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Abstract Force transducers are capable of determining the magnitude of force
applied by measuring strain deformations. The strain induced on the transducer is
measured using strain gauges. Usually, the force transducers, being unidirectional,
are able to sense only axial force or torque. This paper presents an innovative force
transducer for sensing triaxial loads and moments pertaining to its unique shape
which allows strategic placement of strain gauges. The transducer is designed in a
frame-like structure by stacking three cantilever beams one in each orthogonal axis.
Each frame is sensitive to the load applied in the corresponding orthogonal direc-
tion. This configuration provides advantage of uniform sensitivity in triaxial loading
applications with negligible cross sensitivity. The transducer is having a proportional
force and moment conversion due to its single body structure and isotropic material
properties. A new design for the transducer is also proposed and the comparative
behavior of both, for uniaxial and triaxial loading, is presented. The two designs
are analyzed by FE analysis in ABAQUS for principle and shear strain with varying
loading conditions.
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1 Introduction

Force transducers are extensively used to measure the applied force on structural
members. It generally consists of an elastic load-bearing element which undergoes
strain deformation upon application of force or torque. This deformation could be
measured using strain gauges, thus converting the applied force into a proportional
electric signal.

Traditionally, force transducers are uniaxial and multiple such transducers could
be used to contrive multiaxial transducers. For instance, Kaneko [1] demonstrated
that a combination of two similar three-axis force sensors could form one six-axis
force sensor and developed a characteristic matrix, connecting the load and sensor
output vectors. Svinin and Uchiyama [2] proposed a generalized theoretical model
for multidimensional force sensor designed using elastic components connected in
parallel.

Kim et al. [3] and Kim [4] described a design and development procedure of
a six-component force and moment sensor. They derived equations for calculating
rated strains on the components of the sensor and performed a finite element (FEM)
analysis for confirming the strains obtained from the theoretical analysis. Liu and
Tzo [5] proposed identical T-shaped bar-type six-axis force sensor. They calculated
the sensitivity of force-sensingmember with respect to design parameters using finite
element analysis in conjunction with a design optimization. Liu et al. [6] designed
a six-dimensional piezoelectric heavy force sensor based on load-sharing principle.
They performed a finite element analysis using ANSYS software for calculating
the static and dynamic response of the designed sensor under heavy loading. The
experiments on the fabricated sensor demonstrated very less nonlinearity errors and
verified the numerical results. Liang et al. [7] and Sunand et al. [8] derived the
equations of force and moment for the six-component force sensor and determined
the theoretical value of strains. This result was validated using finite element method
(FEM) and optimization method by trial and error, employing the response surface
methodology (RSM).

Bayo and Stubbe [9] proposed a frame/truss-type six-axis sensor for robotic appli-
cations. They employed the axial deformation behavior of the six-axis sensor to
eliminate disadvantages of the crossbar and obtained better measure of isotropy and
decoupling. They also compared the performance parameters (condition number,
overall static and dynamic stiffness, strain gauge sensitivity) and found significant
improvement over the earlier design of six-axis wrist force sensor. Chao and Chen
[10] applied penalty method to optimize the geometrical design parameters of a
wrist-type elastic force sensor. They used calibration matrix along with strain gauge
sensitivity as a performance index for design optimization. Based on these design cri-
teria theydevised a novel decoupledwrist force sensorwith enhanced force sensitivity
and minimum stiffness.

Kang [11] formulated closed-formsolutionof forwardkinematics for 6-DoFStew-
art platform based force transducer using linearization approach. Later, Dwarakanath
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et al. [12] performed design parameter sensitivity analysis for optimal size of Stewart
platform based force transducer and fabricated a prototype of the sensor.

Present study is an extension to the work done by Deshpande et al. [13]. They
did a mathematical analysis of a novel three-axis force transducer and validated the
analytical results with experimental results. This paper incorporates finite element
analysis to study the behavior of the initial design of force transducer (FT1) and
determines the optimal locations for mounting the strain gauges. A modified design
of the force transducer (FT2) is also proposed in order to enhance the performance
of the cantilever-beam-type force-sensing elements. In the new design, the principal
stress and shear stress are also analyzed using finite element analysis for various
loading conditions. The comparison of analysis results is presented herewith. This
sensor could find its application in robotic manipulators and multiaxial load cells.

2 Force Sensing in Strain Gauges

Force transducers are deployed for knowing the numerical value of the applied force
and torque on the body, which is ideally equal to the true value of the applied load.
The output of the transducer depends on the characterized relationship between the
output value and the property under measurement. Force transducers are designed
so as to have elastic member for loading elements in any of the six loading axes.
The input loading creates deflection in the elastic member which in turn creates
proportional elongation also known as strain. The strain is measured as a quantifiable
change in resistance of the coiled conductor in the strain gauge. Thus, strain gauges
proportionally convert the strain developed into change in the electric current at
output terminals [14].

There are various methods used to determine torque and force applied on any
elastic member among which the most common method is using strain gauges. The
strain gauge can be configured to distinguish tensile and compressive strains, to give
conversions in the form of positive or negative signals, thus making it possible to
distinguish expansion as well as contractions of the members having strain gauges
on it. The gauge factor is fundamental term correlating the sensitivity of the strain
gauge. It is defined as the ratio of change in electrical resistance (R) to themechanical
strain ε captured by gauge conductor coil, and expressed as

R = ρL

A
(1)

GF = �R/R

�L/L
= �R/R

ε
(2)

where

ρ = Resistivity/conductivity constant,
L = Length of the sensor,
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A = Cross-sectional area of sensor,
R = Electrical resistance of sensor,
ε =Mechanical strain, and
GF = Gauge factor.

Strain gauge rosettes are geometric combination of strain gauges which could be
mounted on elastic transducer element to capture strains in desired loading axes. The
strain induced due to loading is reliant on the shape and geometric configuration as
well as the elastic modulus of that element. Every strain gauge in a rosette captures
the local strain at that location, and through combination of these individual strain
gauges, proportional force is estimated [15].

Usually, forces in real-life scenarios are multidirectional, dynamic, and fluctuat-
ing in nature. This makes it difficult for single-axis sensor to completely perceive
the applied load. Multi-axis force transducers are well suited for such situations,
which transfer input signals at elastic members due to applied force and torque to
proportional voltage and estimates the proportional output with respect to external
force/torque applied as input. The important applications are found in force and
torque sensors including robotic control and manipulation, aerospace and industries
[16].

3 Design of the Transducer

This paper presents an innovative design for a force transducer capable of sensing
triaxial loads and moments. The transducer is designed in a frame-like structure by
stacking three cantilever beams upon each as depicted in Fig. 1. Each frame carries
its individual strain rosettes which are sensitive to a specific orthogonal loading
direction. Stacking all three frames into a single structure produces a 3-DoF force-
sensing transducer.

This paper also discusses variations to the original design of the transducer in
order to enhance its sensing capabilities. The alterations were proposed to attain
uniform stress distribution and better strain dispersion among the structuralmembers.
Figure 2a depicts the original and Fig. 2b depicts modified designs of the force
transducer. The two designs are further evaluated for stress distribution patterns
using FE analysis. For the sake of simplicity, the original design of the transducer
will be denoted as FT1 and themodified new designwould be denoted as FT2, further
along this paper.
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Fig. 1 a CAD model depicting the force transducer (green) also schematics of pulleys and
deadweight for loading (brown). b Experimental setup [14]

(a) FT1 (b) FT2

Fig. 2 CAD model depicting transducer designs a FT1 (original design) and b FT2 (modified
design)
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4 Transducer Analysis Using FEA

Finite element analysis is a numerical approach to determine the behavior of a struc-
ture under static or dynamic loading conditions. In FEM, a mathematical model
compatible with the geometric and material properties of the structure is discretized
into small, multiple finite elements. The change in field quantity over the entire
domain of the structure is derived by analyzing these discrete finite elements. The
FE model analysis was limited to static loading conditions. There are various com-
mercial packages available for FE analysis. ABACUS was chosen for performing
the static FE analysis on both the transducer designs.

4.1 Material Properties

The material used for constructing the transducer was considered to be isotropic
and homogeneous. Standard structural steel properties were assumed as shown in
Table 1.

4.2 FE Mesh Properties

Themeshing for FE analysis was performed inABAQUSusing a ten-noded quadratic
tetrahedron element (C3D10). Size of the mesh was program controlled. Figure 3
illustrates the meshing pattern for FT1 and FT2 transducer designs.

4.3 Boundary Conditions

The transducer was constrained in all directions at its base to depict a fixed–fixed
boundary condition. This was done to replicate a real-life scenario when the trans-
ducer is firmly placed on a solid surface. The load was applied on the topmost surface
of the transducer. The load was applied for uniaxial and triaxial loading conditions,
with varyingmagnitudes, in order to achieve a detailed analysis. The boundary condi-
tions and loading patterns were kept identical for FT1 and FT2 transducers as shown
in Fig. 4.

Table 1 Transducer material
properties

Young’s modulus 200 GPa

Poisson’s ratio 0.3

Density 7850 kg/m3
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(a) FT1 (b) FT2

Fig. 3 Meshed FE model of force transducer a FT1 (original design) and b FT2 (modified design)

4.4 Loading Parameters

The static analysis was performed by applying various discrete load levels having
uniform increment from 0.2 to 2N. Loadswere applied in all three uniaxial directions
(x, y, and z) independently.A triaxial loadingwas also applied for the same load levels.
The load was applied on the cube-shaped block at the top of the transducer.

5 Results and Discussion

5.1 Principal Strain Analysis

Maximum principal strain contour on different elements of transducers FT1 and FT2
at 0.2 N, 1 N, and 2 N loads is depicted in Fig. 5a, c, e and Fig. 5b, d, f, respectively.
Table 2 enumerates the maximum principal strain for different magnitudes of load
in FT1 and FT2.

Figure 6 represents the linear relationship betweenmagnitude of load and induced
strain exhibited by the FT1 and FT2 transducers. It is observed that maximum
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(a) FT1 (b) FT2

Fig. 4 Boundary conditions and loading patterns for a FT1 and b FT2

strain occurs on the element which is sensitive to the direction of applied force.
The experimental results of FT1 transducer [14] confirm this linear relationship.

Figure 7 shows the strain difference between FT1- and FT2-type transducerswhen
the applied load is same. It is observed that the strain difference also increases linearly
with load.

The modified design, FT2, has additional blocks at the end of each sensing ele-
ment, which provide rigidity to the cantilever-sensing element. It is observed that in
single loading conditions, the induced strain values in FT2 transducers are higher
than FT1 transducers. It is also observed that in triaxial loading conditions, the strain
difference between FT1 and FT2 is higher compared to single loading conditions.
This infers that the modified design is more sensitive to smaller variations in the load.
The advantage of the modified design is that it detects the strain when the applied
load is very small and when there is a small variation in the applied load.
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(a) FT1 at 0.2N (b) FT2 at 0.2N

(c) FT1 at 1N (d) FT2 at 1N

(e) FT1 at 2N (f) FT2 at 2N

Fig. 5 a–f Principal strain distribution for FT1 and FT2
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Fig. 6 Change in maximum principal strain at various load magnitudes
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Fig. 7 Principal strain difference curve between FT1 and FT2

5.2 Shear Strain Analysis

The transducer FE model was analyzed for shear strain by applying biaxial com-
binational loading of varying magnitude. The load increment was similar to that
used in principal strain analysis. The moment generated in the sensing element of
the transducer was neglected in this analysis. The strain gauge deployed for direct
strain estimation measures both the normal and shear components of the strains. The
analysis carried out gives a better visualization of shear patterns as shown in Fig. 8a,
c, e for FT1 and Fig. 8b, d, f for FT2. The maximum shear elastic strain in FT1 and
FT2 is given in Table 3.
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Fig. 8 a–f Maximum shear
elastic strain in FT1 and FT2

(a) FT1 (b) FT2 

(c) FT1 (d) FT2 

(e) FT1 (f) FT2
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Table 3 Value of strain obtained from ABAQUS for maximum shear elastic strain in FT1 and FT2

FT1 FT2

Load (N) Maximum shear strain (* e−5) Load (N) Maximum shear strain (* e−5)

x-y y-z z-x x-y y-z z-x

0.2 4.977 2.274 4.586 0.2 6.757 2.113 7.126

0.4 9.937 4.541 9.157 0.4 13.41 4.191 14.14

0.6 14.95 6.83 13.77 0.6 20.17 6.304 21.26

0.8 19.88 9.084 18.32 0.8 26.85 8.383 28.28

1 24.89 11.37 22.93 1 33.6 10.5 35.4

1.2 29.89 13.66 27.55 1.2 40.34 12.61 42.53

1.4 34.82 15.91 32.09 1.4 47.02 14.69 49.54

1.6 39.83 18.2 36.71 1.6 53.77 16.8 56.67

1.8 44.76 20.46 41.25 1.8 60.43 18.88 63.68

2 49.77 22.74 45.86 2 67.18 20.99 70.8

The variation in maximum shear strain with respect to applied load is represented
in Fig. 9. The transducer exhibits linear relationship between load and induced shear
strain in both FT1- and FT2-type transducers. The FT2 transducer exhibits higher
strain values in x-y and z-x loading directions, whereas FT1 has higher strain magni-
tude in y–z direction. Figure 10 represents the shear strain difference between FT1-
and FT2-type transducers when the applied load is same.

It is evident from the data enumerated in Tables 2 and 3 that FT2 shows enhanced
stress concentration levels for similar loading conditions as FT1 for majority of
the cases. This leads to more localized strain and provides an advantage of better
stress sensitivity. One exception to the case could be noted in Y–Z principal shear

Fig. 9 Change in maximum shear strain at various load magnitudes
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Fig. 10 Shear strain difference curve between FT1 and FT2

stress loading, where FT2 shows the reduced sensitivity than its predecessor. It is
also observed that change in maximum principal strain is least in X-direction. The
member most sensitive to the X-directional loading is at the bottom and attached to
the base. The rigidity provided by the fixed–fixed boundary condition and increased
mass in the modified design could be attributed for this deficit. It warrants further
research and possible alterations to the design of FT2 in order to rectify this problem.

6 Conclusions

This paper describes a detailed analysis of strain estimation in a triaxial force trans-
ducer which has engineering applications in platform-type sensor. The experimental
observations reflect that the strain concentration at specific locations modifies the
characteristics of the transducer. A comparative study of the strain estimation for
two different transducer designs is also presented, which is necessary for the safe
design andmanufacturing of the transducers. The analysis of the strain patterns helps
in determining the location ofmaximum stress concentration, which provides an esti-
mate location to mount the strain gauges. Some of the notable observations from the
FE analysis are summarized below:

1. The experimental results for transducer FT1 show that a linear increase in load
causes a linear increase in strain on the sensing element [13]. The transducer FT1
has been tested and validated in simulation environment.

2. The estimation of strain for FT2 has been done by simulation and results suggest
that the strain in the sensing elements increases linearly with the applied load, as
in the case of FT1.



Design and Simulation of 3-DoF Strain Gauge Force Transducer 35

3. In transducer FT2, the blocks added at the end of each sensing element confine
the principal strain to a smaller region as compared to FT1. The advantage of the
modified design is that it detects the strain when the applied load or the variation
in the applied load is very small.

The strain-sensing capability of the proposed design (FT2) is better than that of the
FT1 transducer. This kind of transducer finds applications in serial- and spatial-type
parallel manipulators used for payload sensing.
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