
However, the ICA method is more complicated in practice, so it is hoped that simpler and
faster methods suitable for engineering needs can be found to decouple this type of sensor.
The research results of this paper provide a certain theoretical and experimental basis for
improving the development of parallel six-axis force/torque sensors in various fields.

We plan to conduct research in the following areas to improve the accuracy of sensor
dynamic response: (1) Apply intelligent algorithms to sensor decoupling to improve the
algorithm convergence speed and improve the sensor decoupling accuracy; (2) Analyze the
factors affecting the accuracy of decoupling, and propose a dynamic decoupling algorithm
with a fast response speed.
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