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Abstract. In order to effectively reduce the effect of coupling, a novel mechanical de-
coupling parallel three-dimensional force sensor with the steel ball structure is designed
and developed, and the static calibration of the sensor is carried out. The rolling friction
is applied instead of sliding friction to the design of the mechanical decoupling paral-
lel three-dimensional force sensor. The mathematic model of the sensor is established,
and the force mapping relationship of the applied external force and the force of mea-
suring branches of the sensor is derived based on the screw theory. The prototype of the
mechanical decoupling parallel three-dimensional force sensor is developed, and the load
calibration and data acquisition experiment system are developed, and the static calibra-
tion is performed. The calibration data are analyzed by using the least-squares method
and the experimental result shows that the interference error is less than 0.45% and the
measurement error of the sensor prototype is less than 0.6%, which indicate that the
developed mechanical decoupling parallel three-dimensional force sensor possesses high
measurement accuracy, and the result of the study lays the foundation of the application
of the mechanical decoupling parallel three-dimensional force sensor.
Keywords: Three-dimensional force sensor, Mechanical decoupling, Parallel mecha-
nism, Static calibration

1. Introduction. The multi-dimensional force sensor is one kind of the most important
sensors since it has the ability of measuring three force components and three torque
components, and it has been applied widely in many research areas, such as robotics,
automobile industry, wind tunnel balances and aeronautics [1]. In the development of
multi-dimensional force sensor, the coupling problem is an important factor limiting mea-
suring accuracy of a multi-dimensional force sensor. In order to effectively reduce the
effect of coupling, a lot of works are carried out on the design of elastic structure and
decoupling algorithm by domestic and overseas scholars. Vázsonyi et al. [2] designed
a three-dimensional force sensor by novel alkaline etching technique. Beccai et al. [3]
designed and developed a silicon-based three-dimensional force sensor to be used in a
flexible smart interface for biomechanical measurements. Gao et al. [4] developed a six-
dimensional force sensor based on Stewart platform, and introduced the elastic joints to
replace the real spherical joints which made the miniaturization possible. Cui et al. [5]
proposed and developed a novel three-dimensional force/torque sensor by optimizing the
elastic body structure with orthogonal test method. Zhang et al. [6] carried out a study
on a new type of adopted structure for three dimensions strain gauge force sensor which
can be used for measuring three-dimensional forces Fx, Fz, and My. Liu et al. [7] put
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forward a high sensitivity 3D torque sensor, which is to measure 3D torque and solve
problem of coupling between two dimensions. Yu et al. [8] carried out a study on design
and decoupling test of a miniature three dimensions force sensor with a new elastomer
structure. Certain achievements are obtained in the above researches, but the dimensional
coupling of the designed sensors based on the traditional parallel structure is relatively
serious. So the design of a novel structure will provide an essential supplement and open
up a new direction for the research of novel weak coupling multi-dimensional force sensor.

In this paper, a novel mechanical decoupling parallel three-dimensional force sensor with
steel ball structure is proposed which is currently in the process of patenting [9], and the
mathematical model of the three-dimensional force sensor is established, and then the force
mapping relationship of the applied external force and the force of measuring limbs of the
sensor is derived based on the screw theory and the rolling friction. Besides, the prototype
of the mechanical decoupling parallel three-dimensional force sensor is developed, and the
load calibration and the data acquisition experiment system of the sensor are developed,
and the static calibration is carried out.

The organization of this paper is as follows. Following the introduction, the structural
analysis of the sensors, including the mechanical structure feature of the sensor and the
advantages of the proposed sensor with steel ball contact structure, are shown in Section
2. Section 3 concerns the measuring model of the structure, and the force mapping
relationship between the applied external force and the force of measuring branches of
the sensor is derived. Section 4 introduces the sensor prototype and the experimental
study of static calibration of the sensor prototype. The paper is concluded in Section 5,
summarizing the present work.

2. The Structure of the Sensor. Figure 1 illustrates the diagram of the mechanical
decoupling parallel three-dimensional force sensor with steel ball structure. It mainly
consists of a loading plate, a frame, a connecting plate, a base and four force-measuring
branches which are divided into two groups, three horizontal force-measuring branches
are distributed around the force plate, and the other branch is located just below the
force-measuring plate. Each force-measuring branch contains a single-dimensional force
sensor, a steel ball and an arc indenter connected with the force-measuring plate using
the steel ball.

Due to the application of the steel ball structure, the pre-stressed force is needed to
ensure that all the force-measuring branches are always in compression when subjected to
the expected range of external loads. The number of the pre-stressed forces is determined

Figure 1. Structure diagram of the parallel three-dimensional force sensor
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by measuring the range of the designed sensor, and by pre-stressing arc indenter properly,
the sensor can bear an anticipant pre-compression force.

The mechanical decoupling parallel three-dimensional force sensor has several advan-
tages over the current designs based on traditional parallel structure with simple struc-
ture and high stiffness. Firstly, by replacing the traditional spherical pairs with steel ball
contact structure, the friction and frictional moment are greatly reduced. In addition,
providing that a sufficient pre-stressing force acts on the sensor, each branch will just sus-
tain compressive force within the measurement range of the sensor. Furthermore, as the
sensor is developed by replacing the sliding friction with rolling friction, the mechanical
decoupling is realized, and the effect of coupling is reduced significantly.

3. Measurement Model of the Sensor. According to the designed structure of the
mechanical decoupling parallel three-dimensional force sensor, the force-measuring branch
is simplified to P-S structure where P denotes the planar pair and S denotes the spherical
pair. The force mapping relationship between the applied external force and the force of
measuring branches of the sensor is derived based on the screw theory.

3.1. The force mapping relationship in ideal case. Figure 2 illustrates the simplified
diagram of the sensor, and the symbols are defined as follows: ai and Ai denote the contact
points of the branch connected with the connecting plate and the base respectively. fw

and mw denote the external force and external toque.
The force diagram of the connecting plate is shown in Figure 3. Each branch can only

bear the axis force ignoring the gravity of the branch and the friction of joints.

Figure 2. Simplified dia-
gram of the sensor

Figure 3. Force diagram of
the connecting plate

The static equilibrium equation of the connecting plate can be obtained based on the
screw theory [9].

FW =
4∑

i=1

fi$i (1)

where FW = (fw mw)T represents the generalized vector of the external force; fi repre-
sents the reacting force on the ith branch; $i = (Si S0i) represents the unit line vector
along the ith leg.

Equation (1) can be rewritten in other forms as

fw =
4∑

i=1

fiSi

mw =
4∑

i=1

fiS0i

 (2)
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where fw = (fwx fwy fwz)
T , mw = (mwx mwy mwz)

T , Si = (ai − Ai)/|ai − Ai|,
S0i = (Ai × ai)/|ai − Ai|.

Equation (1) can also be rewritten in the form of matrix equation as:

FW = Gf (3)

where f = (f1 f2 f3 f4)
T is the vector composed of the reacting forces of the four

branches; G is the static mapping matrix which is given by:

G =

[
S1 S2 S3 S4

S01 S02 S03 S04

]
3×4

(4)

Combine the structure parameter of the sensor, the static mapping matrix can be derived
as:

G =

 −1
√

3/2
√

3/2 0
0 −1/2 1/2 0
0 0 0 −1

 (5)

3.2. Force mapping relationship in consideration of the pre-stressed force. As
shown in Figure 4, the pre-stressed force is needed to ensure that all the force-measuring
branches are always in compression when subjected to the expected range of external
loads. Under the action of the pre-stressed force, the friction will be produced which can
affect the coupling. So the force mapping relationship is derived in consideration of the
pre-stressed force.

Figure 4. The diagram of pre-stressed force acting on the branches

In Figure 4, Fp represents the pre-stressed force acting on the branches, Pi (i = 1, 2, 3, 4)
represents the loading direction of the pre-stressed force. Fi (i = 1, 2, 3, 4) represents the
values of the force-measuring branches.

So according to Figure 4, the static equilibrium equation of the connecting plate can
be established as:

Fx − (F1 + Fp) − (F2 + Fp) cos θ − (F3 + Fp) cos θ − f ′
2 cos 30◦ − f ′

3 cos 30◦ − 3f ′
4 = 0

Fy − (F2 + Fp) sin θ − (F3 + Fp) sin θ − f ′
1 − f ′

2 cos 30◦ − f ′
3 cos 30◦ − 3f ′

4 = 0
Fz − (F4 + Fp) − f ′

1 − f ′
2 − f ′

3 = 0


(6)

where θ represents the half angle between horizontal branches; f ′
i represents the horizontal

thrust when the steel ball is in a critical rolling state, which can be obtained based on
the rolling friction theory [10].

f ′
i = δ (Fi + Fp)/R (7)

where δ represents the coefficient of rolling friction which is determined by the material,
and in this paper, the coefficient of rolling friction of the steel ball is 0.01; R represents
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the steel ball radius which is 12mm in this paper. So Equation (6) can be simplified as: Fx

Fy

Fz

 = G′


F1 + Fp

F2 + Fp

F3 + Fp

F4 + Fp

 =

 1 −1.22 −1.22 −0.83
−0.83 0.45 −1.29 −0.83
−0.83 −0.83 −0.83 1




F1 + Fp

F2 + Fp

F3 + Fp

F4 + Fp

 (8)

where G′ represents the static mapping matrix in consideration of the pre-stressed force,
which can be obtained as:

G′ =

 1 −1.22 −1.22 −0.83
−0.83 0.45 −1.29 −0.83
−0.83 −0.83 −0.83 1

 (9)

4. Static Calibration of the Sensor.

4.1. The prototype of the sensor. In order to prove the superiority of the proposed
sensor structure and prove the correctness of the theoretical analysis, a mechanical decou-
pling parallel three-dimensional force sensor is manufactured, and the static calibration
experiment is carried out. The design diagram and the object are shown in Figure 5.
Each leg of the sensor contains a single-dimensional force sensor used for measuring the
reacting force. To ensure adequate stiffness and light weight, the frame and the connect-
ing plate are machined from steel ingot. The material of the arc indenter is 42CrMo, and
in order to reduce the measuring error caused by the deformation of the arc indenter, a
heat-treatment is needed. The expected maximal external force is ±3000N.

Figure 5. The prototype of the sensor

4.2. The static calibration. In order to prove the mechanical decoupling effect of the
sensor with steel ball, a special calibration device is designed, and the static calibration is
carried out. The load calibration and data acquisition experiment system are developed,
and the device mainly consists of standard single-dimensional force sensor, prototype
of the developed sensor, intelligent instrument and computer. Figure 6 illustrates the
schematic diagram of the calibration experiment, and Figure 7 illustrates the loading
experiment.

The full scale of the sensor is divided into 10 points, and each load orientation contains
load and offload procedures with 300N step length. The relationship between the measured
value and the loading force can be established as:

Fs = GF + Err (10)
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where Fs represents the loading force, G is the static mapping matrix, F represents the
measured value of each sensor, and Err represents the error matrix which is defined as:

Err = (Fs − F )/Fmax (11)

where Fmax represents the full scale of the sensor.

Figure 6. Schematic diagram of the calibration

Figure 7. The static calibration experiment

According to the least square theory, the following relationship can be obtained:

∂Ji

∂Gi

∣∣
Gi=Gi

=
∂

(
Fsi − F T Gi

)T (
Fsi − F T Gi

)T

∂Gi

∣∣
Gi=Gi

= 0 (12)

where Gi represents the ith dimension of the mapping matrix, and Gi represents the ith
dimension of the augmented mapping matrix.

According to Equation (12) and the structure of the sensor, the mapping matrix is
obtained as:

G =
[

G1 G2 G3 G4

]
= FsF

T
(
FF T

)−1
(13)

In this paper, the static calibration experiment is carried out when the pre-stressed
force is 700N, and the calibration data is acquired. The mapping matrix can be obtained
combining the calibration data based on the least square theory.

G =

 0.9889 −0.5209 −0.5357 −0.0077
−0.0048 0.8656 −0.8849 0.0252
−0.0294 0.0085 −0.0922 −1.0387

 (14)
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(a) The output value of each dimension when
loading x-direction force

(b) The output value of each dimension when
loading y-direction force

(c) The output value of each dimension when
loading z-direction force

Figure 8. The output value of each dimension in the static calibration

The relationship between the measured value of each branch and the synthetic force ob-
tained through projecting the loading force to the coordinate axes and the corresponding
diagram are presented in Figure 8.

The measuring error along x axis can be expressed as based on the defined error matrix
in Equation (11).

Ex =
(

max (∆Fx1)/Fxm max (∆Fx2)/Fym max (∆Fx3)/Fzm

)T
(15)

where Ex represents the measuring error along x axis, Fim (i = x, y, z) represents the
full scale along i axis, and ∆Fxi (i = 1, 2, 3) represents the maximum error in the ith
calibration.

The means applies equally to y axis and z axis, so the measuring error matrix of the
sensor can be expressed as:

Err =
(

Ex Ey Ez

)
(16)

The measurement error matrix can be obtained combining the calibration data as shown
in Equation (17):

Err =

 0.0037 0.0013 0.0028
0.0025 0.0017 0.0027
0.0041 0.0045 0.0060

 (17)
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The measurement error matrix shows that the coupling error is less than 0.45%. The
static calibration results show that measurement error of the designed mechanical decou-
pling parallel three-dimensional force sensor is less than 0.6%, and the results prove that
the sensor can be used in the industrial production with high measurement requirements.

5. Conclusions.

(1) A novel mechanical decoupling parallel three-dimensional force sensor is proposed
and manufactured, which possesses not only the advantages of traditional parallel
structure but also the performance of mechanical decoupling.

(2) The mathematic model of the sensor is established, and the force mapping relationship
between the applied external force and the force of measuring branches of the sensor
is derived based on the screw theory and the rolling friction theory.

(3) The load calibration and data acquisition experiment system of the sensor are devel-
oped, and the static calibration is carried out with the least square calibration method,
and the results show that the coupling error is less than 0.45% and the measurement
error is less than 0.6%.

(4) In the near future, further optimization of the sensor will be paid attention to. The
aim is that the proposed sensor can be mostly used in the large range spacial three
dimensional force measurement in the industrial production.
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