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ABSTRACT 
 

The design of a six-axis F/T sensor is an important and challenging research to produce a sensor 
that is able to measure simultaneously the six-component force and torque accurately and 
efficiently. The structural design is one of the key issues to be considered to improve the 
performances of the sensor that cross coupling is the most important factor regarding a sensor 
quality. The purpose of this study is to design a six-axis F/T sensor that has a novel and compact 
design, has a low coupling error and can meet the design criteria such as mechanical strength, 
stiffness, and reliability in the receiving load. Virtual prototyping technique is applied with the aim to 
shorten the time and reduce the manufacturing cost of the physical prototypes. In this study, the 
six-axis F/T sensor is designed using four cross beam symmetrically that is able to measure three 
axial forces (��, ��, ��) and three axial moments (��, ��, ��). Based on the structural integrity 
evaluation, the structure of the sensor will certainly secure to the plastic failure of materials 
because it is still in the area of the material elasticity. Then based on the simulation results of the 
strain, the highest cross-coupling errors is -1.67% which is relatively small compared to the 
principal coupling error. Therefore, the design of six-axis F/T sensor using virtual prototyping 

Original Research Article 



 
 
 
 

Alam et al.; JSRR, 5(2): 120-131, 2015; Article no.JSRR.2015.079 
 
 

 
121 

 

technique is able to show satisfactory results and can be used as a guideline for manufacturing the 
physical prototype. 
 

 
Keywords: Six axis F/T sensor; virtual prototyping; coupling error. 
 

1. INTRODUCTION 
 
Multi-axial force/torque (F/T) sensors have 
recently received attention in various engineering 
fields such as the nuclear power plant, ship 
building, voyage and aviation, aerospace, 
chemical engineering, national defense, 
medicine, biology and micro-mechanical system 
1. Numerous studies of the multi-axial F/T 
sensors have been carried out for a variety of 
applications, such as: force sensing tools for 
disassembly operations 2, force control of 
polishing machine for vehicle body 3, sensor for 
biomedical and robotic devices [4,5 micro-
manipulation 6, lumbar inter-body load 
measurements 7, hand manipulator for retinal 
surgery 8, and wind tunnel balance 9. A six-axis 
F/T sensor is one of the multi-axial sensor which 
is able to simultaneously measure all the force 
and torque components of an arbitrary six-
component force system, i.e. three axial forces 
( ��, ��, �� ) and three axial moments 
(��, ��, ��) 910.  
 
With the ability of measuring three force 
components and three torque components, the 
six-axis F/T sensor is one kind of the most 
important and challenging sensors, that can 
measure six-component force/torque accurately 
and efficiently. The structural design is one of the 
key issues to be considered since the 
improvements on the performances of the 
sensor, such as the isotropy, sensitivity, stiffness, 
stress coupling, dynamic performance, 
economical etc., can be achieved with the 
selection of suitable structural parameters 1112]. 
Several researchers have developed a six-axis 
F/T sensor with various types and design 
structures, such as: parallel mechanism 110, 
microstructure based on piezo resistive device 6, 
crossbeam 913, based E-type membranes 10, 
Stewart platform-based 11 and parallel spoke 
piezoelectric 14. Some designs of six-axis F/T 
sensor have achieved a good characteristic such 
as the decreasing of coupling error but it still 
involve the complicated structure and specific 
material, so that made them heavy and 
expensive. 
 
The cross coupling is the most important factor 
regarding sensor quality in developing the six-

axis F/T sensor which is generally ranging from 3 
to 37%. The cross coupling is conceptually 
defined as the ratio of unfavorable signal to the 
intended signal at a given bridge circuit 
according to pure force components. For 
example, suppose that a circuit output signal 
which is intended to measure force �� , also 
response to moment �� . In this case, cross 

coupling is the ratio of the output signal under the 
maximum ��  (unfavorable signal) to that under 

the maximum ��  (intended signal) 13. Some 
studies on multi-axis F/T sensors have reported 
low coupling error (CE), Yingkun et al. 1 
produces the CE of 8.5%, Liang et al. 10 
produces the CE of 1.6%, and Kang et al. 13 
produces the CE of 2.5%. In order to minimize 
coupling errors, the location of strain gauges on 
the sensor structure must be search and 
determined.  
 
One of the techniques that can be applied to 
determine the characteristics of a solid structure 
(such as deformation, stress, and strain) is a 
virtual prototyping. This technique can help the 
realization process of a product by creating the 
model geometry in 3-dimensional (3D) and 
simulate its performance before physical 
prototypes are made, so it can reduce the 
manufacturing cost of the physical prototypes, 
can shorten the time and reduce the cost of the 
product development 1. Because of these 
advantages, then at the some previous research, 
a virtual prototyping technique has been applied 
for designing and developing products in various 
applications, such as: traction mechanism of 
heavy machinery 15, bridge construction 16, 
predicted emission 17, footwear 18, injection 
moulding 19, and so on. In this study, a six-axis 
F/T sensor is designed using virtual prototyping 
techniques based on finite element method 
(FEM) to produce a virtual prototype which is 
able to simultaneously measure three axial 
forces ( ��, ��, �� ) and three axial moments 
(��, ��, ��) with a novel and compact design, a 
low coupling error and a safety factor that 
satisfies the requirements. 
 
 
 



2. MATERIALS AND METHODS 
 
2.1 Design Criteria of Six Axis F/T Sensor
 
According to Kang et al. 

six-axis F/T sensor having loading, 

���, ��, ��, ��, ��, ���
�

, on the structure in the 

elastic region, then the resultant strain generated 
in �  Wheatstone bridges can be written as a 

� × 1  strain output vector, �⃗ . Therefore, the 
relationship between the load vector and the 
strain output vector can be calculated using the 
following equation: 
 

�⃗ = [�]�⃗                     (1 )
 
where [�]  is an � ×  6  strain compliance matrix 
whose element ���  represents the strain 

contribution at bridge circuit � due to a unit pure 
load � (there are 6 directions of measurement, so 
that � = 6).  
 
When the maximum pure load for 

applied ( �⃗� = [��
��� 0 0 0 0

corresponding strain output vector is:

[��� ��� … ���] = [�]�⃗� = ��
���

[��� ��� … ���]�  and only �

becomes active. This relationship for the other 
maximum pure load components can be written 
as follows: 
 

�⃗� = ��
��� × [��� ��� …

 

�⃗� = ��
��� × [��� ��� …

 

�⃗� = ��
��� × [��� ��� …

  

�⃗� = ��
��� × [��� ��� …

 

�⃗� = ��
��� × [��� ��� …

 
The strain matrix, �, can be defined by combining 

six �⃗� column vector using the following equation:

 

�� = ����� =

⎣
⎢
⎢
⎢
⎢
⎡
��� ��� ��� ���

��� ��� ��� ���

��� ��� ��� ���

��� ��� ��� ���

��� ��� ��� ���

��� ��� ��� ���

 
From eq. (3), F/T sensor is completely decoupled 
if the strain matrix is a diagonal matrix with all 
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  (3) 

From eq. (3), F/T sensor is completely decoupled 
if the strain matrix is a diagonal matrix with all 

zero of off-diagonal values. In contrast, when one 
bridge circuit responds to more than one of the 
component loading, non zero �

appear and will sacrifice some range portion of 
the�-th bridge circuit and cause a reduction in the 
resolution of the measurement on the load 
component � , where the resolution will be 
decreased in proportion to the increase in the 
ratio of ���  to ��� . Therefore, the cross coupling 

error as the design criteria of a six
sensor can be calculated using the following 
equation: 
 

(��)�� =
���

���

             

 
where �=1,...,6 dan � ≠ � 
 

2.2 Structure and Strain Gauge 
Configurations 

 
The structure of six axis F/T sensor can be seen 
in Fig. 1. Six axis F/T sensor is designed using 
four cross beam (1-4), where in each beam, it is 
mounted six strain gauge with a certain 
configuration therefore the total strain gauge 
attached is 24 pieces. One of the four sides of 
the beam is connected to the plate (7) that 
blends with outer ring of the sensor structure. 
 

 
Fig. 1. Structure of the six axis F/T sensor

 
On the outer ring, the bolt hole is made as a 
fixture to hold the sensor when the load is 
applied on the sensor. Plate connector between 
the beam and the outer ring is designed thinner 
than the outer dimensions of the ring, to give the 
effect of a spring so that it will increase the 
flexural deformation and increase of s
the horizontal lateral forces (�� and 
the other side of the beam is connected to the 
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The structure of six axis F/T sensor can be seen 
Six axis F/T sensor is designed using 

4), where in each beam, it is 
mounted six strain gauge with a certain 
configuration therefore the total strain gauge 

ed is 24 pieces. One of the four sides of 
the beam is connected to the plate (7) that 
blends with outer ring of the sensor structure.  

 

Structure of the six axis F/T sensor 

On the outer ring, the bolt hole is made as a 
sensor when the load is 

applied on the sensor. Plate connector between 
the beam and the outer ring is designed thinner 
than the outer dimensions of the ring, to give the 
effect of a spring so that it will increase the 
flexural deformation and increase of sensitivity of 

and ��). While 
the other side of the beam is connected to the 



cylinder block (8) which has four bolt holes for 
mounting fixture loading where force or moment 
will be applied. The materials of six
sensor is made of AISI 4340 steel that has a high 
tensile strength at 745 MPa, Yield strength of 
470 Mpa, elastic modulus of between 190 to 210 
GPa, and Poisson's ratio of between 0.27 to 
0.30. 
 
The strain gauge location has a configuration as 
shown in Fig. 2(a), where the strain gauge 
distance to the center of the cylinder block (X1 
and X2) can be seen in Fig. 2(b). 
sensor is designed to be able to measure a 3
way force ( ��, ��, �� ) and 3-way moments

(��, ��, �� ) using six pieces of bridge circuits, 

where each circuit consists of 4 pieces of strain 
gauge. The output strain of each load component 
is calculated using the following equation:
 

��� =
�� − �� + �� − ��

4
 

��� =
��� − ��� + ��� − �

4
 

��� =
��� − ���� + ���� −

4
    

��� =
���� − ���� + ���� −

4
 

Fig. 1(a). Strain gauge configuration (b) strain gauge distance to the center of the cylinder 
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���
 

− ����
          (5) 

����
 

��� =
���� − ���� + ���� −

4
 

��� =
���� − ���� + ���� −

4
 

2.3 Virtual Prototyping 
 
The design of a six-axis F / T sensor using virtual 
prototyping technique is based on the finite 
element method. The basis of the finite element 
is to divide the solids into small elements that are 
finite in number, therefore the reaction due to the 
load can be calculated on the given boundary 
conditions. From these elements, it can be 
arranged the matrix equations that can be solved 
numerically. By the calculations of the inverse 
matrix, it will be obtained the matrix equation for 
the single element and the total matrix that is 
assemblage from the matrix elements 
3D finite element, one type of element which is 
widely applied for the geometry of complex 
structures is a tetrahedral element. 
shows the discretization of 3D solid structure that 
is divided into a set of finite number of tetrahedral 
elements, whereas in Fig. 3(b) tetrahedral 
element has four surfaces and four nodal points 
that relative to the coordinate plane. Each nodal 
has three degrees of freedom (DoF) therefore 
the total DoF in a tetrahedral element is 12.
 

 
 

(a). Strain gauge configuration (b) strain gauge distance to the center of the cylinder 
block 

(a) 
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(a). Strain gauge configuration (b) strain gauge distance to the center of the cylinder 

(b) 



 
Fig. 2(a). Discretization of solid structure 

According to Zienkiewicz and Taylor 
strain problems for continuum structures based on the calculation of matrix elements in the elastic 
region is as follows: 
 

where � is the elasticity matrix based on the material's elastic constants 
which can be calculated by the equation:
 

� =
�

(1 + �)(1 − �)

⎣
⎢
⎢
⎢
⎢
⎡
1 −

���
 

Strain matrix consists of six components of strain in the three
 

� =

 

where the displacement element is defined as the twelve components of the displacement at the 
nodal point: 
 

��

with, 

�� =
1

6�
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Discretization of solid structure 20, (b) the nodal coordinates of tetrahedral 
element 21 

 

Zienkiewicz and Taylor 21, the general form of the equation in solving the stress and 
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� =

⎩
⎪
⎨

⎪
⎧

��

��

��

���

���

���⎭
⎪
⎬

⎪
⎫

= ��                                                                  

is the elasticity matrix based on the material's elastic constants � and Poisson's ratio 
the equation: 

⎢
⎢
⎢
⎢
⎡

− � � � 0 0 0
1 − � � 0 0 0

1 − � 0 0 0
(1 − 2�)/2 0 0

(1 − 2�)/2 0

���. (1 − 2�

Strain matrix consists of six components of strain in the three-dimensional analysis, can be calculated:

=

⎩
⎪
⎨

⎪
⎧

��

��

��

���

���

��� ⎭
⎪
⎬

⎪
⎫

= ���, ��, ��, �����                                                   

where the displacement element is defined as the twelve components of the displacement at the 

= �

a�

a�

a�

a�

�                                                                                       

⎣
⎢
⎢
⎢
⎢
⎡
��, 0 0
0 ��, 0
0 0 ��,

��, ��, 0
0 ��, ��,

��, 0 ��,⎦
⎥
⎥
⎥
⎥
⎤
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              (7) 
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                        (8) 

where the displacement element is defined as the twelve components of the displacement at the 
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where the other �  matrix can be obtained by 
substituting the appropriate sub-script. 
 
In this study, the finite element simulation was 
performed using ANSYS to analyze the strain 
and the structural integrity of the sensor 
structure. The first stage in the simulation is 
modeling the 3D geometry of the component that 
is modeled for the analysis of homogeneous and 
linear elastic with AISI 4340 material. The next 
stage is the discretization or meshing of the solid. 
The process of meshing was performed using 3D 
tetrahedral element type. After meshing, the next 
step is to determine the boundary conditions and 
loading, therefore the simulation can proceed to 
the calculation stage and reporting of the desired 
results, such as strain, deformation and stress. 
 
The imposition of loads (��, ��, ��) was performed 

well for the direction of tension and compression 
loads ranging from 20% up to a maximum load of 
2000 N and for a moment ( ��, ��, �� ) was 

performed on the CW and CCW direction ranging 
from 20% load to a maximum moment of 80 Nm 
which each force and moment is applied 
stepwise by dividing the whole load range into 
ten increments. The strain analysis was 
performed to find the location of the strain gauge 
(X1 and X2 in Fig. 2(b)) on the cross beam 
structure which is based on the value of a low 
cross coupling errors. The structural integrity of 
the sensor is based on the plastic collapse 
criterion or the ratio of equivalent stress to the 
yield strength of the material that should be more 
than 1.0. 
 
3. RESULTS AND DISCUSSION 
 
The results of geometric modeling of six-axis F/T 
sensor in 3D using ANSYS design modeler can 
be seen in Fig. 4(a). The structure of the sensor 
is designed using 4 cross beam symmetrically to 
generate strain measurements that have low 
cross coupling errors. Then based on the stage 
in the finite element simulation, the model is 
divided into small elements through the process 
of meshing or discretization models. The results 
of discretization 3D model of a six-axis F/T 
sensor can be seen in Fig. 4(b). Types of 
elements that used in the finite element 
simulation is tetrahedral element, which consists 
of 33,426 elements and 58,539 nodes. 
 
After going through the iterations and 
calculations, the virtual prototyping simulation 
results, such as deformation, equivalent stress, 
safety factor and the strain can be determined for 

each segment of the six-axis F/T sensor. Fig.  
5(a) shows the magnitude of the deformation due 
to the maximum loading �� of 2000 N. The 
maximum amount of deformation in the direction 
of the � axis is 0.0384 mm, where the locations 
of maximum deformation is found in the red 
colored on the structure, while on the pedestal 
(bolt holes) the deformation does not occur, 
because the boundary condition used is fixed 
restraint. The Von Mises stress on the structure 
due to ��  can be seen in Fig. 5(b), where the 
maximum stress is 166.72 MPa, located on the 
flexible plate of the outer ring. The deformation, 
stress and safety factor to the yield for all loading 
( ��, ��, ��, ��, ��, �� ) can be seen in Table 1. 

Based on the structural integrity of the sensor for 
all loading, the maximum equivalent stress 
occurs in moment ��  of 307.30 MPa, however 
the minimum safety factor is still 53% greater 
than the yield strength of the material, Therefore 
the structure of the six-axis F/T sensor will 
certainly secure to the plastic failure of materials. 
 
Besides being able to determine the structural 
integrity of the sensor, virtual prototyping 
simulation can illustrate the strain as an input in 
the measurement of force/torque using strain 
gauge. In addition, the placement of strain gauge 
on the structure can easily be known to get a 
good measurement of strain which is 
experienced during the tension and compression. 
Fig. 6 shows the simulation results of the strain 
distribution on the structure of the six-axis F/T 
sensor (deformation scale 120: 1) for the 
following loading: (a) �� = 2000 N, (b) �� = 2000 

N, (c) �� = 2000 N, (d) ��  = 80 Nm, (e) �� = 80 

Nm, and (f) ��  = 80 Nm. In general, the 
distribution of strain that occurs on the cross 
beam has the tension and compression, where 
the resistance of strain gauge in tension will 
increase otherwise will decrease in compression. 
These results are appropriate with the ideal 
design of a six-axis F/T sensor. By applying the 
same loading in the reverse direction (negative), 
the strain for the negative direction will be known. 
Then to predict a linearity and cross coupling 
error, each force and moment is applied stepwise 
by dividing the whole load range into ten 
increments. For example, three axial forces (��, 
��and ��) were applied from -2000 N to 2000 N at 

increments of 400 N. Loads for moments (�� , �� 

and ��) were applied from -80 Nm to 80 Nm at 
increments of 16 Nm. 
 
Fig. 7 shows the simulation result of loading for 
pure forces and moments. All the strain 



responses show excellent linearity, which 
indicates that the strain gauge locations are well 
assigned for the applied load ranges.
 
The maximum strain output and cross coupling 
error of the six-axis F/T sensor are shown in 
Table 2. There are two large cross coupling 
errors compared to the others: (CC)
−1.67% and (CC)24 of 1.24%. Although there 

 

  
Fig. 3(a). Geometric modelling result and (b) meshing

  
 (a) 

Fig. 4(a). Deformation due to 

Table 1. Results of deformation and integrity of sensor structure

Result �� 

Deformation (mm) 0.038 
Stress (MPa) 166.72 
Safety factor 2.82 

(a) 
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Fig. 5. FEM results under each individual force and moment: (a) 

(c) �� = 2000 N, (d)
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Table 2. Simulation results of strain output (µm/m) and cross coupling error (%) 
 

Bridge circuit Fx=2000N Fy=2000N Fz=2000N Mx=80Nm My=80Nm Mz=80Nm 
Sij (µm/m) Ccij (%) Sij (µm/m) Ccij (%) Sij (µm/m) Ccij (%) Sij (µm/m) Ccij (%) Sij (µm/m) Ccij (%) Sij (µm/m) Ccij (%) 

SFx 293.01 - 0.40 0.14 0.26 0.04 0.55 0.09 -5.56 -0.91 -0.10 -0.03 
SFy -0.75 -0.26 297.86 - -0.51 -0.08 4.58 0.75 0.15 0.02 0.73 0.25 
SFz 0.03 0.01 -0.51 -0.17 629.48 - -0.31 -0.05 -0.29 -0.05 0.18 0.06 
SMx -0.21 -0.07 3.68 1.24 0.13 0.02 614.16 - -0.07 -0.01 -0.10 -0.03 
SMy -4.89 -1.67 0.39 0.13 0.15 0.02 -0.12 -0.02 613.39 - -0.09 -0.03 
SMz -0.24 -0.08 -0.28 -0.09 -0.66 -0.10 -1.66 -0.27 0.59 0.10 291.03 - 
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Fig. 6. Simulation results of applied forces and moments for: (a) ��, (b) ��, (c) ��, (d) ��, (e) 

��, (f) �� 
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4. CONCLUSION 
 
The structural design of the six-axis F/T sensor 
using virtual prototyping technique based on the 
finite element is capable of displaying the 3D 
detailed results in each segment of the sensor, 
Therefore it can be used as a reference in the 
development of physical prototypes. Based on 
the structural integrity evaluation of the sensor, 
the maximum equivalent stress occurs in ��  
loading of 307.30 MPa, however the minimum 
safety factor is still 53% greater than the yield 
strength of the material, therefore the structure of 
the sensor will certainly secure to the plastic 
failure of materials because it is still in the area of 
elastic material. Then based on the simulation 
results of the strain, the highest cross-coupling 
errors is -1.67% which is relatively small 
compared to the principal coupling error. 
Therefore, the design of six-axis F/T sensor 
using virtual prototyping technique is able to 
show satisfactory results and match expectations 
to provide a guideline for the design of multi-axis 
F/T sensors that can significantly reduce the 
cross coupling errors. 
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