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INTRODUCTION 

A six-dimensional force-moment measurement piezoelectric dynamometer is designed and fabricated to measure 

externally applied load and to collect their six-components force/moment information. The proposed multi-point 

measurement test system consists of a dynamometer which contains a bottom plate and an upper plate with the installation 

of eight three-axis piezoelectric sensors, two hydraulic loaders to exert the force/moment manually in X and Z 

coordinates, two standard force measurement devices, and the main base bed to support the entire dynamometer system. 

The experimental calibration describes the linearity error, the repeatability error, and the cross-talk error of the fabricated 

dynamometer. Multi-dimensional measurement models have a great scope in robot designing, NASA satellite, rocket 

engine thrust testing, aerodynamic force measurement in the wind tunnel, the process of industrial manufacturing and 

control, biomedical equipment, military equipment, and many other applications [1– 4].  

In recent years, a lot of research performed on the design of multi-dimensional force-moment sensors, measurement 

analysis, and fabrication improvement. The designed piezoelectric dynamometer is capable to measure the different load 

applications to its multi-allocated points in three coordinates. The axile force and normal force maximum up to 12 kN are 

applied in X- and Z-directions respectively and the pitch moment maximum up to 9.660 kNm is applied along the Y-

direction. For the multi-dimensional force-moment measurement, at least three tri-axial piezoelectric sensors are required 

for measuring the three components of force/moments. This research work is based on using a uniform zigzag shape 

installation of 8 tri-dimensional piezoelectric load sensors in between the clamped plates of the dynamometer which can 

measure both the magnitude and direction of the exerted force-moment vectors in spatial direction [5]. The stiffness of 

the load sensors quartz crystal is high, and therefore, the piezoelectric quartz crystal load sensor has high natural frequency 

and adequate sensitivity [6]. The environmental temperature may affect the measurement accuracy of the piezoelectric 

sensor, however, the temperature influence can be minimized by choosing the appropriate piezoelectric material [7]. The 

eventual aim for the static design of the piezoelectric six-axis force-moment measurement dynamometer is to understand 

an active design based on its static performance. The mechanical structure, integrated with sensing piezoelectric load 

cells, and the calibration system is designed to isolate each axis of the designed dynamometer with minimal cross-talk 

between the various axes [8].  

Structural design is particularly important in the design of multi-dimensional force/moment measurement because 

only with a suitable design, enhancements in its performance can be gained. There are many applications in multi-

component force/torque sensors of the parallel mechanisms as it possesses the determined merits of symmetric, compact 

design and high rigidity. In the static configuration of six components force/torque sensor, active design theory plays an 

important role, and the static structural/mathematical model functions as its foundation [9]. Design and calibration of 

multi-component force/torque sensor researched to measure static or dynamic force in multi-directions [10, 11]. The 

design and validation of a six degree of freedom rocket motor test stand proposed by Z. N. Brimhall [12] and a new six-

axis load cell designed by F. Ballo et al., to assess the accuracy and analyze the calibration [13]. Different type of 

ABSTRACT – High-accuracy measurement for force is essential in the Robotics design, Rocket 
thrust, manufacturing process, and biomedical equipment. To realize the multi-dimensional 
force/moment measurement, a multi-points force / moment measurement piezoelectric 
dynamometer capable of measuring spatial force information has been developed. The 
experimental prototype dynamometer is fabricated according to the designed numerical simulation 
model (Finite element method: FEM) in which eight three-axis piezoelectric sensors are uniformly 
distributed in a zigzag pattern. The constructed dynamometer is calibrated both statically and 
dynamically, static calibration is carried out using a manual hydraulic loader, and the dynamic 
calibration is performed by impact load technique. The maximum error difference between the 
theoretical simulations and experimental analyses is approximately 7%. The experimental 
calibrated results evaluate that the cross-talk error of the applied axile force, normal force and pitch 
moment is less than 4% and the natural frequency (𝜔𝑛) of the dynamometer in each coordinate 
is greater than 0.35 kHz.    
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arrangement patterns of load sensors can be designed to measure the six components of force-moment. In past, many 

researchers have performed the linearity, repeatability, and cross-talk errors on their designed dynamometer. The below 

Table 1 includes the various types of piezoelectric sensors arrangements with a different number of sensors installation 

to measure six DoFs of force-moment.  

 

Table 1. Cross talk error (%) of different arrangements 

Authors/Researchers No. of PE 

Sensors 

Arrangement DOFs Cross talk Error 

(%) 

Zhenyuan Jia et al, 2013, [14] 3 Multi-point 6 _ 

Jia ZY et al, 2010, [15] 6 Hexagonal 6 within 4.5% 

Ying-Jun Li et al, 2009, [16] 4 Lozenge 6 >5% 

Ying-Jun Li et al, 2009 4 Square 6 <5% 

Zhenyuan Jia et al, 2013 4 Square 6 Max 5.3% 

Qin lan et al, 2011, [10] 8 Octahedral 6 <4% 

PE: piezoelectric; DOF: the degree of freedom. 

 

Piezoelectric materials can find out as natural minerals and also can be produced artificially like; Quartz, Rochelle 

salt, and ammonium, etc. However, in the studied research, the quartz crystal [17, 18] material is used as piezoelectric 

material because it has good mechanical strength, resistance to moisture, small dielectric loss, and its properties stable 

during the change in temperature. Moreover, there are many applications of multi-component force sensors as a novel, 

robust tri-axial force sensor that has been developed by P. Baki et al., [19] that can be integrated into biomedical and 

robotic devices. Also, J. A. N. Schleicher discussed the calibration process of a multi-component force/torque transducer 

as calibration determines the measurement uncertainty [20] and parallel mechanism-based force-torque sensor introduced 

by T. A. Dwarakanath [21]. Furthermore, M. Kang et al. discussed the design optimization of six-axis force-torque to 

measure cross-coupling error [22] also M. Gobi presented an error analysis of a new high precision six-axis load cell [23]. 

Z. G. Zhang et al, have investigated multi piezoelectric effects based on classical piezoelectric theory [24],  and the load 

sharing principle of multi-dimensional force/torque sensor measurement model was researched in reference [25]. 

Furthermore, Ying-ju Li et al discussed two types of spatial arrangements, lozenge and square arrangements of 

piezoelectric six-component force/torque sensor in their research [16]. 

The piezoelectric dynamometer is capable of the measurement of three forces as axial, side/bilateral, normal/vertical 

forces, as well as three moments as rolling, yawing, and pitching moments of multi-points is designed and is developed. 

The studied research used an alternate-zigzag shape installation of three-axis piezoelectric load sensors. The multipoint 

force-moment measurement  concept is introduced, contains a numerical simulation carried out using finite element model 

and the experimental calibration tests are performed. The design of the dynamometer structure is built to analyze the 

working and measuring principle of the test system and, to represent the multi-allocated force-moment points and a 

mathematical model is constructed to derive the force-moment equations. The designed piezoelectric dynamometer is 

verified theoretically by performing the simulation analysis to confirm the safety of the structure. After fabrication, the 

dynamometer is assembled to record and analyze the experimental performance results. The axile force (FX), normal force 

(FZ), and pitch moments (MY) are exerted to the designed-allocated points in the FEM simulation analysis and in the static 

calibration experiments. The experimental calibration analysis evaluates that the cross-talk error of the exerted axile load, 

normal load, and pitch moment is under 4% and, the linearity error is less than 4.5%, and the repeatability error is less 

than 3%. The analyzed output results of theoretical simulation and experimental measurement analysis should be in 

agreement and they must show consistency with the applied standard load. The measured theoretical and experimental 

results of the designed multi-point measurement dynamometer are compared and discussed in detail in section 5.  

 

DESIGN OVERVIEW 

The designed dynamometer chooses piezoelectric technology to measure the spatial force-moments. The design of all 

components is constructed with SolidWorks 2018, and then the designed parts are assembled to construct the piezoelectric 

dynamometer. The simulation experiments are conducted using FEM on ANSYS 19.2, and calibration experiments are 

performed after the fabrication.  

 

Three-axis Piezoelectric Sensor 

The total height of the installed tri-axial piezoelectric sensor is 12 mm and the length and the breadth are of the same 

dimension that is 30 mm. The selected single piezoelectric sensor can measure a maximum up to 5 kN force in three 

coordinates. The piezoelectric sensors output signal in three coordinates as axial force (𝐹𝑥) in the x-axis, bilateral force 

(𝐹𝑦) in the y-axis and normal force (𝐹𝑧) in the z-axis. The force sensors can respond a signal in the positive as well as in 

negative directions in all three axes depending on the nature of the exerted load. In Figure 1, the 3D SolidWorks design 

of the tridimensional piezoelectric sensor with the dimensions and its three coordinates are shown.  
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(a) Solidwork design (b) Fabricated sensor 

Figure 1. Tri dimensional piezoelectric sensor 

 

Multi-point Piezoelectric Dynamometer Design 

The designed piezoelectric dynamometer is capable to measure the three components of force (FX ,  FY  and FZ ) and 

three components of moment (MX ,  MY  and MZ ). Eight three-axis piezoelectric sensors are installed uniformly in 

zigzag/alternate patterned (see Figure 6) in between the clamped plates of dynamometer. The assembly of the 

dynamometer system includes a bottom plate, a cover plate, a small support plate, vertical and horizontal hydraulic 

loaders, and eight symmetrical tri-axial piezoelectric sensors mounted in between clamped plates (Figure 3(a)). Three-

axis piezoelectric sensors choose quartz crystal elements based on their quasi-static and dynamic traducer property for 

force-charge producing. The length, breadth, and height of the entire dynamometer is 3600 mm, 900 mm, and 760 mm 

respectively (Table 2). The maximum measurement range of the established dynamometer is designed up to 12 kN for 

axile force in X-direction and normal force in Z-direction and 9.66 kNm for pitch moment along Y-axis. The SolidWorks 

design of the experimental model with six-components of force/moment is shown in (Figure 2) and the structural 

parameters and mechanical properties of the designed parts are listed in Table 2.  

 

 

Figure 2. Six-components of the piezoelectric dynamometer (rotation axis definition) 

 

In the theoretical and experimental platform setup, the arrangement mode of the load sensors installation is flexible 

as there is a maximum of sixteen slots for sensors installation; however, the designed dynamometer choses eight three-

axis piezoelectric sensors housing in zigzag/alternate shape. The designed alternate/zigzag patterned arrangement offers 

easiness in housing the three-axis piezoelectric sensors and to perform the FEM simulations and calibration experiments. 

Creating an improved and flexible arrangement pattern installation of load sensors result, less cross-talk error, and provide 

effective measurement results.  

 

Table 2. Main structural parameters of multi-point force/moment measurement dynamometer 

Component’s Name Length 

(mm) 

Width 

(mm) 

Height 

(mm) 

Material Poisson’s 

ratio 

(pa) 

Elastic 

modulus 

(pa) 

Density 

(𝐾𝑔/𝑚3) 

Base support bed 3600 900 150 C45 0.3 211 7850 

lower plate 1800 340 29 C45 0.3 211 7850 

upper plate 1800 300 55 C45 0.3 211 7850 

Three-axis piezoelectric sensors 30 30 12 304 0.3 211 7850 

Small support plate 150 150 100 C45 0.3 211 7850 

Preload fixing bolts 75 M10 - 304 0.3 211 7850 

Hydraulic (F/M) loader (V) 248 600 610 C45 0.3 211 7850 

Hydraulic (F/M) station (H) 304 324 246 C45 0.3 211 7850 

 

The three-axis sensors are assembled in between the clamped plates and a pre-tightening force has been applied during 

the bolting. While designing the model, it has been noticed that direct fixation of sensors in between the upper and lower 
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plates can result in some assembly errors which can affect the measurement accuracy results. Therefore, to reduce the 

installation error of piezoelectric sensors, the square slots (30x30 mm) with 1 mm height are constructed on the lower 

and upper both plates (see empty slots in Figure 6).  

 

 

(a) Balance plate dynamometer 
(b) Pre-tightening 

fixation 
(c) Three-axis sensor 

Figure 3. Assembly of three-axis piezoelectric sensors 

 

The dynamometer assembly includes four main parts as, a cover plate, a bottom plate, eight pre-tightening bolts, and 

eight three-axis piezoelectric sensors. The horizontal distance and perpendicular distance in between the slots for sensors 

installation are 400 mm and 190 mm respectively. The three views of the multi-dimensional piezoelectric dynamometer 

model are shown in Figure 4. The bottom and cover plate consist of 2 parallel lines for sensor mounting. The holes/slots 

for the sensor installation are designed in such a way that the theoretical and experimental measurements of multi-points 

force/moment is possible by using either any combination/arrangement pattern of three-axis piezoelectric sensors. The 

model includes two manual hydraulic load stations in the design one is a vertical hydraulic loader (can easily move 

parallel to the base plate) which is installed to the top of dynamometer to apply the force in Z-direction and moment along 

the Y-axis and another one is a horizontal hydraulic loader (cannot move) which is fixed at the end of the balance plate 

to apply the axile force in X-direction (see Figure 14). 

 

 

 

The top view with X and Y coordinates 

 

The side view with X and Z coordinates 
The front view with Y and Z 

coordinates 

Figure 4. Three views of alternate/zigzag patterned piezoelectric dynamometer 

 

STRUCTURAL MODEL AND MEASUREMENT PRINCIPLE 

A structural diagram of the dynamometer is constructed to highlight the three-axis output of the installed piezoelectric 

force sensors, to present the allocated positions for the designed standard loads and to show the marked points for load 

application. The measurement principle of the designed dynamometer mainly describes the piezoelectric sensors' 

measurement technology and their zigzag patterned installation. Furthermore, a mathematical model is developed and 

equations are derived to measure the total generated force/moment.  

 

Model Structure 

The three coordinates of the piezoelectric dynamometer are highlighted, and the main dimensions are constructed. 

The three force components in x, y, and z directions can be measure with a single three-axis piezoelectric sensor. However, 

the single sensor is not enough for measuring the three moment components such as pitching, yawing and rolling. 

Therefore, at least three piezoelectric sensors with a uniform or zigzag/alternate pattern arrangement can be designed and 

implemented to measure the six-dimensional force-moment. The constructed structural diagram describes the assigned 

multi-points for load application and presents the three-axis output to the mounted load cells. Where S1-S8 are the 

installed piezoelectric sensors and P1-P6 are the allocated multi-points to apply the intended range of force-moment (see 

Figure 5 below).  
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Figure 5. Structural measurement diagram of piezoelectric dynamometer 

 

Where, dXj, dYj, and dZj are three coordinated distances of the marked load points (P1-P6) where j=1,2,3,…6, and 𝐹𝑥𝑖 

 𝐹𝑦𝑖 and  𝐹𝑧𝑖 is the output response of piezoelectric sensors where ‘i’ represents the number of corresponding load sensors. 

The designed distances of the located points in the Y-direction is symmetrical i.e., dY1-dY6= 170 mm and, the vertical 

distance in the Z-direction i.e., dZ2−dZ6= 55 mm, except the P1 which has dZ1=105 mm. Each point P1-P5 is designed 

with a constant distance of dX1−X5= 402.5 mm in the axial direction except for the P1. The length of the structural diagram 

of diagonal pattern installation is l= 1800mm, width is b= 390mm, and height is h= 96mm. The horizontal and vertical 

distance between the slots for sensors housing is 400 mm and 390 m respectively. The six force/moment components of 

the dynamometer are shown, and the position of applied load is mentioned in the structural design.  

 

Measurement Principle 

The developed dynamometer chooses the tri-axial piezoelectric sensing technique is primarily foundation on its 

several advantages [26] such as good stability, good static rigidity, high natural frequency, high sensitivity, and good 

frequency response [27]. Measurement principle consists of eight tri-axial piezoelectric sensors that are fixed in between 

mounted plates to measure the six components of force/moment. The tri-dimensional sensors are mounted in the 

zigzag/alternate patterned combination (see Figure 6). When the spatial forces act on the tri-axial piezoelectric sensors, 

the load cells response the electric charge signal in three coordinates as 𝐹𝑥𝑖 ,  𝐹𝑦𝑖 and 𝐹𝑧𝑖  (see Figure 5). The measured 

voltage output of installed load cells is recorded to calculate the multi-points force/moment. The dynamometer response 

output is FX, FY, FZ are the drag, side and lift forces and MX, MY and MZ are rolling, pitching and yawing moments. The 

performance capability of the piezoelectric force sensors can be assured by comparing the measured results with applied 

standard loads.  

 

Figure 6. The zigzag/alternate patterned installation 

 

Six points are assigned to exert the designed load ranges of axile force ‘FX’ in X-axis and normal force ‘FZ’ in Z-axis, 

and pitch moments ‘MY’ along Y-axis. A single point named as P1 is allocated at the end of the dynamometer plate with 

an axial distance dX1=900 mm from the center of the dynamometer plate for the axile force. The point P2 is marked on 

the center of the cover plate to apply the central normal force in the Z-axis. And the other four points named as P3, P4, 

P5, and P6 are allocated on the left (for the clockwise moment) and right (for anti-clockwise moment) side to the center 

of the cover plate to apply the pitch moments along the Y-axis.  

 
Figure 7. Schematic diagram of multi-points (F/M) piezoelectric dynamometer 
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Mathematical Model    

The mathematical model is evaluated to derive the force and moment equations in three-dimensions. Therefore, it is 

essential to know the exact locations and output of each sensor for easily computing and analyzing the data. The symbol 

‘𝑙𝑖’ represents the horizontal distance between mounted sensors in X-direction ‘where ‘l’ defines the length in between 

two symmetrical positioned sensors and ‘i’ is n=1,2,3,4 (Figure 8).  

 

 
Figure 8. 2D diagram of the mathematical model 

 

The general formula can be used for measuring force and moment;  

 

F = Fx + Fy + Fz  (1) 

  
M(F)

= 
Mx + My + Mz (2) 

 

The three forces can be expressed as;  

FX = ∑ FXi

n

i=1

 (3) 

  

FY = ∑ FYi

n

i=1

 (4) 

  

FZ = ∑ FZi

n

i=1

 (5) 

 

The force can be computed directly by summing the output of all sensors in the symmetric direction. But, the three-

moments of the alternate/zigzag arrangement can be stated as;  

 

MX = kMx

(F
z1

+ Fz2 + Fz3 + Fz4 − Fz5 − Fz6−Fz7−Fz8)b

2
 (6) 

  

MY = kMy

(F
z5

− Fz1)l1 + (F
z4

− Fz8)l2 + (F
z6

− Fz2)l3 + (F
z3

− Fz7)l4

2
 (7) 

  

MZ = kMz (
(Fx5 + Fx6+Fx7+Fx8 − Fx1 − Fx2 − Fx3 − Fx4)b + (F

y5
− Fy1)l1

2
      

+
(F

y4
− Fy8)l2 + (F

y6
− Fy2)l3 + (F

y3
− Fy7)l4

2
) 

(8) 

    

Where FXi, FYi, FZi (i=1,2,3,...,n) as expressed in Eqs. (3), (4) and (5) are the axial, lateral and vertical forces and MX, 

MY and MZ as expressed in Eqs. (6), (7) and (8) are roll, pitch, and yaw moments of the dynamometer. The parameters kMx, 

kMy and kMz are the correction factors and can be concluded in the calibration (the correction factors are related to the 

errors of the mechanical machining, experimental equipment, or the assembly of the model).  

 

NUMERICAL MODEL (FINITE ELEMENT ANALYSIS FEA (SIMULATION)) 

ANSYS 19.2 software is used for theoretical simulation analysis. The CAD design of the dynamometer is imported 

and mesh properties are set up. The model is meshed into 166205 elements and 286066 nodes. FEM simulation 

experiment is conducted to measure the force reactant outputs of the installed sensors with multi-points load allocation. 
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The unidirectional force maximum up to 12 kN is applied in axial-direction and normal-direction, and clockwise and anti-

clockwise pitch moment maximum of 9.66 kNm is applied along Y-axis (see Figure 7).  

 

 

Figure 9. The generated mesh and three coordinates of multi-points piezoelectric dynamometer 

 

Stress and deformation analysis 

Figure 10 and Figure 11 illustrate the total deformation and equivalent stress analyses respectively when a force 

maximum of F=12 kN and a moment maximum of M=9.66 kNm is applied to the allocated points in defined directions. 

The numerical model is suitable to apply either the positive or negative force/moment. The force can be applied as 

compression or as the pulling force and the moment can be applied as clock-wise or anti-clockwise. However, in FEM 

simulation analysis a single force has been applied in the X-axis as tension force and the Z-axis as compression force and 

is considered as negative and positive respectively. The clockwise and anti-clockwise moment is applied along the Y-

axis and is also considered as positive and negative respectively.  

 

 
(a) 

 

 
(b)  

 

 
(c)  
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(d)  

 

 
(e)  

 

 
(f)  

Figure 10. FEM simulation (total deformation) of the axile force, normal force, and pitch moments; (a) axile force (𝐅𝐗) 

on P1, (b) normal force (𝐅𝐙) on P2, (c) anti-clockwise pitch moment (𝐌𝐘𝟏) on P3, (d) anti-clockwise pitch moment 

(𝐌𝐘𝟐) on P4, (e) clockwise pitch moment (𝐌𝐘𝟑) on P5, (f) clockwise pitch moment (𝐌𝐘𝟒) on P6  

 

 

 
(a) 

 

 
(b) 
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(c)  

 

 
(d)  

 

 
(e)  

 

 
(f)  

Figure 11. FEM simulation analysis (equivalent stress) of the axile force, normal force and pitch-moments; (a) axile 

force (𝐅𝐗) on P1, (b) normal force (𝐅𝐙) on P2, (c) anti-clockwise pitch moment (𝐌𝐘𝟏) on P3, (d) anti-clockwise pitch 

moment (𝐌𝐘𝟐) on P4, (e) clockwise pitch moment (𝐌𝐘𝟑) on P5, (f) clockwise pitch moment (𝐌𝐘𝟒) on P6 

 

FEM model is developed to apply the vertical load, axile load, and moment load, and stresses under each single 

force/moment are calculated by FEM simulation as sown in Figure 11. The located position of applied force/moment are 

shown in Figure. 7, and the amount of input force and moment to the elastic body is listed in Table.3. The stress outputs 

under the applied normal force F𝑍 is found lower than the exerted axile force F𝑋 and their maximum equivalent stress is 

calculated 63 MPa and 74 MPa respectively (see Figure 11(b) and Figure 11(a)). Whereas the stress analysis outputs of 

moment loads is found maximum of 237 MPa and 229 MPa of moment MY1 and MY4 respectively. The stress analysis 

values of the other two moment load points (i.e., MY2, MY3) are within 70 MPa (see Figure 11(d) and Figure 11(e)). The 

maximum stresses all occur on or near the located points of applied force/moment. These results of the finite element 

model analysis demonstrate that the maximum stress under each force/moment of the dynamometer structure is less than 

its allowable stress. The maximum deformation value is found approximately δ = 0.28 mm at P3 of the pitch moment as 
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shown in Figure 10(c) The simulation analysis of equivalent stress and total deformation in the axile, normal, and pitch 

moment direction are acceptable for the safety of the designed piezoelectric dynamometer.  

 

Table 3. FEM simulation experiments of piezoelectric dynamometer 

Applied load Measured force/moment (N/Nm) 

Force (kN) Moment (kNm) FX FY FZ MX MY MZ 

FX= -12 kN MY5=-1.332 kNm -11995.60 0.00 0.01 21.54 -1314.08 2.46 

FZ= 12 kN 0 0.00 0.00 11996.62 0.03 0.00 0.24 

FZ1= 12 kN MY1=-9.66 kNm 0.03 0.02 11999.83 -53.67 -9607.70 -6.91 

FZ2= 12 kN MY2=-4.83 kNm 0.06 0.01 11999.81 -4.77 -4834.55 -0.53 

FZ3= 12 kN MY3=4.83 kNm 0.04 0.01 11999.85 4.65 4834.36 0.48 

FZ4= 12 kN MY4=9.66 kNm 0.04 0.05 11999.46 53.29 9611.20 6.95 

 

The designed modeling method and static load technique are used in the theoretical model (FEA; finite element 

analysis) to evaluate the safety and to verify the effectiveness of the developed design subjected to multi-points loading. 

The maximum error value up to 0.54 percent is found, when pitch moment is applied in anti-clockwise direction on P3 

and in the clockwise direction on P6 as shown in the 3rd and last row of the 6th column in Table 3. The simulation measured 

results are approximately are in the ranges from 98.5% to 100% of the employed axile force, normal force, and pitch 

moments. The theoretical measured results proved that the designed dynamometer can measure the multi-points load in 

X- and Z-directions accurately. The FEM simulation analysis results are quite good as the simulation results of the FEM 

model agree with the exerted standard force/moment which verifies the safety and measurement accuracy of the designed 

dynamometer.  

 

CALIBRATION EXPERIMENT SYSTEM RESULTS 

The experimental platform of three-axis piezoelectric sensors and dynamometer is defined, and the diagram of the 

experimental setup process is drawn to understand the calibration methodology of the designed multi-points measurement 

system. The static calibration and dynamic calibration are performed, and the analyzed results are discussed.  

 

Experimental Calibration Work 

Multi-points (F/M) measurement piezoelectric dynamometer demonstrated and assembled to perform the calibration 

experiment, and the schematic diagram is drawn according to the operating and measuring principle [28] of the designed 

dynamometer. The efficiency and quality of the piezoelectric dynamometer calibration directly depend on the 

performance of the platform, and the work status of the test system can be simulated [29, 30]. Therefore, in experimental 

calibration, the characteristics of piezoelectric cells are carried out individually, and each force sensor is calibrated before 

the installation (see Figure 12). Calibration is a method that verifies the relationship between the known standard input 

force/moment and the measured output of the sensors/dynamometer. The calibration of the tri-axial piezoelectric sensors 

is an important component in the design of the dynamometer, as the calibration result of the experimental system can 

directly affect by the use of calibrated load sensors. 

A preload of 15 kN is applied during the static calibration of tri-axial piezoelectric sensors. A single force maximum 

up to 100 N, 1000 N, and 2000 N is used in X, Y, and Z-directions during calibration experiments of load sensors (Figure 

12). The calibrated data is recorded for every 10 N in X-axis, for every 100 N in Y-axis, and every 200 N in Z-axis. The 

calibration step is repeated five times to calculate the calibration output error of each sensor (see Table 4). Then good 

result sensors are selected to house in the main dynamometer to conduct the calibration experiment.   

 

 
Figure 12. Calibration diagram of the three-axis piezoelectric sensor 
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The output charge ranges for sensors calibration are set differently in each direction as in the X-direction and Y-

direction 1 N is set equal to 1 V and in Z-direction 1N is set equal to 0.1 V. The calibration experiment is conducted in 

the lab and the calibrated data is analyzed for all eight sensors, and their linearity error (%), repeatability (%) and 

sensitivity (pC/N) values are shown in below Table 4. 

 

Table 4. Static calibration of eight tri-axial piezoelectric sensors 

        Co-ordinates 

 

Sensor No.s 

Linearity error 

(%) 
 

Repeatability error 

(%) 
 

Sensitivity 

(pC/N) 

X Y Z  X Y Z  X Y Z 

Sensor.1 0.125 1.098 0.529  0.258 0.914 2.01  8.057 7.905 3.776 

Sensor.2 1.248 0.389 0.12  0.268 0.767 0.195  7.703 7.649 3.82 

Sensor.3 0.291 0.189 0.704  1.175 0.372 0.347  7.338 7.419 3.7 

Sensor.4 0.217 0.505 0.161  0.465 0.790 0.248  7.814 7.5 3.568 

Sensor.5 1.187 0.543 0.203  1.482 0.184 0.398  7.876 8.082 3.8 

Sensor.6 0.082 0.261 0.183  0.695 0.975 0.192  7.646 7.958 3.78 

Sensor.7 0.519 0.575 0.101  1.64 0.745 0.578  8.353 8.24 4.358 

Sensor.8 0.203 0.536 0.082  1.638 0.629 0.164  7.571 7.72 3.648 

 

Many factors influence the accuracy of piezoelectric sensors such as piezoelectric coupling error, sensors assembly 

error during calibration, and random gross error. As Jun zhang et al discussed the influence of assembly error of sensor 

on the test accuracy of three-axis force unit can not be avoided [31]. Therefore, because of the various factors the error in 

some cases increases, however the measured calibration results of all eight sensors are acceptable (see Table 4), and these 

sensors are used in the piezoelectric dynamometer. 

Figure 13 highlights the experimental process set up; at the first step, A pre-tightening load of 15 kN is applied during 

bolting of the calibrated piezoelectric sensors in an established zigzag pattern. The static calibration process began with 

the characterization of each point load on the balance plate using manual hydraulic force load to measure the output 

results of the various components of force/moment. The experimental work diagram of the static calibration, including 

the vertical and horizontal hydraulic load sets which are fixed with the simulation device. The standard force measurement 

device (MCL-S2 36711) has a maximum capacity Fmax=30 kN is equipped in horizontal and vertical hydraulic loaders 

to measure the actual standard applied loads (Figure 14).  Each piezoelectric sensor’s output wires are connected to a 

charge amplifier (Kistler). Then the data acquisition card (DT9834) with a maximum of 16 channels is connected to 

transmit the output information to the host computer, and the measured results are recorded using deweSoft software 

during calibration. 

The schematic diagram of Calibration methodology (Figure 13) describes the relationship of applied standard force 

(N) on allocated points and output of measured charge (V) converted in steady force (kN) in three coordinates. The applied 

standard force ranges from 0 to 12 kN, and the calculated output Charge ranges from 0 V to <13.5 V. In experimental 

calibration the output Charge ranges are set as; 1 N is equal to 0.001 V for each coordinates X, Y, and Z-directions.  

 

 
Figure 13. Schematic diagram of calibration methodology and experimental setup of the dynamometer test system  
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Figure 14. Assembled multi-points force/moment measurement piezoelectric dynamometer 

 

Static calibration experiment 

The test system is ready to conduct the static calibration, and experimental static calibration of multi-points 

force/moment dynamometer is shown (Figure 14). The calibration experiments for a single force maximum up to 12 kN 

is applied in X-direction and Z-direction for every 3 N, and a single moment maximum up to 9.66 kNm is applied along 

Y-axis for every 2.415 kNm. The experiment is repeated for 3 times to calculate the average output signal and to find the 

parameters that affect the performance and the measuring accuracy of the piezoelectric dynamometer.  

 

Static analysis of axile force in X-direction 

The axile force (in the x-axis) is perpendicular to the vertical hydraulic loader and parallel to the dynamometer balance 

plate in this test system as shown in Figure 2. The multi-range of axile force ‘FX’ is applied on point ‘P1’ in X-direction. 

The exerted force is pulling and is considered as negative. The measured output test results of the assembled dynamometer 

in the X-axis show 5.9% error as listed in the 3rd column of the 1st row in  Table 6. The exerted axial load is partially 

contributing to the pitch rotation along the Y-axis, because a small support plate is fixed at the end of the top plate for the 

axile force and the vertical distance of this point, ‘P1’ is dZ1=105 mm. The linearity error is found 2.65%, the repeatability 

error is 0.51%, and the cross-talk error is less than 3%. The experimental analysis result of the six-component 

force/moment is shown in the graph (Figure 15 (a)).  

 

Static analysis of normal/vertical force in Z-direction 

The normal force (in the Z-axis) is perpendicular to the dynamometer plate in this test system. Normal force in Z-

direction is a pure normal/vertical force; therefore, it has no impact on any of the rolling, yawing, or pitching moments. 

The multi-range of vertical load ‘FZ’ is applied on point ‘P2’ in the Z-direction on the centre of the upper plate of the 

dynamometer (Figure 7). The graph (Figure 15 (b)) shows the analyzed results of the six-component force/moment of 

dynamometer in Z-direction. The measured output error of the piezoelectric dynamometer in the Z-axis is 5.1%, and cross 

talk is under 2%.  

 

Static analysis of the pitch moment along Y-direction 

The pitch moment resembles the up and down motion of the dynamometer head considered as positive and negative 

respectively. The multi-load range pitch moment is applied along Y-axis on four marked points on the top of the upper 

plate of the dynamometer (see Figure 7). The pitch moment maximum up to 9.66 kNm is applied on point P3 in the anti-

clockwise direction and on P6 in a clockwise direction. Also, a pitch moment maximum up to 4.83 kNm is applied on 

points P4 (in anti-clockwise) and P5 (in clockwise) directions along the Y-axis. The calibration analysis of four-moment 

points is discussed in Figure 15 (c-f). The measured output error of the pitch moment in the Z-axis is (min. 0.85% on P4 

and max. 7.3% on P3) and cross-talk error is under 4%.  
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(a) Experimental analysis of axile force (FX) on P1 (b) Experimental analysis of normal force (FZ) on P2 
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(c) Experimental analysis of anti-clockwise pitch 

moment (MY1) on P3 

(d) Experimental analysis of anti-clockwise pitch 

moment (MY2) on P4 
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(e) Experimental analysis of clockwise pitch moment 

(MY3) on P5 

(f) Experimental analysis of clockwise pitch moment 

(MY4) on P6 

Figure 15. Static calibration experiment analysis (absolute values) 

 

Dynamic calibration experiment 

For performing the dynamic measurement, there is no general standard has been designed. However, dynamic 

calibration of the established dynamometer can be performed using two popular methods, either the power method or the 

excitation method [32]. Usually, the most adopted way is an impact calibration method to carry on the dynamic 

calibrations of six components force/torque sensors.  
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Figure 16. Schematic diagram of dynamic calibration 

 

DeweSoft is used to conduct the fast Fourier transform (FFT) analysis and an impact load method is used to calibrate 

the dynamic characteristics of the piezoelectric dynamometer. The frequency response curves in three coordinates have 

been shown in Figure 17 and the natural frequency (𝜔𝑛) values are listed in Table 5.  

 

 
(a)  

 

 
(b)  

 

 
(c) 

Figure 17. Curves of the frequency response characteristic: (a) curve of natural frequency characteristics in the X-

direction, (b) curve of natural frequency characteristics in the Y-direction (c) curve of natural frequency characteristics 

in the Z-direction  
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Table 5. Natural frequencies 𝝎𝒏 (Hz) in three coordinates 

Natural frequency Axial direction ‘FX’ Bilateral direction ‘ FY’ Vertical direction ‘ FZ’ 

𝜔𝑛 (Hz) 1456 434 358 

 

The three-dimensional natural frequency of the dynamometer is shown in Table 5. . The tested dynamometer has a 

good response characteristic, frequency curve, and satisfies the six-dimensional force/moment measurement 

requirements.  

 

DISCUSSION 

The proposed piezoelectric dynamometer is analyzed both theoretically and experimentally. The theoretical 

simulation experiments are conducted on ANSYS using the FEM model (FEA: finite element analysis), and the 

calibration experiments are performed using the static calibration method and dynamic calibration method on the 

experimental test system. The axile force ‘FX’, normal force ‘FZ’ maximum of 12 kN and pitch-moment ‘MY’ maximum 

of 9.660 kNm are applied to the designed multi-points (P1-P6). The measured analysis results of both models (theoretical 

simulations and experimental calibration results) are in agreement with the applied standard multi-load ranges (see Table 

3 and Table 6). In the experimental test system, it is hard to apply the bilateral force in the Y-direction and hence no point 

is designed to apply the side force. 

It was complex to record the data during the calibration experiment of the dynamometer because of the multi-outputs 

from the mounted piezoelectric sensors. As each sensor has a three-axis output and the designed pattern includes eight 

tri-axial piezoelectric sensors that have a total of 24 display outputs. Therefore, in the test system, a total of 24 charge 

amplifiers are connected with installed load sensors. The dynamometer is calibrated by comparing the exerted known 

load (force/moment) with the measured output values of force/moment, and the track of their interrelationship in the 

similar coordinates displayed the linearity (see Figure 15). Figure 18 highlights the comparison values of linearity (%), 

repeatability (%), and cross-talk (%) between FEM simulation results and experimental calibration output. The 

experimental static calibration measurements of the multi-dimensional force-moment of the developed dynamometer are 

discussed in Table 6. 

 

Table 6. Calibration experiment of multi-points piezoelectric dynamometer 

Standard load Measured force/moment (kN/kNm) 

Force (kN) Moment (kNm) FX FY FZ MX MY MZ 

FX= -12 kN MY5=-1.332 kNm -12.711 0.104 0.123 0.004 -1.245 0.135 

FZ= 12 kN 0 0.012 0.149 12.613 0.010 0.028 0.076 

FZ1= 12 kN MY1=-9.66 kNm 0.089 0.489 12.878 -0.035 -10.250 -0.709 

FZ2= 12 kN MY2=-4.83 kNm 0.042 0.048 12.102 -0.003 -4.860 -0.165 

FZ3= 12 kN MY3=4.83 kNm 0.025 0.127 12.681 0.016 5.118 0.000 

FZ4= 12 kN MY4=9.66 kNm 0.184 0.455 12.856 0.085 10.158 0.438 

 

Error (%) Comparison between FEM Simulation and Experimental Static Calibration Analysis 

The linearity, repeatability, and cross-talk errors of FEM simulation experiments and experimental calibration analysis 

of the piezoelectric dynamometer are discussed in Figure 18.  
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Figure 18. Error (%) comparison of FEM and Experimental analyses 
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The linearity, repeatability, and cross-talk errors of the axile force, normal force and pitch moments in the FEM 

simulation analysis are approximately zero. In the static calibration analysis, the maximum linearity error goes to 4.3% 

on P2 of the normal force ‘FZ’ in the Z-axis and the other points have under 3.8%. The maximum repeatability error is 

along the Y-axis which is 2.67% of the pitch moment ‘MY’ on P6 and the repeatability error of the axile force ‘FX’ and 

normal force ‘FZ’ is less than 1%. The linearity error of multi-points P1, P3, P4, and P6 is below 3%, and P2 and P5 have 

under 4.5% that may be due to using a long structural model and long separation distance between installed sensors 

compared to most of the previous dynamometers. The repeatability error is within the acceptable range except at P6. The 

maximum cross-talk error is calculated on P3 and P6 of the pitch moment ‘MY’ which is found 3.8% and the cross-talk 

error of the other all multi-points is under 2%. The measured cross-talk error of the developed piezoelectric dynamometer 

is acceptable as compared with the references mentioned in Table 1.  

 

Comparison of Measured Output (%) Results between FEM Simulation and Experimental Static Calibration Analysis 

The six-component force-moment analyzed results of the FEM simulation and the experimental test system are 

discussed in the above tables (see Table 3 and Table 6). The comparison of measured output percent values of both 

analyses is listed in Table 7. 

 

Table 7. Comparison of measured per cent values of FEM simulation analysis and Experimental calibration analysis 

 

 

 

 

 

 

 

 

 

 

 

 

FEM simulation analysis values of the exerted load are approximately 99-100%, and the per cent values of static 

calibration experiment analysis are about 100-107%. The error difference of both analyses goes maximum up to 7% when 

pitch moment ‘MY’ is applied in the clockwise direction on P3 and anti-clockwise pitch moment on P6 (see Figure 5). 

The error output ratio of the axile force ‘FX’ on P1 and normal force ‘FZ’ on P2 is under 6%. Depending on the errors due 

to the mechanical mounting of the piezoelectric sensors in between the clamped plates of the dynamometer, assembly 

errors, and special instrumental errors [33], there may also be human errors or temperature errors. The measured 

calibration results mainly consider three variables: nonlinearity, repeatability, and cross-talk error. The maximum 

linearity error (4.3%) is calculated in the Z-direction when a normal force ‘FZ’ is applied on P2. The maximum 

repeatability error (2.67%) is found along the Y-axis on P6, and the repeatability error of P1-P5 is under 1%. And the 

maximum cross-talk error (3.8%) occurs along the Y-axis when the pitch moment is exerted on P3, except P3 and P6 the 

other allocated points have their cross-talk error under 2%. The static calibration measured output of the assembled 

dynamometer of axile force in the X-axis is 105.9%, normal force in the Z-axis is 105.1% and the pitch moment along 

the Y-axis is 100.8-107.3% as shown in Table 7. The dynamometer has lower error per cent values of the axial and normal 

force in the X and Z-directions as compared with the pitch moment on P3 and P6 along the Y-direction.  

The accuracy in the measurement of six-dimensional force/moment (F/T) is essential. The FEM simulation 

experiments and experimental measurement analysis proved the rationality of the piezoelectric dynamometer. The 

measured output of the theoretical simulations and experimental analyses is linear with the input (applied standard 

force/moment). The designed multi-point piezoelectric dynamometer is capable to measure the multi-axis force-moment 

precisely, and the measured results are discussed. Considering the fabrication technology level and using a novel pattern 

of piezoelectric sensors distribution with a complex experimental setup system, the design and installation of three-axis 

piezoelectric sensors need further improvement.  

 

CONCLUSIONS 

This research is based on the design and fabrication of the multi-point force/moment measurement piezoelectric 

dynamometer to perform theoretical simulation experiments and experimental calibration tests. Eight three-axis 

piezoelectric force sensors are designated as sensing elements and are arranged in a diagonal patterned installation to gain 

the spatial force information. A structural model is built and analyzed by the finite element method. To verify the 

numerical model, the designed piezoelectric dynamometer is manufactured, assembled and the experimental calibration 

tests are performed. The studied research of the designed piezoelectric dynamometer is concluded as follow:  

Multi-points 
Six dimensional 

Force-moment 

Measured output (%) 

FEM simulation 

analysis 

Experimental 

calibration analysis 

P1 Axile force FX 99.9 105.9 

P2 Vertical/normal force FZ 99.9 105.1 

P3 Pitch moment MY1 100 107.3 

P4 Pitch moment MY2 100 100.8 

P5 Pitch moment MY3 100 105.7 

P6 Pitch moment MY4 100 107.1 
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1) The maximum measurement capacity of the dynamometer for a single force and for a single moment is designed 

maximum up to 12 kN and 9.66 kNm respectively and are applied successfully. 

2) The FEM simulations measured results are in ranges of approximately 99-100%. The theoretical analysis of the 

designed multi-point piezoelectric dynamometer verified the maximum error is 0.1-0.2% in the X-axis, Z-axis, 

and along the Y-axis (moments). 

3) The experimental calibration measured output is a minimum of up to 100.8% and a maximum of up to 107.3%. 

The experimental measurement result of axile force ‘FX’ goes maximum up to 105.9% at P1, normal force ‘FZ’ 

are maximum up to 105.1% at P2, the clockwise pitch moment ‘MY’ maximum up to 107.3% at P3 and an anti-

clockwise pitch moment ‘MY’ goes a maximum of 107.1% at P6. 

4) The difference between the measured output of the theoretical model and the experimental model is in the range 

of about 1-7%. The maximum difference of both models of the axial-force ‘FX’, the vertical-force ‘FZ’ and the 

pitch moments ‘MY’ is found 5.9%, 5.1% and 7.3% respectively. 

5) The experimental calibration results are acceptable as the cross-talk is under 4%, the linearity error is maximum 

up to 4.3% and the repeatability error is under 3% of the six located points (P1-P6). The dynamic calibration test 

proved that the natural frequency (𝜔𝑛) of the dynamometer in each coordinate is greater than 0.4 kHz. 

The test results showed that the fabricated piezoelectric dynamometer can accurately measure six components of 

force-moment of the multi-point with the multi-range of static load, and the designed dynamometer is reliable for the 

calibration tests. The experimental calibration test results are compared to the known rigid body FEM analysis measured 

results. Both models evaluate the consistency of the designed dynamometer. Furthermore, the measurement accuracy of 

the designed piezoelectric dynamometer can be improved with the modification in the design of the sensor assembly unit.  
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