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ABSTRACT

Rotary Torque sensor, which uses strain gauges as their measuring element to re-
spond against the stresses in torsion bars caused due to applied torque are widely
used to measure a wide range of torques in numerous applications. Moreover
torque measurement is a very complicated process so it requires special solution
for each case. In this dissertation a new torque determination process by using a
new shape of strain gauge is used to design and develop a rotary shaft to shaft
torque sensor for use of torque value determination work. During the design of
strain gauge based rotary torque sensor two strain gauges are considered to make a
bridge circuit. Several torque sensors, which are currently being used, are studied
and then this new rotary torque sensor is designed with the help of finite element
analysis. The finite element analysis is performed on shaft by considering the
properties of SS304 as a material of shaft. The design and analysis work is done
by considering the boundary conditions for a 100 NM torque capacity and FOS as
1.5. Then the core part that is the shaft is manufactured and actual experimental
testing is completed by gauge pasting and values are obtained through data ac-
quisition system. The results of mathematical calculations, FEA analysis results,

and experimental results are compared.

Keywords: Torque Sensor, Strain gauge, FEA analysis.
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Chapter 1

Introduction

1.1 Introduction

In simple terms, a torque measurement sensor can be defined as a sensor that
converts the torque measurement value (reaction, dynamic or rotation) into an
additional measurement variable, where it is converted into an electrical signal that
can be measured, converted, and normalized. Torque measurement is generally
divided into static torque measurement and dynamic torque measurement. In
a static measurement system, the measured torque is the torque of rotating a
stationary object. In case of dynamic measurement system, the body is revolved
or rotated by the applied torque. Torque measurement in static structures is easier
than in dynamic structures. This is because dynamics has some difficulties in
transmitting measurement signals between static and rotating parts. The amount
of torque can be determined by measuring force and displacement, rotation angle,
shear stress or strain.

Torque converters are commonly used as engine test/test tools, torque measure-
ment tools, turbines and generators to measure torque. The rotating shaft-to-axis
torque sensor can also be used for feedback control, monitoring torque and analyz-
ing the efficiency of the test bench, as well as measuring the torque on the rotating
shaft. Torque sensor is a device that can also be used to measure torque on ro-
tating systems such as rotors, hammer mills, and gears. When trying to optimize
power consumption, torque measurement plays an important role in controlling
the power of a mechanical system. In such a system, the rotating shaft torque

sensor is very important. On the other hand, in the automation application field
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of today’s mechanical industry, with the establishment of more and more mechan-
ical product capabilities, the demand for torque measurement is also increasing.
Torque measurement is essential for improving machine efficiency in the control
part of the power transmission system. Therefore, accurate, reliable and inex-
pensive torque detection and measurement are required. Therefore, a new torque
sensor concept based on a highly reliable measurement principle will be designed
and developed. The basic idea is to convert the shaft rotation under the torque
load into the signal input of the sensor element, and then display the measured
value by the measuring device. Therefore, in most cases where a torque sensor
is used, it has a dynamic measurement arrangement formed by a shaft-to-shaft
connection. For real-world use in mechanical systems, the torque sensor need to
be effortlessly mounted on the shaft, and the shaft torque must be recorded with
high precision and accuracy.

This work focuses on strain gauge-based torque-torque sensors, aiming to im-
prove its mechanical parameter optimization and scalability. The most common
commercial single-axis torque sensor geometry is a solid round shaft. The solid
shaft has structural advantages, especially in high load applications; it provides
high bending strength and simple application of strain gauges. The goal is to de-
velop a simple geometric structure that allows strain gauges to be easily attached
to the shaft surface to detect the strain due to the applied torque. For design pur-
poses, various designs of available torque sensors were checked, and the number
of studies reported was also considered. In the design, an important factor that
also compromises the performance of the torque sensor is related to the shaft that
connects the strain gauge to the sensor, because it affects the shape and achievable
performance.

The main aim of the work is to propose an enhanced strain gauge based torque

transducer for measuring dynamic loading on a rotary shaft.

1.2 Principle of torque sensor

In terms of design, the torque device consists of a metal body (rotating shaft) to
which the strain gauges are connected. The sensor shaft is usually made of alu-
minum or stainless steel, which provides the sensor with two basic characteristics:

(1) strong to withstand high torque; (2) elastic to minimize deformation when the

Mechanical Engineering Department: Design 2
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torque is released and restore its original shape. When a torque is applied, the
metal body as the rotating shaft is like a "spring” and is easily deformed. If it is
not overloaded, it will return to its original shape.

In a rotary torque sensor, the strain gauge is connected to the rotating shaft,
and when a torque is applied, the rotating shaft rotates slightly. Shaft rotation will
generate stress in the strain, and the strain gage will also change its shape, thereby
changing its resistance, thereby generating a difference in voltage change through
the Wheatstone bridge circuit. Therefore, the voltage change is proportional to
the torque applied to the converter and can be calculated, calibrated and measured
by the voltage output of the torque sensor circuit. The rotating torque sensor is
designed to measure the torque of a rotating shaft. Therefore, what is important
is the means to transmit the force to the strain gauge bridge and to receive the
signal from the torque gauge or shaft. This can be done through slip rings, wireless
telemetry or resolvers. The sensor output is a function of force and displacement,

usually expressed in Newton meters (Nm)

T=6- (I, - GIL

L = jength of shaft (mm, n)

G = modulys of ety (Mpa, psi)

Is = “polar moment of merta® of cross sechon (mm?, ')

Figure 1.1: Principle of a typical rotary torque sensor

Relation between the strain due to torsion:-

Torsion means the twisting of a body caused by moment acting around the ob-
jects longitudinal axis. So when a torque is applied to a solid circular bar (shaft) it
causes it to deform by twisting. As A Result of it generates stresses and strains in
the bar. The general torsion equation is % = 5= % In case of the torque sensors
where the strain gauges are used, the torque is calculated by means of capturing

the strain due to the deformation by twisting of shaft after application of torque.

So to obtain the strain value consider a small rectangular element on surface of
shaft as shown in fig 1.2 (b). The element CDEF as shown in figure is rectangular
before the torque application, once the torque is applied it get distorted. Now

Mechanical Engineering Department: Design 3
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Figure 1.2: Strain due to twisting of shaft

due the small deformation the angle of small elements will no longer remain at 90
degree and become CD’E’F this gives rise to a shear strain which corresponds to
an angle E’FE as shown in figure. This shear strain can be obtained by considering
the geometry of bar in twist. By using trigonometry to derive an equation for ~
(shear strain) By trigonometry for small angles, v = tan~y.

tany = B85 = B = 8

So the shear strain is equal to the radius of bar (r) multiplied by angle of twist
(0) divided by length of bar (L). This equation is only applicable for shear strain
on the surface of the bar. So, it is known that shear strain rise linearly with the
distance from the center of the cross section.

So if p is defined as the radial distance from the center of the cross section and
replaced at place of r we can get equation to calculate shear strain due to torsion

at any point within the bar,
tany = %9

So, experimentally this equation is used by means of strain gauges to actually
measure the strain. Thereafter output of strain gauge is calibrated in terms of the

torque value.

1.3 Definition of torque

Torque is a very vital physical factor, which plays an important role in determining
the quality of goods. With reference to Figure 1, torque can be approximately

defined as a measure of the force that causes object C to rotate.

Mechanical Engineering Department: Design 4



Design and Development of a Rotary Torque Sensor

When subjected to force F, the object rotates around an axis called pivot point
O. The distance r from the fulcrum to the point of force application is called the
lever arm. Please note that r is also a vector, which points from the axis of ro-
tation to the point of force application. A formula can be used to calculate the
amount of torque. (1) The unit of torque is Nm, which is the torque formed by

IN force acting on a point within 1m of the fulcrum radius.

Figure 1.3: definition of torque

This definition applies to static torque measurement and dynamic torque mea-

surement. More generally, the torque can be defined as;
T=r:F (1.1)
In the single dimensional case
T =r: F.sinf (1.2)

Where, is the angle among the position vector, r and the force vector, F. In the
case of a shaft revolving with angular velocity and power P, torque can be also

calculated from:

P
T =—
w

(1.3)

1.4 Strain gauge transducers

1.4.1 Structure of strain gauges

There are numerous kinds of strain gauges. Between them a common strain gauge

has a structure such that a grid shaped sensing part of thin metallic resistive foil

Mechanical Engineering Department: Design )
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(3 — 6 pm) is put on the base of a thin plastic film (15 — 16 pm) and is covered
with a thin film

Laminate film

_- Metallic resistive foil
(sensing element)

P

Plastic film (base)

Figure 1.4: Structure of strain gauge

1.4.2 Principle of strain gauges

The strain gauge is connected with the measuring unit, so that the measuring
element (metal resistance foil) expands or contracts according to the expansion
of the measured object. The resistance changes due to expansion or contraction.
Strain gauges apply this principle to strain measurement by changes in resistance.
Normally, the sensor element of the strain gauge is made of copper-nickel blend
foil. The resistance change of the alloy foil is proportional to the elongation and
has a certain constant. Let’s express the principle as follows:

AR

= Ke (1.4)

Where, R: Original resistance of strain gauge, {2 (ohm)
AR: Elongation or contraction initiated resistance change, 2 (ohm)
K: Proportionate constant (called gauge factor)
g: Strain
The K factor K varies depending on the metal material. The coefficient of mea-
surement for the copper-nickel mixture (Advance) is approximately 2. Therefore,
a strain gauge using this alloy as a measuring element can convert mechanical
strain into an equivalent resistance variation. However, since the load is an invis-
ible phenomenon, the resistance change caused by the load is small.

In fact, it is very challenging to accurately measure small changes in resistance,

which cannot be measured by traditional ohmmeters. Therefore, small changes

Mechanical Engineering Department: Design 6
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in resistance are measured by a devoted strain amplifier using a circuit called a

Wheatstone bridge.

1.4.3 What is Wheatstone bridge?

The Wheatstone bridge is an electric circuit appropriate for finding of minute
resistance variations. It is hence used to measure resistance changes of a strain
gauge. Suppose the bridge is constructed by merging four resisters as shown in

figure. If R1I=R2=R3=R4, or R1*R3=R2*R4

OQutput, e

input, E

Figure 1.5: Bridge structure by combining four resisters

Then whatsoever voltage is applied to the input, the output, e, is zero. Such a
bridge position is called “balanced” When the bridge loses the stability; it outputs
a voltage resultant to the resistance variation. As shown in figure a strain gauge
is linked in place of R1 in the circuit. When the gauge bears strain and induces a

resistance variation, AR, the bridge outputs a equivalent voltage, e.

1
=-.—.F 1.
e=1% (1.5)
That is,
1 AR
=-—.—.c.F 1.
e= g€ (1.6)

Meanwhile values other than ¢ are well-known values, strain, €, can be determined

by measuring the bridge output voltage.

Mechanical Engineering Department: Design 7
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1.4.4 Bridge Structures

The most commonly found structures are 1- gauge system, 2- gauge system and

4- gauge system.

Figure 1.6: Output of one gauge system

1-Gauge system

In 1 gauge system only one gauge is used. In the 1 gauge system undergoes
resistance change at R1 one side only, shown in figure 1.4 Output voltage of 1-

gauge system:-

1 AR1
=-.—F 1.
‘T1R (1.7)
Or
1
e= Z.K.sl.E (1.8)

In almost all cases, general strain measurement is performed using the 1 gauge

system.

4-Gauge system

In case of 4 gauges system it has four gauges connected shown in figure 1.5 one
each to all four edges of the bridge. Although this system is hardly used for strain
measurement, it is often applied to strain gauge transducers. Output voltage of 4-
gauge system:- When the gauges at the four sides have their resistance altered to

R1+4+ AR1, R2+AR2, R3+AR3 and R4+AR4 correspondingly the bridge output

Mechanical Engineering Department: Design 8
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voltage, e, is;

]
s -

Figure 1.7: Output of four gauge system

_1(AR1 AR2+AR3 AR4)
47 Rl R2 R3 R4

If the gauges at the four sides are equivalent in specifications as well as the

(1.9)

e

gauge factor, K, and obtain strains, €1, €2, €3 and 4, respectively, the equation

above will be:

1
e = Z.K.(51—52+53—54).E (1.10)

2-Gauge system

With the 2- gauge system, gauges are linked to the bridge in either of two ways
as shown in figure 1.6. Output voltage of two gauge system:- Two sides amongst
the four initiated resistance variation. Thus, the gauge system in the case of Fig

(a) delivers following output voltage.

1 ARl AR2
Or
¢ — i.K.(d _9).E (1.12)

In case of fig (b)
ARl n AR32

1
e = (T + —ps)E (1.13)

Mechanical Engineering Department: Design 9
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Figure 1.8: Output of two gauge system

Or
1
e = Z.K.(el +e3).E (1.14)

1.5 Temperature Compensation

One of the difficulties of strain measurement is thermal influence. FExcept for
force, temperature changes make the measuring body lengthen or shorten, which
has a certain linear expansion coefficient. Therefore, the strain gauge connected to
the object carries thermally induced apparent strain. Temperature compensation

resolves this problem.Temperature compensation can be done in two ways,

Mechanical Engineering Department: Design 10
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1.5.1 Active dummy method

Active dummy technology uses a 2-gauge system, in which active dummy A is
connected to the measuring prism, and dummy D is connected to a dummy block
without a measuring prism load, but under the same temperature conditions as
the temperature conditions affecting the measurement object . The virtual block

will be made of the same material as the measuring entity.

Output

|

Figure 1.9: Active dummy method

1.5.2 Self temperature compensation method

The temperature coefficient of resistance of the sensor element is controlled by
the self-temperature compensation measuring device according to the coefficient
of linear expansion of the measuring body. Therefore, if the measuring device
matches the measuring object, the measuring device can perform strain measure-
ment without thermal influence. Assume that the linear expansion coefficient of
the measuring body is s and that of the resistive element of the strain gage is

pg.

When the strain gauge is bonded to the measuring entity as shown in fig, the

Mechanical Engineering Department: Design 11
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Resistive element of strain gage
(linear expansion coefficient, 3g)

i ———

Measuring object
(Linear expansion coefficient, ps)

Figure 1.10: Self compensation gauge

strain gauge allows thermally-induced apparent strain/°C, T, as follows:

T = % + (Bg — Bs) (1.15)

Where, “a” is temperature coefficient and “Ks” is Gauge factor of strain gauge.

Mechanical Engineering Department: Design 12



Chapter 2

Literature Review

2.1 Introduction

Torque quantity on rotating shafts leads to a specific design prerequisite. The
torque data has to be transmitted from the rotating shaft to the stationary readout
environment. The technical resolution is to pick up the torque data on the rotating
shaft and transmit it to a static receiver either through electric, magnetic or
electromagnetic field. In order to have a detailed and descriptive knowledge of
the various principles of different types of strain gauges literature study is more

important and helpful.

2.2 Classification of Literature Review

On the basis of measurement of deformation of elastic element the literature re-
view is divided into following parts,

I. Electrical domain

II. Electronic / Electromagnetic phenomenon

ITI. Optical domain

2.2.1 Electrical domain

[1] Westbrook and Turner, 1994, etc., electrical measurement is basically related
to strain gauges, capacitance and piezoelectric sensing. The strain gage process
is based on the change in resistance with strain. Once a force is given, the strain

will fluctuate the resistance of the meter in proportion to the load. Due to its high

13
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sensitivity, silicon semiconductor strain gauges are often used. The expansion of
silicon causes its bulk resistance to change, resulting in a signal that is 75 times
stronger than traditional thin-film measurement equipment. In traditional thin-
film measurement equipment, resistance fluctuations can only be traced back to
the dimensional change of the resistance. Due to the advantages of strain gauges,
such as high linearity, about 0.03% 2.5% of the full scale value, and high strength
of 13 mV /V, their maximum permissible elongation is close to their breaking limit.
In order to ensure the overload protection of the converter, a mechanical stop to
limit the deflection of the bending element is indispensable. Very rigid sensors
only allow a deflection of tens of thousands of millimeters. It is very difficult to
produce the end stop with such a small gap. Strain gauge-based torque/force
sensors are exposed to protruding radial and additional force mechanisms. Semi-
conductor and foil measuring devices require complicated connection procedures
by those skilled in the art. Another disadvantage of these sensors is their high

sensitivity to electrical noise.

[2] Kovacich 2002 et al. Piezoelectric torque sensors are similar to strain gauges
in the process and are based on the phenomenon that crystals are charged under
mechanical stress. The high stiffness and strength allow the sensor to be directly
integrated into the torsion element. An example of piezoelectric results is the
present invention, in which the author uses the change in the resonant frequency
of the piezoelectric component as a measure of the load on the torsion element.
Very high accurateness (0.03% of full scale) and high signal output are their main
benefits. The disadvantages that limit its application are high cost and non-linear

output.

[3] Fulmek 2002 and Madni 2004 et al. Many torque converters are designed
to measure the relative angle between the two ends of a torsion bar. This princi-
ple can be understood using differential capacitive sensors for measuring relative
angles. The sensor is non-contact, and the is robust and compact. Two rotatable
electrodes are located in the middle of the two sensor plates. The relative angle
between the two rotors and the overall position of the rotor blades are calculated

by measuring the capacitive connection between different transferring stator seg-
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ments and a single receiving electrode. Its disadvantages are high sensitivity to
radial displacement and higher cost. The relationship between the capacitance
of the capacitor and the dielectric constant of the dielectric material between the
capacitor plates is also used. In this development, the perforated metal cage shield-
ing the dielectric rotor is clamped between the capacitor plate rings connected to
the opposite sides of the torsion bar. The relative rotation of the perforated con-
ductive plate and the dielectric rotor changes the total differential capacitance of

the system.

[4] Hamza Khan, Claudio Semini 2017 and others, strain gauge-based torque
sensors are often used to provide high-precision torque measurement in automa-
tion. Although it is often necessary to measure the torque/force of the connection
in technical research and advancement, when integrating in the limited available
space of a small connection table, the bonding and wiring of the strain gauge used
as a torque sensor can create complexity. The need for a scalable geometric design
to measure joint torque complicates the problem. This document describes a novel
design of a single-axis torque sensor based on strain gauges. The sensor is called
Squarecut Torque Transducer (SCTS). Its important feature is a high degree of
linearity, symmetry and high flexibility in terms of size and measurement range.
Scalability. More notably, despite the limited space, SCTS can easily paste and
wire strain gauges to the sensor surface. This confirms that SCTS is superior and
more linear in terms of symmetry (clockwise and counterclockwise rotation). Fi-
nite element modeling (ANSYS) proved these capabilities, and the data obtained
through the motion test confirmed this. Studies including changes in size, mate-
rial, and /or wing width and thickness demonstrate the high performance of SCTS.
Finally, it is shown that SCTS can be successfully applied to the hip joint of a

miniaturized hydraulically actuated quadruped robot.

[5] Zhang Jiaming, Gong Chen 2015, etc. The rotating shafts of complex heavy
industrial equipment such as large generators, rolling mills and wind generators
often break due to fatigue cracks caused by torque overload. Online observation
of torque is also an important basis for evaluating power system conditions and

diagnosing faults. Due to practical problems such as sensor installation, reliability,
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and accuracy, the torque test of the high-speed rotating shaft is often unsuccessful,
so the observation of the torque of the high-speed rotating shaft has become an
urgent need. This document developed a brushless torque sensor built on strain
measurement, which converts the torque into the deformation of the shell, and
obtains the magnitude of the torque through the strain measurement of the shell.
The experimental verification shows that the measurement error is less than 4%.
When measuring the torque of the drive shaft of the cold rolling mill core, the
number of torque oscillations is verified by the simulation of the inherent char-
acteristics of the rolling mill transmission structure, and the torque amplitude
statistics are determined by the engine power and speed signals. Practice has
proved that the strain brushless torque sensor is achievable and the measurement

result is correct, which provides a basis for torque detection works.

[6] Dieter Doerrie and Paul Schwerdt 2014 et al. The disc-shaped element has a
first torque transmitting portion radially adjacent to the measuring element area
on the inner side and a second torque transmitting portion radially adjacent to
the measuring element area on the outer side. Compared with torque transmis-
sion components, the latter is a measuring element with a smaller axial thickness,
which shows mechanical stress under the influence of torque. The axial thickness
of the element decreases radially outward. Therefore, the strain gauge extends in
a certain axial area and converts the mechanical stress caused by the torque of

the measuring body.

[7] M. H. Muftah, S. M. Haris, 2010, etc. The most important variable of rotat-
ing machinery in this work is the mechanical active power, which is measured by
directly measuring the torque on the rotating shaft and measuring the speed. The
structure of strain gauge and strain gauge torque sensor is used for measurement.
The structure of the mill was analyzed to take into account the torque measure-
ment with strain gauges on it. The version with torque sensor is used with strain
gauges. This study outlines the implementation of the converter. Use Spider8
PC measurement electronics to calibrate the sensor, the measurement chain block
diagram, the most important points in the measurement software and catman (®)

Express software, measurement accuracy and sensor testing under simulated load.
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The software attached to the computer instrument determines whether the system
functions are convenient for users to use. The software is an integral part of many

tasks to be performed that affect all aspects of the measurement process.

[8] Zhigang chu and Hongyu shu 2020 et al. This article describes the geometry
of a strain gauge-based torque sensor; the measured torque must be converted
into a uniform normal strain load. Disc torque sensors are widely used in robot
joints and wheel drives. However, for traditional spoke geometries, there is al-
ways a trade-off among sensitivity and stiffness, because their load depends on
the bending deformation mode that causes the uneven load. This article intro-
duces the lever method of strain gage torque sensors, which executes uniaxial
tension and compression modes to optimize strain uniformity and improve trade-
offs. In addition, the F-type torque sensor proposed based on this method has the
characteristics of axial thinness, simple installation of strain gauges, and flexible

adaptation. Simulation and test results confirmed the basic design ideas.

[9] Min Li, Yu-Xiang Sun 2015 et.al.,This torque sensor based on sectional
redundant measurements, which can be applied to torque measuring of motor
starting, running and stopping. The sensor can withstand an axial force of 1000kg
while the interference from the axial load remains low. The maximum range is up
to 400Nm. In order to ensure accuracy and rigidity, the entire measuring range
is divided into three sections, since the moment of motor starting, motor running
and motor stopping, the maximum torque of each stage should be approximately
400Nm, 210Nm, and 60Nm respectively. A wheel shaped elastic body with 8 ra-
dial beams on which foil strain gauge and semiconductor strain gauge are adhered
and serve as the sensing unit. The combination of foil strain gauge and semicon-
ductor strain gauge forms a redundant measuring system. It was found at lower
range, the sensibility of the semiconductor gauge is superior to the foil gauge. But
at higher range, the linearity drop of the semiconductor gauge results in lower
measuring accuracy compared to the foil gauge. By using semiconductor gauge at
lower range and foil gauge at higher range, we are able to achieve fair accuracy

and linearity at the whole measuring range.
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[10] Hong Liu, Yiwei Liu, 2014 et.al., This is a novel six-axis force/torque sensor
based on strain gauges. Firstly, the six-axis force/torque sensor’s design criterion
is systematically expounded by calibration matrix, condition number, coupling
error, sensor accuracy, strain gauge sensitivity, sensor sensitivity and sensor stiff-
ness. Secondly, a novel sensing element is designed and simulated by finite element
method. Then, the performance of the sensor is obtained by analysis. In the end,

the sensor was manufactured.

[11] Dae-Han Hong, Jinung An 2012 et.al., In order for a robot to handle
various objects and perform or assist the tasks of a person, the robot has to be
similar to the hand of a human and manipulation tools with the same functions
were necessary. To properly perform such object manipulation functions, research
and development of manipulation tools with integrated sensor technology utilizing
sensors are being pursued. Although the force-torque sensor is the most general
among such sensor technologies, miniaturization is necessary in order to apply
the sensor to an intricate manipulation tool such as that of the human hand.
In this regard, this study is about the sensor frame design and analysis for the

development of a miniature force-torque sensor.

2.2.2 Electronics / Electromagnetic phenomena

[12] Vischer and Khatib 1995 et al. Faraday’s law (inductive sensors), magne-
tostriction and magnetoelastic effects are used for electromagnetic sensors, and
linear variable differential transformers (LVDT) are used for torque sensors. The
spoke structure of the torque sensor has a flexible support, an LVDT. The main
advantages of LVDT are its high robustness, excellent resolution of approximately
0.1 pm, good accuracy (0.010.3%), and simple installation and calibration. High
reliability stems from its working principle, which is based on magnetic transmis-
sion, which eliminates physical connection between sensor elements. The close
relationship between the magnetic core position and the output voltage of the sec-
ondary coil results in excellent resolution. Inductive sensors will experience signal
attenuation at very low frequencies and will be affected by electromagnetic noise.
The smallest LVDT weighs only 4.36 g and has an outer diameter of 4.77 mm, but

its 22.4 mm length makes the compact overall dimensions of the torque transducer.
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[13] Shinoura, 2003, etc., the effect of the change in the magnetization caused
by the tension applied to the material is called the Villari effect or magnetostric-
tion. The magnetostrictive torque sensor is composed of a rotating shaft having
a herringbone magnetostrictive metal layer formed on the shaft, an output coil,
and a pickup coil for detecting changes in the magnetic properties of the mag-
netostrictive layer. When alternating current is applied to the excitation core,
the magnetostrictive layer is excited. The torque applied to the magnetostrictive
element generates stress. Due to the Villari effect, the permeability changes and
generates an inductive output in the pickup coil when a torsional load occurs. The
advantages of this sensor are the non-contact contact between the shaft and the
housing and great torsional stiffness. The disadvantages are complex production,
heavy structure, strong magnetic shielding, and insufficient performance (linearity

of 3-5% FS, hysteresis of 2-3%, resolution of 10 mV/V).

[14] In this article, Hubert Gatringer and Andreas Muller proposed two al-
ternative sensor concepts for indirect measurement of end effector (EE) load in
2021. Both sensors are located on the robot base. The first sensor design includes
three load cells mounted on the robot. The second concept consists of a steel
plate with four spokes hanging from it. Strain gauges are attached to each spoke
to measure local deformations related to the load on the sensor plate (similar to
the main principle of force-torque sensors). Deriving the EE load from the basic
keys determined in this way requires the dynamic model of the robot to consider
static and dynamic loads. The prototype implementation of these two concepts is
reported. Special attention is paid to model-based calibration, which is essential
for these indirect measurement concepts. When using a new sensor, the results of

the experiment will be displayed.

2.2.3 Optical domain

[15] Hirose and Yoneda 1990 and so on. Made a significant contribution to the
research of optical force/torque sensors. They suggested using a split grating to
detect the movement of the light source (LED) due to the force applied in two

directions and the flexible part of the optical sensor. Photoelectric sensors have
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shortcomings such as non-linearity and temperature sensitivity, but compared with
other sensors, they are more reliable, cheaper, and simpler in design. The offset
is detected by interrupting the light between the light source and the detector,
changing the intensity of the reflected light, or by the relative displacement of the
light source and the detector. The sensor has a force adapter board, load cell
(elastic element), photodetector, LED and mounting adapter board. When force
is applied to the plate, the elastic solid deflects the LED light falling on the grating.

[16] Takahashi 2003, Okutani and Nakazawa 1993 et al., Nara Institute of
Science and Technology developed a 6-axis optical force/torque sensor for fMRI
applications. The sensor is made of acrylic resin to exclude any metal sensor com-
ponents that may generate fMRI signal noise. In this design, the elastic frame has
a Y-shaped topology with S-shaped rods to allow the active area to move 6 DOF.
The force applied by the user deforms the elastic frame and changes the intensity
of the light falling on the optical fiber. The torque measurement accuracy of this
sensor is 2.65%. The converter is very complicated and only suitable for narrow
applications. The idea is to calculate the torque by using an optical encoder to
measure the torsion angle of the torsion shaft to detect the difference in the rota-
tional positions of the disks on opposite sides of the torsion shaft. Encoder-type
torque sensors have a large overall size and require very precise perforated disk
installation. To overcome this problem, the author (Horton, 2004) invented a
torque sensor that has a light source, a two-dimensional radiation detector array,
and two modulating perforated disks arranged between the light source and the
detector. When torque is given to the shaft, the relative position between the
discs will change the overlapping grooves, thereby changing the aperture size that

controls the light pattern incident on the optical detector.

2.3 Literature Outcome

Different working principle studies based on different design through which some
of them are used to particular or specific use application and some of them are
for universal use provided valuable knowledge regarding different torque value

capturing methods and also design studies helped to structure design fundamental
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according to working parameters where the new torque transducer is going to
be used. The various operation principle from electrical domain, electronics /
electromagnetic domain and optical domain each of the principle having its own
advantages and disadvantage for the specified application where it is going to be
used. So comparison all of them based on their advantages and disadvantages is

as shown below.

son to other

than optical

Parameter Electrical Electronic/Electromagnetid Optical

Operating Simple, easy to un- | Quite simple but requires | Complex for understand-

Principle derstand expertise for particular | ing and use for small ap-
application use plications

Cost Lower in compari- | Moderate cost but lower

High cost of manufactur-
ing

Data trans-

Through slip ring

Through signal condition-

Sensed by photointer-

amplifier and dis-
played in mV

through IC and CPU and
displayed

mission and brushes ing and processing unit rupter/Photosensor  and
calibrated at  central
processing unit

Output Amplified through | Processed and converted | Processed through local

impedance control system
and displayed

Common ap- | Widely wused for | Mostly in automotive ap- | Mostly for robotic appli-
plications motor, gearbox | plications such as engine | cation as cost is on higher
and pump torque | transmission testing side.
testing

Table 2.1: Comparison study of different principle of torque sensors

Through literature review, it has been observed that much work is done on
torque sensor working on different principles, but still with requirement of dif-
ferent application base as well as the industries are moving towards the use of
automatically or numerically operated machineries, developing the torque sensor
for particular or unique application. There is scope of developing a torque sensor
considering different working parameter improvements with respective to working
conditions.

The electrical principle based strain gauge torque sensor is considered for design
and development as it is most commonly used in applications such as motor,
gearbox and pump torque testing and can be manufactured at an controlled cost
for universal use application where inline shaft to shaft torque measurement is
required.

Also through literature it is evident that there are very few truly Indian man-
ufacturers of rotary torque sensors in India, those companies either works in joint
venture with NRI firms or trade that technology from outside for example Sushma

industries Bangalore, Sense India Jaipur, adiartech (joint venture with artech
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USA) transducers Gujarat. Most of the manufacturers present in India such as
kistler holdings (Switzerland), Honeywell international (USA) and many more are
NRI companies who operates India and imports the sensors from outside India or
their home country because of which the cost of their products per piece is high
(in a range 1 lakh to 2.5 lakh). There is a scope of developing and manufacturing
those products in India locally to cater the high price. Below is the price range of

rotary torque sensors of different manufacturers is listed below;

Manufacturer (country) Price ( rupees)
Futek (USA) 1.7 lakh
ABB (Switzerland) 1.5 lakh
Crane electronics (UK) 1.2 lakh
Kistler holdings (Switzerland) 1 lakh

Table 2.2: Torque sensor manufacturers and its prices

2.4 Problem statement

In today’s modern era in order to modify and upgrade technology, cost plays an
important role for accessing that technology, therefore designing and developing a
rotary torque sensor by improving the performance characteristics in accordance to
the relative positioning changes and to work with respective working conditions
ranging from temperature change to external forces more efficiently. There is
need to study those aspects of developing the sensor with improvisation in the
performance.

In most cases, torque sensors are used for strain measurement, clutch and gear
testing, and dynamic torque in engines. In addition, the powertrain, braking
and suspension systems are all tested with torque sensors, which are also used to
measure performance to improve fuel efficiency. Therefore the rotary torque sensor
is selected for the design purpose by improving its performance characteristics and
considering the cost factor and to manufacture it in MAKE IN INDIA policy in
near future for making India a truly ATMNIRBHAR country.

2.5 Objectives of present work

1] To study various working principles and operating methods of different types

of torque sensors.
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2] Determine methodology and select best suitable working principle by consid-
ering performance characteristics such as working environment, nonlinearity, hys-
teresis, rotational speed and rated output.

3] Prepare conceptual design and develop it according to specified performance
characteristics and perform its finite element analysis.

4] To check the manufacturing feasibility with best suitable manufacturing tech-

nique at controlled cost for accurate torque value measurement.

Mechanical Engineering Department: Design 23



Chapter 3

Design and Specifications

3.1 Design Fundamentals

Below is the list of different dimensions details and components of rotary torque

sensors from different manufacturers for a 100 Nm capacity.

=

M

Figure 3.1: Torque sensor dimensions

The range of dimensions of various manufacturers is used for the reference while
looking for proposed design of different parts of the inline torque sensor. Such as,
design of shaft which is the core/ principal part in the sensor (on which the strain
gauges to measure deformation are to be mounted), Design of housing is prepared

by considering the space for other parts/ geometries of the whole sensor as a unit.

Sr. No. Manufacturer AL B|C|D|E|F|K|N| M |H
1 HBM 108 [ 19 | 44 | 38 |58 |30 |22 |19 | 6 | 3M3 | 6
2 Futek 114 | 22 | 48 | 42 | 58 | 32 |24 |22 | 6 | 3M4 | 6
3 Kistler holding 126 | 25 | 52 | 48 | 56 | 36 | 28 | 28 | 6 | 3M3 | 6
4 Honeywell international | 138 | 28 | 54 | 52 | 57 | 39 [ 30 | 33 | 6 | 3M3 | 6

Table 3.1: Dimensions of Rotary torque sensors
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3.2 Design of shaft

During the design of shaft, it is done by considering the higher range of dimen-
sions to further optimize it by finite element simulation process. As the core
part/Principle element is the shaft so while designing it the main aim is that it
should have an optimum size that doesn’t look too big for the desired torque ca-
pacity or too small for desired torque capacity and fail under the working range
and avoid the undersized/ Oversized phenomenon. The whole process of opti-
mization is discussed in point 3.3 in FEA analysis. This design is considered and
optimized for SS304 material properties and considering the factor of safety as 1.5
to the rated/ required torque capacity for which it is designed i.e. 100Nm. And

the speed of rotation as 3000 rpm max.

0.00 25.00 50.00(mm)
L Eaa— ESS—
12.50 37.50

Figure 3.2: Design of shaft

3.3 Finite Element Analysis of Shaft

Boundary conditions used during FEA process are as shown in figure.
(a) Fixed Support: - Fixed Support is used on one end face of the shaft as shown

in fig 3.3 as a boundary condition so as to hold shaft from one end.

Mechanical Engineering Department: Design 25



Design and Development of a Rotary Torque Sensor

(b) Cylindrical Support:- Cylindrical support is applied to the shaft at the
place where bearings are supposed to be mounted. In this the axial movement
and tangential movement is fixed as it is not desired to happen but radial move-
ment is kept free as like a bearing so that shaft is supposed to rotate when torque

(moment) is applied.

(c) Moment: - The moment is applied on other end face of shaft as shown in

fig 3.3 to apply desired torque values from that end to the shaft.

Figure 3.3: Fixed Support Boundary conditions used during FEA

Figure 3.4: Cylindrical Support Boundary conditions used during FEA
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Figure 3.5: Applied Moment Boundary conditions used during FEA

3.3.1 Oversized Shaft Condition

During the design stage and FEA simulation at first step we considered higher
range of dimensions (Sr.No. 4) from reference dimensions as shown in table 3.1.
The selected material properties of SS304 steel are given and analysis is performed.
The analysis was successful over 200 Nm also there is no generation of plastic state.
But our aim is to design a compact sized sensor and it is for I00NM. So then we
reduced the dimensions stepwise to find a more compact sized shaft and termed

this as oversized design. Oversized Shaft Condition is shown in figure 3.6

-0,00011699
-0.00031752
-0.00051805
-0.00071858
-0.0009191 Min

Figure 3.6: Oversized shaft design condition
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Figure 3.7: Undersized Shaft Condition

Figure 3.8: Optimum Shaft design condition

3.3.2 Undersized Shaft Condition

In order to further optimize the dimensions we reduced the dimensions to a level
where the shaft has become compact in size but at the required torque capacity
and considering FOS as 1.5 and material properties of SS304, there is generation
of plastic strain in the shaft which is ultimately a Failure stage in design and safety
parameter as considered for rated 100Nm design and development.Undersized

Shaft Condition is shown in Figure 3.7

3.3.3 Optimum Shaft Design

The Optimum design condition is based on the rated torque capacity of 100 Nm
with FOS as 1.5 and Spaces assumed for other essential parts mountings. With
this design of shaft is completed and required results for torque range from 0 Nm

to 100 Nm are plotted.Optimum Shaft design condition is shown in Figure 3.8
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3.4 FEA for optimum design shaft

Figure 3.9: Ansys strain results for optimum shaft design

3.4.1 Ansys Strain Results

As shown in Figure 3.9. Finite Element Analysis is performed on Shaft to find
shear strain results for torque upto 100 Nm capacity at interval of 10 Nm from
0 Nm to 100 Nm and results are noted. Shear strain results are actually to be
measured through strain gauges and calibrated in terms of torque value. These

shear strain results are taken for desired steps and plotted in table 5.5

3.4.2 Ansys Stress Results

As shown in Figure 3.10. Finite Element Analysis is performed on shaft to find
shear stress results for torque upto 100 Nm capacity at interval of 10 Nm and
results are noted. Shear stress results are taken just to check them with analytical
results that are calculated through mathematical formulation process and also to
find high and low stress location in shaft on loading. The results are taken for

desired steps and plotted in table 5.5.

Mechanical Engineering Department: Design 29



Design and Development of a Rotary Torque Sensor

Figure 3.10: Ansys stress results for optimum shaft design

Figure 3.11: Ansys plastic strain results for optimum shaft design

3.4.3 Ansys Plastic Strain Results

As shown in Fig 3.11. Finite Element Analysis is performed on the shaft to find
plastic strain development in the shaft. Through results there is no generation
of plastic strain upto rated capacity of 100 Nm. as shown in fig.3.9. The plastic
strain development starts after 150 Nm. The plastic strain development is nec-
essary to check because once the shaft goes into plastic state even after the load
removal then it will be a failure state of sensor. Also by considering the FOS as 1.5
the criteria for safety also fulfilled and design optimization of shaft is completed

and considered for manufacturing.
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3.5 Signal Transmission System

When the manufacturing of shaft is completed and strain gauging is done there
will be a need of signal transmission from the work location to a remote/ central
space where the results are monitored or taken into account. To satisfy this need
of signal transmission Slip ring and brush assembly is considered for this torque
sensor. As slip rings can be directly mounted over the shaft in connection with
the strain gauge circuit and have continuous rotation as the shaft rotate. And ex-
citation voltage to the gauge and output signal from the gauge can be given/taken

with the help of brushes in contact with slip ring.

3.6 Bearing Specifications

There are two bearings which are supposed to be used for the support of shaft
in order to rotate the shaft within the housing of the whole sensor and without
any other positional changes within the assembly. The selected bearings are from
standard bearing data book of type single row deep groove ball bearings having
bearing number 6906 and 6807 in the universal standard data for bearings. The

dimensional specifications of the bearings are as shown in figure 3.12.

7 mm 9mm

47 mm 35 mm 47 mm s

(a) bearing 6807 Fig (b) bearing 6906

Figure 3.12: Bearing Specifications
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3.7 Sensor Housing Design and Proposed Assembly Setup

During the literature study most commonly available sensor have their casing ma-
terial as Aluminium. As aluminium is better for machining with lower cost and
some of its alloy also have good hardness. during the design of casing and its cover
aluminium of grade 7075 is taken into Consideration. The sensor housing design
is completed by considering spaces for each and every component from the torque
sensor. This design of sensor housing includes spaces for shaft and bearing, space
for slip ring and brushes circuit mounting as well as the clearance space for the
slip ring assembly and the circlip to hold the whole assembly tight without any
kind of unnecessary movement of sensor Components.During the design it is also
considered for a better insulation and environmental protection that dirt or dust
should not enter into the sensor. The housing design is shown in fig.3.13 and fig
3.14 also the sensor housing cover plate with connector slot is shown in fig 3.15
and fig 3.16. after including all of its components sensor will have a proposed look
as shown in fig.3.17. the Whole setup as exploded view of the assembly is shown
in figure 3.18.

The Housing Cover plate design is shown in figure 15 and figure 16 which also has
an hole where a electrical pin is supposed to be mounted to connect it with DAQ
system to capture the data of toruqe.

This proposed final design includes the necessory components which are required
to complete the torque sensor as a single product unit. This includes Shaft along

with bearing and slip ring with brush assembly for signal transmission.
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Figure 3.13: Sensor Housing dimensions

TRUE R1.50

TRUE R1.50
TRUE R2.00

Figure 3.14: Sensor Housing Design
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Figure 3.15: Casing cover plate with connector dimensions

Figure 3.16: design of Cover plate with connector
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Figure 3.17: Assembly view of sensor

i 0

Figure 3.18: Exploded view of sensor
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Sr. No.

Description

Quantity

Sensor Shaft (S5304)

1

Bearing 6807

Bearing 6906

Screw (3mm)

Screw (2mm)

Sensor Housing

Housing Cover Plate

Strain Gauges

WO GO | =IO || R (R =

Slip ring and Brush Assembly

—
(=]

4 Pin Connector

== B = = B [ = =

Figure 3.19:

BOM and the quantity of components required for the sensor to be a end product
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Chapter 4

Experimental Work and

Calibration

4.1 Strain gauging Selection

Usually, torsion expresses the principal stress as shear stress, so it is necessary to
measure the cause shear stress. In this case, when the torsional stress of the circu-
lar shaft is detected, the main expansion direction is recognized as being at +45°
from the axis of the shaft direction. The main function of a metal strain gauge
is usually to generate strain through the resistance of an electrical conductor. In
this work the Y-shape gauge or torsion gauge from National Instrument and En-
gineering, Jaipur, India is considered as shown in Fig. 4.1 With the measuring

grid axes are at £45° to the axis of symmetry.

Strain Gauge Specifications

Model:- NIE-SG-CFHA-350-3-17
Gauge Factor: - 2 £1% (A level)
Base Materials: - Phenolic

Dimensions (in MM):-
a=3

bl=44

b2=49

c=94

d=06.6

Figure 4.1: Strain gauge details
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Overall, this strain gauge is small in size and shape, not much costly, easy to at-
tach, and the sensitivity is high to sense the strain but unresponsive to ambient or
process temperature variations. During the experimentation the measuring axes
must relate to the main stress directions for high level of accuracy and precision

in results. Fig. shows a metallic strain gauge with the measuring grid.

4.1.1 Strain Gauge Circuit Connections

Bridge Excitation
Output Voltage
Terminals  Terminals|

i

Strain Gauges mounted 180° apart on circular shaft

Figure 4.2: Strain Gauge Circuit

This is a gauge connection in the form of Wheatstone bridge circuit to be

formed after gauge pasting on shaft.

4.1.2 Manufacturing of Sensor Shaft

The Optimum designed shaft is manufactured with use of CNC machine then it
is followed through grinding process to have a better overall surface finish. And
the middle portion of shaft on which strain gauges are supposed to be mounted is

followed through buffing process so that there is no any kind of surface roughness
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and have a super smooth surface for gauge pasting

Figure 4.3: Manufactured Sensor Shaft

4.1.3 Strain Gauge Pasting

If the gauge is placed accurately and conforms to the torsion characteristics, the
system will be temperature compensated and will not be sensitive to bending,
thrusts or pull. Therefore, any change in resistance is purely due to the torsion of
the shaft.

Strain gauge pasting process is followed as,

e The first step for strain gauge pasting is cleaning. The surface where the strain
gauge is to be mounted is cleaned by using cleaning agent. RMS1 spray from
HBM is used as a cleaning agent. RMS1 spray is a mixture of acetone and iso-
propanol. With use of this cleaning agent any kind of small dust particles are
removed. Then cellulose pads are used for wiping off any remaining particles and

liquid compound.

e After cleaning the surface the marking at exact location such that the axis

of shaft coincides with vertical axis of gauge and foils of gauge makes 45 degree
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(a) Surface Cleaning (b) Gauge Location Marking

Figure 4.4: Surface Cleaning and Gauge location marking

(a) Gauge Pasting (b) Gauge terminals soldering

Figure 4.5: Strain gauge pasting and Soldering

angle with axis of shaft is done by a fine pointed marker pen.

e Then by applying a drop of adhesive to the back of strain gauge it is prepared
for pasting. In this case X60 from HBM is used as adhesive as it is very easy to
use. X60 consists of methylmetacrylate and it is free from dicyclohexyl phthalate
which makes it useful for using it at wide range of temp from -200 degree to +150
degree and can be applied over very smooth metallic surfaces and cures in minutes.
o After that gauge is pasted over the shaft surface at exact location marked earlier
by fine pointed pen and a small polyethylene sheet is used to cover the gauge and
gauge is pressed by thumb for a minute to stick with shaft surface properly. After
that gauge is visually inspected to insure that it is fixed properly on shaft surface
and polyethylene sheet is removed.

e Then the wires are bonded to gauge terminals in order to complete a Wheatstone

bridge circuit and connection are made for input and output terminal
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(a) Wire terminal soldering (b) Gauge area covering

Figure 4.6: Gauge wire soldering and Gauge area covering

e Then with the help of Multimeter the wire terminals are checked to ensure cor-
rect circuit connections were made by measuring the resistance (i.e. 350 Ohm)
and cross terminal resistance (i.e. 260 ohm).

e At final stage the whole gauge area setup is covered by wrapping a plastic elec-
trical tape over it to ensure no dust/dirt particles enter to gauge area and to avoid
any kind of damage to gauge during experimentation.

e The whole setup is then kept for 60 minutes for complete curing of adhesive to

get best possible results.

4.2 Experimentation on Setup

4.2.1 Torque Setup Specifications

The whole setup for application of torque on shaft for experimental calibration as
shown in fig includes two adapters for holding the shaft, loading arm with mag-
netic controlled motor, load cell and its controller.

This setup has a capacity to apply torque from 0 Nm to 45000 Nm at any desired
steps. The applied load is multiplied with loading arm radius as shown in yellow
color in above fig. the loading arm radius is 0.5 meter, this dimension is from
center of object holding adapter to center of vertical loading bar. The whole setup

with all necessary mountings is shown in figure 4.7
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Adapter to hold object (Shaft)

Figure 4.7: Experimental Setup

4.2.2 Experimentation

The experimentation process is followed as,

e First the two adapters were machined according to shaft diameter and keyway
slot so that shaft is holded properly in the flanges of torque application setup.

e The strain gauged shaft is mounted properly in the adapters with the help of
key for proper fixing the shaft in adapters.

e The input as excitation voltage of 10 V is given to strain gauge circuit then the
wires from gauge terminals are connected to e-DAQ and data storage module, the
load cell is connected to its indicator and controller. This whole setup including
motor controller for precise load application acts as data acquisition system and
it is ready to apply controlled torque.

e The torque application process is gradual and stepped in the interval of 10 Nm
from 0 Nm to 100 Nm such that ten steps of torque are applied.

e For first step the load is being applied through magnetic motor with help of its

controller and simultaneously the applied load is being measured and calibrated
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‘I
|

Load Cell

| Strain Gauge O/P to DAQ

Figure 4.8: Experimentation on Shaft

with the help of load cell mounted on loading arm.

e As load is applied with loading arm is in kg, torque value is calculated with the
help of applied load multiplied by gravity into load arm radius in meters in the
system.

e So the output generated from strain gauge is transferred to e- DAQ calibrated
in millivolts and being stored in data storage module.

e Similarly for each step of 10 Nm upto 100 Nm the same process is followed and
results are recorded and result file is generated.

e To check repeatability of reading results the whole process is carried out for
three iterations and the results are noted and inspected.

e At the end the results are plotted in excel sheet and graphs are generated.

The Data acquisition system includes somet e-DAQ), display unit and data storage

module
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———————— ’ N
: .. ] Load Cell Indicator & Controller
“—- - b A\ _—— ] s = % j

L

Display & Data Storage Module ==

Figure 4.9: Data Acquisition Setup

4.2.3 Data Acquisition System Specifications

The e-DAQ is the perfect instrument when testing any number of applications,
containing agriculture, construction, mining, automotive, recreational vehicles,
military and much more.

The e-DAQ is a layered system containing of a base processor that can support
up to 8 signal conditioning layers. In these there are four layers (e-DAQ EHLS
layer, e-DAQ EBRG layer, e-DAQ EDIO layer, eeDAQ ENTB layer) that can
be used for strain gauging work depending upon the application complexity and
amount of signal conditioning required, and the signals can include CAN, bridge,
temperature, pulse, voltage and more.

The e-DAQ EBRG layer is used in this experimentation process as the gauges
used and circuit is not so complex and it is best suited for simple to medium
complex strain gauging work.

It is 16 channel bridge layer,

e Strain gauge (full, half and quarter bridge) inputs

e 350 Ohm and 120 Ohm capacity gauges can be used simultaneously

e Provides digital output

The processor used is e-DAQ (ECPU PLUS COM) is an upgraded processor for
the e-DAQ signal conditioning layers that have memory upto 256 gb, 3 CAN and 1
GPS Ports and supports 8 e-DAQ signal conditioning layers. Also includes a web

interface as modern graphical user interface. And also have the ability to use the

Mechanical Engineering Department: Design 44



Design and Development of a Rotary Torque Sensor

SomatXR expansion modules, creating a powerful central data acquisition system

that can also have distributed modules.

Figure 4.10: e-DAQ Processor and signal conditioning layers

4.3 Cost of experimental testing

The cost spend over the process of shaft material, machining and experimental

testing is as shown below,

Sr.No. Description Quantity Cost (Rs)
1 S$S304 Material Bar (Diameter 40 mm) 2 2596 /-
2 Shaft Machining (Turning, Grinding, Buffing) 2 4648 /-
3 Strain Gauge 4 1890 /-
+ Experimental calibration including gauge 1 16520 /-
pasting and Data Acquisition
5 Grand Total 25654 /-

Figure 4.11: Cost of experimental testing
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Chapter 5

Results and Discussion

5.1 Introduction

In the development of a rotary torque sensor first the working principal is defined
and further designing of shaft is carried out by considering a size and capacity of
shaft. The calculation is made by selecting and considering material properties
for stainless steel 304 (UNSS30400) and the analytical calculations were made.
The Finite Element analysis is performed over selected torque capacity range of
100 Nm and the results are plotted. At final stage the shaft is manufactured and
with practical application of strain gauge the experimentation is carried out for a
capacity upto 100 Nm at the interval of 10 Nm from 0 to 100 Nm. Then all the
results of analytical, FEA and experimental calibration are compared and result

tables and graphs are plotted.

5.2 Material Properties and Formulas considered for Cal-

culation

Reference
Material Properties for SS304
=Poissons ratio 0.265
E=Modulas of
elasticity (N/m"2) 1.93E+11
G=Modulas of 7.63E4-10

rigidity (N/m"2)

Table 5.1: Material Properties
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Reference
Values Used for Calculation
L=Length 9f shaft at gauge 0.023
location(meter)
D:dlamete? of shaft at gauge 0.022
location (meter)
R=radius 9f shaft at gauge 0.011
location (meter)
G=Modulas of rigidity(N/m"2) | 7.63E+10
J=Polar moment of inertia(m~4) | 2.30E-08
GJ 1.75E4-03
Area of Strain gauge (m"2) 6.90E-05
K=gauge 9
factor (For metallic gauge)
Ev=Excitation
12
Voltage (Volts)

Table 5.2: Reference values used for calculation

Formulas Used for Calculation
Torsion Equation T 2. 5
J R L
Modulas of Rigidity G=_F
) [2(1+p)]
Polar Moment of Inertia =7 4rg
Y a2
Angle of Twist g=""
G]
Shear Stress t=%‘
Shear Strain y=20
L
Bridge Output e=i .K.Ev.£

Figure 5.1: Formulas used for Calculation

5.3 Analytical Results

Analytical Results are calculated based on values from table 5.2 and using formu-
las from Figure 5.1 Sample calculation for 100 Nm is,

Shear stress = 7 = 100 % 0.011/2.30F — 8 = 47.9Mpa[whereJ = /32 % (0.022)* =

2.30F — 8m*]
ShearStrain == 0.011x1.31E£—3/0.023 = 0.000627[wheref = 100x0.023/1.75E3 =
1.31E — 3]

BridgeO/P = 0.25 % 2 % 12 % 0.000627 * 1000 = 3.76mV [WhereK = 2, Ev = 12V]
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Torque (Nm)

Shear Stress (Mpa)

Shear Strain (e)

Micro Strain (pe)

Bridge O/P (mV)

0 0 0 0 0
10 4.79 0.0000627 62.7 0.376
20 9.57 0.000125 125 0.752
30 14.4 0.000188 188 1.13
40 19.1 0.000251 251 1.50
50 23.9 0.000313 313 1.88
60 28.7 0.000376 376 2.26
70 33.5 0.000439 439 2.63
80 38.3 0.000502 502 3.01
90 43.1 0.000564 564 3.39
100 47.9 0.000627 627 3.76

Table 5.3: Analytical calculation results

5.4 Finite Element Analysis Results

Results are obtained using formulas from Figure 5.1 and FEA process by using

Ansys Software for torque range from 0 Nm to 100 Nm at an interval of 10 Nm.

Torque (Nm)

Shear Stress (Mpa)

Shear Strain (e)

Micro Strain (ue)

Bridge O/P (mV)

0 0 0 0 0
10 4.5041 0.00005904 59.04 0.354
20 9.0081 0.00011809 118.09 0.709
30 13.512 0.00017713 177.13 1.06
40 18.016 0.00023617 236.17 1.42
50 22.52 0.00029521 295.21 1.77
60 27.024 0.00035426 354.26 2.13
70 31.528 0.0004133 413.3 2.48
80 36.033 0.00047234 472.34 2.83
90 40.537 0.00053139 531.39 3.19
100 45.041 0.00059043 590.43 3.54

Table 5.4: FEA results

5.5 Experimental results

Experimental results are obtained directly through data acquisition system process

as discussed in point 4.2.2 and strain gauge circuit output results are directly

displayed in mV. During the experimental process the results obtained are with

application of moment at one end of shaft which is a multiplication of load in

kg into loading arm distance in meter. But converting the load into Newton by

multiplying the value of gravity, the value of gravity is considered as 10 instead of

9.81 and further process is carried out and results are displayed in table 5.6
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NBIP 1350 - CALIBRATION OF SS-304 SHAFT
Load Arm Radius 0.5meter
Sr. No. | Torque (Nm) | Load Cell Reading (Kg) Voltage Output (mV)
iterationl | Iteration2 | iteration3
0 0 0 0 0 0
1 10 2 0.767 0.771 0.77
2 20 4 1.153 1.159 1.162
3 30 6 1.52 1.54 1.55
4 40 8 1.9 1.88 1.9
) 50 10 2.28 2.29 2.32
6 60 12 2.64 2.66 2.67
7 70 14 3.03 3.02 3.05
8 80 16 3.38 3.4 3.39
9 90 18 3.76 3.79 3.75
10 100 20 4.13 4.15 4.15

Table 5.5: Experimental Results

5.6 Results Graphs

Graph is plotted showing the end result output comparison for all results as ana-

lytical calculation, FEA simulation results and experimental results.

Result Comparison

4.5
1
B ///
=)
£ A
325
5 // = \athematical
© 2
-E" —FEA
S 15 Experimental
1
05 —/
O _!:. T T T T T 1
0 20 40 60 80 100 120
Torque (Nm)

Figure 5.2: Result Comparison Graph
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5.7 Discussion on Results

During the design phase it was considered that the difference in output values
whether it is Analytical, FEA or Experimental should be within 20% of values
in consideration. Accordingly if the comparison for 100 N.m of Analytical values
with FEA values is made the difference is around 6 % (5.85). Similarly, difference
in FEA values and Experimental Values is around 17% (17.23) and difference in
Analytical values and Experimental Values is around 11 % (10.37).
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Conclusion

The design of inline rotary torque sensor by considering required performance
characteristics and capacity by considering spaces for other elements of torque
sensor is completed with the help of ANSYS version 2020R1. The designed core
part of sensor that is the shaft on which whole sensor work is dependent is man-
ufactured with CNC machine tool followed by the grinding process and buffing
process is used at place where strain gauges are to be mounted. Then the strain
gauging is done and experimental process is carried.

The results are obtained from experimental process and then compared it with
mathematical calculated values and FEA values. During this whole process the
assumption regarding the result co relation is that there should not be more than
20 % error in the results. So, the percentage error in the results from the math-
ematical calculation values with the FEA values is around 6 % (5.85). similarly
difference in FEA values and experimental values is around 17 % (17.23) and
difference in analytical values and experimental values is around 11 % (10.37).
The results values are approximately matching with the mathematical calcula-
tion, FEA simulation values and the experimental values under the rated torque
value. The differences in results are may be due to the experimental temperature
condition during experimentation, Strain gauging errors while pasting, manual er-
rors happened during the process of experimentation also some material property
fluctuations and assumptions made during the whole process Hence the core part

is completed with design manufacturing and experimentation.
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e Future Work:-

The proposed design of sensor including all the required elements to make the
sensor as a complete unit is completed. Also manufacturing of the core part that
is the shaft and experimentation is completed to obtain desired results. But the
future work for remaining part of the sensor is developing the electronics of the
sensor that is the slip ring and brushes assembly can be completed in near future

so that a whole sensor can be utilized as a production ready unit.

Figure 6.1: Proposed design of Slip ring and Brushes
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