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ABSTRACT The present investigation reports the development of a force transducer for industrial appli-
cations with facile design and manufacturing objectives. The design of the force transducer is based on
the analytical and computational approaches, followed by the experimental verification. Factors such as
stress, strain and deflection of the force transducer were evaluated while conducting a rigorous assessment
of the proposed force transducer. Al 7075 (T6) grade of aluminum alloy has been used as the material for
fabrication of the force transducer with a nominal capacity of 2 kN. The fabricated force transducer as per
the proposed design has also been investigated for geometrical and dimensional accuracy using precision
coordinate measuring machine (CMM). Metrological characterization as per ISO 376: 2011 revealed that
uncertainty of measurements is within 0.05 %, which includes relative uncertainty of the force transducer
the factors such as repeatability, reproducibility, reversibility, interpolation, resolution, zero offset. Based on
the above investigations, it has been found that the designed force transducer is of low cost ($ 200-$ 300),
ease to manufacturing, and precise enough (0.05 % uncertainty of measurement) force transducer for force
measurement up to 2 kN. The developed force transducer offers sensitivity up to of 0.2 N or better.

INDEX TERMS Finite element analysis (FEA), ISO 376: 2011, metrological evaluation, square ring force

transducer (SRFT), strain gauge.

I. INTRODUCTION

Conventionally, measurement systems have followed instru-
mentation for the measurement of force. A variety of sen-
sors/transducers with a wide range of nominal capacities for
the measurement of force, having numerous applications in
many functional areas from N to MN force, are being used.
In manufacturing applications, force transducers are needed
for critical force measurements of functional grip by novel
force transducers [1] e.g., bio-mechanic transducers. More-
over, force measurements using force transducers are widely
utilized in various industrial applications such as aerospace,
automobiles, and testing industries, amongst others. In manu-
facturing units, the optimization of a design in the machining
process, by optimizing the mechanical force, shows signif-
icant improvement in resisting tool breakages and chatter
control [2]-[4]. In addition, for precision positioning, a
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linear ultrasonic motor using a quadrate plate force trans-
ducer was developed. Furthermore, accuracy in prediction of
chip loading on the machined surface relies on the measure-
ment of mechanical forces. Therefore, the force transducer
plays an important role in industry and academia [S]-[7].
The MEMS-based Infra-Red sensors have various benefits
including low noise pollution, lightweight, smaller size, easy
device/circuit interface, and they have vital and varied uses
in civil and military fields [8]-[10]. Further, the current chip
for low-pressure sensors was devolved using MEMS tech-
nologies and can only measure the pressure up to 500 Pa.
These technologies have only been used for low pressure
applications and are a very expensive technology [11], [12].
For drilling operations, the cutting force was measured for
various types of material with different depth of cut and
speed using a variety of tools [12], [13]. It is interesting
that these force transducers are widely used in biomedi-
cal devices [14], [15] with different industrial applications,
where low capacity force transducers are used [16], [17].
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FIGURE 1. Schematic flow chart for design and development of the force

transducer.

Further, miniature force/moments transducers (FMTs) are
developed with 6 degrees of freedom (DOF) with a single
sensor chip for use of instrumented teeth [18].

With growing technological requirements, developments
are being made regarding the force transducer. There has
been thrust push for development of precision force trans-
ducers, for different applications. To the best of the authors’
knowledge, most precision force transducers are available
commercially, and in developing nations such as India, they
are generally imported for different applications. Such prac-
tice results in economic constraints and the cost of preci-
sion force transducers for uncertainty of measurement up to
0.05% may vary from $500-1500 for a force transducer with
nominal capacity of 1kN — 5 kN. Such force transducers
are of complex shape, with limited scope of analytical or
experimental validation of the design of the force transducer.
Hence, the presented work aims to report the development of
an in-house, low cost, simple, and precise force transducer
for force measurement up to 2 kN. The developed force
transducer offers sensitivity in the range of 0.2 N or better.
The metrological characterization of the force transducer
shows the suitability of the force transducer for a variety of
applications, including mechanical, automation, laboratory,
and medical [19]-[21]. It is evident from above mentioned
literature regarding the development of a force transducer
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for industrial application that the square dimension is not
still discussed for the development of an in-house, low cost,
simple, and precise force transducer for force measurement
up to 2 kN. Coordinate Measuring Machine (CMM) is also
used for the dimensional measurement of the square shape
force transducer ring. The major novelty of the current study
also involves the square dimensioning along with the material
AL 7075 (T6). The full version of ANSYS 16.0 has been
used for the validation of the estimated results. The results
might be useful to researchers and professionals to widen the
applications of the force transducer.

Il. DEVELOPMENT OF FORCE TRANSDUCER USING
ANALYTICAL, COMPUTATIONAL AND

EXPERIMENTAL APPROACHES

Figure 1 discusses the procedure adopted for design and
development of the force transducer. The procedure includes
analytical and computational approaches followed by valida-
tion through experimental measurements.

A. ANALYTICAL STUDY

Figure 2a shows the circular ring that is symmetrical around
both axes of a ring force transducer. A quarter of the ring was
used due to the symmetry of the ring, as shown in Figure. 2b.
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FIGURE 2. (a) Schematic of force transducer of ring shape. (b) A quarter
of the ring.

As per the free body diagram the axial force (F) is applied
to the ring, one end is free and other end (A) of the quarter cir-
cle is fixed without rotation. Thus, according to Castigliano’s
second theorem, we get [22]-[25],

ou 0 )
oMy o
Subsequently, a small increment of the ring section

between the angles 6 and df is considered. The bending
moment (M) for this section is as follows.

F(R —x)
2

where, Ma = Moment at point A, x = Rcos 6

F(R — Rcos9)
M=My— —— 2)
2
Further, we know that the strain energy, (U), is

/2 M2ds
U= / ( )
0 2EI

M =My —

as, ds = Rd0

MZRdO
sz(zﬂ ) 3)

The partial derivative of U with respect to M must be zero
for equation (1)

AU R [™? oM
== = M——do 4)
oMy~ EI J, OMy
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Similarly, from eq. (2), we obtain
oU /2 /2 FR
—=1/ M2Rd9=/ M——(1—cosf)=0
oMy 0 0 2

Integrating for given limits and solving for M (0 = 7 /2),
we get

FR 2
My=—(1--)

2 T

1 2
My = FR(E - ) ©)

T

or,

My = 0.182FR (6)

Substitute the value of My in eq. (2), and M becomes
FR 2
M = —(cosb — —) (7)
2 b4

As per Castigliano’s second theorem, the partial derivative
of strain energy, U, with respect to a load, yields the displace-
ment component of the loaded point in the direction of that
load.

oU .
8i=ﬁ, ......... i=1,2,....n 8)
We find the deflection for the ring to be
s_ 5 — FR® (m 2 ©
Y E\4 7

A force transducer of a square ring shape has been pro-
posed and demonstrated as a modification of the force trans-
ducer of the ring shape. The ring’s outer section is square
while the inner portion is circular. The force transducer’s
outer surface offers ease of installing a strain gauge, while
the inner ring offers suitability for a dial gauge. Researchers
have discussed ring shape force transducers and derived
appropriate systematic equations for calculating of strain (),
stress (o), and deflection (8) for a square ring force trans-
ducer. In the current study, for the analysis of the stress,
strain, and deflection, the similar equation also applies in
the development & characterization of a square ring shaped
force transducer along with the role of stress analysis by the
previous researchers [2], [24]. Such a force transducer offers
simple manufacturing and design considerations. The square
ring design has been studied analytically as well as compu-
tationally (Figure 3). These equations provide an estimated
value for §, o, and ¢, when essential parameters are well -
known, i.e., R, E, and F.

The equations for determining the estimated value of §, o,
and ¢ of the force transducer [2], [24], are shown below.

1.5M

o= (10)
1.5M

©= B2 (1
0.9FR3

s = e (12)
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TABLE 1. Details of dimension and material specification.

SI. Quantity Notation Unit Value
No.
a  Radius(Internal R mm 86
circle)
b Radii (Outer) R, mm 96
¢ Radii (Mean) R mm 91
d  Thickness t mm 10
e  Width b mm 35
f  Modulus of E GPa 70.7
elasticity
g  Poisson ratio v -- 0.33
h  force applied F N 2 000
on transducer
i Deflection for ) mm 0.541
applied force
(2 kN) using

equation 12

192

%

TOP VIEW

o

FRONT VIEW

192

35
—
I SIDE VIEW

ISOMETRIC VIEW

FIGURE 3. 3-Dimensional representation of square ring force transducer.

To develop the presented force transducer, AL7075 (T6)
material was used. The internal diameter of the transducer
ring has been finalized after optimization of design and fit-
ting the dial gauge inside the internal circle to calculate the
deflection. AL 7075 (T6) has good machinability, fatigue
strength and is very strong compared to many steels. AL 7075
(T6) aluminum alloys are used in various industrial appli-
cations like aerospace, defense applications, automobiles,
submarines, gears, and shafts, regulating valve parts, turbines,
missile parts, keys, aircraft, and all-terrain vehicle (ATV)
sprockets [26]—[28]. The details of dimensions and material
properties are shown in Table 1.

B. COMPUTATIONAL FORCE TRANSDUCER ANALYSIS

The software ANSYS 16.0 was used to conduct compu-
tational investigations of the square ring force transducer
(SRFT). A 3-D model has been designed for SRFT using
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FIGURE 4. Stress over the square ring force transducer.
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FIGURE 5. Deformation over the square ring force transducer.

the Solid edge software and simulation work has been com-
pleted on ANSYS software. For the computational study,
the properties of Aluminum 7075 (AL7075 T6) including
a Poisson ratio of 0.33 and Young’s modulus of elasticity
71.7 GPa, have been used. The geometry and material have
been assumed to be isotropic throughout the design. The
desirable capacity of the SRFT is 2 kN and as per the ana-
lytical method, boundary conditions have been applied for
the FEA. A total of 515815 elements and 727559 nodes
were included and the size of the mesh was set to 5 mm
during the SRFT investigations [29]. The meshing of SRFT is
shown in Figure 12b. The element size was obtained from the
standard library in the software, with curvature control having
a maximum deviation factor of 0.1. The same methodology
used for FEA of the SRFT, was implemented, and the deflec-
tion, stress, and strain patterns are drawn.

The FEA helps in obtaining stress-strain and deflection
patterns for the SRFT and suitable locations for strain gauges’
application. Figure 4 and 5 summarize deflection and stress
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TABLE 2. Various parameters of machining.

TABLE 3. Roughness measurement data sheet.

S. Specification Dimension value
No
1 Spindle speed 3000 revolution/min
2 Feed rate 1500 mm/min
3 Depth of cut 0.3-0.6 mm
4  Types of tools Carbide End mill diameter
used 12 mm; End mill cutter

diameter 50 mm

e

N\
~ N Multipoine 4

FIGURE 6. Machining of the square ring force transducer.

patterns, respectively [30]. The stress is found to be within
permissible limits, while deflection at a nominal force of 2
kN is found to be 0.649 mm.

C. EXPERIMENTAL MEASUREMENT

SRFT was developed while taking the analytical and
computational investigations into consideration. The
machining operation was performed on a computer numeric
control (CNC) milling machine (vertical) equipped with
controller 828D of SIEMENS. These machines are four-axis
milling machines including a rotary axis. During the machin-
ing process, the following specifications were taken as shown
in Table 2 given below. Figure 6 show the machining of the
transducer.

After the machining, the surface roughness and geomet-
rical dimensions were measured. Additionally, the surface
roughness on the outer side as well as the inner side was
measured. The measurements are shown in Table 3, including
the value for installation of strain gauge on the outer surface.
For application of strain gauges, it is preferred to have a
surface roughness up to 5 um [31]. A glimpse of the process
of surface measurement is shown in Figure 7a and 7b.
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TABLE 4. Dimensional measurement data sheet.

S.No. Name of Parameters Results (mm)

1 Inner diameter 172.08

2 Width 35.01

3 Roundness 0.02

4 Straightness 0.0001

5 Perpendicularity 0.02

6 Parallelism 0.004

7 Total length (both side) 192.12

8 Flatness 0.02

In this case, the coordinate measuring machine (CMM)
is used to measure the various geometrical dimensions and
tolerance parameters after the machining work on the outer
surface as well as the circular surface of the square ring.
Applicable parameters were measured, and they are sum-
marized in Table 4. The process of measurement is shown
in Figure 8a -8b.

The dial gauge-based force transducers (force proving
instruments) have inherent limitations of reversibility and
non-interpolative measurements. During the evaluation of
the metrological investigation of the square ring force trans-
ducer, 0.2 um and 0.1 pum resolution dial gauges were
used.

In this study, foil-type strain gauges were used, and the
resistance of all four strain gauges (R = 350 2) with a gauge
factor K = 2 was used. A Wheatstone bridge was formed by
arranging the strain gauges as shown in Figure 9a.

Equation 13 shows the bridge in proper balance conditions
with equal strains.

R = R (13)
Ry R3

Strain gauges were installed at identified positions and
are shown in Figure 9b, in line with the implications of
finite element analysis [31]-[32]. The calibration of the
force transducer has been accomplished through the use of
a high-resolution digital indicator having10™> mV/V of res-
olution. Figures 9b—9e show the different aspects of the force
transducers and 5 kN deadweight force machine.
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FIGURE 7. (a) Roughness measurement for circular inner surface.
(b) Roughness measurement for outer flat surface.

D. COMPARISON OF DEFLECTION MEASUREMENT

For rigorous validation of the design methodology adopted,
deflection has been evaluated for the different approaches
viz., analytical, computational and experimental methods.
The deflection is measured using a precision dial gauge
of 0.1 um resolution. The deflection is shown in Table 5,
which summarizes that the deflection obtained from the
experimental method is within 10 % of deviation to the
analytical method and numerical method on either side of
experimental measurements. The analytical expressions were
formulated based on bending of curved bars; as such, they
may not be practically valid for SRFT as the thickness is
uniform in the case of the ring shaped force transducer.
Figure 10 summarizes the salient findings of Table 5.

E. VALIDATION OF DESIGN THROUGH STRAIN
MEASUREMENT COMPARISON

Four strain gauges (2 mm x 2 mm) were connected with
two strain gauges connected along the Y axis in force direc-
tion, and the other two gauges were connected along the
X axis, as shown in Figure 11. A full Wheatstone bridge
configuration was formed using these four strain gauges. The
different sensitivity of the force transducer is attributed to the
arrangement of the strain gauge. A mathematical model is
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FIGURE 8. (a) Dimension measurement for inner circular surface.
(b) Dimension measurement for outer flat surface.

proposed to predict the sensitivity for different strain gauge
arrangements.

The strain gauges forming the four arms of the full Wheat-
stone bridge consisting of resistances R, Ry, R3 and R4
with Ry and R3 measuring perpendicular strain and R, and
R4 measuring axial strains, then the output voltage (Vou)
with respect to excitation voltage (Vj,) is calculated by using
Kirchhoff’s law:

Vout _ Rl . R4
Vim Ri+Ry R3+R4
The resistance of all strain gauges (R = 350 €2) and gauge
factor (K = 2) have been taken giving an output of zero in a
balanced condition for the bridge. However, with the variation

in the application of force applied on the transducer, the resis-
tance values were changed. The variation in resistance with

(14)
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FIGURE 9. (a) Arrangement of strain gauge in wheatstone bridge form. (b) Location of strain gauge in SRFT.
(c) Strain gauged SRFT. (d) 5 kN dead weight force machine. (e) Calibration with digital indicator of a SRFT.
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TABLE 5. Deflection through different methods.

SI.  Force Deflection (mm) through different methods
No. (kN) Analytical Computational Experimental
1 0.2 0.054 0.065 0.059
2 0.4 0.108 0.130 0.120
3 0.6 0.162 0.195 0.178
4 0.8 0.216 0.260 0.238
5 1.0 0.270 0.325 0.298
6 1.2 0.324 0.390 0.358
7 1.4 0.378 0.455 0.419
8 1.6 0.432 0.520 0.480
9 1.8 0.486 0.585 0.540
10 2.0 0.541 0.649 0.599

TABLE 6. Difference in strain values using various methods.

Sr.  Force  Analytical  Experiment Mathematical
No (kN) model
1 0.2 0.11 0.10 0.10
2 0.4 0.23 0.20 0.20
3 0.6 0.34 0.30 0.29
0.8 0.46 0.40 0.40
5 1.0 0.57 0.51 0.51
6 1.2 0.69 0.61 0.60
7 1.4 0.8 0.71 0.71
8 1.6 0.92 0.81 0.81
9 1.8 1.03 0.91 0.90
10 2.0 1.15 1.02 1.01

force was evaluated by the mathematical model [33] as shown
in Equation (15).

Vou _ Ke(1+p) 1073
Vi 2

Table 6 summarizes the voltage (mV/V) through the ana-
lytical computed strain and strain computed through compu-
tational method using Equation 15. The same is compared
with the voltage output of the Wheatstone bridge when force
is applied to the force transducer. The output of the Wheat-
stone bridge is measured through a precision digital indicator
in mV/V. For rigorous and correct measurement of strain
through FEA, the meshing and strain. Figure 14 summarizes
the salient findings of Table 6.

15)

IIl. METROLOGICAL INVESTIGATIONS

A calibration procedure has been adopted according to
the ISO 376: 2011 standard for the calibration of the
SRFT [34]-[36]. For the calibration of force transducer,
a 5 kN dead weight force machine was used, having CMC
4 0.015 %. % (k = 2) with room temperature at 23 °C£2°C
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FIGURE 10. Comparison of deflection through different methods.

and a relative humidity of 50% =£10%. The environmen-
tal conditions were maintained during the whole process of
calibration.

A. CALIBRATION PROCEDURE

As mentioned above, the force transducer has been calibrated
following ISO 376: 2011 for its metrological characteris-
tics and various factors have been evaluated for determina-
tion of the uncertainty measurement of the force transducer.
A schematic representation of the calibration procedure is
presented in Figure 15. The relevant factor has been discussed
in detail previously [2]. Table 7 presents briefly the different
factors contributing to the uncertainty of measurement of the
force transducer, their method of computation, type of error
(Type A/B), type of probability distribution, factor of divi-
sion, etc. Relative uncertainty of measurement is evaluated
as follows:

0.5
Wer = (W%e + W%p + W}%s + Wge + Wtzn + W%e + W%r) (16)

Expanded uncertainty of measurement at k = 2, is
evaluated as follows:

Wi =kwe (17)

Overall uncertainty of measurement is computed as
follows:

)0.5

W=W2+Ww2, (18)

Factors contributing to the uncertainty of measurement of
SRFT may be taken into account whether it is dial gauged
SRFT or strain gauged SRFT.

B. METROLOGICAL CHARACTERIZATION OF STRAIN
GAUGED SRFT

Table 8 summarizes the various factors contributing to the
uncertainty of measurement of the SRFT, which is a vital
indicator of metrological performance. Taking contributing
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FIGURE 13. Maximum Strain value obtained under 2 kN Load.

factors from Table 7, it was found that the uncertainty of
measurement is approximately 0.10 % (k = 2). This uncer-
tainty is likely the result of relative uncertainties of repro-
ducibility and reversibility are greater than or equal to 0.10
% (Figure 16). The force transducer falls under class D force
transducers as per ISO 376: 2011.

C. PRACTICAL APPLICATION AND UTILIZATION OF THE
DEVELOPED FORCE TRANSDUCER

The force transducer has varied utility for different indus-
trial and metrological applications, including verification

VOLUME 9, 2021
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FIGURE 14. Comparison of strain through various methods.

of uniaxial material testing and hardness machines and
force transfer standards for static force measurement
related applications. The strain gauged force transducer bears
uncertainty of measurement well within limits established by
standard calibration practices. The force transducer was used
for verification of the uniaxial testing machine, as shown
in Figure 17, up to a range of 5 kN. The force transducer
bears uncertainty of measurement up to 0.05 % (in the range
of 50 % - 100 % of nominal capacity) and can thus serve
for precision force measurement applications. It is worth
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FIGURE 15. Calibration procedure flow diagram for a force transducer.
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TABLE 7. Factors affecting uncertainty of measurement of a force transducer [33].

SIL Relative deviation due Applicable for Distribution type, Error Relative standard
No. to (%) Force Proving Force and Factor of Division uncertainty contribution
(2a) Instrument Transducer ) %
(Dial gauged) (Strain gauged) a/factor in previous column
(Yes/No) (Yes/No)
1 Zero offset Y Y Rectangular, a/1.732
Type B, 1.732
2 Resolution Y Y Rectangular, a/2.249
Type B, 2.449
3 Repeatability Y Y Rectangular, a/1.732
Type B, 1.732
4 Reproducibility Y Y U shaped, a/2.449
Type B, 2.449
5 Creep Y Optional Rectangular, a/1.732
Type B, 1.732
6 Reversibility N Y Rectangular, a/l1.732
Type B, 1.732
7 Interpolation N Y Triangular, a/l.414
Type B, 1.414
8 Applied force Y Y Normal, a
Type B, 1

TABLE 8. Uncertainty of measurement of strain gauged force transducer with contributing factors.

Force Relative uncertainty ( 102 %) due to Uncertainty of
(kN) Zero offset Res. Rep. Rpr. Int. Rev. Applied measurement
force 102,k =2)

0.2 1.3 1.0 4.0 6.9 1.2 9.9 1.5 7.5

0.4 1.3 0.5 3.5 6.4 0.2 6.7 1.5 6.0

0.6 1.3 0.3 33 5.3 1.1 6.8 1.5 5.8

0.8 1.3 0.2 2.7 52 0.1 6.6 1.5 5.6

1.0 1.3 0.2 2.4 4.4 0.0 5.2 1.5 4.9

1.2 1.3 0.2 1.8 3.8 0.3 5.0 1.5 4.6

1.4 1.3 0.1 1.6 3.4 0.3 4.2 1.5 4.3

1.6 1.3 0.1 1.2 2.6 0.1 32 1.5 3.8

1.8 1.3 0.1 1.0 2.4 0.2 2.0 1.5 3.5

2.0 1.3 0.1 0.9 1.6 0.0 0.0 1.5 32

mentioning that the force transducer has not been evaluated
for dynamic force measurement related applications as there
is no dynamic force measurement facility at the National

Physical Laboratory, India (NPLI).

VOLUME 9, 2021

D. LIMITATIONS AND CHALLENGES

The developed force transducer offers several advantages but
exhibits some limitations as well, which should be addressed
and resolved in subsequent practical studies, whether for
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commercial viability or applicability. The force transducer as
discussed is of simple design and bears economical aspects
while fabricating the same. This helps in breaking the trade
barrier, while proposing an alternate to the commercial force
transducers available. Though, there are some obvious advan-
tages and features of a simple shaped force transducer as pre-
sented, but the force transducers bears following limitations
and challenges:

1) DIMENSIONS

In its present form, the force transducer is comparatively large
in comparison to commercially available alternatives. The
current dimensions were chosen to be larger as the dial gauge
required accommodation to validate deflection by experi-
mental means, and no alternative economical solution was
available. As coherence among the analytical, computational,
and experimental approaches has been established, there is
no need to verify the deflection in the future. Computational

33310

investigations (FEA) are sufficient to determine the capacity
of the force transducer to be developed.

2) PRACTICAL VIABILITY

A force transducer was developed and its utility demonstrated
for 2 kN in our current study. There is a need to develop the
force transducer of a more conventional shape for a variety
of capacities (e.g., 1-1 000 kN) for major metrological and
industrial applications. Once developments in varying capac-
ities are completed, the practical viability of the shape can be
established.

3) ECONOMICAL CONSIDERATIONS

The force transducer developed is economical in compari-
son to comparable force transducers available commercially.
Estimated cost of developed transducer approx. $200 — $300.
There is need for further work to establish the economic
viability of the presented force transducer.

4) DYNAMIC FORCE MEASUREMENT

With a growing need in this area, the force transducer devel-
oped is yet to be evaluated for dynamic force measurement.
As there is no facility suited for dynamic force measurements
at the National Physical Laboratory (NPL), India, evaluation
of the force transducer for dynamic force measurement was
beyond the scope of this work [35].

5) LONG-TERM STABILITY

Although the force transducer was evaluated repeatedly over
several months and has stable metrological features, it has
been observed that force transducer features have a tendency
to deteriorate over a number of years. Hence, in order to prove

the presented force transducer worthy, long-term stability
study is required [36]-[37].
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IV. CONCLUSION
The following conclusions may be drawn from the work
presented here:

1) An SRFT was designed based on analytical and compu-
tational approaches followed by experimental measurements.

2)A17075 (T6) (aluminum alloy) was used as a material for
the SRFT for a nominal capacity of 2 kN. The produced force
transducer is strain gauged and falls under class D instruments
as per ISO 376: 2011.

3) The SRFT has been investigated for its metrological
characteristics as per ISO 376: 2011 using dial gauge (res-
olution 0.1 um and 0.2 um respectively) and strain gauges
(resolution of digital indicator 0.00001 mV/V).

4) Metrological characterization reveals that the uncer-
tainty of measurement of strain gauged SRFT is up to 0.05
% in the working range, making it suitable for industrial and
metrological applications.

5) Attempts regarding optimization of dimensions and
improvements in the uncertainty of measurement of SRFT
are underway in order to present it as a commercially viable
product.
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