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A B S T R A C T   

Measuring dynamic force is essential for improving equipment accuracy in the aerospace industry. This work 
presents a self-decoupled, load-sharing-based measurement platform for measuring dynamic force from large 
sources. Utilizing a load-sharing column increases the rigidity and load capacity of the platform. The mea-
surement principle is thoroughly described. Moreover, the effects of the structural parameters of the platform on 
performance are then analyzed using finite element analysis, while the feasibility of the measurement principle is 
verified and an optimal set of structural parameters is obtained using response surface methodology. Finally, the 
load-sharing-based measuring platform is manufactured based on the analysis. According to the experimental 
findings, the proposed platform with the column has a 59.7% higher load capacity and a measured fundamental 
frequency of 1696 Hz. The measuring platform also exhibits strong static and dynamic linearity, high self- 
decoupling, and an average dynamic measurement error of less than 6%.   

1. Introduction 

When compared to other traditional cameras, the Chinese Space 
Station Telescope’s (CSST) performance represents a substantial 
advancement [1–4]. A case in point is that CSST plans to cover around 
17,500 square degrees of sky with a resolution of 0.15" [5] while 
exploring important cosmological problems, such as dark matter and 
dark energy [6]. Moreover, CSST has high measurement precision and a 
field of vision that is about 5–8 times wider than that of Hubble [7]. 
Hence, micro-vibration may significantly affect CSST’s excellent per-
formance [8,9]. As a result, it is important to measure and assess the 
micro-vibration dynamic disturbance forces on the ground. Addition-
ally, each functional module has a diameter of more than 1 m, and the 
weight and size of the moving elements on spacecraft have increased 
[10,11]. Given the foregoing, a measurement platform with a bigger 
mounting area, greater load capacity, higher fundamental frequency, 
and acceptable measurement accuracy is required. 

There are some studies that can be used as references for the above 
requirements. The classic strain-gauge-based force measurement sys-
tems [12–16] in the past have good static characteristics, stability, a 
large measurement range, and high accuracy. Take Huang [17] as an 

example, he developed a three-dimensional strain-gauge-based force 
measurement platform with mutually perpendicular and independent 
elastic elements to measure high-frequency grinding forces. This plat-
form has the advantages of a high fundamental frequency and low 
coupling, but it only works on the premise of the small platform size (60 
× 60 × 7 mm3). Apart from that, it is challenging to obtain high load 
capacity and sensitivity for strain-gauge-based devices because doing so 
results in noise interference being introduced into the measuring signal 
(the sensitivity of the elastomer is decreased), necessitating a compro-
mise between the two [1]. Contrarily, piezoelectric ceramics offer good 
dynamic mechanical properties during tests of heavy loads and increase 
the platform’s load capacity while maintaining high sensitivity. There-
fore, piezoelectric components are used in the majority of contemporary 
heavy-load force measurement platforms. The Stewart platform [18] has 
been widely employed in previous investigations of piezoelectric 
measuring devices. Yet due to the platform’s low structural rigidity, 
extreme instability, difficulty of installation, high processing costs, and 
other drawbacks [2,10], its application is limited. More orthogonal 
parallel distributions are used by other measuring equipment [19–25]. 
Among others, Li [19] presented a piezoelectric six-dimensional 
heavy-load force/moment sensor that has a high fundamental 
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frequency and low coupling. However, the fundamental frequency of the 
device will dramatically decrease as the mounting area and load’s 
weight rise, making it difficult to achieve the measurement re-
quirements with a straightforward four-point support. For this purpose, 
Li [20,21] investigated two different kinds of force/moment sensors 
with load-sharing rings, both of which displayed good performance in 
terms of accuracy and load capacity. Whereas, the equivalent stiffness of 
dozens of components is introduced in the derivation of the load sharing 
ratios in the article [20], making the calculation prone to large errors 
with reality to the extent that the mathematical model can not be used 
directly for measurement. Furthermore, the mathematical model cannot 
be applied intuitively as a design guide because it is tough to determine 
how structural characteristics affect the impact of load sharing. 
Sector-shaped piezoelectric ceramics are delicately employed for 
decoupling in the article [21], but customizing non-regular piezoelectric 
ceramics is complicated and expensive. Moreover, Li’s two force/mo-
ment sensors are better suited for installation at the end of a robotic arm 
and can not accommodate large and heavy vibration sources. For the 
eight-point parallel-support sensor of Liu [22], a theoretical model was 
developed, but due to the over-redundant support, it is difficult to 
guarantee that the manufactured sensor closely matches the mathe-
matical model. Thus, calibration experiments are required to correct the 
mathematical model for better measurement accuracy in applications. 
These researchers do not take into account the influence of the dynamic 
characteristics of the sensors themselves on the measurement, and their 
design approach cannot be used as a reference for the design of dynamic 
measurement equipment. A platform for measuring dynamic distur-
bance forces from large mass and volume vibration sources has recently 
been proposed by Xia [10]. The lower limits of the measured force-
s/moments are 4.1 × 10− 4 N and 4.5 × 10− 5 Nm, respectively, and the 
upper limit of the load capacity is 40 kN. However, its measuring 
principle leads to redundant measurements and systematic errors. To 
sum up, there are various structural designs and measurement principles 
for different measuring device applications, but it is tough for the cur-
rent devices to satisfy the required measurement needs. 

This research presents a novel piezoelectric load-sharing-based 
measurement platform that has been improved over earlier theories. 
First, a load-sharing column is set up to resolve the contradiction that 
the large mounting surface and high fundamental frequency are a pair of 
opposing indicators. Besides, systematic work has been done on the 
measurement principle and the analysis of the structural parameters. 
The platform’s fundamental design is described in Section 2. Section 3 
details the measurement principle and measurement coefficients of the 
platform. Section 4 describes the influence of structural parameters on 
the working performance of the platform and optimizes the structural 
parameters of the platform using response surface methodology. The 
tests carried out to assess the platform’s performance are shown in 
Section 5. Section 6 includes conclusions. 

2. Design of the measuring platform 

The fundamental structure of the load-sharing-based measuring 
platform, shown in Fig. 1, consists of a load platform (mounting surface: 
400 × 400 mm2), a load-sharing column, four sensors, and five instal-
lation bases. The load-sharing column is mounted parallel to the sensors 
and placed in the middle of the lower surface of the load platform, with 
the four sensors spread evenly around it. In order to circumvent the 
flatness requirements of vast areas and cut processing costs, five tiny 
bumps are set on the load platform’s lower surface, which connect the 
sensors and the load-sharing column. Electron beam welding is used to 
join the sensors and load-sharing column between the installation bases 
and the load platform. The installation bases are fixed to the vibration 
isolation platform, and the vibration sources can be mounted to the load 
platform for dynamic disturbance force measurements. 

The sensors are made up of force sensing elements, rigid insulation 
layers, and an installation shell, as seen in Fig. 2(a). Sensor A uses force 
sensing elements with compression or shear effects, while sensor B solely 
utilizes force sensing elements with compression effects. Both sensors 
are sealed with resin by the preload mechanism. This indicates that 
sensor A can measure forces in the X, Y, and Z directions, whereas sensor 
B can only detect forces in the Z direction. Fig. 2(b) depicts the 
arrangement of sensors A and B within the measurement platform, with 
sensors 1 and 2 belonging to sensor A and sensors 3 and 4 to sensor B. 
The shear effect crystals are costly, so only two sensors A are set up in 
order to reduce the cost and completely measure the six-dimensional 
forces in space. 

As for the three-sensor-supported measurement platform, it will 
drastically lower its fundamental frequency while keeping the size of the 
mounting surface, leading to severe coupling between the vibration 
source and the platform, and lowering measurement accuracy. A three- 
sensor-supported platform’s mathematical model is also less transparent 
and easy to comprehend than a four-sensor-supported platform’s. 
Furthermore, if the four sensors are non-uniformly distributed, it is 
difficult, on the one hand, to optimize the structure; on the other hand, 
the non-uniformly distributed platform is not as stiff as a uniformly 
distributed platform; and, above all, it is difficult to carry out the deri-
vation of subsequent theoretical models. 

3. Measurement principle 

When six-dimensional forces/moments are applied to the load plat-
form and then transferred to the load-sharing column and sensors, the 
assumptions are as follows.  

(1) The load platform and installation bases are considered rigid 
bodies;  

(2) The load-sharing column and sensors are treated as elastomers;  
(3) The influence of machining and mounting errors on the lever 

balance principle is not considered;  
(4) The effect of the wire hole in the side of the sensor is disregarded. 

Fig. 1. Basic structure of the load-sharing-based measuring platform: (a) front view; (b) exploded bottom view.  
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According to Fig. 2(b), the forces/moments acting on the sensors can 
be obtained based on the following assumptions and static equilibrium 
conditions: 
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Fx − m = 2Fx1 + 2
Fy − m = 2Fy1 + 2
Fz − m = Fz1 + Fz2 + Fz3 + Fz4
Mx − m = Ra(Fz1 − Fz2)
My − m = Ra(Fz4 − Fz3)
Mz − m = 2Ra(Fx2 − Fx1)

(1)  

where the subscript m denotes measured, Fx1+2 denotes the sum of the 
output forces from sensors 1 and 2 in the X direction, and Fy1+2 denotes 
the sum of the output forces from sensors 1 and 2 in the Y direction. The 
relationship between sensor output voltages and forces can be obtained 
through calibration experiments. 

Because of the existence of the load-sharing column, the forces/ 
moments measured by the sensors are not equal to the forces/moments 
acting on the load platform. There is a relationship between the two: 
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Fx − m = μFxFx
Fy − m = μFyFy
Fz − m = μFzFz
Mx − m = μMxMx
My − m = μMyMy
Mz − m = μFzMz

(2)  

where Fx, Fy, Fz, Mx, My and Mz are the forces and moments acting on the 
load platform, and μ is the measurement coefficient. If μ can be obtained, 
the forces/moments on the load platform can be calculated by Equations 
(1) and (2). 

The measurement coefficients are obtained through the law of con-

servation of energy, as shown in Equation (3): 

∑n

i=1

1
2
FiΔi=

∑∫
F2(x)dx

2EA
+
∑∫

T2(x)dx
2GI

+
∑∫

M2(x)dx
2EI

+
∑∫ ηV2(x)dx

2GA
(3)  

where the left term of the equation represents the work done by the 
generalized forces acting on the load platform and the right terms 
represent the sum of the axial strain energy, the sum of the bending 
strain energy, the sum of the torsional strain energy, and the sum of the 
shear strain energy on the elastomers, respectively. Equation (3) shows 
that the work done by generalized forces is equal to the energy stored in 
the elastomers without thermal effects. 

Since the measurement platform is symmetrical, the calculations of 
Fx and Fy, Mx and My are similar, only the derivations of μFx, μFz, μMy and 
μMz need to be performed. 

3.1. Measurement coefficient of Fz 

Fig. 3(a) shows the deformation of the platform when subjected to Fz. 
The load-sharing column and the sensors are subjected to the forces in 
the same way, which gives: 

Fz= 4Fzp + Fzl (4)  

where Fzl is the axial force acting on the load-sharing column and Fzp is 
the axial force acting on the piezoelectric sensor. 

According to the energy method, Equation (5) can be obtained as 
follows: 

Fig. 2. Principles of the platform: (a) structure of sensors A and B; (b) distribution and outputs of sensors.  

Fig. 3. Deformation of the platform under the action of forces/moments: (a) Fz; (b) Fx; (c) My; (d) Mz.  

C. Zhou et al.                                                                                                                                                                                                                                    



Precision Engineering 83 (2023) 112–123

115

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Fzlεl =
Fzl2hl
ElAl

Fzpεp =
Fzp2hp
EpAp

(5) 

Where El and Ep are the elastic modulus of the load-sharing column 
and the piezoelectric sensor, Al and Ap are their cross-sectional areas, hl 
and hp are their heights, and ϵl and ϵp are their axial moving distances. 
Under the assumptions, ϵl and ϵp satisfy: ϵl = ϵp = ϵ (comparable in 
subsequent derivations). 

Thus, μFz can be obtained from Equations (2), (4) and (5): 

μFz=
Fz − m

Fz
=

4Fzp
4Fzp + Fzl

=
4EpAphl

4EpAphl + ElAlhp
=

4Eprp2hl
4Eprp2hl + Elrl2hp

(6)  

where rl and rp are the cross-sectional radius of the load-sharing column 
and the piezoelectric sensor, respectively. 

3.2. Measurement coefficient of Fx 

The derivation process of μFx is similar to that of μFz, and Equation (7) 
can be obtained from Fig. 3(b): 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Fx = 4Fxp + Fxl

Fxlνl =
μlFxl2hl

GlAl

Fxpνp =
μpFxp2hp

GpAp
νl = νp = ν

(7)  

where Fxl and Fxp are the shear forces acting on the column and the 
sensor, νl and νp are their horizontal moving distances, and Gl and Gp are 
their material shear modulus. μl and μp are non-uniformity coefficients 
for the distribution of cross-sections under shear stress, and as their 
cross-sections are all circular, μl = μp = 10/9. 

The derivation based on Equations (2) and (7) gives μFx: 

μFx=
Fx − m

Fx
=

4Fxp
4Fxp + Fxl

=
4GpApμlhl

4GpApμlhl + GlAlμphp

=
4Gprp2hl

4Gprp2hl + Glrl2hp
(8)  

3.3. Measurement coefficient of My 

It can be easily seen from Fig. 3(c) that when the load platform is 
subjected to My, the load-sharing column, sensor 1 and sensor 2 are only 
subjected to bending forces, while sensor 3 and sensor 4 are subjected to 
axial tensile forces (Fapi, i = 1, 2) and bending forces. Myl represents the 
moment acting on the load-sharing column, and Mypi (i = 3, 4, 5, 6) is 
used to represent the moments acting on the four sensors. Myp1 and Myp2 
represent the axial tensile forces acting on sensors 3 and 4 multiplied by 
the force arm, and it is these two that can be measured by the sensors. It 
thus follows that: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

My = Myl +
∑6

i=1
Mypi = Myl + Ra(Fap1 + Fap2) +

∑6

i=3
Mypi

Mylθl =
Myl2hl
ElIyl

FapiRa tan θp =
Fapi2hp

EpAp
, i = 1, 2

Mypiθp =
Mypi2hp

EpIyp
, i = 3, 4, 5, 6

θl = θp = θ

(9)  

where Iyl and Iyp are their inertia moments. The derivation of Equations 
(2) and (9) yields μMy: 

μMy=
My − m

My
=

∑2

i=1
Mypi

Myl+
∑6

i=1
Mypi

=
Ra(Fap1+Fap2)

Ra(Fap1+Fap2)+Myl+
∑6

i=3
Mypi

=
2Ra2 tanθEpAphl

2Ra2 tanθEpAphl+θElIylhp+4θEpIyphl
=

2Ra2Epπrp2hl
2Ephl(πrp2Ra2+2Iyp)+ElIylhp

(10)  

3.4. Measurement coefficient of Mz 

As shown in Fig. 3(d), when the load platform is subjected to Mz, the 
load-sharing column is subjected to a torsional force Mzl, while the 
sensor is subjected to a shear force Ftp along the tangent line. It follows 
that: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Mz = Mzl + 4Mzp = Mzl + 4RaFtp

Mzlφl =
Mzl2hl
GlIzl

FtpRa tan φp =
μpFtp2hp

GpAp
φl = φp = φ

μp =
10
9

(11) 

Deriving Equations (2) and (11) gives μMz: 

μMz=
Mz − m

Mz
=

4RaFtp
4RaFtp + Mzl

=
4Ra2 tan φGpAphl

4Ra2 tan φGpAphl + GlIzlφμphp

=
36Ra2Gpπrp2hl

36Ra2Gpπrp2hl + 10GlIzlhp
(12) 

The six-dimensional generalized forces acting on the load platform 
can thus be derived theoretically by Equations ((1), (2), (6), (8), (10) and 
(12). 

4. Optimization and finite element simulation 

The above calculations are based on four assumptions, but they are 
hard to fully satisfy in practice, resulting in the following conditions not 
necessarily holding in derivation: 

εl= εp = ε, νl = νp = ν, θl = θp = θ,φl = φp = φ (13) 

Therefore, it is essential to investigate the influences of the platform 
parameters on the accuracy of the previous theoretical models. It is also 
necessary to research their effects on the measurement coefficients and 
fundamental frequency to provide a reference for the platform’s design 
(for brevity, coefficients and frequency are used in the following dis-
cussion). The following is known: the smaller the coefficients are, the 
greater the platform’s loading capacity is; the higher the platform’s 
frequency is, the lower the resonance with the vibration source is, and 
the more accurate the measurements are. 

The method for studying the effects of structural parameters on 
platform performance is illustrated in Fig. 4 [1]. The platform structural 
parameters appearing in Equations ((6), (8), (10) and (12) can be used as 
variables for the study, while the errors △μ between the theoretical 
measurement coefficients and simulations, the coefficients μ and the 
frequency Fq are used as objective functions (evaluation indicators). In 
order to satisfy conditions (1) and (2) in the assumptions as far as 
possible, stainless steel was chosen as the material for the load platform 
and installation bases and aluminum alloy for the load-sharing column. 
Table 1 shows the material properties of the platform components, 
where the parameters of the sensor are experimentally measured. Once 
the materials of the structures have been selected, their material 
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properties are no longer considered variables. The range of variables 
selected and the evaluation indicators are shown in Table 2. Where six 
design variables are the radius of the load-sharing column rl, the radius 
of the sensor rp, the height of the load-sharing column hl, the height of 
the sensor hp, the height of the load platform H and the radius of the 
sensor distribution Ra. 

Experiment design can be done in a variety of ways [25–28]. The 
BBD was chosen because it avoids the appearance of extreme points, 
making it appropriate for optimization of structural size [29]. 54 sets of 
tests were created by Expert-Design using the BBD. Models for each set 
were built, finite element simulations were carried out, and the values of 
the objective function were saved (all finished using script codes). Ac-
cording to a statistical analysis of the findings, all objective functions 
match the standards (according to article [1]), and Figs. 5–13 depict the 
connection between the objective functions and the structural param-
eter variables. 

It can be obtained from the previous figures that as rp becomes larger, 
all coefficients and frequency increasingly become larger. △μFz and 
△μMy decrease at the beginning and then increase, while △μFx and 
△μMz continue to decrease. 

As rl becomes larger (the moment of inertia also changes), all the 
measurement coefficients continue to decrease, and the platform 
fundamental frequency increases. △μFz decreases at the beginning and 

then increases, while there is no effect on △μFz. △μMy decreases and 
then increases, and △μMz continues to increase. 

Accompanying hl becomes larger, all the coefficients become larger 
increasingly, and the frequency decreases slightly. △μFz, △μMy 
decrease and then increase, while △μFx increases at the beginning and 
then decreases. △μMz continues to decrease. 

With hp becoming larger, all coefficients decrease increasingly, while 
the frequency decrease significantly. △μFz and △μFx decrease at the 
beginning and increase later. △μMy continues to decrease when hl is 
large, while △μMy decreases when hl is small. △μMz continues to 
become larger. 

When H becomes larger, there is basically no effect on all co-
efficients, while the frequency decreases. Except for a small increase in 
△μMy, there is almost no effect on the remaining errors. 

Following the increase in Ra, μMy and μMz continue to increase, where 
μMz increases slightly, and there is essentially no effect on the rest of the 
coefficients. The frequency continues to rise at the beginning and later 
remains unchanged. △μFx increases and then decreases slightly, while 
△μMz continues to decrease. There is no effect on the rest of the errors. 

The trend of the coefficients is consistent with the theoretical models 
as the parameters vary. However, because of the possibility of storing 
energy during the force action (for example, due to the deformation of 
the load platform and installation bases), there are some errors between 
the theories and the simulations. Of course, the control variable method 
can also be used to verify the correctness of the proposed models, but it 
does not provide reliable structural optimization and is therefore not 
used. 

According to the relationship between the above parameter variables 
and the objective functions, the regression equations between these two 
can be fitted. Combining the regression equations and the optimization 
problem, the structural parameters can be obtained, which make the 
coefficients and their errors as small as possible and the fundamental 
frequency as large as possible. A set of optimal structural parameters and 
the objective function values are shown as the Optimal value in Table 2, 
which is very close to the Theoretical value. However, as some of the 
simulation parameters of the sensor are obtained roughly by experi-
ment, errors are unavoidable. 

The optimal structural parameters were used to re-establish the 
model, the model was meshed, and the finite element analysis was 
carried out as shown in Fig. 14(a) and (b). The simulation results are 
shown in Table 2, which show that the load-sharing column can have an 
obvious force-sharing effect (although the moment sharing effect is not 
obvious). The maximum load capacity of 30 kN can also be obtained 
through the simulation, which is more than enough to meet the mea-
surement requirements. 

Based on these optimal structural parameters, a model of the plat-
form without the column was constructed, and the platform’s funda-
mental frequency is 1386 Hz, as shown in Fig. 14(c), which means that 
the fundamental frequency of the measurement platform with the load- 
sharing column has been significantly increased. The higher the plat-
form’s fundamental frequency is, the smaller the vibration coupling 
with the measured source is, and the higher the measuring accuracy is. 
What’s more, it can be calculated from Equation (6) that the load ca-
pacity of the platform with a column is 59.7% higher than that of the 
platform without a column. Therefore, the platform without the column 
is not chosen. 

Fig. 4. Flowchart of the research method [1].  

Table 1 
Material properties of platform components.  

Components E (MPa) ν Р (kg/m3) 

Load platform & Installation base 2.06 × 105 0.3 7.85 × 103 

Load-sharing column 7 × 104 0.33 2.8 × 103 

Sensors 7.65 × 104 0.32 7.5 × 103  

Table 2 
Range of variables, evaluation indicators, optimal parameters, and theoretical and simulation results.  

Operations Variables Objective functions 

rl rp hl hp H Ra μFx μFz μMy μMz Fq △μFx △μFz △μMy △μMz 

Range (mm) or Target 15–35 7.5–20 10–40 10–40 20–50 160–254 min min min min max min min min min 
Optimal value (mm) 35 14.9 24.4 10 39.3 224.8 0.627 0.619 0.992 0.915 1671 0.035 0.052 0.008 0.021 
Theoretical value (mm) 35 14.9 24.4 10 39.3 224.8 0.638 0.638 0.991 0.909 – – – – – 
Simulation value (mm) 35 14.9 24.4 10 39.3 224.8 0.616 0.603 0.986 0.921 1793 – – – –  
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Besides, finite element analysis can also be used to examine the inter- 
dimensional coupling and static linearity of the measurement based on 
the platform with the column mentioned above. Forces (10 N–6000 N) 
and moments (10 Nm–600 Nm) were applied to the measurement 
platform, acting one force or moment in one direction at a time, and the 
results are shown in Fig. 15. From the figure, it can be deduced that the 

platform has weak inter-dimensional coupling and good self-decoupling 
capability. Moreover, the platform has good static linearity. 

The previous analysis was based on the best parameters; now, a 
random set of parameters is chosen for the simulation shown in Fig. 15. 
The first subplot of Fig. 15 depicts the outputs of the non-optimal plat-
form under a force acting in the X-direction. According to the results, its 

Fig. 5. Response surface for μFz versus variables of the structural parameters.  

Fig. 6. Response surface for μFx versus variables of the structural parameters.  

Fig. 7. Response surface for μMy versus variables of the structural parameters.  

Fig. 8. Response surface for μMz versus variables of the structural parameters.  

Fig. 9. Response surface for Fq versus variables of the structural parameters.  

C. Zhou et al.                                                                                                                                                                                                                                    



Precision Engineering 83 (2023) 112–123

118

load-sharing and decoupling capabilities are inferior to those of the 
platform based on the optimum parameters. However, the platform’s 
basic structure ensures that its linearity is not significantly affected. 

5. Experiment 

A load-sharing-based measuring platform prototype was fabricated 
based on the theories and simulations mentioned above. The measure-
ment coefficients of the platform were tested (as calibration), and the 
dynamic properties of the platform were also assessed. It should be 
mentioned that the theoretical mathematical models are proposed to 
provide a basis for the design and manufacture of the platform, but it is 
necessary to re-calibrate the platform in order to improve the mea-
surement accuracy before measurement. 

5.1. Verification of measurement coefficients 

The measurement coefficient calibration system is depicted in 
Fig. 16, consisting of a load-sharing-based measurement platform, a 

calibration system (pulley system), a charge amplifier (5080A, Kistler), a 
digital data acquisition (VRAI820-24bit, M + P), and a PC. The charge 
amplifier turned on the charge-hold function. 

A single-dimensional static force/moment was applied to the mea-
surement system separately through the calibration system and was 
gradually increased from 0 N to 1000 N (0 Nm to 200 Nm), and the 
calibration was carried out three times. The input and average output 
forces/moments are shown in Fig. 17. According to Table 3, the pro-
posed platform has good weak coupling, and the linearity error rate 
(data on the diagonal) of the system is less than 1%, which satisfy the 
measurement requirements and outperform the dynamic measurement 
platform proposed in the article [10], and the repeatability error is less 
than 0.2% FS. Besides, the fitted values of the four measurement co-
efficients are 0.608, 0.626, 0.971, and 0.924, respectively. The experi-
mental results are in good accordance with the theoretical models and 
simulation results, and acceptable errors in the experimental results may 
originate from thermal effects, machining and installation errors, etc. 

Fig. 10. Response surface for △μFz versus variables of the structural parameters.  

Fig. 11. Response surface for △μFx versus variables of the structural parameters.  

Fig. 12. Response surface for △μMy versus variables of the structural parameters.  

Fig. 13. Response surface for △μMz versus variables of the structural parameters.  
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Fig. 14. Simulation of models based on optimal structural parameters: (a) meshed model with column; (b) the 1st order mode of the platform with column; (c) the 
1st order mode of the platform without column. 

Fig. 15. Static inputs versus outputs of the load-sharing-based platform using FEA.  
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5.2. Test for dynamic performance 

The dynamic characteristics will be tested next. The high funda-
mental frequency of the platform is the basis for its excellent dynamic 
characteristics, avoiding the possibility of the measured signal being 
amplified by the platform. Point A on the platform was selected casually, 
as depicted in Fig. 16, and three hammer blows of different force mag-
nitudes were performed using a force hammer (5800B5, PCB). The 

transfer functions shown in Fig. 18 were obtained with a sampling fre-
quency of 6400 Hz for 16 s. It can be obtained that the 1st order fre-
quency of the platform is 1696 Hz, which is close to the simulated 
frequency of 1792 Hz. This fundamental frequency is high enough for 
the dynamic force measurements of the equipment on the spacecraft. It 
can also be observed that the dynamic linearity of the system is excel-
lent, within 0.3% FS. 

After that, the dynamic measurement accuracy of the load-sharing- 
based measurement platform under sinusoidal excitation was verified 
by using the shaker (K2004E01) to simulate the in-orbit vibration 
sources disturbances. The measurement system is shown in Fig. 19. 

A single frequency excitation was input each time with the use of the 
shaker and measured with the use of the platform. To simulate the 
disturbance forces from the CMG and cryocooler in orbit, sinusoidal 
excitations of 46.7 Hz, 116.7 Hz, 233 Hz (simulation for the CMG), 80 
Hz, 160 Hz and 240 Hz (simulation for the cryocooler) were input. In 
addition, 5 Hz and 1000 Hz (avoiding the interference of the isolator as 
shown in the red box in Fig. 18) excitations were input to evaluate the 
low and high frequency properties of the platform. The inputs and 

Fig. 16. Calibration system for measurement coefficients.  

Fig. 17. Calibration curves for measurement coefficients.  

Table 3 
Coupling interference and static linearity of the measurement platform.  

Force/moment (N/Nm) Coupling interference and static linearity (%)  

Fx Fz My Mz 

Fx 0.41 0.36 4.98 0.48 
Fz 0.28 0.37 0.53 0.67 
My 1.59 0.46 0.42 0.82 
Mz 0.19 0.15 0.75 0.56  
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outputs of the simulated disturbance forces in the X direction are shown 
in Fig. 20, and the data of forces/moments in the six directions is sum-
marized in Table 4. As can be observed from the table, the measurement 
accuracy is high for the majority of frequencies, except for the mea-
surement at 5 Hz, where there is a large error caused by the poor dy-
namic characteristics of the piezoelectric ceramic at low frequencies. 
The average dynamic error rate of the platform is within 6%, and the 
relative errors’ RMS values are less than 3.7 × 10− 4 N and 4.4 × 10− 5 

Nm, which meets the measuring needs. 

Finally, to further validate the accuracy of the platform over the 
entire frequency band, the impulse forces were input using a force 
hammer and measured with the platform. The results in two directions 
are shown in Fig. 21. The average dynamic accuracy of the six- 
dimensional forces over the entire frequency band can be guaranteed 
to be within 5.5%. 

6. Conclusion 

This paper proposes a piezoelectric load-sharing-based measurement 
platform for measuring dynamic six-dimensional disturbance forces/ 
moments from large equipment. Firstly, the set-up of the load-sharing 
column not only increases the fundamental frequency of the platform 
but also significantly increases its load capacity. Two types of 
piezoelectric-ceramic-based sensors are mounted on the four corners of 
the platform in the form of spokes. The installation of two different kinds 
of sensors lowers the manufacturing cost of the platform on the one hand 
and ensures complete measurement of the six-dimensional forces/mo-
ments on the other. Secondly, the measurement principle and essential 
measurement coefficients are derived for the designed platform. Finite 
element analysis is then used to investigate the influence of the plat-
form’s structural parameters on the platform’s performance and the 
accuracy of the mathematical measurement models, which gives a basis 
for the design and manufacture of the platform and shortens the 
development cycle of the platform. Finally, experiments are carried out 
with the fabricated prototype. The experimental results show that the 
four measured measurement coefficients are 0.608, 0.626, 0.971, and 
0.924, and the platform’s fundamental frequency is 1696 Hz, which are 
in good agreement with the theoretical derivation. It can be inferred that 
the load capacity of the load-sharing-based measuring platform is 
increased by 59.7% and the fundamental frequency by 22.4% compared 
to the platform without the load-sharing column. In addition, the 
average dynamic measurement error rate of the designed platform is 
measured to be within 6%, while the measurement platform has good 
self-decoupling and both static and dynamic linearity. The study shows 

Fig. 18. Transfer function curves for three different forces.  

Fig. 19. The measurement platform with a shaker.  

Fig. 20. Input force of Fx generated by the shaker compared to the output force measured by the load-sharing-based platform.  

C. Zhou et al.                                                                                                                                                                                                                                    



Precision Engineering 83 (2023) 112–123

122

that the proposed measurement platform performs admirably in terms of 
cost, fundamental frequency, loading capacity, and measurement ac-
curacy. It can meet the requirements for dynamic measurement of vi-
bration sources on board spacecraft, and the article provides a reference 
for the design of a similar measurement platform. 
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