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Compliant Mechanism



Jacobian-Based Inverse Kinematics
Analysis of a Pneumatic Actuated
Continuum Manipulator

Mrunal Kanti Mishra , Sambaran Ghosal, Arun Kumar Samantaray ,
and Goutam Chakraborty

1 Introduction

Continuum manipulators are biologically inspired manipulators. These draw inspi-
ration from a variety of biological species such as snakes [1], octopus arms [2], or
elephant trunks [3]. They have gathered huge research interests in the past decades
owing to the inherent flexibility of their designs. These manipulators are day by day
finding new application areas especially in the fields where rigid link manipulators
are not feasible, i.e., in workspaces with a large number of barriers or obstacles. The
development of closed-form models for these kinds of manipulators is a challenge.

Over the past decades, numerous planar and spatial kinematics models are devel-
oped for continuum manipulators. Some of these include the Cosserat Rod model
[4], Elastic Beam theory [5], or even a lumped model [6]. For instance, as a planar
forward kinematics model, a serpentine curve is designed which closely matches the
kinematics of a snake’s body in two dimensions as it crawls across the ground [1].
On the other hand, Chirikjian [4] fitted a mathematical curve to a high degree of
freedom hyper-redundant manipulator. However, due to computational complexity,
a few continuum robots match the proposed curve. Jones and Walker [5] used an
Elastic Beam theory to develop an FK model and validated it on a multi-section
continuum manipulator. Giri and Walker [6] discretized a continuum arm to a three-
module lumped element model and studied FK. Escande et al. [7] studied the FK of
a multi-section bionic manipulator with the help of the triangulation method. They
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have validated the developed method by coupling the continuum manipulator along
with six degrees of freedom conventional rigid manipulator. Mishra et al. [8] devel-
oped a closed-form solution for a single segment continuum manipulator using an
elliptical integral approach. The model approximates an Euler–Bernoulli beam as a
continuum manipulator in planar space. A geometrical approach-based FK is also
developed which relates between actuator zone-based parameters and the pose of the
manipulator, which assumes the section to be a constant cross-section. As a result,
the deflected manipulator takes a circular shape with a constant radius of curvature,
and so the model is named as constant curvature model [9]. This model is proved a
remarkable approach across a wide variety of continuum manipulator designs due to
its analytical attractiveness.

Continuum manipulators are those having infinite degrees of freedom, involving
more flexibility and reachability of targets. This redundancy can be exploited for
the avoidance of obstacles, elimination of singularities, and as well as for smooth
motion tasks realizing. Inverse kinematics modelling of continuum manipulators
remains difficult to obtain because they are under-determined systems with a high
number of unknown parameters. Moreover, most of the governing IK equations
are highly nonlinear in nature, which does not even have closed-form solutions.
The inability to solve these high nonlinear equations leads most of the researchers
towards numericalmethods ormodel-freemethods. Neppalli et al. [10] developed the
IK for a continuum manipulator using the geometrical approach. They tried to find
the solutions by inverting the continuum curvature model for a single section only.
However, this method fails to determine the solutions for multi-section manipulator.
Chirikjian [11] proposed an IKmodel using a backbone curve. The same authors also
developed a modal approach to calculate actuator zone parameters [12]. This method
gives a very accurate result, but because of its complicacy, it is very difficult to use.
Braganza et al. [13] used a feed-forward neural network to control nine degrees of
freedom OctArm -V. Similarly, Li et al. [14] used a model-free method based on the
Kalman filter to control a continuum manipulator.

Most of the aforementioned IK models either fail to describe the pose in closed
form or computationally complex to solve. This in turn implies an inability to develop
an effective model-based controller in real time. Therefore, in this paper, we use the
constant curvature model to arrive at the FK equations. After the FK model, we
develop the IK solutions for the manipulator by using the pseudo-Jacobian method.
The developed method is validated on Robotino-XT (see Fig. 1), which consists of
a two-segment continuum manipulator named as CBHA.

The outline of the paper is organized as follows. A brief introduction on the
kinematics of different kinds of continuum robots is provided in Sect. 1. In Sect. 2,
the forward kinematics using Continuum Curvature Model along with the proposed
Jacobian-based inverse kinematicsmodel is presented.Theproposedmodel is applied
on a serially connected two-stage bionic continuum manipulator and the results for
the same are given in Sect. 3. Finally, in Sect. 4, some concluding comments are
specified.
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Fig. 1 Robotino-XT: CBHA
with a mobile base Mobile Base

CBHA

Wire Routing

2 Kinematic Modelling

2.1 Forward Kinematics

Forward Kinematics of bending sections of continuummanipulators is widely devel-
oped under the constant curvature assumption [9]. Thismodel is particularly based on
two different assumptions. Firstly, the entire manipulator is separated into multiple
numbers of segments. This approximation allows converting the infinite degrees of
freedom system to a finite one. Secondly, the shape of a bending section is to be
a perfect arc of a circle or the curvature radius is constant throughout the length.
This approximation has the advantage to simplify the model formulations for some
continuum manipulators and allow easy formulations of matrix transformation.

Continuum Curvature model is obtained by using two independent mappings as
shown in Fig. 2. The explicit mapping is varied frommanipulator to manipulator and
mostly depends on the number of actuators per segment. This mappingmaps actuator
zone parameters (length of the actuators) to configuration zone parameters (segment
arc parameters). On the other hand, the typical mapping is applied to all types of

Homogeneous
Transformation  

MatrixConfiguration States
Actuator 

States
Action

Variables

fexplicit ftypical
Action ZoneConfiguration ZoneActuator Zone

Forward Kinematics

, ,

Pose

Inverse Kinematics

Fig. 2 Systematic model procedure for forward and inverse kinematics
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y
z

Segment-1

Segment-2

Tube – 2

Tube – 1

Tube – 5

Tube – 4

Tube – 3

Tube – 6

Fixed end

x

y
Tube – 2,5

Tube– 3,6

Tube– 1,4

1200

Fig. 3 Two-segment manipulator with cross-section

continuum manipulators, regardless of lengths and orientation. This mapping maps
configuration zone parameters to action zone parameters, i.e., manipulator pose.

A continuum manipulator segment can be actuated by j—number of actuators.
However, for several reasons, three actuators per segment with 120° actuator spacing
type continuum manipulator is best suitable to move a manipulator spatially [9].
These kinds of manipulators are energy efficient and have great manoeuverability
than other choices of actuator numbers and actuator spacing. So, in this paper, a two-
segment continuummanipulator along with three actuators per segment having 120°
actuator spacing is considered. The manipulator along with its cross-sectional area is
shown in Fig. 3. The mapping between the actuator lengths

(
li j

)
and the segment arc

parameters (ki (si , βi , κi )) for three actuators per segment with 120° actuator spacing
is determined as [5]

si
(
li j

) = li1+li2+li3
3

βi
(
li j

) = atan2
(√

3(li3 − li2), li2 + li3 − 2li1
)

κi
(
li j

) = 2
√

l2i1+l2i2+l2i3−li1li2−li2li3−li3li1
(li1+li2+li3)rsi

(1)

and the mapping between the arc parameters and the manipulator pose of a segment
is determined by a transformation matrix as [9]

Hib
ih =

⎡

⎢⎢⎢
⎣

cos κi si cosβi − sin βi sin κi si cosβi
cosβi (1−cos κi si )

κi

cos κi si sin βi cosβi sin κi si sin βi
sin βi (1−cos κi si )

κi

− sin κi si 0 cos κi si
sin κi si

κi

0 0 0 1

⎤

⎥⎥⎥
⎦

(2)
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where s is the segment length, β is the segment angle, κ is the segment radius of
curvature, l is the length of the actuator for i th segment and j th actuator, rs is the
radius of each segment, and Hib

ih is the homogeneous matrix for i th segment. Note
that, under the same actuation to the actuators of a section, the lengths of the actuators
are the same, resulting in the orientation of the segment to a null matrix and the head

frame position of the segment to
[
0 0 si

]T
.

Using the relations from (1) and (2), the tip rotation matrix and position vector of
a two-segment continuum manipulator with respect to the world frame is given as

Hw
2h = Hw

1b

2∏

ς=1

(
Hςb

ςhH
ςh
(ς+1)b

)
, R ∈ [4 × 4] (3)

where
∏

(·) calculates product summation of the transformation matrices. Note that,
in the end section of the manipulator,Hςh

(ς+1)b is an [4 × 4] identity matrix. From (3),
the pose of the tip of a segment in the Cartesian frame is portrayed by

χ = [
θx θy θz x y z

]T
(4)

where θx = atan2
(−Hw

2h(2, 3),H
w
2h(2, 3)

)
, θy = atan22

(−Hw
2h(1, 3),H

w
2h(3, 3)

)
,

θz = 0, x = Hw
2h(1, 4), y = Hw

2h(2, 4), z = Hw
2h(3, 4). Note that p, q of H(p, q)

are matrix row and column, respectively. The rotation of the manipulator along the
central axis (θz) is equal to zero, because the manipulator is only allowed to a two-
way bending, and no torsional moment is allowed. Therefore, we will omit θz from
our further derivation and consider the pose of the manipulator tip to be five degrees
of freedom.

2.2 Differential Kinematics

Differential kinematics of a continuum manipulator can be determined by applying
the first derivative with respect to time to forward kinematics relation. Therefore,
applying first time derivative to (4) results,

χ̇ = J(l)l̇(t), R ∈ [5 × 1] (5)

where J(l) is the Jacobian matrix and can be determined by applying chain rule as

J(l) = ∂χ

∂ l = ∂χ

∂H
∂H
∂k

∂k
∂ l , R ∈ [5 × 3n] . (6)

From (6), it can be checked that ∂χ

∂H ∈ R
(5×16) is independent of a number of

segments of the manipulator. However, for instance, for a two-segment manipulator,
∂H
∂k ∈ R

(16×6) and ∂k
∂ l ∈ R

(6×6) depend on the number of segments of the manipulator.
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Robot∫+-
++

Fig. 4 Block diagram for inverse kinematics using Jacobian

2.3 Inverse Kinematics

In order to move the manipulator pose in a certain trajectory, it is essential to find
actuator zone parameters from the action zone parameters. Thus, it is crucial to
develop inverse kinematics solutions correctly. To develop a model-based controller
for a class of continuum manipulator, in this paper, a Jacobian matrix is developed
using the differential kinematics equation as of (6). However, no direct procedure
is available to invert the rectangular Jacobian matrix. So, a weighted matrix is used
for pseudo-Jacobian inverse

(
J†

)
, where J† = JT

(
JJT

)−1
. So, using resolved rate

algorithm, a weighting matrix [15], and a gain matrix, the actuator state velocities
l̇(t) can be determined as

l̇(t) = W−1JT
(
JW−1JT

)−1(
χ̇d + K

(
χd − χ

))
(7)

where the weighting matrix is a diagonal matrix and is defined as

W = diag
(
w1 w2 . . . wn

)
, R ∈ [3n × 3n] (8)

where the weight values are chosen in such a way to avoid joint limits. In addition,
the gain matrix is defined by

K = diag
(
k1 k2 . . . k5

)
, R ∈ [5 × 5] (9)

where the gain values are chosen as positive values. This matrix is usually a diagonal
matrix, which reduces the tracking errors between actual χ and desired χd . Addi-
tionally, integration of the actuator zone velocities l̇i j (t) is performed to find actuator
zone parameters/trajectory li j (t). The block diagram for IK is given in Fig. 4.

3 Results and Discussion

The developed kinematics formulations can be verified on a n–segment continuum
manipulator. However, for simplicity, the effectiveness of the developed model is
validated on Robotino-XT, which contains a CBHA attached to a mobile base with
48° angle as shown in Fig. 1. The mobile base of Robotino-XT can move and rotate
individually on a horizontal surface and the CBHA is a two-stage pneumatic actuated
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continuum manipulator. Each manipulator segment consists of three flexible tubes
with 120° spacing and each tube is attached with a flexible string. The strings help
to measure the length of the tubes at any stage. The flexible tubes are actuated by an
external compressor with a maximum allowable pressure of 2 bar. The differential
pressures of the tubes of each segment ultimately help the manipulator to bend
about a certain axis. The tubes are made of flexible material, namely polyamide. The
geometric parameters of the manipulator are provided in Table 1.

The workspace of the Robotino-XT depends on the individual actuation of the
mobile base and CBHA. The mobile base can move horizontally to any position in
any direction, whereas the CBHA can move spatially depending upon the actuation
pressure. Therefore, the workspace of the Robotino-XT is assumed as a rectanguloid
of a certain height. In this paper, only pneumatic actuation is supplied to the CBHA
and the actuation of the mobile base is given zero. The lengths of each tube of
the actuated CBHA is measured by the attached strings and by using the Continuum
Curvature model, the workspace of the manipulator is determined in local coordinate
as shown in Fig. 5 [8].

The desired trajectory is required to validate the derived formulations from the
workspace of the continuum manipulator. Therefore, within the workspace of the
CBHA, the reference trajectory for a circle is chosen as

Table 1 Geometric
parameters of a two-segment
continuum manipulator

Symbol Unit Range

Tube length (actuator length) (mm) 90–125

Tube volume (105 mm3) 1.52–2.046

Average segment diameter (mm) 107.8
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Fig. 5 Workspace of CBHA
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x(t) = 90 cos 0.52t (mm)

y(t) = −5 + 90 sin 0.52t (mm)

z(t) = 180(mm)

(10)

where x(t), y(t), z(t) are the required trajectory for the pose of the manipulator
end effector. The tip orientation is omitted from the current analysis. The accuracy
of the actual trajectory mentioned in (10) is verified by comparing the output of
the inverse kinematics solution (obtained using (7)) by inseting it into the forward
kinematics model and observing the differences in the trajectories. In Fig. 6, the
weight matrix values are kept constant for all manipulator trajectories, whereas the
gain values are varied suitably to improve the accuracy. It is found that an increase in
the gain values increases the accuracy significantly. A detailed inspection shows that
only by changing the third and the fourth gain values, the accuracy changes. This is
because we have considered x(t), y(t) as variables and z(t) as constant. Moreover,
any changes in the first and second gain values do not affect the trajectory, because
the tip orientations have no specific significance for the trajectory pose.

We defined the period to complete the desired circle to be 12 s and set
the weighting matrix W = diag(1, 1, 1, 0.5, 1, 1), and gain matrix K =
diag(0.005, 0.005, 10, 10, 0.05). During this time, themanipulator end-effector pose
is varied sinusoidally as shown in Fig. 7. From the figure, it is seen that the x , y
tip coordinates approximately achieved the desired trajectory. However, a significant
error occured in z coordinate as the trajectory tracking progresses. This can be further
improved by improving the gain values.

Fig. 6 A circular Desired
trajectory versus Actual
trajectory
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Fig. 7 Manipulator tip
position over the period of
time
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The average positional error of the manipulator tip for optimized weight and
gain values is compared with previously developed inverse kinematics methods as
shown in Table 2. Previously developed methods are based on model-free techniques
whereas the current method is based on model-based techniques. For the desired
trajectory, the lengths of all the six actuators are determined from the proposed
model in Fig. 4. The length variation of the actuators is displayed in Fig. 8.

Table 2 Error comparison of different methods

Authors Manipulator Method Error (mm)

Braganza et al. [13] OctArm-V Feed-forward neural network 30

Li et al. [14] Pneumatic actuator muscle Adaptive Kalman filter 2.31

Present method Two-stage Elephant trunk
like manipulator

Resolved rate algorithm 3.51

Fig. 8 Actuator length
variation according to
differential kinematics

Time in [s]

ac
tu

at
or

 le
ng

th
s i

n 
[m

m
]

0 2 4 6 8 10 12
90

100

110

120

130 l11l12l13l21l22l23



12 M. K. Mishra et al.

4 Conclusion

In this paper, a closed-form inverse kinematics model is developed using the pseudo-
Jacobian inverse method and applied on CBHA of Robotino-XT, which is a two-
segment continuum manipulator. A circular trajectory is chosen from the workspace
of the manipulator to validate the proposed model. The method discussed above
assumes a suitable weighting matrix and a gain matrix. The weighting matrix helps
in weight distribution to the actuators, so that inverse of the diagonal Jacobian matrix
can be performed. However, changing the values does not help to increase accuracy.
The gain matrix tracks the error in the desired and current pose of the manipu-
lator and helps to increase the tip positional accuracy. It is observed that, with an
increase in certain gain values, themanipulator pose accuracy increases. In future, the
proposed model-based method can help to develop an effective real-time controller
to manoeuvre the manipulator smoothly.
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Path Curvature Theory: A Classic
and Effective Design Tool

Mattia Cera, Marco Cirelli, Ettore Pennestrì, Pier Paolo Valentini,
and V. R. Shanmukhasundaram

1 Introduction

The planar path curvature analysis is a well-known classic topic in kinematics. Two
centuries of scientific investigations created a formidable cultural heritage, as well as
a great source of knowledge and inspiration for mechanical engineers. This paper has
the purpose to discuss applications of this theory to three industrial cases: the stability
of lifting rigs, the design of centrifugal dampers, and the analysis of compliant
linkages. These topics seemmore related to dynamics and elasticity than to curvature
kinematics.

The first part is dedicated to the modeling of a body resting on two curves [1].
When the curves are circles, this model reproduces the dynamics of a four-bar cou-
pler subjected to the weight force. A geometric criterion for the stability analysis
of lifting rigs will be established. The second part is dedicated to the computation
of tautochrone oscillation period T of a particle moving along an epicycloid and
subjected to a centrifugal force field. The derivation of an analytical expression of
T is based on a novel application of the fundamental formulas of Cesàro’s intrinsic
geometry. The obtained result is meaningful for the tuning of centrifugal dampers
[2, 3]. The last application regards an application of Euler–Savary equation to com-
pliant linkages.

M. Cera · E. Pennestrì (B) · P. P. Valentini
University of Rome Tor Vergata, 00133 Rome, Italy
e-mail: pennestri@mec.uniroma2.it
URL: https://www.uniroma2.it:

M. Cirelli
Niccolò Cusano University, 00166 Rome, Italy
e-mail: marco.cirelli@unicusano.it

V. R. Shanmukhasundaram
Birla Institute of Technology and Science, Department of Mechanical Engineering, Pilāni, India
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2 Oscillations of a Body Resting on Two Curves

As depicted in Fig. 1, a body with two points A and B is sliding without friction
along the curves CA and CB, respectively. The body is initially in equilibrium under
the gravity force. Our purpose is to obtain the period T of small oscillations. In this
section, it will be demonstrated how such period is related to the system geometric
parameters. It will be also discussed how the theory of planar curvature offers a
concise solution to the final result.

The following nomenclature is adopted:

– A1, B1 positions of points A and B after a body rotation;
– g acceleration of gravity;
– G and G1 initial and final positions of the center of mass, respectively;
– kG radius of gyration;
– Leq length of equivalent simple pendulum;
– M andN orthogonal projections of P and P0 along directionsΩBP0 andΩAP − 0,
respectively;

– m mass of the moving cylinder;
– IG body moment of inertia about center of mass G;
– P0 and P initial and final positions of the velocity pole, respectively;
– x, y coordinates of P in a Cartesian system of coordinates with origin in P0 and
axes along horizontal and vertical directions;

– φ infinitesimal rotation angle of bar AB;
– ΩA, ΩB centers of curvature of trajectories of A and B, respectively;

Fig. 1 Oscillations of a
body resting on two curves
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– θA, θB infinitesimal angles of rotations of segments ΩAA and ΩBB, respectively;
– ξA, ξB angles formed by segments ΩAA and ΩBB with vertical direction, respec-
tively.

From the system geometry, the following equalities can be deduced:

>
AA1 = ΩAA · θA = P0A · φ (1a)

>
BB1 = ΩBB · θB = P0B · φ (1b)

>
G0G = P0G0 · φ (1c)

Moreover, the lengths of infinitesimal arcs
>
MP and

>
NP are

>
MP = ΩBP · θB ,

>
NP = ΩAP · θA (2)

For the equilibrium, the distance x is required. This distance will be computed
solving the system {

x cos ξB + y sin ξB = ΩBP · θB
x cos ξA − y sin ξA = ΩAP · θA

(3)

or

x = ΩBP · θB sin ξA + ΩAP · θA sin ξB

sin (ξA + ξB)
(4)

The Aronhold-Kennedy theorem yields

θB = P0B

ΩBB
φ , θA = P0A

ΩAA
φ (5)

The substitution of (5) into (4) gives

x =
ΩBP0 · P0B

ΩBB
sin ξA + ΩAP0 · P0A

ΩAA
sin ξB

sin (ξA + ξB)
φ (6)

Taking the moments about P, we have the governing differential equations of
motion (

k2G + P0G
2
) d2φ
dt2

+ g (G0G + x)φ = 0 (7)

Since G0G = P0Gφ, the length of an equivalent pendulum can be expressed as
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Fig. 2 Equivalent
symmetric four-bar linkage

Inflection
circle

k2G + P0G2

Leq
= P0G + ΩBP0 · P0B

ΩBB

sin ξA

sin (ξA + ξB)
+ ΩAP0 · P0A

ΩAA

sin ξB

sin (ξA + ξB)
(8)

To gain insights, it is useful to particularize the previous equation for the case of a
point mass (kG = 0) on the coupler of a symmetric four-bar linkage (see Fig. 2) such
that ξA = ξB, ΩAA = ΩBB, P0A = P0B.

Under these conditions, Eq. (8) simplifies into

P0G2

Leq
= P0G + 2

ΩBP0 · P0B

ΩBB

sin ξA

sin 2ξA
(9)

One can verify that1

G ′P0 = P0B
ΩBP0

ΩBB cos ξA
(10)

Therefore, from Eq. (9), we can conclude that

Leq = P0G2

P0G + G ′P0
= P0G2

G ′G
= ΩGG (11)

The result confirms that in some cases, the theory of curvature offers a concise
solution for preliminary stability and natural frequency analysis of one degree of
freedom mechanical systems. An application is the test of the stability of suspension

1Considered that P0G ′ cos ξA = P0B′, the proportion (10) gives

(ΩBP0 − ΩBB) : ΩBB = (
P0B

′ − P0B
) : P0B

This leads to the second form of the Euler–Savary equation P0B2 = ΩBB · B′B specialized for point
B.
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Equivalent
double pendulum

0

Fig. 3 Stability of lifting rigs

rigs [4, 5]. With reference to Fig. 3, the stability for small oscillations about the
equilibriumposition of the suspended load requires the position of center of curvature
ΩG to lie between suspension point O and center of mass G:

∴ P0O < P0ΩG < P0G (12)

In particular, the beam mass is assumed negligible and the system motion can be
considered as that of a double pendulum suspended atO, withOΩG the first massless
bar and ΩGG the second bar. In terms of readily measured segment lengths, after
Euler–Savary equation:

1

P0O
>

1

P0G
+

(
1

P0A
− 1

P0ΩA

)
cosψ (13)

3 Curvature Theory and Design of Centrifugal Dampers

Centrifugal dampers are key components of modern internal combustion engines
with a reduced number of cylinders and increased energy output at lower engine
speeds [2]. In Ref. [6], a kinematic equivalence between a four-bar linkage and the
new generation of centrifugal dampers has been established. The main components
are counterweights where their centers of mass are constrained to move along given
tautochrone2 trajectories (e.g., cycloids or epicycloids) [3, 7]. In this section, we will

2Given a field of forces F , a curve C is said to be tautochrone with respect to a point O if a particle
starting from rest, moving along C under the action of F , arrives at point O after an interval of time
T which is independent from the point starting position.
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investigate the relationship between path curvature kinematics and the tautochronism
for the case of a point moving on epicycloid and subjected to a centrifugal force
field. This condition applies to the case of centrifugal damper design where the
counterweight oscillation period is tuned with the rotor oscillation frequency that
needs to be reduced.

Early centrifugal dampers design relied upon the hypothesis of isochronism of
simple pendulum small oscillations. The advantage of using tautochrone trajectories
is due to the independency between natural period and oscillation amplitude. For this
reason, tautochrone oscillation is an important feature of centrifugal dampers.

The analytical derivation to obtain the period of oscillation of a mass along a
cycloid subjected to a gravitational field is well known in the literature. However,
less common is the case of a particle oscillating along an epicycloid and subjected to
a centrifugal force field. In the following, two different approaches will be proposed.

From elementary differential equations theory, the oscillation of a point with unit
mass is tautochrone about an equilibrium position when the governing differential
equation has the form

s̈ = Ft (14)

where the tangential force acting on the unit mass particle has the form

Ft = −k2 s (15)

with k a constant and s the curvilinear abscissa. The tautochrone property is main-
tained also when a linear viscous damping is applied [1], but to minimize algebra,
we will consider the absence of energy losses.

Let us consider a mass particle sliding along a smooth epicycloidal path under the
action of a repulsive force F , linearly varying with the distance from center O and
directed along OM . Hence, when the force is at M , the force module F = μOM ,
with μ a constant.

The length of curvilinear abscissa is

s = 4b(a + b)

a
cos

τ

2
(16)

where

– a, b the radii of the fixed and moving circles, respectively;
– τ the angle of moving circle rotation.

From the geometry of Fig. 4, the component of F along tangent t is

Ft = −μKM = −μa cos
τ

2
(17)

The combination of (16) with (17) yields
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Fig. 4 Tautochronism of oscillations of a particle with epicycloidal path under a centrifugal field
force F proportional to OM

Ft = −μ
a2

4b(a + b)
s (18)

For a unit mass, the equation of motion of the mass particle is

s̈ + μ
a2

4b(a + b)
s = 0 (19)

The period of tautochrone motion is

T = 2π

a

√
4b(a + b)

μ
(20)

Since centrifugal dampers counterweights are subjected to a centrifugal force field,
the epicycloidal path ensures tautochronism of oscillation. The previous analytical
result can be proved independentlymaking use of theCesàro’s fundamental equations
[8, 9]:

dx

ds
= y

ρ
− 1 ,

dy

ds
= − x

ρ
(21)

We start by solving the following problem:
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Find the intrinsic equation of a curve such that the projection of the radius vector along the
tangent is proportional to the curvilinear abscissa.

Since the abscissa axis of the intrinsic coordinate system coincides with the tangent
t, the previous requirement is analytically expressed by the condition

x = ks (22)

where k is a constant.
From the first of (21) follows

y = (k + 1)ρ (23)

Moreover, from the second of (21), follows

ydy = −k(k + 1)sds

or
y2 = −k(k + 1)s2 + C (24)

with C integration constant. The combination of (23) and (24) gives the intrinsic
equation of the curve satisfying the requirement:

ks2 + (k + 1)ρ2 = C (25)

We observe that the case of C = 0 corresponds to a logarithmic spiral, otherwise the
following cases hold:

– k > 0, epicycloid;
– k < 0, hypocycloid;
– 0 < k < −1, pseudocycloid.

The intrinsic equation of an epicycloid is [8]:

s2

A2
+ ρ2

B2
= 1 (26)

with

A = 4b(a + b)

a
, B = 4b(a + b)

a + 2b
(27)

therefore

k = 4b(a + b)

a2
, C = 4b(a + b) (28)

Since Ft = −μx, the period of oscillation is easily computed.
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4 A Four-Bar Linkage with Flexure Hinges

Four-bar linkages with flexure hinges (see Fig. 5), made of two crossed cantilever
leaf springs with their free ends connected through a rigid bar (the coupler), are
often used instead of four bars with revolute joints. Because of its lack of hysteresis,
friction, and backlash, this embodiment is advantageous for use in high-precision
applications.

In this section, on the basis of results presented in [10],wewill deduce the diameter
of the inflection circle for the coupler absolute motion. It is assumed a moment
bending load on a flexure hinge.

Since

OAA = OBB = L (29)

PA = b

2 cosψ
(30)

PΩA = PA + AΩA = b

2 cosψ
− 3L

4
(31)

The Euler–Savary equation

(
1

PA
− 1

PΩA

)
cosψ = 1

δ

particularizes into

Fig. 5 Four-bar with flexure
hinges: nomenclature
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1

δ
=

⎛
⎜⎜⎝ 1

b

2 cosψ

+ 1
3L

4
− b

2 cosψ

⎞
⎟⎟⎠ cosψ (32)

or

δ = b
3L cosψ − 2b

6L cos3 ψ
(33)

If ψ = 45◦ and b = L
√
2
2 , then

δ = L
√
2

6
, |r| = ∣∣r′∣∣ = L

√
2

2
(34)

Moreover, if 3L cosψ − 2b = 0, then δ = 0 and PA = PB = 3L

4
, and all points on

the coupler trace approximate circles centered at P.
The synthesis of a compliant four-bar mechanism for prescribed finite coupler

motion is discussed by Valentini and Pennestrì [11, 12]. The numerical value of δ
confirms the findings reported in the previously cited references.

A reviewof contributions about flexure-based hinges and compliantmicrogrippers
is presented by Verotti et al. [13].

5 Conclusions

Three applications of path curvature analysis have been presented. The dynamics
of a body resting on two curves has been initially investigated and particularized
into one of a four-bar linkage. It was shown how Euler–Savary equation allows
the development of a criterion for the stability of small coupler oscillations. An
application of such a criterion regards the stability of lifting rigs. The second topic
is the derivation of an equation for computing the tautochrone period of oscillation
of a mass particle along an epicycloid path and subjected to a centrifugal field. The
derivation makes use of the fundamental formulas of Cesàro’s intrinsic geometry.
This formula can be used for the tuning of a tautochrone centrifugal damper. The
third application confirms the possibility of a second-order approximation of point
paths in compliant linkages.
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Recent Developments in Higher Path
Curvature Analysis

Mattia Cera, Marco Cirelli, Ettore Pennestrì, Pier Paolo Valentini,
and V. R. Shanmukhasundaram

1 Introduction

The mechanical generation of curves is the main task for kinematic synthesis. The
mainstream of investigations of the so-called Burmester theory focused toward the
search of loci of points whose path approximates circles and straight lines solely.
In comparison, less attention was initially devoted to the approximate mechanical
tracing of other curves such as cycloids and parabolas.

References [1, 2] offer a systematic presentation of linkages for the exact gen-
eration of plane curves. However, in many cases, such linkages do not match the
requirement of a simple kinematic structure. Often approximate, but simple solu-
tions are better appreciated in engineering. For these reasons, the availability of
kinematic synthesis methods, for accurate approximate solutions, has been always
appreciated by practitioners and engineers. The kinematic synthesis of linkages, for
the mechanical generation of curves with infinitesimally close positions, is herein
discussed. In this case, the motion requirements are often expressed in terms of the
radius of curvature and its derivatives with respect to plane rotation angle. Similarly
to the Taylor series, the higher the number of differential coefficients matched, the
smaller the difference between the ideal function and the approximated one.

The intrinsic geometry of the Italian geometer Cesàro [3, 4], where the curves are
defined in terms of the radius of curvature ρ and curvilinear abscissa s, demonstrated
an almost natural tool to establish important analytical relationships.

One of the earliest contributions to the generalization of the classical Burmester
theory for the search of loci of points tracing different curves is due to Freudenstein
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[5]. He deduced the loci of moving plane points tracing curves with prescribed
differential features. Denoted with ρ1 and ρ2 the radii of curvature of evolute and
that of the evolute of evolute, one can define the curvature ratios:

λ1 = ρ1

ρ
, λ2 = ρ2

ρ
(1)

In a general planar motion,

– the locus of points whose path is characterized by a given value of λ1 is the quartic
of curvature derivative, with double points in the pole velocity P0 and at points of
infinity;

– there are only five points (the generalized Burmester points—GBPs) whose path
is characterized by given values of λ1 and λ2.

Since their definition, the location of the generalized Burmester points for the most
general plane motion had some difficulties. Freudenstein located them only for some
particular cases, such as the motion of a coupler four-bar in the symmetric position
[5]. Pennock and Rizq [6] attempted their location through the iterative solution of a
systemof nonlinear equations formed by the loci of pointswith given values ofλ1 and
λ2. However, they could not detect all the points, and the iteration often converged in
the velocity pole. Pennestrì andBelfiore [7],making use ofB-invariants and computer
algebra, deduced the coefficients of a quintic polynomial whose solution allowed the
location of the generalized Burmester points for the planar link motion of a linkage.
The main inconvenience was that the algebraic expression of each coefficient was
too long to be printed. The current viable solution is the one proposed in 2018 by
Cera and Pennestrì [8]. The main equations required to compute the generalized
Burmester points will be presented in this paper with some numerical examples.

It should be acknowledged that the mechanical generation/approximation of
curves through the trajectories of points on the moving plane is not the only solution
approach. Envelopes of straight lines and other curves on the moving plane offer
alternative ways of solution. Likely the theory about this approach started with the
contribution of Camus [9]. Early contributions are due to Aronhold [10],Müller [11],
and Bereis [12]. Figure1 and the following list both summarize the extensions of
infinitesimal Burmester theory toward the mechanical generation of planar curves
with fourth-order accuracy.

1. Generation of circles using a point trajectory. This is called the classic Burmester
problem. The classic Burmester points have trajectories with five points in com-
mon with a circle (e.g., [13–15]).

2. Generation of circles employing straight-lines envelope. A line with five positions
tangent to a circle is herein denoted as the classic Burmester line. For a general
motion, its existence is not guaranteed [16–18].

3. Generation of a circle through the envelope of five positions of a moving circle
is denoted as the classic Burmester circle.
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Fig. 1 Extensions of
Burmester theory for
infinitesimally separated
positions [18]
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4. Generation of a curve with prescribed curvature ratios λ1 and λ2 by means of
a point trajectory. The point with such capability is denoted as the generalized
Burmester point [5–8].

5. Generation of a curve with prescribed curvature ratios λ1 and λ2 using a straight-
line envelope. The straight line with such capability is denoted as the generalized
Burmester line [16, 18].

6. Generation of a curve with prescribed curvature ratios λ1 and λ2 through a circle
envelope. The circle with such capability is denoted as the generalized Burmester
circle.

In industrial applications,where an accurate generationof paths of curveswith pre-
scribed differential properties is required (e.g., devices based on tautochronemotions,
grinding of optical lenses), the importance of this theory is appreciated.

Thanks to the recent extension of the intrinsic geometry [3, 4] to the planar motion
kinematics [8, 17, 18], progress has been made regarding the mechanical generation
of curves by point paths tracing or through envelopes of lines and curves. This paper
summarizes the previous developments with some applications to the generation of
tautochrone motions.
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2 Outlines of Intrinsic Geometry

The fundamental formulas of Cesàro’s intrinsic geometry are [3] (see Fig. 2)

dX

ds
= dx

ds
− y

ρ̃
+ 1 ,

dY

ds
= dy

ds
+ x

ρ̃
(2)

where (X,Y ) and (x, y) are the Cartesian coordinates of P in the fixed and moving
canonical systems, respectively. For a point P fixed under an infinitesimal displace-

ment,
dX

ds
= dY

ds
= 0.

Thus, the following conditions of stationarity are deduced from (2):

dx

ds
= y

ρ̃
− 1 ,

dy

ds
= − x

ρ̃
(3)

2.1 Motion Polodes

Equations (2) and (3) can be applied to motion polodes. The canonical systems (fixed
and moving) are overlapped with the intrinsic ones referred to polodes.1 Thus, the
originM of the intrinsic system coincides with pole velocity P0, as depicted in Fig. 2.
Since the points on the moving plane do not change their position with respect to the
moving polode, the stationarity conditions (3) are specialized for the moving plane
as follows: (

dx

ds

)
p

= y

ρp
− 1 ,

(
dy

ds

)
p

= − x

ρp
(4)

where ρp is the radius of curvature of the moving polode.
Similarly, the variation of coordinates in the fixed plane are expressed by (2),

written for this plane:

(
dX

ds

)
π

=
(
dx

ds

)
π

− y

ρπ
+ 1 ,

(
dY

ds

)
π

=
(
dy

ds

)
π

+ x

ρπ
(5)

where ρπ is the radius of curvature of the fixed polode.
Because of the pure rolling between the polodes (i.e., no sliding occurs), the

following equalities hold:
ds = (ds)p = (ds)π . (6)

Substituting (4) into (5) and taken into account (6) follows:

1Subscripts p and π refer to moving and fixed polodes, respectively.
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Fig. 2 Nomenclature

dX

ds
= y

δ
,

dY

ds
= − x

δ
(7)

where δ is the inflection circle diameter. Equation (7) give the differential transform
from moving to fixed coordinates.
Assuming

h = P0P =
√
x2 + y2 (8)

follows
ds̃

ds
= χ = −h

δ
(9)

where ds̃ is the arc on the point P trajectory.
Taking into account (9), the following equalities are established:

ds̃ = hdθ = ρ̃dψ̃ = χds (10)



32 M. Cera et al.

2.2 Intrinsic Equation of a Point Path Curve

Let us denote with (M, N ) and (m, n) the direction cosines of tangent tp to path CP

in P , respectively, in the canonical systems P0 − XY (fixed) and P0 − xy (moving).
Taking into account (4), the differentiation of (m, n) with respect to polodes arc
length s = sp = sπ yields

dm

ds
= x

h

(
y

h2
− 1

ρp

)
,

dn

ds
= y

h

(
y

h2
− 1

ρp

)
(11)

By means of (5), (11) is transformed into the P0 − XY coordinate system:

dM

ds
= dm

ds
− n

ρπ
,

dN

ds
= dn

ds
+ m

ρπ
(12)

For the direction cosines, the following identity holds:

(
dM

dψ̃

)2

+
(
dN

dψ̃

)2

= 1 (13)

After some algebraic manipulations involving (10)–(12), an equation somewhat
related to the second form of Euler–Savary equation is deduced:

ρ̃ = h3

h2 − δy
(14)

The combination of (14) with

s̃ = −
∫

h

δ
ds (15)

gives the intrinsic equation f (s̃, ρ̃) = 0 of the point P trajectory.

3 Quartic of Curvature Derivative

The quartic of curvature derivative is obtained through the differentiation of Euler–
Savary equation (14) with respect to s

dρ̃

ds
= − ρ̃2

h3

[
(ε + 1)x − δ1y − 3δ

xy

h2

]
(16)

where ε = δ

ρp
and δi = diδ

dsi
, i = 1, 2, . . . .
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The quartic of curvature derivative can be expressed in Cartesian coordinates and

in terms of the curvature ratio λ1 = dρ̃

ds̃
.

Taken into account (10) and substituting (14) into (16), follows

λ1
(
x2 + y2 − δy

)2 − δ
(
x2 + y2

)
[(ε − 1) x − δ1y] + 3δ2xy = 0 (17)

If we impose λ1 = 0 in Eq. (17), the cubic of stationary curvature is deduced

(
x2 + y2

)
[(ε − 1) x − δ1y] − 3δxy = 0 (18)

4 The Generalized Burmester Points

The GBPs are determined by solving the system composed of Eq. (16) and its deriva-
tive.

Introducing the parameters

τ = h

ρ̃
, ν = y

x
(19)

Equation (16) can be rewritten in the form

λ1 = 1 − τ

ντ 2
[(ε + 1) − δ1ν − 3(1 − τ )] (20)

Then, from the differentiation of Eq. (20) w.r.t the angle ψ̃, one obtains
((

λ2 − 3λ1
2 − 3

)
τ3 + (δ1λ1 − 4ε + 8) τ2 +

(
δ δ2 − ε2 + 7ε − 7

)
τ − δ δ2 + ε2 − 3ε + 2

)
ν2

+
(
−7 τ3λ1 + 6 τ2λ1 + (1 − τ ) (ε1δ + ε δ1 − δ1)

)
ν − (τ − 1) τ (6τ + ε − 5) = 0 (21)

in which the following identities have been established

dλ1

dψ̃
= λ2 − λ2

1, ε1 = dε

ds

Solving Eq. (20) in terms of ν

ν = −ε τ + 3 τ 2 − ε − 5 τ + 2

τ 2λ1 − τ δ1 + δ1
(22)

and substituting this expression (22) into Eq. (21), a polynomial of 5th degree, with
τ as unknown, is deduced
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Fig. 3 Four-bar linkage:
nomenclature

n5τ
5 + n4τ

4 + n3τ
3 + n2τ

2 + n1τ + n0 = 0 (23)

where

n5 = 9λ2 − 12λ1
2 − 27

n4 = 6 (ε − 2)
(
λ2 − 2λ1

2 − 9
)

n3 = (−3λ1
2 + λ2 − 36

)
ε2 + (

4 δ1λ1 + 12λ1
2 − 4λ2 + 171

)
ε − 6 δ1

2

+ 7 δ1λ1 + (3 ε1λ1 + 9 δ2) δ − 12λ1
2 + 4λ2 − 171

n2 = −10 ε3 + (2 δ1λ1 + 87) ε2 + (−4 δ1
2 − δ1λ1 − 201 + (ε1λ1 + 6 δ2) δ

)
ε

+ 14 δ1
2 + (−3 ε1δ − 6λ1) δ1 + 134 + (−2 ε1λ1 − 21 δ2) δ

n1 = −ε4 + 17 ε3 + (
δ δ2 − δ1

2 − 69
)
ε2 + (−δ δ1ε1 − 10 δ δ2 + 7 δ1

2 + 104
)
ε

+ 5 δ δ1ε1 + 16 δ δ2 − 10 δ1
2 − 52

n0 = − (ε − 2)
(−ε3 + 5 ε2 + (

δ δ2 − δ1
2 − 8

)
ε − δ δ1ε1 − 2 δ δ2 + δ1

2 + 4
)

Hence, the GBPs in canonical system coordinates are given by

xGB = ρ0τ√
1 + ν2

, yGB = ρ0τν√
1 + ν2

(24)

where ρ0 = δν

τ (1 − τ )
√
1 + ν2

manipulating Euler–Savary equation (14).

5 Numerical Example

The discussed results will be applied toward the mechanical generation of a cycloid
using a coupler point path of a four-bar linkage.

The adopted four-bar nomenclature is shown in Fig. 3, while the geometrical data
for the given configuration of the four-bar are collected in Table1.

The following synthesis procedure has been applied:
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Table 1 Four-bar configuration

Links (mm) Angles (◦)
l1 300 θ1 33.557

l2 400 θ2 180.000

l3 300 θ3 326.443

l4 100

Table 2 Four-bar invariants

Invariants

δ (mm) 86.835 ε(−) −0.400

δ1 (–) 0.000 ε1 (mm−1) 0.000

δ2 (mm−1) −1.263 · 10−2

Table 3 Generalized Burmester point

Generalized Burmester Point

τ (–) 0.714 xGB (mm) 0.000

ν (–) −∞ yGB (mm) 303.198

1. From the intrinsic equation of the cycloid

ρ(s)2 = ρ20 − s2 (25)

the curvature ratios are evaluated for the given design position s = 0

λ1 = ρ1

ρ
= dρ

ds
= − s√

ρ20 − s2

∣∣∣∣∣∣
s=0

= 0

λ2 = ρ2

ρ
= dρ1

ds
= −1

2. The kinematic analysis of the four-bar up to the fourth order is carried out in order
to compute the invariants δ, ε, δ1, δ2, ε12 (Table2).

3. Bymeans of Eqs. (22) and (23), τ and ν are obtained, then theGBPs are calculated
in canonical system coordinates through Eq. (24) (Table3).

4. GBPs absolute coordinates in the four-bar reference system, the geometry of the
system, and the comparison between the ideal curve and the approximated coupler
point path are depicted in Fig. 4.

2For further details about invariants expressions, see [18].
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Fig. 4 Generalized
Burmester point
XGB = 50.000mm,
YGB = 336.365mm
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It is worthy to note that for a symmetrical application, there are at most three
symmetrical solutions [18]. For this particular case, only one solution is real, and the
other two are complex.

6 Conclusion

Infinitesimal Burmester theory is a classic topic in kinematic synthesis. This paper
summarized some recent progress in the computationof generalizedBurmester points
as well as the mechanical approximation of curves by means of mechanisms.
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Jump Phenomena in a Motor-Driven
Quick-Return Mechanism that Excites
the Base of a Vibrating Structure

Anubhab Sinha, Saurabh Kumar Bharti, Arun Kumar Samantaray,
and Ranjan Bhattacharyya

1 Introduction

A quick-return mechanism is a mechanical setup that converts rotary motions into
reciprocating motions, with unequal durations for the forward and return strokes.
The forward stroke is usually designated as the working stroke, whereas the return
stroke is the useless/idle stroke. The setup is so named because the return stroke
is made quicker than the working stroke, which vastly improves the economy of
the machining process. The time taken for the useless stroke is known as the non-
machining time or the idle time [1]. The mechanism and its variations are frequently
used in applications where the action is required in one direction of motion only,
such as—shapers, planers, power saws, impact presses, mechanical actuators, and
revolver technology [2, 3].

The rotary motions of the quick-return mechanism are usually generated from
an electrical motor. However, a real-world motor is a non-ideal drive. A non-ideal
drive refers to a power source whose energy supply is insufficient. The dynamics of
a non-ideal drive is cross-coupled with the load acting on it and hence, a non-ideal
drive is inherently load dependent [4–6]. The Sommerfeld effect is the nonlinear
jump phenomenon that affects rotating machineries powered by non-ideal drives.
It is characterized by a sequence of prolonged capture at resonance, followed by a
sudden release from there. In addition to wastage of costly energy, the continued
capture at resonance despite increasing input power is detrimental to any appliance
with respect to its health, performance, and sustainability aspects. The investigation

A. Sinha (B) · S. K. Bharti · A. K. Samantaray · R. Bhattacharyya
Indian Institute of Technology Kharagpur, Kharagpur 721302, West Bengal, India

A. K. Samantaray
e-mail: samantaray@mech.ittkgp.ac.in

R. Bhattacharyya
e-mail: rbmail@mech.ittkgp.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
Y. V. D. Rao et al. (eds.), Advances in Industrial Machines and Mechanisms,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-16-1769-0_4

39

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-1769-0_4&domain=pdf
mailto:samantaray@mech.ittkgp.ac.in
mailto:rbmail@mech.ittkgp.ac.in
https://doi.org/10.1007/978-981-16-1769-0_4


40 A. Sinha et al.

of jump phenomena as well as recognizing ways to tackle it has received significant
attention in recent years [7–12]. In view of that, the present paper attempts to study
the jump phenomena characteristics for a motor-driven quick-return mechanism,
whose slider end is connected to a vibrating body. The subsequent discussions are
strictly based on steady-state analysis of the dynamical system.

1.1 Mechanical Model

Figure 1a shows a quick-return mechanism powered by a permanent magnet DC
motor. The operator regulates the source voltage Vs . The motor generates output
torque Tm on crank AB, rotating about point A (with rotation angle θ). A large
flywheel is also mounted at A. The sleeve collar B slides on the arm OC, which
oscillates around pivot point O (with oscillating angle φ). Rigid link CD connects
the oscillating arm OC with the horizontally reciprocating slider. Note that the slider
end is linearly connected to a vibrating block (with coupling parameters K and C).
The nomenclature and values of the related parameters are detailed in Table 1.

Figure 1b shows the two extreme positions of the oscillating arm OC. The
extremities occur when crank AB is perpendicular to arm OC. Let lines OB1C1

and OB2C2 represent the two extremities. Accordingly, the return stroke angle θr
of the quick-return mechanism is given by minor angle B1AB2, while its corre-
sponding major angle gives the forward stroke angle θ f . From � OB1A, one obtains
θr = 2 cos−1(r/p) and θ f = 2π − 2 cos−1(r/p). With ω as the operating motor
speed, the time taken for forward stroke (t f ) and return stroke (tr ) motions are now
given as

t f = {
2π − 2 cos−1(r/p)

}
/ω (1)

Fig. 1 a Schematic of the mechanism; b geometrical configuration at extremities
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Table 1 Parameters Notation Description Value

Vs Source voltage <Variable>

μm Motor constant 0.9 Nm/A

R Resistance 0.08 �

ω Motor speed –

p Distance OA 0.115 m

q Arm length OC 0.145 m

r Radial length AB 0.090 m

θ f Forward stroke angle 283°

θr Return stroke angle 77°

K Spring stiffness 4800 N/m

C Viscous damping 11 Ns/m

M Block mass 3 kg

ω0 Fundamental frequency 40 rad/s

ξ Damping factor 0.046

tr = {
2 cos−1(r/p)

}
/ω (2)

Obviously, for constant ω, t f is greater than tr .

2 Analytical Formulation

From � AY1B in Fig. 1a,

AY1 = r cos θ (3)

BY1 = r sin θ (4)

In � OBY1, substituting Eqs. (3) and (4), one obtains

tan φ = (r sin θ)/(p − r cos θ) (5)

From � OCY2,

CY2 = q tan φ (6)

The horizontal slider displacement (y) is directly related to the instantaneous
perpendicular distance CY2. With the crank angle θ = ωt , substituting Eq. (5) in
Eq. (6), one obtains the slider displacement as
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y(t) = {ec sin(ωt)}/{p − r cos(ωt)} (7)

where ec = qr is the eccentricity parameter for the mechanism. For constant ω

values, the slider motions are periodic in nature. Thus, the slider displacement y(t)
from Eq. (7) can be alternatively expressed as a general Fourier series of the form

y(t) =
∞∑

n=0

{pn} cos(nωt) +
∞∑

n=0

{qn} sin(nωt) (8)

with (pn, qn) as the Fourier coefficients, where pn =
(1/π)

∫ 2π/ω

0 {y(t)ω cos(nωt)}dt and qn = (1/π)
∫ 2π/ω

0 {y(t)ω sin(nωt)}dt . The
corresponding slider velocity is obtained as the time derivative of Eq. (8)

ẏ(t) =
∞∑

n=0

{nωqn} cos(nωt) +
∞∑

n=0

{−nωpn} sin(nωt) (9)

The equation of motion for the SDoF vibrating block along with the slider base
(we assume M � ms where ms is the slider mass) is written as

Mẍ(t) + Cẋ(t) + Kx(t) = C ẏ(t) + Ky(t) (10)

with x(t) as the displacement of the block mass M . The slider is considered to be
lightweight in comparison with the mass of the vibrating block. Defining param-
eters ω0 = (K/M)0.5 as the undamped fundamental frequency component and
ξ = C/(2Mω0) as the damping factor, Eq. (10) is further rewritten as

ẍ(t) + 2ξω0 ẋ(t) + ω2
0x(t) =

∞∑

n=0

{Pn} sin(nωt) +
∞∑

n=0

{Qn} cos(nωt) (11)

where coefficients Pn = −npn2ξω0ω + qnω2
0 and Qn = nqn2ξω0ω + pnω2

0.
The particular integral of Eq. (11) yields the steady-state solutions (i.e., solutions

as t → ∞) of the vibrating block (xss(t)), which is obtained as

xss(t) =
∞∑

n=0

{un − vn} cos(nωt) +
∞∑

n=0

{en + fn} sin(nωt) (12)

with un = (anQn)/D, vn = (bn Pn)/D, en = (an Pn)/D, fn = (bnQn)/D, an =
ω2
0 −n2ω2, bn = 2nξω0ω , and D = (

a2n + b2n
)
. Subsequently, the steady-state block

velocity is obtained by time differentiating Eq. (13) as

ẋss(t) =
∞∑

n=0

{nωen + nω fn} cos(nωt) +
∞∑

n=0

{nωvn − nωun} sin(nωt) (13)
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For the undamped system, resonance occurs when an = 0. So, the mechanism
enters resonance whenever motor speed ω approaches the values ω0/n (with n = 1,
2, 3, 4, and so on).

The power input from the DC motor is Pm = Tmω, where torque generated by
the non-ideal motor is given by Tm = μm(Vs − μmω)/R [4, 5]. On substitution, one
writes

Pm = μmω(Vs − μmω)/R (14)

When the dynamics attain steady equilibrium conditions, the power supplied (Pm)

to themechanical systemwill equalize the power dissipated (Pd) from it. By equating
Pm and Pd and substituting Eq. (14) thereof, one obtains an expression of Vs as

Vs = (Pd R)/(μmω) + μmω (15)

Note that dissipated power Pd in Eq. (15) can be written as

Pd = (ω/2π)

2π/ω∫

0

C{ẋss(t) − ẏ(t)}2dt (16)

With the help of Eqs. (9) and (13), Eq. (16) is further expanded as

Pd = (C/2)

{ ∞∑

n=0

(
g2n + h2n

)
}

(17)

with coefficients gn = nω(en + fn − qn) and hn = nω(vn − un + pn).

3 Results and Discussions

Two response plots are shown in Fig. 2, using Eqs. (12), (15), and (17). Figure 2a
shows the output motor speed (ω) against input voltage Vs and Fig. 2b shows the
same for the coexisting vibration amplitudes of the block mass M (the amplitudes
are calculated as the mean values of the displacement response from Eq. (12)).

Notice that in Fig. 2a, when operator starts increasing the source voltage for
starting the mechanism (run-up condition), the resulting speed response is not linear
throughout. In fact, from point a onwards, the speed progress is more and more
disproportionate. The actual speed trajectory can be traced as follows—o → a →
b → c → d → e → f → g → h → i and so on, which clearly demonstrates
that responses for the quick-return mechanism are discontinuous. The reason being
that when the motor speed approaches some resonance zone, the non-ideal motor
lacks sufficient power to make smooth transit through that zone. Under resonance,
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Fig. 2 Response plots—a speed response; b amplitude response at steady state

the vibrating block withdraws much of the motor power and oscillates with growing
amplitudes (refer Fig. 2b). This effectively leaves lesser power to be available for
operating speed and hence, speed increment at this stage is withheld even for large
changes in voltage values. This indicates that the quick-returnmechanism is captured
at resonance. And since the mechanism is unable to speed up, getting captured at
lower speeds involves a larger average time for the return strokes (recall that from
Eq. (2), tr increases ifω is small). This lead to a net increase in the non-machining/idle
time; thus, effectively lowering machine productivity. In Fig. 2a and b, the capture
zones are marked by sections b → c, d → e , and f → g.

Afterward, when necessary input power is provided, the ‘capture phases’ cease to
exist and each capture zone culminates with a distinct ‘jump’. In Fig. 2a and b, there
are four such consecutive jumps (I, II, III, and IV) corresponding to four resonance
zones. These are marked by dotted blue arrows for sections a → b, c → d, e → f ,
and g → h, respectively. During the run-up, the speed response displays a jump-
up in values, while the corresponding amplitude response shows a jump-down in
values. The series of jumps is actually indicative of the sequential escape from each
successive resonance zone. The details of the jump segments are given in Table 2.
Observe that the jump sizes keep on increasing as we move on to higher speeds, with
jump IV being the largest one.

On the other hand, if the operator reduces voltage for shutting down themechanism
(run-down condition), the transitioning jump points are found to be different from
those experienced during run-up. Moreover, the average size of the run-down jumps

Table 2 Run-up jump
segments (refer Fig. 2a)

Jump Path Initiating voltage
(V)

Speed transition
(rad/s)

I (∼ ω0/4) a → b 11.50 10.1–11.8

II (∼ ω0/3) c → d 19.71 13.4–18.2

III (∼ ω0/2) e → f 39.76 20.1–36.3

IV (∼ ω0) g → h 82.86 40.2–88.9
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Fig. 3 Power
requirements—Motor power
Pm and dissipated power Pd
against speed ω
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(markedwith dotted red arrows in Fig. 2a and b) is relatively smaller. Note that during
run-down, the speed response records a jump-down, while the vibrations experience
a corresponding jump-up.

We now check for the necessary power requirements that allow the machine to
avoid the resonance capture. Figure 3 shows the Pd curve, which has two major
resonance peaks (ω0 and ω0/2 peaks) alongside few minor ones. Two separate Pm
curves for two distinct voltages are also added to the same plot. Recall that from
Eqs. (14) and (17), Pd depends on ω but not on Vs ; unlike Pm which depends on both
ω and Vs . To ascertain whether a particular Vs can generate adequate motor power
to avoid capture—consider whether the Pm curve for that voltage can overshoot the
Pd peaks; failing which, the mechanism gets stuck perpetually. Notice that Pm for
39.76 V tangentially overshoots the ω0/2 peak (at 20 rad/s), but fails to do so for
the ω0 peak. That means generated power at 39.76 V can successfully evade the
ω0/2 resonance zone, but not the ω0 zone. To entirely avoid the resonance capture,
the minimum voltage requirement is 82.86 V. This is evident from the Pm curve for
82.86 V, which is shown to surpass all possible peaks. Indeed, as per Table 2, 39.76 V
and 82.86 V are the respective initiating voltages for Jumps III and IV.

Now, suppose there is a need to run the machine at 70 rad/s (point z in Fig. 2a).
Then, the conventional way of start-up will most certainly ensure capture at some
resonance. To avoid that and opt for a safer way to acquire that speed, voltage
regulation must be done judiciously. At first, full power above the critical value (i.e.,
82.86 V) must be provided, so that none of the resonances are encountered. That
way, all jumps are averted, and the machine directly acquires 90 rad/s (i.e., point h or
above). From there on, gradually reducing voltage and allowing a motor run-down
(via backwards path h → z) gets the machine to safely run at 70 rad/s.

Nonetheless, it must be pointed out that the machine cannot avail all possible
speed ranges, no matter how carefully voltage is regulated. This is particularly true
for the negative slopes in Fig. 2, which indicate unstable solutions [4, 6, 8].Wherever
negative slopes exist (in Fig. 2a and b), the corresponding speed or amplitude values
are not feasible in practice. Themechanism cannot bemade to operate at these speeds
and so, these speed ranges are termed ‘inoperable/missing’.

Figure 4a demonstrates how the eccentricity parameter ec affects the power
requirements. From Eq. (7), eccentricity ec depends on both the crank radius AB
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Fig. 4 Power characteristics—Influence of a eccentricity ec and b motor constant μm

(r ) as well as the arm length OC (q). Notice that curve (ii) is the old Pd curve with
ec = 0.013 (q = 0.145 m and r = 0.09 m). The critical voltage requirement was
82.86 V. Now, let’s increase OC by 2.5 cm and AB by 1 cm. So, the new ec value
is 0.017 (q = 0.170 m and r = 0.1 m). Curve (i) represents the new Pd curve for
ec = 0.017.We observe that with the increase in the ec value, the peak power demand
for the ω0 resonance zone is almost doubled. Hence, traversing the resonance would
now be twice as difficult as before. The new critical voltage requirement to do so has
now increased to 131 V (with the same motor).

As for themotor drive, Fig. 4b shows the effect of motor constantμm on the power
characteristics. The plot in Fig. 4b includes Pm curves for three distinct μm values,
alongside the old Pd curve. Note that all three Pm curves are generated at 82.86 V. It
is observed that with μm = 0.1 Nm/A, even at 82.86 V, the Pm curve only manages
to surpass the ω0/3 peak, but none of the remaining peaks. Next, with μm = 0.25
Nm/A, the ω0/2 peak is cleared off but the ω0 peak still remains unsurpassed. It
finally takes a motor with μm as high as 0.9 Nm/A to successfully power through the
dominant resonant peak (ω0) and all remaining peaks by default. It must be pointed
out here that had the resonances occurred at higher speeds (i.e., if the peaks were
shifted to the right), the motors with lowerμm values would better serve the purpose.

The discussions so far have focused only on steady-state analysis, which often
shows the most critical aspects of the jump phenomena. However, to confirm that,
we now take up simulated responses obtained from a Bond Graph (BG) model of
the mechanical system. In the BG model shown in Fig. 5, the source element SE: Vs

Fig. 5 Bond graph model of
the quick-return mechanism
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provides power to the 1i junction (whichmodels the current flowing through themotor
circuit); the element R: R is the armature resistance attached to this 1i junction. The
Gyrator element GY of modulus μm converts the 1i junction (electrical domain)
into 1θ̇ junction (mechanical domain). At the 1θ̇ junction, the inertial I: Jeq element
represents the rotary inertia Jeq (which is the combined rotary inertia of the motor,
crank, and the flywheel at A). Next, the transformer TF element transforms the 1θ̇

junction (crank rotations) into 1ẏ junction (slider motions); the expression for the TF
modulus mod is obtained by differentiating Eq. (7). The slider mass is modeled as
I: ms attached at the 1ẏ junction. To avoid differential causality, padding elements
C: Krigid and R: Rrigid are inserted between the 1θ̇ and 1ẏ junctions, via a 0-junction.
The inertial I: M element, which models the mass of the vibrating block, is attached
to the 1ẋ junction (block motions). The elements C: K and R: R represent the
coupling parameters between the slider and the block. The three Df elements record
the corresponding flow variables at their respective 1-junctions.

Note that for numerical simulations (Fig. 6), two additional inertia parameters
are involved—the rotary inertia Jeq and the slider mass ms . The values are taken as
Jeq = 3.2 kgm2 and ms = 0.8 kg. The high rotary inertia limits the large speed
fluctuations that occur due to unequal stroke durations and swift motion reversals at
the end of each stroke. The padding parameters are taken as Krigid = 1e8 N/m and
Rrigid = 1000 Ns/m. To properly witness the jumps, we slowly increase the voltage
from 1 to 83 V over a long time span of 5000 s. This slow voltage increment helps to
slow down the angular accelerations so that the simulation mimics the steady-state
analysis.

It is observed that in spite of the high rotary inertia, speed fluctuations still persist.
However, all four jumps are detected, with Jumps III and IV being the most visible
ones due to their large sizes. In between Jumps I–IV, on account of successive reso-
nance captures, the amplitudes of the vibrating block continue to grow alarmingly.
And a sudden decline in the amplitudes occurs only after Jump IV, which basically
implies that the resonance conditions are finally over. The respective initiating volt-
ages for jumps I, II, III, and IV are calculated as 11.10 V, 18.91 V, 39.40 V, and
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Fig. 6 Bond graph simulated responses—a motor speed; b block displacement
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82.80 V. Notice that the simulation jumps occur slightly before the theoretically
predicted values (as per Table 2) due to persistent speed fluctuations and unsteady
angular accelerations.

4 Conclusions

The jump phenomena for the quick-returnmechanismmanifest as a series of separate
jumps, which are each preceded by periods of prolonged capture at multiple reso-
nance zones. During resonance capture, escape from resonance becomes a struggle
and the mechanism has difficulty acquiring target speeds or even reaching higher
speed regimes, unless additional motor power is inputted. The process is economi-
cally disadvantageous because costly motor power is wasted on machine vibrations,
whereas speed progression takes a backseat. Besides, if resonance is encountered
at lower speeds, the total idle time of the quick-return mechanism increases. Also,
once the capture phases are terminated and the jumps take place, some speed ranges
are rendered inoperable due to discontinuities. The jump phenomena thus present a
number of hurdles for the mechanism by reducing its efficiency, performance as well
as machine productivity. To tackle the peak power demands during the resonance
period, the power characteristics of the system are discussed—with special mention
to the influence of eccentricity and motor parameters. The criteria for power require-
ments can lead to important design considerations, which must be accounted for
when designing the mechanism or deciding on a suitable motor. Since steady-state
analysis often outlines the most extreme characteristics, a design based on that can
be arguably considered both safe and conservative.
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Real-Time Trajectory Estimation
of a Ball Moving in a 3D Space

Dheeraj Bhogisetty, Sai Surya Srinivas Kunapuli, and Shital S. Chiddarwar

1 Introduction

Humans have the ability to infer information from themotion of objects. For example,
consider a ball thrown in the air. We can track and estimate the trajectory of an object
instinctively based on intuition. It is possible because of the inherent knowledge we
possess about the physics governing the motion, the environment, and the type of
object. With the help of computer vision, this ability can be given to robotic systems.
This paper discusses an algorithm for detecting and tracking a thrown ball in real-
time using a stationary depth camera. The task of estimation of the 3D trajectory of
a thrown ball can be divided into three subtasks: (1) Ball detection, (2) Estimation of
3D world coordinates of the ball, and (3) 3D Trajectory estimation. The thrown ball
remains in the air roughly for about 0.8–1.2 s and covers an average distance of 4 m.
So, the vision system should be fast enough to detect and track the ball and estimate
its trajectory.

Detection of the thrown object is the first and most crucial subtask. The thrown
ball is segmented by background subtraction method using Gaussian Mixture Model
(GMM) [1]. In background subtraction, the changes in light intensity or motion
changes due to sudden disturbances to camera or camera oscillation result in a change
in the background model. This leads to the detection of unwanted motion giving
noisy and erroneous results. So, for robustness and accurate results, the Gaussian
Mixture Model (GMM) is used for modeling the background. After the successful
segmentation of foreground objects, the ball centroid coordinates are obtained using
blob analysis. The determination of the 3D coordinates of the ball is challenging.
Using a monocular system, the 2D coordinates of the ball can be directly obtained.
The third coordinate can be solved for certain cases, where the motion is limited to
a plane, with the help of a pin-hole camera model. But in this case, the motion of the
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ball is not confined to a single plane. It can be solved using a monocular system by
developing nonlinear estimation models, [2–6], but they are complex. Though this
can be solved using a stereo camera system, [7] and [8], the requirement of multiple
cameras, sophisticated hardware, and the calibration of these cameras increase both
cost and complexity. This is where Kinect is useful. Using both the sensors in Kinect,
RGB camera, and depth sensor, a 3D point cloud can be generated from which the
3D world coordinates can be obtained [9]. Using the 3D coordinates, the trajectory
can be estimated.

The 3D trajectory estimator is based on the time-series analysis. Time-series
analysis deals with series of data which are recorded or measured at discrete time
intervals. As the data obtained from the camera is discrete, it can be used for the
trajectory estimation case. The ball is considered to be a projectile and the only force
acting on the ball is the gravity. The forces due to air drag are considered negligible
and hence ignored for simplicity. Using the least-squares method, the estimator fits a
parabola. This estimation is refined as more coordinates are obtained in subsequent
frames. The overview of the algorithm is shown in Fig. 1.

Fig. 1 Algorithm flowchart
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2 Related Work

Most of the work related to the estimation of projectile motion is found in the work
related to the ball-catching task. From the literature survey, it is evident that in
most of the works, monocular systems [2–4, 6], and stereo camera systems [7, 8]
are used. Monocular systems have easy calibration procedures, but more effort has
to be put into the 3D reconstruction of the scene. Whereas for stereo systems, 3D
reconstruction is easy using the triangulationmethod but requires accurate calibration
and complex elaboration hardware. Different from the conventional approach, the
algorithm proposed in this paper uses the depth camera.

In [2–4], an eye-in-hand 3D monocular robotic ball-catching system is proposed.
In this configuration, the camera is not stationary and moves with the robot end-
effector following the ball. For ball detection, an equalized color-based clustering in
theHue–Saturation–Lightness (HSL) color space is used in [2–4]. An iterative trajec-
tory estimator is used in [2, 3]. First, a linear estimator is used for estimating the
trajectory in order to provide an initial baseline for the camera and later a nonlinear
estimator is used to refine the linear estimation of the trajectory over time. In [4],
the ball trajectory is estimated as a parabola. In [5], an expectation–maximization
algorithm is used to detect objects on parabolic trajectories in a video over short
time periods. Regions of interesting motion are detected using size, speed, and
compactness criteria. The 3D positions and velocities of projectiles are estimated
from monocular views using a robust nonlinear optimization-based formulation in
[6].A theoretical formulation is developedwithminimumconditions for the existence
of a unique solution.

In [7], a robotic ball catcher is proposed where a stereo camera system is used
for visual tracking. The ball is detected by segmentation based on difference images,
similar to background subtraction. An Extended Kalman Filter (EKF) is used for
predicting the trajectory also considering air drag. A humanoid with stereo vision is
considered in [8]. The ball is detected using a novel circular gradient method which
is robust to change in lighting conditions and size of the ball. A Multi Hypothesis
Tracker (MHT) with Kalman Filter is used to predict one or more trajectories from
the set of detected circles.

In [10], an algorithmwas developed for detection of aerial balls in anMSLcontext.
The point cloud obtained from Kinect was voxelized in an occupancy voxel space
rather than considering the whole point cloud, for ball detection which reduced the
computation.Once the ball coordinateswere detected, SingularValueDecomposition
was used to compute a parabolic equation that best fits the coordinates for estimating
the trajectory.
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3 Ball Detection

The brightness and clarity of the input video also play a role while detecting the ball.
Less brightness and clarity can cause difficulty while detecting the ball, which may
result in false detection. The compactness ratio of the ball obtained from the video
may be different from the actual one and the object with the next least compactness
ratio might get detected. The algorithm requires a minimum clarity and brightness
such that it can distinguish the moving objects from the stationary ones, and different
shapes. The use of Kinect in an environment with an ambient lighting ensures that
those requirements are met.

3.1 Background Subtraction Using GMM

The thrown ball is segmented from its background using the background subtraction
model as the camera is stationary. In background subtraction, subsequent frames are
subtracted, and the change in the image is obtained. The difference image is then
thresholded. As a result, the stationary objects are eliminated, and only the objects
which are moving are obtained. As proposed in [1], Gaussian Mixture Models are
used to model the background. This model adapts to changes in the background and
gives accurate results improving robustness.

Gaussian Mixture Models (GMM)

A gaussian mixture model is a parametric probability density function p(x),

p(x) =
K∑

i=1

φiN(x |μi , σi ) (1)

The Gaussian function is N(x |μi , σi ). K is the number of mixture components.
Mixture component weights φi are constrained such that

∑K
i=1 φi = 1 so that the

total probability distribution normalizes to 1. Initially, a set of frames have to be
given to this model for training to be trained to learn the weights φk .

3.2 Blob Analysis

After thresholding the difference image, a binary image containing blobs is obtained
and among them, the ball has to be detected. Difficulties arise in detecting the ball
due to its small size, low resolution, background clutter, and noise. Due to its small
size, the ball has a low compactness ratio (compactness ratio is the ratio of area to
the perimeter of the ball in the image) [5]. Using the blob analysis and compactness
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ratio, moving objects other than the ball are eliminated from consideration. The
image coordinates of the centroid of the ball are obtained and the ball is detected.

3.3 Results

The ball detection part was implemented in MATLAB using real-time feed from
the RGB camera of Kinect with 480 × 640 resolution @30 fps. The number of
initial video frames given for training the background model is 100, the learning
rate is chosen as 0.005 with adaptive learning, and the number of Gaussian modes
in mixture model is 7 with other parameters remaining default. The results of ball
detection in a random frame during the ball’s flight are shown below (Fig. 2).

In Fig. 3, we can see that multiple blobs are detected, one of the ball and others of
a human hand moving in the frame. The blobs are separated and the ball is detected
using compactness ratio (Fig. 4).

Fig. 2 Actual image

Fig. 3 Mask after
background subtraction
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Fig. 4 Ball detected

4 Trajectory Estimation

After detecting the ball using background subtraction and compactness ratio, we
need to estimate the trajectory of the ball. This needs the 3D coordinates of the ball.
We obtained these values from the point cloud generated using the Kinect camera.

4.1 Point Cloud Analysis

Point clouds are a set of data points which when combined represent a particular
object or an entire scene. These points represent theX,Y, andZgeometric coordinates
of a single point on an underlying sampled surface. Point clouds are generated by
combining a large number of single spatial measurements. Point clouds are generally
3D, and adding information about the color makes them 4D. 3D laser scanners are
the most common devices which are used to generate point clouds. Here, we used
Kinect integrated with MATLAB to generate the point cloud of the scene.

The real-world X, Y, and Z coordinates of each pixel in the image are stored in
three 3D matrices of size 480 × 640 × n each, where ‘n’ represents the number of
frames in the feed and 480 × 640 is the resolution of the camera. The coordinates
are then extracted from these matrices, using the ball’s position in the pixel domain
which are obtained from the detection part. The coordinates obtained are then used
for the trajectory estimation. The point cloud generated by the Kinect camera, of a
scene, is shown below (Figs. 5 and 6).
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Fig. 5 Actual image of the scene

Fig. 6 Point cloud of the scene

4.2 Time-Series Analysis

Time-series analysis is a collection of methods used to extract meaningful statistics
and other useful information from time-indexed data. Time-series forecasting, one
of the methods in time-series analysis, is used here to predict future values based on
previously observed values, using a model that defines the system. One disadvantage
of this analysis is that the model is estimated based on the time-series data which
might be influenced by some external factors. These factorsmay not be the same after
some time. But we can assume the effect of these factors to be negligible because
the time window for our calculations is small and the measurements are taken in a
controlled environment.
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Time-series analysis in MATLAB

To implement the time series in MATLAB, we need more data compared to the
actual data we get during the 0.8–1.2 s of the flight of the ball. As the data we get
is discrete, it is interpolated to get more data points than we have before resulting
in better output. This time-domain data is now used to estimate a state-space model
defined by the equations below.

x′(t) = Ax(t) + Bu(t) + Ke(t) (2)

y(t) = Cx(t) + Du(t) + e(t) (3)

where A, B, C, D, and K are state-space matrices, u(t) is the input, e(t) is the distur-
bance, y(t) is the output, and x(t) is the vector of three states. In our case, the output
is the ball coordinates. This model can now be used to forecast the position of the
ball using already measured data.

4.3 Results

Below are the results after applying this method. This data is fitted into a parabola
using the least-squares method and the final 3D trajectory is plotted (Figs. 7 and 8).

Fig. 7 Measured and forecasted values using time-series analysis in 3D, where y1, y2, and y3 are
X, Y, and Z coordinates, respectively
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Fig. 8 3D plot of measured (blue) and forecasted values (red)

5 Conclusion

The main goal of estimating the trajectory of the ball was achieved. The method
discussed here gives a relatively simpler approach to the trajectory estimation
problem. Background subtraction and compactness ratio used for the detection of
the ball gave results that are accurate and more robust to the environmental condi-
tions like scene lighting and color of the ball. The use of time-series analysis for
trajectory estimation is a slight deviation from its general use for statistics, signal
processing, etc. Nevertheless, the method gave good results, thus encouraging its use
in the computer vision domain.

References

1. Aslam, N., Sharma, V.: Foreground detection of moving object using Gaussian mixture model.
In: 2017 InternationalConference onCommunication andSignal Processing (ICCSP),Chennai,
pp. 1071–1074 (2017). https://doi.org/10.1109/iccsp.2017.8286540

2. Lippiello, V., Ruggiero, F., Siciliano, B.: 3D monocular robotic ball catching. Robot. Auto.
Syst. 61(12), 1615–1625 (2013)

3. Lippiello, V., Ruggiero, F.: 3D monocular robotic ball catching with an iterative trajectory esti-
mation refinement. In: Proceedings of IEEE International Conference onRobotics andAutoma-
tion, May 2012, Saint Paul, MN, USA, pp. 3950–3955(2012)

4. Lippiello, V., Ruggiero, F.: Monocular eye-in-hand robotic ball catching with parabolic
motion estimation. In: Proceedings of 10th International IFAC Symposium on Robot Control,
Dubrovnik, Croatia, pp. 229–234 (2012)

https://doi.org/10.1109/iccsp.2017.8286540


60 D. Bhogisetty et al.

5. Ribnick,E.,Atev, S., Papanikolopoulos,N.,Masoud,O.,Voyles,R.:Detectionof thrownobjects
in indoor and outdoor scenes. In: Proceedings of IEEE/RSJ International Conference on Intel-
ligent Robots and Systems, October/November 2007, San Diego, CA, USA, pp. 979–984
(2007)

6. Ribnick, E., Atev, S., Papanikolopoulos, N.: Estimating 3D positions and velocities of
projectiles from monocular views. IEEE Trans. Pattern Anal. Mach. Intell. 31(5), 938–944
(2009)

7. Frese, U., Bauml, B., Haidacher, S., Schreiber, G., Schaefer, I., Hahnle, M., Hirzinger, G.: Off-
the-shelf vision for a robotic ball catcher. In: IEEE/RSJ International Conference on Intelligent
Robots and Systems, Maui, HI, pp. 1623–1629 (2001)

8. Birbach, O., Frese, U., Bauml, B.: Real-time perception for catching a flying ball with a mobile
humanoid. In: IEEE International Conference on Robotics and Automation, Shanghai, PRC,
pp. 5955–5962 (2011)

9. Zhang, Z.: Microsoft kinect sensor and its effect. IEEEMultimedia 19(2), 4–10 (2012). https://
doi.org/10.1109/MMUL.2012.24

10. Dias, P., Silva, J., Castro, R., Neves, A.J.R.: Detection of aerial balls using a kinect sensor. In:
RoboCup 2014. Lecture Notes in Computer Science, vol. 8992. Springer, Cham (2015)

https://doi.org/10.1109/MMUL.2012.24


Design and Trajectory Optimization
of Delta Robot

Kunal Nandanwar and B. K. Rout

1 Introduction

Delta Robot is a 4-degree of freedom (DOF) parallel robot. The first 3-DOFs are
meant for translations inXYZdirections and fourth leg is used to control a single rota-
tional DOF at the end-effector platform. The robot consists of three arms connected
to universal joints at the base and provides the three translational DOFs. The mech-
anism of the robot can be treated as a spatial generalization of a four-bar linkage
(Fig. 1).

The delta robot use parallelograms which restrict the movement of the end plat-
form to pure translation. The robot’s base is mounted above the workspace and all
the actuators are located on it. From the base, three middle jointed arms extend. The
ends of these arms are connected to a small triangular platform. Actuation of the
input links will move the triangular platform along the X, Y, or Z direction. The delta
robot is extensively used for pick-and-place jobs in the chocolate industries, desktop
haptic robot devices, sketching industries, and packaging industries, which has high
precision during assembly operations in electronics and 3-D printers as discussed in
[1–3]. These are closed-loop manipulators which have the capability of high-speed
operations.

Romdhane designed a 6-DOF hybrid serial–parallel manipulator. It was made of
a base and two platforms in series [4]. Huang et al. proposed a 3-DOF parallel mech-
anism module which formed the main body of a reconfigurable hybrid robot. The
Tricept robot used widely is a hybrid system with a 3-DOF parallel mechanism and a
2-DOF serial mechanism. The parallel part of Tricept robot is formed by ball screws,
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Fig. 1 Applications of delta robots [1–3]

which makes the mechanism huge [5]. Liang and Ceccarelli designed a waist–trunk
system. The waist–trunk system consisted of a 3-legged parallel platform and a 6-
legged parallel system. The two platforms were connected in a serial architecture.
The system was designed for humanoid robots which have high payload capacity,
high stiffness, and accuracy, but the structure was too complicated [6, 7]. ABB Flex-
ible Automation launched a 4-DOF delta robot, under the name IRB 340 FlexPicker.
The IRB robot has more flexibility and larger scope of application in comparison
with the delta robot. FANUC Robotics developed two types of delta robots, M-1iA
and M-3i, with 4 or 6 DOFs. The FANUC delta robots provide motion flexibility of
a human wrist, fast cycle times, ultracompact arm, and precision [8]. Energy used by
these mechanisms plays a vital role in the selection process. The literature reviewed
rarely discusses aspects related to energy consumption or synthesis of mechanism to
traverse a path. Current paper deals with the energy aspects of the delta robot without
considering its rotational DOF of base to simplify the kinematic and dynamic model
and minimize the computational time.

The paper is organized in the following sections. Section 2 discusses the kinematic
model used for the delta robot. The dynamicmodel of the robot is presented in Sect. 3.
The steps used for path and trajectory optimization are discussed in Sect. 4. Lastly,
the steps used for the optimal design of the above robot are discussed in Sect. 5.
Finally, the results are summarized in Sect. 6.

2 Model Building and Validation

For the considered problem, a virtual delta robot is developed using the student
version of Altair HyperWorks [9]. The dimensions used for the model and kinematic
analysis are provided in Table 1. It should be noted that the local reference frame
has been referred to as ‘Marker’ in this paper. The three parallelograms were defined
using two revolute joints at one diagonal and two ball joints at the other. Ideally, the
model could be correctly representedwith all joints as revolute joints, but thiswill lead
to an over-constrained model. Here, over-constraints scenarios are avoided by using
ball joints. The dimensions associated with the model are presented in Fig. 2 which
consist of 17 links, 15 revolute, 6 spherical joints, and 3 actuators. The current model
has required 3-DOF and not over-constrained. To verify the design of the above
model, the Inverse Position Kinematics (IPK) and Forward Position Kinematics
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Table 1 Delta robot
dimensions

Label Meaning Value

SB Base Equilateral Triangle Side 288

SP Platform Equilateral Triangle Side 76

L Upper Legs Length 524

L Lower Legs Parallelogram Length 1244

H Lower Legs Parallelogram Width 131

Fig. 2 Representative model
of delta robot

(FPK) results are matched which are available in [10]. This step is implemented
essentially to validate whether the delta robot is modeled correctly.

Inverse Position Kinematics. In inverse position kinematics, the input motion is
cartesian coordinate position of the end-effector platform with respect to time and
determine the joint angles at base, i.e., P, Q, and R as outputs. The cartesian trajectory
to be followed by the end-effector is given in (1)

X mm = 500 cos((2π/5)t)

Y mm = 500 sin((2π/5)t)

Z mm = −1000 + 200 sin((4π/5)t) (1)

The results obtained from simulation for 5 s [10] available in Fig. 3 show the
trajectories and configurations of the two models at time t = 0 and t = 5. This shows

Fig. 3 Trajectories and configurations after IPK (left), FPK (right)
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that the model is correct for inverse position kinematics. Similarly, the results are
compared for forward position kinematics.

Forward Position Kinematics. In forward position kinematics, the input motion is
rotation of the upper links that is known and the cartesian (xyz) coordinates of end-
effector platform is the output to be determined. For correct comparison, the same
data set available in [10] has been used and Eq. (2) is taken as the input for FPK:

θP deg = 45 cos((2π/5)t)

θQ deg = 45 sin((4π/5)t)

θR deg = 45 sin((6π/5)t) (2)

The simulated results are obtained for 5 s. Figure 3 shows the trajectories and
configurations of the two models at time t = 0 and t = 5 s. Therefore, it can be
concluded that the model is kinematically correct and the dynamics of the robot
should be developed to determine the torque and subsequently energy requirement.
Thereafter, an optimization problem can be formulated to obtain optimal dimensions.
Figure 6 FPK: trajectories and configurations.

3 Dynamic Model for the Delta Robot

The aim here is to develop the dynamic model which provides torque for known
motion. In this case, inverse and forward dynamics concepts are used to verify the
model. For mass values, the density of steel was chosen and the diameters of all the
links were the same, which can be concluded that mass was proportional to length.
The torque applied with respect to time as input at the base actuators is available in
(3). The torque inputs at joints are given by

τP = 400 sin((2π/5)t)

τQ = −500 sin((2π/5)t)

τR = 300 sin((3π/10)t) (3)

These torque inputs to the model produced the following displacement profile
presented in Fig. 4.

However, in both the optimization problems, the path is given as input and work
done needs to be calculated. For this model, the torques needed are computed as
output. Now, the displacement curves shown above were given as input to the plat-
form. But the software was not aware of the source of motion, i.e., where the motors
are located which are giving rise to this motion. Hence, the need for feedback
controllers was realized.
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Fig. 4 Torque input to the joints of delta robot (left), displacement output at the joints (right)

Implementation of Controller. The controller will find out the input required to
generate the given path. For the feedback controller, the target value is chosen,
and input value and the difference between these two as error term are computed.
The controller will feed this error multiplied by a gain to the actuator as input and
the input will be such that the error is minimized. To work with the controller,
displacement error is used along with proportional feedback to get the torque curves
with proportional gain (KP) as 10−5. These values were fed to the torque inputs at
three base joints (P, Q, and R). The torque output from the solver is presented in
Fig. 5 (left).

It can be observed that the torque outputs are approximately the same as the
input curves. However, there are some deviations present in the profiles. To obtain
smoother curves, Integral and Differential terms of error are used to reduce accumu-
lated error and rate of change of error. The integral gain (KI ) is chosen 10 times of
proportional gain (KP) and differential gain (KD) was taken as 0.1 times proportional
gain (KP) following the thumb rule of PID controllers. PID controller with velocity
as proportional error provided the best results. The output of this model is presented
in Fig. 5 (right) and observed that Fig. 4(left) has very negligible differences with
the curves.

The torque profiles can be used to compute the energy consumed. The aim of the
work is to compute the energy consumed by taking the dynamics of the robot into

Fig. 5 Torque output from joints of delta robot, displacement controlled (left), performance with
PID controller (right)
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considerations. Current analysis does not consider the heat loss, frictional resistance
at motors or joints, or any other loss. Here, torques and change in velocity are respon-
sible for energy consumption. The energy is obtained by considering the area under a
curve which would be helpful in easily setting up the optimization problem. Hence, it
was decided to take energy output as the area under the (Torque×Angular Velocity)
versus Time curve. Here, the absolute value of torques and angular velocities are
used thus the value of (Torque × Angular Velocity) will always be positive.

4 Path Optimization

In this problem, the starting point and the goal point of the delta robot platform are
given, and the optimal path needs to be obtained which consumes the least amount
of energy. For the path optimization, the points in the model, parameters, spring
damper constants, forces, inertia properties, etc. are considered as design variables.
Objectives and constraintswere added and results in formof output plots are obtained.

4.1 Problem Specific Modifications to the Model

A goal point (B) and a marker were defined with origin at the start point (A) and
X-axis in the direction of the goal point (B). The platform is initially at A and needs
to travel to B. Velocity in the X direction of new marker was kept constant to ensure
that the platform accurately reaches the point B in a given time even if the path is
changed in Y and Z directions. The path was kept designable in the YZ plane of the
new marker.

4.2 Attempt I: Sine Curves

Initially, the path is designed as a sine curve with its amplitude as design variable.
The sine curve path ensures the goal location of the platform at B. The dataset values
are set up as amplitude of ‘sine’ in both y and z directions of the marker. And, the
motion input is given as per the demand variable discussed in Sect. 4.1. Thus, the
desired initial path equation with path equations are

Y = (Ampli tude_Y sin((π/5)t)

Z = (Ampli tude_Z sin((π/5)t) (4)

The velocity-controlled PID controllers are used where input is velocities. Hence,
the above expressions were first differentiated with respect to time and then fed to
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Table 2 Simulated results from optimizer

Energy Sine Curve Bezier Curve

Energy consumed with the initial design (J) 75.810 71.916

Energy consumed with the optimized design (J) 36.960 33.289

% reduction in energy 51.21% 53.71%

Time (s) 49 80.04

the demand variables. The Amplitude_Y and Amplitude_Z are taken as variables
and initial values are chosen as 150 mm.

Optimization Setup.

Design Variables. Amplitude_Y, Amplitude_Z (Initial Values = 150 mm for both)

Response Expression.

Minimize C = τPωP + τQωQ + τRωR (5)

Constraints.

–300 < Amplitude_Y < 300, –300 < Amplitude_Z < 300

Objective.

Minimize area under the curve ‘Torque × Angular Velocity versus Time’
After application of the optimization routine, there is a reduction in energy and

it reduces energy by 51.21% (Table 2). However, the major disadvantage in using a
sine curve as the path is that the shape of the path is not changeable. It will always
remain as a sine curve. This restricts the freedom of movement of the platform in one
plane. Thus, a path that can provide more flexibility during optimization is required.

4.3 Attempt II: Bezier Curve Method

A Bézier curve is a parametric curve frequently used in computer graphics and
related fields. The curve is parameterized using control points. The resulting curves
are smooth and less volatile as compared to standard polynomial curve parameterized
by its constants. Themathematical basis forBézier curves is theBernsteinPolynomial
[11]. This polynomial is used in the algorithm to generate the Bezier curves (Fig. 6).

More number of control points will give more flexibility to the path and better
results. In this problem, the fifth degree Bezier curve is selected that has 6 control
points. Out of the 6 points, the first and the last points are kept constant since the
start and goal points are fixed. So, there are 4 designable control points in each Y
and Z direction which means there are 8 design variables.
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Fig. 6 Initial path versus optimized path

Fig. 7 Bezier curves (P0, P1… are control points), fifth degree Bezier curve (image 4)

In the model, Bezier curves are used by implementing an algorithm directly in
the Python script that takes Y and Z coordinates of the control points with respect to
time as inputs and generates the required number of curve points as outputs. To begin
with, 501 points are generated. The points are in the form (p, q), where p is time and
q is y coordinate in points and z coordinate in points_2. These Y and Z coordinates
are with respect to the marker defined in Fig. 7. Except for the start and goal point,
all other points are the design variables (dv). As discussed in the previous sections,
velocity is needed as input. Hence, the curves obtained are differentiated and fed as
input to the demand variables.

Optimization Setup.

Design Variables. dv0 to dv7, Initial values are assigned at random with values
varying between the limits: [–400, 400]

Response Expression.

Minimize C = τPωP + τQωQ + τRωR (6)

Objective.

Minimize area under the curve ‘Torque × Angular Velocity versus Time’
Table 3 provides the optimized values of design variables (control points) (dv0 to

dv3 represent the Y coordinates in the reference marker, and dv4 to dv7 represent
the Z coordinates in the reference marker). From the optimization routine, the design
that uses the lowest energy is obtained.
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Table 3 Optimized values of design variables

DV Lower bound Upper bound Initial value Optimized value

dv0 −4.0000e+02 4.0000e +02 +3.9000e +02 +1.3941e +02

dv1 −4.0000e +02 4.0000e +02 +3.0000e +02 +8.2232e +01

dv2 −4.0000e +02 4.0000e +02 −3.0000e +02 +7.3540e-01

dv3 −4.0000e +02 4.0000e +02 +2.0000e +02 −1.3440e +01

dv4 −4.0000e +02 4.0000e +02 −3.6000e +02 −8.1464e +01

dv5 −4.0000e +02 4.0000e +02 −2.3000e +02 −6.4326e +01

dv6 −4.0000e +02 4.0000e +02 −2.0000e +02 −1.4115e +02

dv7 −4.0000e +02 4.0000e +02 +3.9900e +02 −8.4577e +01

4.4 Methods Attempted

The following steps were used for optimization before finalizing the Bezier curves
method. (i) Major problem was to ensure that the platform reaches the goal point
accurately. Thus, the frequency of the sine curvewas introduced as the design variable
to provide flexibility in design. Constraints for the position were also introduced but
the results obtained were not satisfactory. (ii) The curve points are made designer
specific and ten points were chosen in each Y and Z direction which led to 20 design
variables. This step increased the computation time and level of curve approximation
and provided good results. However, results were not comparable with the sine curve
model. (iii) The polynomial expressions are fed as input and the coefficients are kept
as design variables. This approach failed and the polynomials used are too sensitive
to the changes in coefficients, i.e., even a small change in their value led to a drastic
change in path. The optimizer could not evaluate such a path and the optimization
failed. (iv) Lastly, the Bezier curve method with more control points is used. Here,
18 designer-specific control points are used to make the Bezier curves instead of 8
as discussed in Sect. 4.3. It was observed that the computation time increased by
5–6 times. The optimal results are nearly the same as the earlier case when 501
control points were used. This result indicates that more control points will increase
computation time and will not be feasible for this delta robot model.

5 Design Optimization

Here, the path to be followed is already specified, and there is a need to change
the link lengths, initial angle, distance between base and platform, etc. to obtain
an optimal configuration that consumes minimum energy. Thus, link length, initial
angle with horizontal, width of the parallelogram, and size of the platform and base
are parameterized which has five design variables: (i) Length of the Upper Link; (L)
(ii) Initial Angle of the Upper Link with horizontal. The links shown in the figure
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Table 4 Bounds for design variables

Variable Lower bound Nominal value Upper bound

Length (mm) 200.00 524.00 800.00

Angle* (radian) −0.50 0.00 1.00

RB (mm) 120.00 165.00 250.00

RP (mm) 30.00 50.00 100.00

Half-Width of Parallelogram (mm) 40.00 65.50 90.00

are horizontal. Hence, the angle is zero-degree; (iii) Base Radius (RB); (iv) Platform
Radius (RP); (v) Parallelogramwidth (h). PID controllers are used to generate torques
that drive the three motors along a given path. The maximum angles of the upper
legs with horizontal are restricted to 1 rad and chosen as constraints.

The delta robot model is parameterized in such a way that (i) The lengths of the
base triangle remain equal during every iteration, (ii) The lengths of the triangle
representing the end-effector remain equal during every iteration, (iii) The lengths
of the upper legs are equal, and (iv) The width of the three parallelograms are equal.

Optimization Setup.

Design Variables. (Angle in ‘radians’ others in ‘mm’) (Table 4)

Response Expression.

Exp_1: Torque × Angular Velocity

Exp_2: Angle of ‘Link P’ with horizontal

Exp_3: Angle of ‘Link Q’ with horizontal

Exp_4: Angle of ‘Link R’ with horizontal

Objective.Minimize area under the curve ‘Torque × Angular Velocity versus Time’

Constraints. Angle of ‘Link P’ ≤ 1.0, Angle of ‘Link Q’ ≤ 1.0, Angle of ‘Link R’
≤ 1.0 (Fig. 8).

The result for energy is:

Fig. 8 (1) Initial versus optimal config. (2) Energy curves for initial and optimized config.
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• Initial Cost (Area under the curve) = 55.989 J
• Final Cost (Area under the curve) = 38.921 J
• Cost reduction = 30.484%

These results can be considered appropriate as the design is feasible and there
is a significant reduction in energy. If the robot links have adjustable lengths, then
changing the link lengths for a particular job might save a considerable percentage
of energy. The same optimization was attempted for more paths, and all the attempts
provided satisfactory results.

6 Summary

In the paper, a virtual model of the delta robot is developed and PID controllers
are used to drive the end-effector along a chosen path. To use a designable path,
Bezier curves are used. The control points of the Bezier curve are designated as
design variables. The output from the Bezier curve is used in splines which are in
turn used in PID controllers to modify the path of the end-effector. In this paper,
eight control points are defined as design variables to ensure a smooth path. The
‘Finite Differencing’ is chosen as the option in the software for computation of
sensitivities in a Sequential Least Squares Quadratic Programming (SLSQP) based
optimization. The optimizer provided a design that reduces energy consumed by
53% with the optimal path. In addition, design optimization problem of the delta
robot was dealt. Similarly, energy consumed by the three motors is chosen as the
cost function. With the ‘Finite Differencing’ option and SLSQP-based optimization,
the optimized design reduced total energy consumption by 30%.
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Sustainable Model for Mechanization
of Peppermint Oil Extraction Plants
for Rural India

Mohd Anas , M. Abdullah Mujeeb, and Anurag Sharma

1 Introduction

Peppermint oil, extracted from Mentha piperita, has main ingredients as menthol
(45%) and menthone (22%). Farmers prefer to cultivate peppermint plant because
its cultivation gives a high profit in the least time of cultivation. The crop takes
3.5 months of time and is ready byMay for oil extraction. As the weather in northern
India is quite sunny; therefore, proper irrigation is required during its cultivation.
The oil when sold gives high profit. One of the products of peppermint is Synthetic
menthol, which is sold at very high rates by retailers.

It is used in a wide range of cosmetics like soaps as it possesses a fresh, minty
and cooling effect due to the presence of menthol [1]. Due to its pleasant fragrance,
peppermint is in chewing gums, toothpastes, etc. It has wide medicinal applications.

India shares its peppermint cultivation with other countries such as USA, Japan,
Brazil, China and Thailand. [% cultivated in India]. Different types of peppermint
plants cultivated in India are Peppermint, spearmint, Bergamot mint and Japanese
mint. In India, presently Japanese mint is cultivated on about 60,000 hectares of land
with the estimated production of 12,000 tonnes of mint oil which accounts for about
75% of total menthol mint being produced in the world.

The traditionalmethods adopted for peppermint oil extraction inmost part ofUttar
Pradesh is complex, least profitable and not safe for workers and farmers. Several
visits/surveys were conducted in various districts of Uttar Pradesh like Bahraich,
Barabanki, Ramnagar, Sitapur, Lakhimpur, etc. The workers have complained about
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the complications that occur during peppermint oil extraction [2]. The major prob-
lems discussedwere the long time taken to fill peppermint leaves into the boiler drum,
drum lid opening and closure problem, compression of leaves and the hazardous
removal of burnt leaves and its scattering.

So far different methods have been developed; however, they cannot replace the
traditionally existing method because such models developed were not sustainable.
Some of the developed models were highly motorized and some were of high tech-
nology, whichwere least accepted by Indian farmers.Most of high techmodels failed
due to non presence of electricity in rural India.

This depicts that there is a need to develop farmer-friendly sustainable model
which would be safe and easily operated without electricity (Fig. 1).

M. Anas and Abusad have discussed in detail the existing problems in traditional
method of peppermint extraction oil plant. The major problem being the unsafe
removal of used leaves after steam distillation. The other problems discussed are
problems related to filling the drums with leaves, compression of the leave, removal
of lid and fire ashes, heating efficiency problems and overall slow and inefficient
management [2] (Fig. 2).

Beyond all, the safety of farmer is of prior consideration. The threemajor problems
discussed in detail were as follows.

1. When Farmers/labours jump into the drum to compress the peppermint leaves,
the irritation of the skin occurs. The smell is highly unpleasant and one cannot
easily smell at that spot. The removal of boiled leaves is manual and highly

Fig. 1 View of a peppermint oil extraction plant
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Fig. 2 Manual removal of burned leaves

risky. There are chances of getting the hot steam on the face and body and the
farmers may fall from the edge of the drum.

2. It is seen that too much time is consumed to compress the dry peppermint leaves
in the drum. A good mechanism can save human effort and minimize the time
of preparing stacks of peppermint plants or leaves. Several labour put effort to
cover the drumwith its lid, which hardly fits accurately at the first attempt. Only
a mechanized model can make the work easy and save time (Fig. 3).

3. One drum takes 5 h to boil for extraction. Large time is spent in compressing
the leaves, filling the drum and removal of leaves. Preheat system with the extra
drum will save time. All such steps need to be managed in order to optimize
efficiency.

2 Literature Survey

A mechanical system to extract and separate lemon grass oil was designed by
Braimah, S. R., Andoh, P.Y., and the design analysis was performed for the fabri-
cation. Tests were performed to find machine performance and quality of the oil
produced. The prototype machine developed was used to extract lemon grass oil
from the leaves [3].
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Fig. 3 Labour filling the drum and pressing it with their foot

Several post harvesting techniques have been presented and analysed by various
authors [4–6].

Hesham H. A. Rassem et al. have worked with a set-up that comprises of a
condenser and a decanter to collect the condensate and to separate essential oils
from water, respectively. The principle of extraction is based on isotropic distillation
[7]. K. Satish Kumar, 2010, has adopted a method and mechanism for easy extrac-
tion of essential oils. He has concluded that the method of extraction depends on
the extraction method employed [8].

However, most of the post harvesting techniques adopted are not found to be
farme- friendly, in terms of ease of work with simple machines economical for
Indian farmers. The basic need for the Indian sub-continent is to design a model
that would work without electricity as most of the rural areas do not have power
supply. Virendra P. S. in 2006 has mentioned that the Steam Distillation method for
extraction is the cheapest way for the extraction of oils from the different parts of
the plants [9].
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Some authors have worked on modern methods of extraction. Seid Yimer has
mentioned in his research work, in which Eucalyptus leaves are extracted for essen-
tial oil by the steam distillation process. Such a process was complex [10]. Alina
Kunika, 2014, hasworked on ultrasound-assistedmachine for the extraction of essen-
tial oil from waste carrot seeds where essential oil yield increased by approx. 33%
[11]. Gomez has used microwave protocol to extract lipophilic substances. Statis-
tical analysis shows that the reproducibility of the modified method is high. Several
samples can be run within an hour with this method. However, such methods are
very expensive and require technical skills [12].

No definite research is available about peppermint plant industries of rural India.
The mechanized models so far made are not accepted by our farmers because of
complex mechanism of handling, high installation cost and least profit. As a result,
we see the models have not replaced the old traditional methods of extraction of
peppermint oil. The present mechanized model has very less installation cost, can be
easily handled and besides that double the existing efficiency will be obtained when
implemented. The mechanization of the plant will not only make the process faster
but also will be very safe to operate.

3 Proposed Mechanized Model for Rural Areas of Indian
Context

As mentioned above, the survey of peppermint oil extraction plants was done in
different villages and towns of state called Uttar Pradesh (India). People working in
those plants were quarried and the existing traditional system was analysed. It was
found that the plants were run without electricity. Models are also proposed keeping
in view the rural areas not having power supply. Modern methods if proposed and
adopted against the traditional systemwould yield high profit andwould provide ease
of work. One of the mechanized models proposed to work at the commercial level
is the Three-Dimensional Non-Electric Mechanized System. The different stages of
working of the model are shown in Figs. 4, 5 and 6.

In this method, one chain pulley arrangement is used to lift up and drop down the
stakes of leaves. The entire pulley ismounted on a beam thatmoves to the plane. Thus,
the stakes of leaves will be able to move in three directions. It also has a mechanism
of compressing the leaves and fastening it in wires. For all such movements, the
manual power is used. Hence, there is no need of electric power supply.

The main stages of working mechanisms are as follows:

1. Leave collection: The leaves are collected in a net of wire in a drum of the size
of the boiler drum.

2. Leave compression: The compressed leaves are stacked by a simple hook with
a circular net at the base. The wheel moves down to compress the leaves. The
circular net at the base keeps the compressed raw leaves intact and prevents
them from scattering (Fig. 5).
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Fig. 4 Collection of leaves

Fig. 5 Compression of
leaves

3. Stack/Leave transfer: The stacks from the stack collection area are transferred
into the boiler (drum) by chain pulley arrangement. The chain pulley arrange-
ment can be very well fitted in the beam structure at a height of 20 ft above
the ground. Stakes are pulled by chain pulley arrangement (as in Fig. 6) and
collected one above the other at the stack collection area. The chain pulley
arrangement is used to carry stacks in two dimensions. It rests on beams of I
cross-section.

4. Removal of the burned leaves: The drum lid is fixed over the drum (boiler)
by chain pulley arrangement and then it is fastened by nut bolts. The boiler
is heated at the base, containing 300 mm water depth. The steam so produced
extracts the oil from the peppermint leaves. The oil is separated from steam
when it is condensed in the condenser and the oil is collected in a container.
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Fig. 6 Transfer of
compressed leaves

Fig. 7 Filling the drum with
stakes of leaves

The cover is unfastened and opened by chain pulley arrangement. The chain
pulley arrangement further removes the stakes of burnt leaves one by one and is
kept over the smoke emission chamber (drier unit) for faster cooling and drying
(Figs. 7 and 8).

4 Results and Discussion

The traditional method adopted in various places is surveyed and it is found that
farmers use various sizes of the drum (Boiler). However, the preferred size of drum
and other details related to the plant are as follows:

The working area for the entire plant is 5.5 × 5.5 m2.
The plant has the following major elements:
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Fig. 8 The net to carry the stakes of leaves

Drum (boiler) is of diameter = 182 cm and height = 152 cm (available data,
obtained from the survey at various sites).

Drum (open) of diameter = 182 cm and height = 35 cm.
The comparison of traditional plant and mechanized plant is presented in Table 1.
The proposed three-dimensionalmodel satisfies the need of farmers. The stepwise

mechanism is shown in Figs. 4, 5 and 6. It is depicted from Table 1 that the existing
system is very slow and takes a lot of time for filling the leaves in the boiler. The
leaves preparation, i.e. compression in the old traditional method takes 3 h whereas it
takes 1 h in the mechanized system. However, the installation cost and profit are high
in the mechanized plant. Thus, the mechanized plant is very efficient and profitable.

Table 1 Comparison of Mechanized model with Existing model

S No Description Existing plant Mechanized plant

1 Installation cost 2,20,00 4, 85,000

2 Working area covered 5.5 × 5.5 m2 5.5 × 5.5 m2

3 Raw material preparation Time 2 h 1 h

4 Time required for removal of burnt leaves and their
scattering

3 h 1 h

5 Burning time 4.5 h 4.5 h

6 Peppermint plant weight in 1 tank 4 quintal 4 quintal

7 Labour 4 2

8 Labour cost Rs 1600/day Rs 800/day

9 Total tank used in 1 day 02 05

10 Earning per day of the plant@Rs1000/tank Rs 2000/day Rs 5000/day
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5 Conclusions

Various mechanized models are proposed and presented in Sect. 3. These mecha-
nizedmodels are helpful to overcome the uneasy, hazardous, non profitable, complex
and highly laborious methods of our old traditions. The Non-Electric Mechanized
3D System works in all dimensions. The movement is not limited. Large space is
required. Installation cost is high. It is highly profitable. No power supply is required.

The proposed mechanized model is able to function properly. The major conclusions
are as follows:

a. It saves time for removal of leaves.
b. It saves time for filling the leaves.
c. It provides safety to the farmers.
d. It provides ease of work.
e. It is environment-friendly.
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Vibration Isolation in Six Degrees
of Freedom Using Combined Passive
and Active Isolation Technique

T. Akshay Kumar and B. Santhosh

1 Introduction

Vibrations that are undesirable in many applications must be isolated to avoid per-
formance degradation of systems. Linear vibration isolators are effective when the
ratio ω

ωn
>

√
2, where ω is the excitation frequency and ωn is the natural frequency.

Isolation of low-frequency vibrations using passive linear isolators is limited. It is
possible to develop low-frequency vibration isolation system using the concept of
quasi zero stiffness (QZS), and the isolator falls under the category of high static and
low dynamic stiffness (HSLDS) isolators [1]. There are different ways to obtain the
QZS conditions in practical systems which include oblique springs [2], cam roller
mechanisms [3], Euler buckled beam [4], and using magnetic springs [5]. Among
these, the magnetic spring-based isolators gained attention due to the fact that there
are no contact elements and the chance of occurrence of contact nonlinearity such
as friction and backlash can be avoided. The QZS isolator system based on the con-
cept of negative stiffness is essentially a nonlinear system and can exhibit different
dynamic phenomena when excited externally [6]. Therefore, it is necessary to take
good care when designing such systems for practical applications.

The QZS isolators are mainly designed to isolate vibration in one direction. But
there are applicationswhere vibration isolation inmulti directions is important. Some
examples include multi-direction vibration isolation for high-resolution cameras on
the spacecraft and vehicles moving in terrain and in ships. Multi-direction isolation
can be generalized as six degrees of freedom isolation. The Stewart platforms are
generally employed for six degrees of freedom vibration isolation using passive or
active isolation techniques [7]. The kinematic relations between the upper and lower
plates of the Stewart platform are complicated. There is a specific configuration for
the Stewart platform known as the cubic configurationwhich simplifies the kinematic
relationships [7].
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In this work, a Stewart platform in the cubic configuration with its struts designed
to have negative stiffness based on magnetic springs is used to study the vibration
isolation characteristics. This study is in line with Zheng et al. [8]. The dynamic
equations ofmotion are nonlinear and canbe simplifiedbased on someassumptions to
reduce the computational effort involved in the solution. The isolation characteristics
of the passive system are investigated using transmissibility plots and compared with
linear isolator to highlight the low-frequency vibration isolation. Active vibration
isolation is employed in the simplified model using force and integral force feedback
to increase the isolation range and to reduce the amplitude of vibration. It is found
that the hybrid system with passive and active isolation techniques improves the
performance of the isolator.

The paper is organized as follows. The kinematic and dynamic relationships of
the Stewart platform in the cubic configuration with the negative stiffness elements
are briefly discussed in Sect. 2. The transmissibility plots for the simplified dynamic
models are comparedwith the linear isolator in Sect. 3. The active isolation technique
along with the results are presented in Sect. 4. Important conclusions from the study
are provided at the end.

2 Kinematics and Dynamics of the Stewart Platform
in Cubic Configuration

The Stewart platform in its cubic configuration is shown in Fig. 1 which con-
sists of upper plate, lower plate, and six struts. The struts are to be replaced with
magnetic spring-based negative stiffness elements to achieve the QZS condition
which results in enhanced low-frequency vibration isolation. The kinematic rela-
tionship between the deformation of the struts and the coordinates of the upper
plate is derived in [8]. The deformation of the struts is given by the vector q =
[q1 q2 q3 q4 q5 q6]T . The motion of the upper plate is represented by the coor-
dinates Xp = [x y z α β γ]T . The rate of deformation of the struts and the
velocity vector of the upper plate are related through

q̇ = J(Xp)Ẋp (1)

where J(Xp) is the Jacobian matrix which is a function Xp. The derivation and the
structure of the same can be found in [8]. The simplification of the Jacobian matrix
is done under the assumption of small vibrations.

2.1 Dynamic Equations and Its Simplification

The dynamic equation of motion for the system considering all nonlinear effects are
derived in [8] and is given below

M(Xp)Ẍp + C(Xp)Ẋp + JT (Xp)FR(q) + N(Xp, Ẋp) = Fext (2)
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Fig. 1 Stewart platform in
cubic configuration

The mass, damping, and restoring forces are functions of Xp. The vector N(Xp, Ẋp)

is the centrifugal force vector which will be neglected in the further analysis when
the assumption of small vibration is taken into account. The restoring force vector is
defined bymodeling the struts of the isolator based on a negative stiffness concept and
employing the magnetic springs [5]. The expressions for the damping and restoring
force are given below

C = cJT J (3)

FR = (ke + k0)qi + k1
3
q3
i (4)

where c is the damping coefficient, ke is the stiffness of vertical spring used for load
carrying, and k0, k1 are the linear and cubic stiffness terms of the magnetic spring
obtained by a curve fitting of the restoring force expression derived by modeling the
magnetic spring characteristics using the FEMM (Finite Element Method Magnetic)
software.

Equation of motion given in Eq. (2) can be simplified based on the following
assumptions to reduce the computational effort involved in solving the equation of
motion and make it amenable to apply analytical and semi-analytical methods of
solution. Equation (2) is a fully nonlinear model with geometric and stiffness non-
linearity. The mass, damping, and stiffness terms are functions of Xp and need to be
updated in every iteration when performing numerical simulations and thus become
computationally expensive. The first simplification is based on the assumption that
under a low vibration environment, the strut deformation is small compared to the
stroke length. The effect of geometric nonlinearity can thus be neglected. The mass,
damping, and stiffness matrices thus become independent of the coordinate Xp. The
effect of centrifugal force can also be neglected. The equation of motion can now be
rewritten as
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Table 1 Parameters used for simulation

m (kg) c (Ns/m) ke (N/m) k0 (N/m) k1 (N/m3)

2.6 1.34 5931 −5552 2.71 × 107

MẌp + CẊp + JTFR(q) = Fext (5)

The second assumption is that the deformation of the magnetic springs are small
and limited within the linear regime, and the effect of stiffness nonlinearity can be
neglected. The system thus becomes linear and Eq. (2) can be modified as

MẌp + CẊp + KXp = Fext (6)

The nonlinear equation (5) and the linear equation (6) are solved numerically to esti-
mate transmissibility in all six directions and also to estimate the vibration isolation
capability under low-frequency vibration environment.

3 Transmissibility Plots for Six Degrees of Freedom Isolator

In this section, the transmissibility plots for the linear six degrees of freedom isolator
without negative stiffness is compared with the two simplified six degrees of freedom
vibration isolation system with negative stiffness element. The transmissibility plots
are obtained by numerically integrating the equations of motion with the parameters
given inTable1 [8]. The transmissibility plots are obtained by numerically solving the
equations of motion for harmonic excitation with an excitation amplitude of 0.2N in
translational directions and 0.02N/m in the rotational directions. The transmissibility
plots in the translational directions (x, y, z) and angular directions (α,β,φ) are
shown in Fig. 2a–f.

The transmissibility plots are generated for the linear system without negative
stiffness isolator, the linear system with negative stiffness isolator given by Eq. (6),
and for the nonlinear system given by Eq. (5). It is clearly visible from the plots that
the introduction of negative stiffness provides good isolation at a lower frequency
compared to the conventional linear system in all three directions. The transmissi-
bility plots in z and φ directions have only a single peak due to the non-existence of
coupling in that direction. The nonlinear system transmissibility plots show the exis-
tence of superharmonic peaks and jump phenomenon. The study needs to be further
extended using analytical methods to understand the complete nonlinear dynamics of
the system. Also, bifurcation diagrams can be generated to understand the qualitative
behavior of the system under harmonic excitation.
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Fig. 2 Transmissibility plots in a x direction,b y direction, c z direction,dα direction, e β direction,
and f φ direction

4 Active Vibration Control

Active vibration control is employed in the linear system equations of motion Eq. (6)
to reduce the resonant amplitude. The active control is employed with force and
integral force feedback [9]. For a linear undamped single degree of freedom system,
the equations of motion and the transmissibility in the Laplace domain are given
below
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Force transmitted vs Frequency in X-direction
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Force transmitted vs Frequency in Y-direction
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Force transmitted vs Frequency in Z-direction
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Fig. 3 Vibration isolationwith active control a x direction,b y direction, c z direction,dα direction,
e β direction, and f φ direction

mẍ + kx = F(t) (7)

T R = Ft (s)

F(s)
= G(s)

1 + H(s)G(s) − H(s)
= k

ms2(1 − Kp) − mKis + k
(8)

where H(s) = Kp + Ki
s is the controller transfer function with Kp and Ki as the

proportional and integral gains. The Nyquist plots are used to select control parame-
ters ensuring that all poles lie on the left side for stability of the system. Converting
into time domain and considering steady state s = jω
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T R = 1

−ω2

ω2
n
(1 − Kp) + 1 − jωnKi

(9)

From the above equation, as the value of Kp decreases, there is an increase in low-
frequency isolation region, and as the value of Ki decreases, it induces damping in
the system and decreases the resonant amplitude.

The active vibration control strategy is implemented in the six degrees of free-
dom linear model considered in this paper with the same parameter values used in
the simulation. The vibration isolation capability in all six directions is plotted in
Fig. 3a–f and compared with that of the linear system without active control.

Vibration amplitude reduction is observed in all six directions. An improvement
in low-frequency vibration is also observed for the x, y, and z directions. The active
controlmethodology is thus effective in reducing the vibration amplitude at resonance
and also to improve the vibration isolation at low-frequency ranges.

5 Conclusions

In this study, six degrees of freedom vibration isolation using passive and active
techniques are studied using the Stewart platform mechanism in the cubic configu-
ration. For passive vibration isolation, the struts of the Stewart platform are replaced
with a magnetic spring-based negative stiffness isolator to get the high static low
dynamic stiffness (HSLDS) condition to ensure low-frequency vibration isolation.
The equations ofmotion for the system considering the three-dimensional kinematics
are found to be a nonlinear equation with both stiffness and geometric nonlinearities.
The model is simplified to a system with stiffness nonlinearity and also to a linear
system. The equations of motion are numerically solved to obtain the transmissibility
plots. It is found that the addition of negative stiffness improves the low-frequency
isolation in all six directions. The active vibration control is based on a force and
integral force feedback in the linearly approximated system. It is found that the active
vibration control reduces the resonant amplitude in all six directions and improved
low-frequency isolation in the translational directions. The above study will help to
develop a hybrid six degrees of freedom vibration isolation system combining both
passive and active control techniques.
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Evolution of Three Hold-Down
Configuration for Large Antenna
Mounted on a Dual Axes Steerable
Mechanism

Saurabhkumar H. Patel, V. Sri Pavan Ravichand, Anoop Kumar Srivastava,
S. Narendra, A. Shankara, and H. N. Suresha Kumar

1 Introduction

Deployable appendages like antennae on spacecraft are compactly stowed to meet
two basic requirements, viz. space constraint in launch envelope and higher natural
frequency to sustain launch accelerations. Conventionally, hold-down mechanisms
are used to meet the above two requirements of satellite missions. There are different
types of hold-down mechanisms based on the type of restraint and actuation used
for rigidly stowing the antenna onto spacecraft during launch and subsequently
deploying the antenna on orbit to respective functional location. The type of hold-
down being incorporated is beyond the scope of this paper. The hold-down interfaces,
size, and footprint are simulated for various analytical studies. The challenge is to
devise an optimized configuration for this hold-down system to cater to large antennae
so that during stowed position, the system should ensure stowed stiffness specifica-
tions of satellite and after deployment, the components of hold-down mounted on
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Fig. 1 Antenna and hold-down assembly

spacecraft should not hinder nominal motion of appendages. The design of hold-
down system presented in this paper is related to steerable parabolic antenna, which
has 1-meter aperture diameter and 7.5 Kgs of mass (Fig. 1).

2 Requirements

• Antenna deployment mechanism with hold-down system should have stowed
natural frequency greater than 60 Hz.

• Hold-down system should be designed so as to ensure sufficient clearance after
release.

• After deployment on orbit, a nominal movement of ± 30° in azimuth and ± 10°
in elevation directions need to be ensured for antenna without physical hindrance.

• Design margins of greater than 1.5 to be ensured for critical elements of the drive
mechanism like bearing, motors, etc., against the launch acceleration loads.

3 Literature Studies

Several large size antennamechanisms called as High Gain Antenna have been flown
in various space missions. The scope of the present literature study is limited to the
hold-down mechanisms for dual axis steerable high gain antenna of size approxi-
mately 1–2m.Moreover, the type of themechanismof hold-down is also not included
in the scope.

Self-Restrained, High Torque, Dual Gimbal Mechanism for Antenna pointing [1]
shows the existing design of self-restraint kind of dual gimbal antenna Mechanism.
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Mass of the antenna is very small in this case so that it does not require any hold-
down. Hold-down configuration and design should be done in addition to the existing
design of dual gimbal mechanism to accommodate large size antenna.

High gain antenna on Rosetta mission [2] also incorporated 3 hold-downs for
arresting the large antenna of 2.2 m diameter. The mechanism was tripod based and
the 2 hold-downs were mounted on the tripod joints and not on the antenna ribs.
The third hold-down was mounted on the deck and the location was adjusted using
an in situ potting bracket on the antenna rib. Hold-down and release axis for all the
three hold-downs is kept same. The hold-downs are also spanned from each other by
a distance of 700 mm.

Solar Observatory had 1.1 m diameter High Gain Antenna [3] which was also
steered along 2 axes, had 4 hold-downs for arresting the antenna. All the four hold-
downs were mounted on the deployable arm which is used for compactly stowing
the antenna on the spacecraft deck. No hold-downs were mounted on the antenna
ribs. The axis of the hold-down and release mechanism is kept same.

In case of World Space Observatory [4], a three hold-down system was incorpo-
rated for 1 m diameter antenna. The drive in this case is adopted from the Rosetta
mission and hold-downs are Pyro based. All the three hold-downs are mounted on
the antenna rib and axis is kept the same.

Themechanismpresented in this paper is amodificationof the existingdual gimbal
mechanism [1] with two hold-downs mounted normal to the spacecraft deck and one
hold-down mounted parallel to the deck to resist the launch load. It also ensures
clear release without hindrance. Thus, mechanism presented provides an optimized
solution with only three hold-downs in a compact volume and meeting the stiffness
requirements of the spacecraft. Moreover, this configuration can be extended for a
larger size of antenna also without changing the hold-down configuration.

4 Studies Carried Out

4.1 FEA Approach

Finite Element Analysis (FEA) Study. During the parametric study with respect
to hold-down configuration, finite element method has been used considering the
complex geometry of the mechanism which is difficult to analyze analytically. The
elements used are of h-version, as it enables better stress distribution at intricate
geometrical locations, and the convergence of the response characteristics has been
ensured by increasing the number of elements.

Modeling. Tetrahedron element shape is chosen for analysis along with 10 nodded
types as this enables to capture the stress distribution effectively in intricate geometric
parts. The element size has been chosen as 0.018 based on stress convergence for
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the hold-down unit. The standard package used for this is MSC/PATRAN as pre-
processor and post processor with MSC/NASTRAN as solver. This modeling proce-
dure has been adopted based on the experience gained during analysis of spacecraft
mechanisms [5].

Convergence Study. Initially the number of TET10 elements used in the analysis
of hold-down unit was 3410 and the stress distribution has been evaluated. Then
the number of elements was varied and the convergence with regard to the peak
stress has been observed at 9784 and it has been chosen for parametric studies. The
corresponding CPU time required on a Dell work station was about 12 min.

4.2 Two Hold-Down Configuration

The objective of any hold-down system configuration study is to ensure stiffness
requirements of antenna mechanism system with minimum hold-down mass. Thus,
the starting point is one hold-down configuration. But, to hold a one-meter antenna
by only one hold-down while meeting the requisite stowed frequency, the hold-down
should be near to C.G. of antenna. This is not possible for such big antennae owing to
large distributed inertia of system. Also, movement of the holding point away from
C.G. will create large moments during launch which the motor drive units cannot
withstand. Thus, two hold-down configurations become inevitable to balance these
large moment loads. Two options of such two hold-down configuration have been
studied.

• Two Hold-downs mounted directly on Antenna rib
• Two Hold-downs mounted on Antenna Arm connecting Antenna to Drive

mechanism.

Fig. 2 Two hold-downs directly mounted on antenna rib—CAD model & FE model
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Fig. 3 Two hold-downs directly mounted on antenna arm—CAD model & FE model

Two Hold-down Directly Mounted on Antenna Rib. As shown in Fig. 2, Two
Hold-downs have been fixed directly on antenna ribs. Finite Element model has been
generated for this configuration so as to evaluate the frequency results for different
relative positions of the two hold-downs on the antenna ribs. It has been found that
the fundamental frequency for the case of farthest relative position between the two
ribs, as shown in Fig. 2, is 43 Hz and the corresponding value for the minimal relative
position is found to be 32 Hz. Also, the maximummoment along the two orthogonal
drive axes for the above two cases are 1.92 Nm and 1.38 Nm, respectively. Thus, the
frequency specifications are not being met in this case.

Two Hold-down Directly Mounted on Antenna Arm. As shown in Fig. 3, two
Hold-downs have been fixed directly on antenna arm which lead to the change in the
geometric configuration of the antenna arm. Finite Elementmodel has been generated
for the above configuration and natural frequency of system has been estimated using
normal mode analysis. It has been found that the first mode of vibration is 28 Hz,
which is much lower than the required frequency. The maximum moment along the
two orthogonal drive axes for this configuration is found to be 1.13 Nm. Thus, the
frequency specifications are not being met in this case as well. But this configuration
is desirable, in comparison to that described earlier, from strength and assembly point
of view.

Various iterations for differentmounting configurationwith twoHold-downs have
been tried but none of these configurations have been able to meet natural frequency
requirement. One more exercise was carried out by assigning large elastic modulus
for the hold-down elements to get the upper bound of frequency possible using
2 hold-downs. This also did not give promising results. Option of mounting third
hold-down on antenna rib was not explored because of space constraints and it was
hindering the clear release of hold-down.
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Fig. 4 Mode shape for
hold-down mounted on
antenna arm configuration

4.3 Evolution of Three Hold-Down Configuration

Based on analysis results of mechanism as mentioned in Sect. 4.1, it is necessary to
introduce third hold-down. The best place to locate third hold-down is derived based
on mode shapes of previously analyzed two Hold-down configurations. Based on
comparison of the two configurations of two hold-downs, presented in Sect. 4.1, it
has been decided to explore hold-down mounting on antenna arm and not on antenna
ribs. The antenna FEmodelwith basemount gives a frequency of greater than 100Hz.
Fixing of hold-downs on the ribs would change the load path and lead to reduction
in frequency.

Figure 4 shows the 1st mode shape of the FE model analyzed for two hold-downs
configuration mounted on antenna arm. It can be observed that if the marked area,
where significant mass is participating in 1st mode of vibration, is arrested using
3rd hold-down, significant improvement in natural frequency can be achieved. But
holding at the shown point in vertical direction (i.e. direction of existing hold-down)
is found to be difficult. The placement of the hold-down from kinematic movement
point of view should be such that it offers clear release without any obstruction.
The standard practice of making conical spigots also requires a suitable wedge angle
lesser than 40° for taking the in-plane loads. Details for finding the spigot angles are
explained in the next section.

4.4 Geometric Method for Finding the Spigot Angles

The following steps are adopted for finding the spigot angle of the hold-down suitable
for clear hold-down release.

• Step 1: A line is drawn connecting the drive center and the hold-down spigot
extreme point.

• Step 2: An arc is traced with this line as radius and drive center as origin.
• Step 3: A tangent is drawn on this arc and its angle (θ1) with the vertical is noted.

The spigot angle (θ2) thus selected should be more than the angle arrived in step
3 (θ1) to ensure clear release. Figure 5 show that the wedge angle required (θ1) for
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Axes of Hold-downs 

are Vertical

Fig. 5 Projected sketch of hold-down release direction w.r.t. separation plane

hold-down 1 and 2 were 22.5° and 17° respectively. Thus to maintain modularity of
spigots 30° wedge angle (θ2) was selected for both.
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4.5 Third Hold-Down Placement Study

In order to accommodate the third hold-down same consideration of clear release
and no hindrance during rotation had to be met. Various options were studied for the
placement of the third hold-down along the same axis as the previous two. Configu-
ration options which are meeting spigot angle requirement less than 40° were leading
to obstruction during rotation. One configuration option was giving clear movement
of antenna after release, but having spigot release angle requirement more than 56°
as shown in Fig. 6 denoted by “α”. If hold-down axis is rotated orthogonally, spigot
release angle requirement will be 34° in place of 56°. Thus, the hold-down axis was
rotated to make it parallel to the horizontal place and normal to the axis of the other
two hold-downs. In this configuration wedge angle of 34° could be accommodated
for the third hold-down spigot. Figure 6 shows the line sketch for arriving at the

Axes of Hold-downs are 

Vertical

Axis of Hold-down 

is Horizontal

Fig. 6 Projected sketch of hold-down release direction w.r.t. separation plane for third hold-down
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Fig. 7 FE Model for three hold-down configuration mounted on antenna arm

Table 1 Analysis result for three hold-down mounted on antenna arm

Mass (Kg) Mode Frequency T1 T2 T3 R1 R2 R3

14.1 1 6.72E + 01 0.475 3.29 0.0005 0.675 0.119 2.90

2 7.79E + 01 1.52 0.219 0.755 0.473 1.76 0.069

3 1.08E + 02 0.027 0.015 0.0013 0.047 0.042 0.161

wedge angle of the third hold-down. Wedge angle required (θ1) for hold-down 3 was
34°. Spigots 40° wedge angle (θ2) was selected for hold-down 3.

So with this configuration all the requirements like the introduction of third hold-
down at the separation plane, clear movement of hold-down elements after release
and accommodation could be met.

4.6 Frequency Analysis with Three Hold-Downs

Normal mode frequency analysis was carried out for above three hold-down
configurations with FE model shown in Fig. 7 and result are shown in Table 1.

It can be seen that first mode of vibration is 67.2 Hz, which is meeting the
specification value of > 60 Hz.

Hence this three Hold-down configuration meets all the requirements listed in
Sect. 2.

5 Conclusion

This paper presents a systematic approach for the selection of the number and place-
ment of the hold-downs for rigidly holding a large ø1 m antenna on a dual axis drive
mechanism. It presents a chronological order of hold-down mounting configurations
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supported by analysis for achieving the required stowed frequency. The study also
illustrates step by step procedure for the finalization of the spigot wedge angles in the
hold-down. The FE analysis in each case study has been presented and an optimized
solution is proposed with three hold-downs mounted along 2 axes. The paper will
serve as benchmark for the finalization of the hold-downs required for large diameter
antenna on a dual axis drive mechanism.

It must be noted that the performance of the mechanism is always mission critical
for all satellites. Accommodation of an optimized resolution which leads to high
stowed frequency is very important as it determines the load regime also.
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Workspace Analysis of a 5-Axis Parallel
Kinematic Machine Tool with 3-RRS
Parallel Manipulator

Anshul Jain and H. P. Jawale

1 Introduction

The popularity of PMs has increased considerably in recent years since they offer
better rigidity, enhanced agility, higher accuracy and high load-carrying capacity over
their serial counterparts [1]. These features allow PMs to be applicable in various
fields like parallel kinematic machine tools, industrial robots, telescopes and so on
[2]. PMswith less than 6-DoFhave attracted a lot of attention in the research fraternity
because of their simple architecture and low cost of design and manufacturing [3].
PKMs based on variable geometry truss structures opened a new domain in the
machine tool industry after NC machines in recent years [4]. The 3-RRS Spatial
Parallel Manipulators (SPMs) are generally used in machining devices, coordinate
measuring machines, telescope positioning and in simulating motions [5]. It is also
used as a substructure in hybrid manipulators [6]. Srivatsan and Bandyopadhyay
[7] defined the safe working zone of PM while Tetik [8] obtained the reachable
workspace and safe working zone of 3-RRS PM.

In order to optimize the dimensions and design of robot manipulators, workspace
analysis is always considered as an important criterion. This paper presents a 5-
DoF PKM tool architecture based on 3-DoF 3-RRS SPM and two additional DoF
of the movement of the base in the X- and Y- direction. A quantitative improvement
in reachable workspace over conventional 3-DoF PKM is presented, which enables
the tool to cover more space beneficial in complex machining operations and indus-
trial applications. Along with this, its rigidity also increases because of the gantry
structure.

The paper is organized as follows: Sect. 2 presents a description of a 3-RRS
PM with complete notations. Section 3 deals with the mobility analysis of the
manipulator.
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In Sect. 4, Parallel Kinematic Machine is discussed. Section 5 deals with position
level kinematic analysis followed by workspace analysis in Sect. 6. Section 7 focuses
on conclusions and results.

2 Description of a 3-RRS Parallel Manipulator

The architecture of the 3-RRS PM used in this study is shown in Fig. 1. It consists
of a fixed base, a moving platform and three identical limbs. Fixed base and moving
platform are of triangular shapes. The input angles (active angles) are θ i and the
passive angles are fi, respectively, and measured from the axis of the revolute joints
up to the limbs. They are considered as (−) if measured from outside and (+) if
measured from inside.

Active revolute joints are at the base at points Pi, passive revolute joints are at
points Qi and passive spherical joints S are at points Ri on moving platform, where
i = 1, 2, 3 for three limbs, respectively. O-XYZ is a fixed coordinate frame attached
on the base andM-UVW is attached on the moving platform. O andM are chosen as
centres of fixed base and moving platform, respectively.

X-axis is alongvectorOP1 andZ-axis is perpendicular to the planeof the platform.
Also, U-axis is along vector MR1 and W-axis is perpendicular to the plane of the

Fig. 1 Kinematic sketch of 3-RRS PM
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platform. The radius of base platform is denoted by a, i.e., OP1 = OP2 = OP3 = a,
and the radius of themoving platform is denoted by b, i.e.,MR1 =MR2 =MR3 = b.

Lengths of lower and upper links are denoted by l1 and l2, respectively, for all
three limbs.MN is an End-Effector (EE) of length 500 mm attached (or whose origin
is) at point M.

3 Mobility Analysis of Manipulator

This manipulator consists of a total of six revolute and three spherical joints (j = 9)
and eight number of links (n = 8).

According to the general Grubler–Kutzbach criterion, the DoF of any mechanism
can be calculated as

F = λ(n − j − 1) +
∑

fi (1)

Here, n = 8, j = 9, and �f i = 6 × 1 + 3 × 3 = 15.
Also, since spatial manipulator, λ = 6.
From Eq. (1), F = 6 (8–9−1) + 15 = 3.

Therefore, 3-DoF is obtained for the moving platform of this manipulator with
1T2R type of motion (T = Translation, R = Rotation). The vertical movement of
the manipulator along the Z-axis is denoted by Mz, and the rotational movement of
the manipulator about X and Y axes is denoted by αx and αy, respectively.

4 Description of Parallel Kinematic Machine

This PKM basically consists of a workbench, the frame structure of the machine
tool and a 3-DoF 3-RRS PM as shown in Fig. 2. It is designed to have a total of
5-DoF, which includes 3-DoF of manipulator which slides on the frame structure
of machine tool along X-direction and Y-direction providing extra 2-DoF. Mx, My,
Mz, αx, αy are the respective five axis motions of the machine tool in whichMx,My,
Mz are the positioning parameters and αx, αy are the orientation parameters. More
precisely, (Mz, αx, αy) are for moving platform of manipulator because of 1T2R type
of motion characteristic and Mx, My are for the translation of the manipulator on
the frame structure along X and Y directions. Reachable workspace of the machine
was enhanced appreciably because of the sliding motion of the PM along X and Y
directions.
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Fig. 2 5-axis Parallel Kinematic Machine [4]

5 Position Level Kinematic Analysis

It consists of two types of analyses: (i) Inverse Kinematics (IK) and (ii) Forward
Kinematics (FK).

In IK, location (position and orientation) of moving platform is known in the
form of independent pose parameters Mz, αx, αy and the input angles θ i are to be
determined.

In FK, the location of the moving platform is obtained from the known input
angles.

The position of the origin of themoving platformwith respect toO-XYZ is defined
as follows:

M = [
Mx My Mz

]T
(2)

The constraint equations for 3-RRS PM can be given similar to [9] as

My = −uyb (3)

Mx = b
(
ux − vy

)
/2 (4)

uy = vx (5)

The rotation matrix for the moving coordinate frameM-UVW with respect to the
fixed frame O-XYZ be
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R =
⎡

⎣
ux vx wx

uy vy wy

uz vz wz

⎤

⎦ (6)

where

ux = cycz vx = cycz wx = sx
ux = czsx sx + cxsz vx = cxcz − sx sx sz wy = −sxcy
uz = sx sz − cxsycz vz = sxcz + cxsx sz wz = cxcy

(7)

and s and c stand for sin and cos, respectively. Also, subscripts x, y and z stand
for rotation angles αx, αy and αz, respectively.

Considering the workspace of the given manipulator, the choices for the suitable
workspace parameters are Mz , wx and wy.

For given wx and wy, from Eq. (7), αx and αy can be obtained as

αy = sin−1(wx ) (8)

αX = sin−1
(−wy/cy

)
(9)

Also, using Eqs. (5) and (7), the only unknown parameter in the rotation matrix
αz can be obtained as

αz = tan−1
(−sx sy/

(
cx + cy

))
(10)

Complete mathematics and formulations to obtained IK and FK are given in [10].
Some of the final results are highlighted below as

active (input) angles θi = 2 tan−1
[
−Bi ±

(
A2
i + B2

i − Ci
)0.5 ÷ (Ci − Ai )

]
(11)

passive angles φi = atan2(cosφi , sin φi ) (12)

where,
i = 1, 2, 3 and

Ai = 2I1 cosμ1i
(
a cosμ1i − Bi,x

)
(13)

Bi = 2I1Bi,z cos
2 μ1i (14)

Ci = B2
i,x − 2aBi,x cosμ1i + cos2 μ1i

(
a2 + I 21 − I 22 + B2

i,z

)
(15)

and μ12 = 0° μ12 = 120° and μ13 = 240°.
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Also,

Mz + b uz = −I2 sin φ1 − I1 sin θ1 (16)

Mz − 0.5 b uz + 0.866 b vz = −I2 sin φ2 − I2 sin θ2 (17)

Mz − 0.5 b uz − 0.866 b vz = −I2 sin φ2 − I1 sin θ3 (18)

After getting all the important results, it should be noted that Eq. (11) gives the
solution for IK and Eqs. (8), (9) and (16), (17), (18) give a solution for FK. In PMs,
IK is always considered easier to execute than FK.

It is important to state that the solution of FK is considered one of the major
challenges in PMs because of the mathematical complexity involved in it. A 16th
order polynomial in terms of a tangent of the half of one of the passive joint angles
is obtained while doing formulations [10]. This 16th order polynomial gives 16
solutions for themoving platform inwhich some are real with the physical limitations
of the robot while some are imaginary or beyond the reach of the robot.

For complete analysis to be carried out, one has to consider only real values out
of those 16 values and discard imaginary ones for further calculations. Out of the
number of sets obtained in FK depending upon the number of real values, only one
set matches with the independent pose parameters used in the IK and then it can
be said that the kinematic analysis that has been done for the given manipulator is
correct.

In this paper, workspace analysis is carried out by considering the link proportions
with respect to a as l1 = l2 = 1.6*a and b = 0.7*a. Considering a = 500 mm, we
have, the lengths of lower and upper links as l1 = l2 = 800 mm and b = 350 mm.
As a random, position level kinematic analysis is carried out to verify the above-
mentioned formulations. Let us consider Mz = 1371 mm, αx = −29.83° and αy =
16.07° as independent pose parameters given in IK. Using Eq. (11), input angles θ i

are obtained as −60°, −60°, −90°, respectively.
Now, for FK, considering these input angles as input, and using Eqs. (8), (9), (16),

(17) and (18), a 16th order polynomial is obtained in terms of a tangent of half of
one of the passive joint angles which give 8 real solutions as shown in Table 1.

As mentioned earlier, only one set matches with the independent pose parameters
used in the IK and for this case, 3rd set of solution matches as shown in Table 1.
Thus, our position level kinematic analysis is verified.

6 Workspace Analysis

Workspace analysis in this paper is carried out by calculating the reachableworkspace
of the manipulator which is defined as one reached by the origin of the end-effector
[11]. As already mentioned in the previous section, workspace analysis is carried



Workspace Analysis of a 5-Axis Parallel Kinematic Machine Tool … 107

Table 1 Eight real solutions Sr. no Mz (mm) αx (deg.) αy (deg.)

1 1347.36 −28.56 −33.44

2 1347.36 −28.56 −33.44

3 1371.06 −29.83 16.07

4 79.72 9.10 5.27

5 189.14 51.15 −17.78

6 189.14 51.15 −17.78

7 283.10 76.63 29.35

8 1103.9 −74.30 −29.10

out by considering the link proportions with respect to a as l1 = l2 = 1.6*a and b =
0.7*a. Considering a = 500 mm, we have the lengths of lower and upper links as l1
= l2 = 800 mm and b = 350 mm.

Reachable workspace in this paper is obtained by varying the input angles for the
three limbs from 0° to −90° (from outward to inward) as shown in Table 2.

Now, from the above table, it is apparent that 6 sets of input angles θ are considered
to obtain the reachableworkspacewhich covers almost all ranges of input angles from
0° to−90°. These 6 sets of input angles for three limbs lead to their 63 combinations
resulting in 216 different poses ofmoving platform for estimations. It should be noted
that the number of combinations that can be increased up to any value apparently will
improve the workspace profile but will also lead to mathematical and programming
complexity.

For 216 combinations of input angles, 3456 solutions are obtained initially.
Considering only real values out of those and discarding imaginary values, IK is
performed for each set of output parametersMz, αx, αy and the final values obtained
are used to plot the reachable workspace of the manipulator as shown in Fig. 3.
The highest reach achieved by the manipulator as obtained from mathematical
formulations is 1585.67 mm.

From Fig. 3, it is seen that for the given inputs, the EE is capable of reaching any
point within the shown work volume.

By considering an incremental mode of motion of individual limbs, another inter-
pretation of reachable workspace can be obtained. By keeping any two limbs in the

Table 2 Sets of θ i Sr. no θ1 (°) θ2 (°) θ3 (°)

1 −0.01 −0.01 −0.01

2 −20 −20 −20

3 −40 −40 −40

4 −60 −60 −60

5 −80 −80 −80

6 −90 −90 −90
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Fig. 3 Reachable workspace plot for origin of EE

locked position and actuating the remaining link within extreme possible ranges,
a reachable workspace can be obtained. This procedure must be done for all three
limbs to obtain the position and orientation of the movable platform. The extreme
ranges of points R1, R2, R3 as shown in Fig. 1, will give the total reach of the movable
platform and its respective plot of reachable workspace is shown in Fig. 4.

Locking R2 and R3 will give the locus of point R1 from R1 to R1
1. Similarly,

locking R1 and R3 will give the locus of point R2 from R2 to R2
1 and locking R1 and

Fig. 4 Reachable workspace plot for points R1, R2 and R3 for input angles −80°
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R2 will give locus of point R3 from R3 to R3
1. This procedure is carried out for θ1 =

θ2 = θ3 = −80°.
The range of possible motion of respective input obtained for three input angles is

θ−60° to θ−90°. Similar work can also be done for other combinations of input angles.
Now, in PKM as shown in Fig. 2, manipulator is attached upside down. Base

platform of the manipulator is attached to the frame structure and translates along
X and Y directions while the moving platform carrying the EE is facing towards the
workbench. In a stationary position of the manipulator, the pattern of the reachable
workspace following the sameprocedure of incrementalmodeofmotionof individual
limbs as mentioned above for θ1 = θ2 = θ3 = −80° is shown below in Fig. 5. Note
that the different colours shown are just for different positions of the platform.

Now, it has been said that the manipulator slides on the frame structure along
X and Y directions providing an extra 2-DoF. In this paper, it has been considered
that the manipulator is moving 500 mm in X and Y directions. Figure 6 shows the
complete pattern ofwork volume of themanipulator for θ1 = θ2 = θ3 =−80° thereby
presenting more usefulness and effectiveness of the mechanism over conventional
PKM by showing the increment in the reach of the tool. This increment is essential
to execute complex machining operations.

The workspace shown in red colour is for the original position of the manipulator
while that shown in green colour and blue colour are when the manipulator is trans-
lated 500 mm along X-direction and Y-direction, respectively. Figure 7 shows the
top view of the same.

From Figs. 6 and 7, it can be seen that the reach of the moving platform increases
in both directions, which in turn increases the reach of the EE or tool certainly helpful
in complex industrial applications and machining operations. It should be noted that,
in this paper, translation of the manipulator is considered as 500 mm as a random
value, however, can be increased or decreased depending upon the requirements.

Fig. 5 Reachable workspace plot of manipulator attached to PKM
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Fig. 6 Complete work volume of manipulator after translation along X and Y directions

Fig. 7 Top view of the complete work volume of the manipulator

7 Conclusions and Results

Complete work on the position level kinematic analysis and the workspace analysis
is carried out. The major challenge in this work lies in the solution of FK which
results in 16th degree polynomial for a single combination of input angles and in
this paper, it is carried out for 216 combinations. Workspace analysis in the form of
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reachable workspace is carried out and found that the EE is capable of reaching any
point within the shown work volume for the given inputs.

A new configuration of 5-DoF PKM is suggested which consists of 3-DoF of the
manipulatorwhich slides on the frame structure of themachine tool alongX-direction
and Y-direction providing extra 2-DoF. A quantitative improvement in reachable
work volume over conventional 3-DoF PKM is presented. The new configuration
proposed has a largerworkspace and higher rigidity thanmany of its other counterpart
configurations. Translation of the manipulator over the frame structure along X and
Y directions significantly increases its reach and so the movement of the tool thereby
increasing its utility.

After obtaining the reachable workspace for the mechanism, effects of link toler-
ances and joint clearances are under investigation and their results can be obtained
in the future. Prototype fabrication for the same is also under consideration as future
work.
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Four-Bar Linkage Mechanism
in Papermaking and Its Replacement
by Direct Servo Drive Technology in Roll
to Sheeting Lines in a Paper
Mill—Converting House

Muralidhar Ekambaram

1 Introduction

Application Engineering plays a very important role in the development of any tech-
nology. I would like to quote Mr. Herbert Kroemer, the Nobel Laureate here. He
stated that “Certainly when I thought of the heterostructure laser, I did not intend to
invent CD Players. I could not have anticipated the tremendous impact of fiber optic
communications. The person who comes up with applications thinks differently than
the scientist who lays the foundation”. This gives us insight that both the funda-
mental researcher and the Application Engineer complement each other in making
any device/idea/law invented/discovered by the scientists succeed or apply appro-
priate device/idea for any specific application [1]. The application of the Grashof
criterion is also one such standing example of how the law has been successfully
deployed in improving one of the papermaking processes.

Till Grashof law was deployed in a Roll to sheet converting equipment in a
Paper mill, the sheets used to be manufactured with single rotary cutters/guillotine
shearing machines at very low speeds and with low accuracies of cut lengths and
diagonal lengths resulting in Parallelogram formation of sheets. To overcome these
shortcomings and for increasing the productivities of these converting machines,
engineers started deploying Grashof law in the cutting section of these converting
machines bringing about a revolution in cutting technologywithDual rotating cutters
achieving exactly the desired cut length and diagonal accuracies. After successfully
deploying the law practically and achieving results exactly in line with require-
ments, the advances in DC and AC servo motor and controller technologies ensured
the improvements in machine performances in multifold. These servo technologies
were employed directly coupling the motors to load shafts removing the in-between
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Mechanical variations, Double draglink transmissions thereby avoiding the typical
mechanical wear out and backlash—Maintenance problems.

The paper discusses and analyses the merits and demerits of three suitable cam
profile motions for the application.

2 The Application

2.1 Principle of Operation—Dual Rotating Knives Cutter

A rotary cutter generally includes a pull roll or draw roll section, doctor board
systems, a cutting head assembly, and a drive system that varies the cut length.
The draw roll section consists of a rubber-covered squeeze roll spring loaded or
pneumatically loaded against a steel draw drum. These two rolls pinch the web and
“draw” it into the cutter rig (Figs. 1, or 2).

In rotary cutters, two basic design principles are employed. By far the most
common and simplest design is the rotary/stationary bed knife, or “conventional”
cutter (Fig. 1). The bottom knife blade is mounted on stationary support with the
top blade mounted on a rotating cylinder. The “fly” knife strikes the stationary bed
knife, severing the web that passes between the two blades.

With the appropriate approach angles and knife grinds, the stationary bed knife
cutter can cut board grades up to 0.016” thick (325 gsm) cleanly. As the web bulk

Fig. 1 Single
rotary/stationary bed knife
[2]

Fig. 2 Rotary cutter with
dual rotating knives [2]
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Fig. 3 Double crank mechanism with trajectories of input and output links [3]

Fig. 4 Illustration of paper roller and cutter [4]

thickens, the cleanliness of the cut (absence of loose fibers, hair, or dust) deteriorates
and the leading edge of the sheet develops a perceptible skived tip [2].

The dual knife/rotary cutter (Fig. 2) provides the cleanest, quietest, and highest
quality and capacity cutting action available. In this design, both top and bottom
blades aremounted in rotating cylinders. The upper and lower cylinders are generally
coupled together by anti-backlash gearing. The web of material passes between the
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(a) (b)

(c)
(d)

Fig. 5 Cutter motion profiles: a Triangular [5]; b Sinusoidal for cut lengths < circumference of the
cutter drum [6]; c Trapezoidal; d Sinusoidal for cut lengths > circumference of the cutter drum

Fig. 6 Graph plots detailing the cutter speed, position, and torque characteristics [7]
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two cylinders and the resulting scissors-like action provides the cleanest, quietest
cutting action available.

For the cutter to perform properly, the peripheral speed of the knives must equal
the speed of the material at the time of cut (Fig. 5b and d). Since the knife speed
and web speed are identical at the time of cut, the dual knife rotary design has the
additional benefit of not requiring an adjustment for squareness (diagonal accuracy)
when changing sheet length. The manner in which the knives’ speed matches the
web speed has evolved over the years.

2.2 Grashof Law and Criterion

The Grashof’s law states that for a four-bar linkage system, if the short link is a fixed
link, the sum of the shortest and longest link of a planar quadrilateral linkage is less
than or equal to the sum of the remaining two links,(s+l ≤ p+q) then both the links
can rotate fully but the output crank rotating with varying rotating speed [8].

Consider a four-bar linkage. Denote the smallest link by S, the longest link by l and
adjacent to S, and the other two links by P and Q. In the double crank mechanism, the
shortest link ‘S’ is a ground link. Both input crank and output crank rotate 360°—full
rotation.

This phenomenon was identified as an answer to achieving the motion profile
required forDual rotatingCutter Equipment and employedwith detailed engineering.
Thus, Draglink employed machines that started producing results with cut length
and diagonal accuracies better than ±0.5 mm at speeds above 100 mtrs/min. As
the years progressed, market demands increased multifold both inaccuracies and
productivity, it was compelling technologists to improve upon drives employed.
Initially, mechanical variators in conjunction with drag link transmissions (Four-bar
linkages) were employed [9].

A crank link rotates at constant rotational speed, while the driven link varies its
rotational speed within a single rotation. By selecting the individual link lengths, the
requirement of synchronizing speed at the time of cutting is met with and balance
part of a rotation, the rotational speed of the driven link is varied compensating for
the time available to achieve different cut lengths as required by the market. This
equation has dwelled in detail at a later part of the paper.

• It is defined that Format length = Circumference of the cutter drum
• If cutter blade tip radius = r
• Format length = 2*p*r
• If Paper speed = v
• Cutter rotational speed during cutting = v/2*p*r
• Say Cutter angle of rotation during cutting = 10°
• Therefore, in the remaining 350 degrees the speed of the cutter is adjusted and

varied to follow in the position of feeding paper to achieve the cut length set
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• For cut lengths > Circumference of cutter the cutting is at high speeds and after
cutting the speed is decreased and increased again to synchronous speed for the
next cutting

• For cut lengths < Circumference of cutter, the cutting is at low speeds and after
cutting the speed is increased and brought down again to synchronous speed for
the next cutting.

2.3 Application Concept and Paper Cutter Motion Profile
Requirement [10]

2.4 Application Technology Progress

As the Drag link technology started getting employed in the cut to length applica-
tion, initially the technology progressed with the deployment of mechanical variator
like Kopp variator, flywheel, Drag link transmission with linkage length adjustment
through a motorized actuator to control the machine and set the cut lengths through
pushbuttons. Subsequently, with the advent of DC motor Thyristor drives in the
1960s, the mechanical variators were done away with replaced by DC Motors and
drives paving way for further improvements in the electrical drives deployed.

3 Motion Control Servo Technology

3.1 Electronic Cam Profile Drives and Developments

From the 1980s when Servo drives with DC Servomotors had evolved, the same was
extensively employed in the application throughout the world. Subsequently with
AC Servo technology progress since the millennium year, AC Servo drive with AC
Servo motors are employed in every present-day built machine. This has assisted the
machines to achieve accuracies better than±0,38mmat speeds above 350mtrs/min.-
such unthought-of exemplary performances.

3.2 The Cutter Motion Profile Variants

Triangular, Sinusoidal, and Trapezoidal speed profile graphs for the application are
illustrated below (Fig. 5):



Four-Bar Linkage Mechanism in Papermaking and Its Replacement by Direct Servo … 119

3.3 Graphical Presentation of Required Cutter Speed,
Position, and Torque Profiles (Fig. 6)

3.4 Moment of Inertia and Selection of Servo Drives

There is a finite relationship between the Load moment of inertia and the source
moment of inertia. Earlier around 30 years back it used to be Source MOI/LoadMOI
>1/2 till simple PID controls were used and presently the same >1/15 or 1/20 by
employing feed forward feedback trim control algorithms.

In addition to the above, the selection of a Motor rating is based on the following
procedure.

(1) Calculate the MOI of the load.
(2) Mechanical transmission ratio between the Motor shaft to load shaft = N:1
(3) Load MOI reflected on the motor(GD2) = Load MOI/N2 + Mech. Transmis-

sion MOI as reflected at the input + Motor MOI
(4) Calculate the average speed (Na) of the cutter drum required at min. cut length

in the cut length range=Max. Paper speed/Cut length at corresponding max.
Machine designed paper speed at min. cut length (cut length inmtrs and paper
speed in mtrs/min.)

(5) Calculate the synchronous speed (ns) = Paper speed/circumference of cutter
drum = v/2π r where r is the radius of cutter drum and v is the paper speed.

(6) Peak speed required on load shaft(Np) = 2XAverage speed—Synchronous
speed (ns)

(7) Max. Speed range (Nr) for min. cut length = 2XAverage speed—2XSyn-
chronous speed

(8) Time for each cut = 1/Average speed (Na) in min.
(9) If 15 degrees is needed for cutting, Balance time is required for acceleration

and deceleration.
(10) Then balance time = 15/360 × (Na) = tns = Nonsynchronous motion

time/cycle
(11) Half of the Nonsynchronous motion time (tns) approximately taken for

acceleration
(12) Now we have Total MOI, Speed change, and time for acceleration, and

conventionally calculating Torque can be calculated Ta in Kg M = 4 × GD2

× Nr /(375 × tns/2
(13) Min. rated speed required on the motor = peak speed required = Np

(14) The selected motor should be capable of transmitting the Ta with rated speed
>Np.

(15) The LoadMOI /MotorMOI < 15 only if Feed forward controls are employed.



120 M. Ekambaram

Table 1 The performance of Different parameters with respect to their profiles [7]

Comparison of cutter motion profiles

S. no Parameter Trapeziodal
profile

Triangular profile Sinusoidal profile

1 Acceleration Least constant
throughout speed
change

Higher than
trapezoidal and
constant
throughout speed

Varying
continuously and
highest peak

2 Speed
transition
points

Abrupt to
introduce
smoothening
formula at
transition point

Abrupt to
introduce
smoothening
formula at
transition point

Naturally smooth

3 Peak speeds Higher than
triangular

Least among the
profiles

Highest among the
profiles

4 Mechanical
transmission
suitability

Fairly ok Highest stress of
transmission

Lowest stress of
transmission

3.5 Comparison of Cutter Motion Profiles (Table 1)

3.6 Feed Forward Control Servo Algorithms

Feed forward augmentation is a prediction technique that estimates the output from
a proportional-integral-derivative (PID) control algorithm without waiting for the
PID algorithm to respond. Feed forward reduces the error faster or keeps the error
smaller than relying on the PID algorithm alone.

With the above control philosophy, the system is very near to where it should be
with respect to Speed, Torque, and Position at any specific point of operation and the
PID controls only trims the system for any small errors that might have crept in due
to any empirical conditions, thereby any system oscillations that invariably occur in
a pure PID control algorithms are avoided totally.

This yields the main advantage in Servo motor selection as the MOI mismatch
between Loads to Motor can be as high as 15 or even greater up to 20. This feature
facilitates the deployment of PMSM (Permanent Magnet Synchronous Motors) for
the application that too without any gear transmissions in-between motors and the
load.

3.7 Successful Deployment Examples

A 1960 Vintage 3.2 mtr/120 mpm Jagenburg make Duplex Paper board sheeter
was recently refurbished and retrofitted with 180 kW/500 rpm Servomotor directly
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driving the cutter section by removing the Double Drag Link transmission achieving
cut length and diagonal length inaccuracies within ±0.5 mm and also increasing
the productivity by approx. 20% for cut length range between 400–1600 mm. The
video of the installation is as per hyperlinked video employing exactly the technology
explained above [11].

Also, the same technology has found inroad S into another associated industrial
vertical—Corrugation—Multiply high speed Corrugation machine. One can watch
the application in the video in the link [12].

Since the application is for manufacturing 5 ply Corrugation sheets meant for the
packaging industry, the targeted accuracies are within ±1 mm.

The same Servo Motion control technology is also employed in the Steel sheets
manufacturing process in the steel mills.

In all the above applications, it was found that the speeds of the machine can be
increased multifold and accuracies of cut length and diagonal lengths achieved are
phenomenally high,Machineuptimeavailability is increasedmanypoints, job change
over times are reduced to 1or 2min as compared to earlier very long changeover times
with draglink transmissions and in addition the desired cut length accuracies are
achieved inmachines ramp up/downtimes as achieved duringmachine stable running
conditions.

4 Conclusion

With the above in view, it is confirmed that any theoretical
laws/criteria/rules/discoveries can be applied gainfully if properly identified
and if the application targets to achieve the technological philosophies in letter and
spirit with adjusting the applications to suit the empirical conditions. This paper is
an endeavor to highlight how application engineering played an important role in
the growth of technologies.
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Two Degree-Of-Freedom Omni-Wheel
Based Mobile Robot Platform
for Translatory Motion

Uday Manne , Raghuveer Maddi , Dimple Dannana ,
Devasena Pasupuleti , and Rajeevlochana G. Chittawadigi

1 Introduction

Mobile wheeled robots are used to carry out a variety of tasks in industries and other
places. A rectangular platform with two wheels on two opposite sides is one of the
standard configurations of such wheeled robot. In such a case, the wheel rotation
is typically achieved using motors, which translate the robot in the forward and
backward directions. If opposite sense rotation is given on the two opposite sides,
rotation about a vertical axis (zero turning radius) can be achieved or can steer the
robot along a curved path. Mecanum wheels can be used in place of conventional
wheels to achieve motion in a transverse direction as well, thus avoiding the explicit
rotation of the platform. Hence, these can be used for easy movement of the robot in
any direction on a plane [1].

Mecanum wheel has a set of rollers on its tread and the axes of the rollers are
usually 45° or 135° with the axis of the wheel. Hence, two possibilities of wheel
design are generally used which mirror each other. When a wheel is rotated by
coupling with a motor mounted on the platform, only one roller at the bottom is in
contact with the ground and exerts a force on the platform in a direction along the
axis of the bottom-roller and is dependent on the rotation sense of the wheel. Layout
of four wheels in a Mecanum Wheel Robot (MWR) can be done on a rectangular
or a square shaped platform. A detailed study of their analysis is provided in [2, 3].
For a rectangle shaped platform, a XY coordinate frame is assumed to be fixed at
its center when looked from the top such that X is towards the right side and Y is
towards the front of the platform, when looked from the top. When a wheel is looked
from the top, if the axis of the top-roller is making 45° with respect to the X axis,
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the bottom-roller would be making 135°, because of the geometry of the Mecanum
wheel.

The two most common layouts have the diagonal pair of wheels with the same
kind of rollers on them. In the top view, if the top-roller’s axes of the four wheels form
an X-shape, it is referred to as Type-X [2]. In this case, the bottom-rollers’ axes of the
neighboring wheels intersect outside the rectangular platform, forming a rhombus.
Hence, the direction of contact forces is along the edges of the rhombus. Similarly,
if the top view has the top-rollers’ axes along a rhombus, the bottom-rollers’ axes
form an X-shape and so will be the contact forces. This is referred to as Type-O.
Of the two, Type-X is analytically found to have a better capability of carrying out
omnidirectional motion (translations and rotation) [2, 3] and is the preferred layout
for MWR.

Type-O MWR can also be built on a square shaped platform. In that case, the
forces on the platform interesct at its center and hence does not result in any moment
about the vertical axis. This ensures that the platform cannot have any yaw rotation
about the vertical axis. This concept has been extended in this paper for a meaningful
application.

The rollers of theMecanumwheels can be aligned such that the axis of each roller
is orthogonal to the axis of the wheel [4]. By doing so, if the wheel is driven, it causes
the bottom-roller to have contact force along its axis. If the wheel is moved (using
other wheels) such that it has a motion along its axis, the bottom-roller on the tread
rotates about its own axes, without causing any rotation of the wheel, thus achieving
the omnidirectional capability. These special categories of Mecanum wheels are
known as “omni-wheels”. Considering omni-wheels as relatively inexpensive, many
robots have been developed using them.Omni-wheels are easier to use as compared to
Mecanum wheels. The forces acting on them are easier to analyze and the resulting
mobile robots are simpler to control. One such attempt by the authors with three
omni-wheeled based mobile platform is discussed in [5], in which the robot has been
controlled using Bluetooth-based mobile application and also integrated with Leap
Motion device for intuitive control using gestures of a human user.

Of the many applications of the omnidirectional wheel based robots, transporting
items is one of the common applications. In some scenarios, the robots move in
orthogonal directions and do not require any rotation about the vertical axis (yaw).
In fact, any possible rotation may result in moving away from the desired path or
trajectory, due to any inaccuracies. Hence, it is desired to have only translation in the
forward–backward, transverse, and diagonal directions. To achieve only translation
on a plane, only two degrees-of-freedom (DOF) are sufficient. A square shaped Type-
O variant of theMWR can be used for the same. However, the desired translation can
only be achieved if all the four wheels are powered (active), thus increasing the cost
and complexity of the robot. In the literature, few have achieved translation using two
DOFs, i.e., using only two motors. OmBuRO [6] has one wheel with a set of active
rollers on its tread. It can translate to balance like an inverted pendulum, moving on
a floor. In this paper, the authors propose simpler layouts of four omni-wheel based
robots with two motors, which are compared, and one of the layouts is proposed to
be suitable for the intended applications.
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Fig. 1 Proposed 2-DOF
omni-wheel based layouts

(a) Type-X (b) Type-O 

2 Proposed Layouts of 2-DOF Translating Robots

The authors propose two layouts, as illustrated inFig. 1. The omni-wheels have rollers
on their circumference which are perpendicular to the axis of rotation of the hub,
therefore, the axes of top and bottom rollers are parallel, unlike in Mecanum wheels
[4]. When an omni-wheel is powered by a motor, the wheel exerts a force on the
plus (which can be assumed to be a square rotated virtually by 45° about the vertical
axis) shaped platform, similar to what a conventional wheel would have, i.e., it would
be along the axis of the bottom-roller. Hence, Type-X (of Mecanum wheel layout)
is equivalent to the layout shown in Fig. 1a. Similarly, Type-O equivalent layout
is shown in Fig. 1b. This understanding is then used to differentiate between the
configurations, and therefore, perform the force analysis. Both the proposed layouts
are provided with two wheels which are coupled to motors, and hence referred to as
active wheels, and two passive wheels are provided to support the platform. Their
positions and orientation ensure that the platform looks symmetric when looked from
the above.

The wheels are labeled as T (Top), R (Right), B (Bottom), and L (Left). Here, both
T and R are considered to be active whereas B and L are passive. Sample forces of
the active wheels in both Type-X and Type-O layouts are shown using blue arrows.
Another point to observe is that the line of action (LOA) of these forces intersect
outside the plus-shape in case of a Type-X, whereas for the Type-O, they intersect
at the center of the platform, which is consistent with the Mecanum wheel based
Type-X and Type-O layouts, respectively [3].

3 Type-X Layout

In this section, the motion and dynamic analysis on a Type-X layout platform is
reported. The applied force on the platform can be depicted using a blue colored
arrow as shown in Fig. 2. The applied force can be considered as an equivalent force-
moment system, where a parallel force with the samemagnitude can be considered to
be acting through the centroid of the platform and a moment with a magnitude of the
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Fig. 2 Type-X mobile platform with two active omni-wheels

(force)*(perpendicular distance), acting along the vertical direction. The equivalent
force-moment is shown in the red color.

The active wheels when not provided any input, do not cause any movement
of the platform, as shown in Fig. 2a. When T is actuated with a force along +X
direction, the corresponding equivalent force-moment is illustrated in red color in
Fig. 2b. Therefore, the platform has a tendency to move towards the right (when
looked from the top) along +X direction and also has a clockwise moment which
causes a rotation of the platform, which may not be desired.

WhenT is actuated in the−X direction, the force acting on the platform is depicted
by the blue arrowas illustrated inFig. 2c. The equivalent force that acts on the centroid
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of the platform is shown by the red arrow and due to this, the platform translates
in the −X direction and also has a tendency to rotate in the anticlockwise direction
when looked from the top. When R is actuated in the +Y direction, the blue arrow
indicates the force acting on the platform as shown in Fig. 2d. The red arrow depicts
the equivalent force acting at the centroid of the platform. The platform tends to
translate in the +Y direction with a rotation in the anticlockwise direction about the
Z axis.

The platform has a tendency to translate with a moment in the clockwise direction
about the Z axis, when R is actuated in the −Y direction, as illustrated in Fig. 2e.
In Fig. 2f, both T and R are actuated to apply the forces as shown. The equivalent
system through the centroid only has a resultant vector without any moment, which
is the desired motion for pure translation. However, if the direction of the rotation of
T is reversed, the applied force direction reverses, as shown in Fig. 2g. In this case,
the equivalent system has a resultant force and moment at the centroid. Similarly,
when the direction of R is reversed, as shown in Fig. 2h, translation of the platform,
as well as moment in the clockwise direction, is observed.When T and R are actuated
to obtain forces, as shown in Fig. 2i, a resultant force in the third quadrant (between
−X and−Y axes) achieves pure translation. As the proposed plan is to achieve only
translation of the platform without any yaw rotation (about Z axis), the scenarios in
Fig. 2f and Fig. 2i are the only desired scenarios. Hence, Type-X configuration with
only two actuated wheels is not a feasible solution. In literature, Type-X using omni-
wheels is generally driven by four actuators and hence the moments get neutralized
and a pure translation of the platform is possible, at the cost of two extra actuators.

4 Type-O Layout

The limitations in the Type-X configuration can be overcome by aligning the wheels
so that they are radially outward along the+X,+Y,−X, and−Y axes. This configu-
ration is referred to as Type-O and is shown in Fig. 3a. The actuation of theR results in
the force acting on the platform in blue color, shown in Fig. 3b. Since this force passes
through the origin of the platform, there is no moment caused due to it, and hence
the force can be repositioned at the origin and acting in the same direction. Thus, the
platform moves in the direction of+X. Similarly, when R is actuated in the opposite
direction, the force is as shown in Fig. 3.2c, and the equivalent force acts on the plat-
form in the−X direction. The robotic platform translates in the−X direction. When
T is actuated, as seen in Fig. 3d, the blue color arrow represents the force acting on the
platform. The equivalent fore acts on the centroid of the platform as shown by the red
arrow and this force tends to propel the platform in the +Y direction. The opposite
effect is seen when the force is reversed, as illustrated in Fig. 3e, and the platform
moves in the−Y direction due to the equivalent force acting at the centroid of the plat-
form. For the actuation of T and R in Fig. 3f the forces pass through the origin and the
resultant force causes the platform to move in the diagonal direction in the first quad-
rant (between+X and+Y axes). If the directionof theR is reversed, the resultant force
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Fig. 3 Type-O mobile platform with two active omni-wheels

is along the diagonal in the second quadrant (between+Y and−X axes) and the plat-
form moves in that direction (Fig. 3g). The resultant force acts along the diagonal in
the fourth quadrant (between+X and−Y axes), when the forces are in the directions
as illustrated in Fig. 3h. The robotic platform translates in the direction of the diagonal
in the third quadrant, when the traction forces, as shown in Fig. 3i act on the robotic
platform. Thus, proving that Type-O is the ideal platform for 2DOF applications.
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5 Simulation in V-REP

The Coppelia robot simulator also known as V-REP, is centered on a distributed
control architecture. V-REP, the Virtual Robot Exploration Framework, has the capa-
bility to model, modify, program, and simulate a robot. The robot could be of serial
or parallel architecture with fixed or moving base. Similarly, mobile robots can be
simulated with much ease. In the work carried out and reported in this paper, the
academic version of V-REP, available for free, has been used.

Firstly, a virtualmodel of a robot has to bemodeled in any3DCADdesign software
according to the required dimensions. Thereafter, the assembled model has to be
exported in the CAD software as ‘stl’ format. The files are then imported inV-REP by
selecting ‘File-Load Model-Browse-Saved.stl file’. For the proposed robots, similar
steps were carried out in Autodesk Inventor software. The characteristics of the body
and the wheels are set, which is reported in detail in [5], another work by the same
authors. V-REP automatically detects the wheels in the model, giving the wheels the
dynamic nature of the revolving joint between the body and the wheels. LUA Script,
which is the default scripting language in V-REP, was used to write the program to
provide input motions to the motors or wheels. When the program was executed, the
virtual model moved, based on the solver that was available in the V-REP software.
The virtual model of the Type-X and Type-O layout robots modeled in Autodesk
Inventor and later imported in V-REP are shown in Figs. 4 and 5, respectively.

(a) Top View (b) Isometric View 

Fig. 4 Model of Type-X layout robot in V-REP

(a) Top View (b) Isometric View

Fig. 5 Model of Type-O layout robot in V-REP
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For the motion, plots are available in V-REP software. The plots as illustrated in
Fig. 6, show the trace of the path of the virtual models when X v/s Y is plotted to
understand the translation of the platform and yaw v/s time is plotted to understand
the change in the orientation. Yaw angle is an inbuilt data stream present in V-REP.
The data of the simulated motions obtained in V-REP was exported to a.csv file and
then imported into MATLAB software to draw multiple plots together for easier
comparison. The data denotes the relative position and orientation of the Center of
Gravity (CG) of the object at an instant of time. InFig. 6, the left block shows theX−Y
plot for the forward motion of Type-X platform, Type-O, and the ideal or desired
motion. It is observed that the Type-X plot is nearly straight up to a certain distance
and then deviates due to the change in orientation as observed by the variation in the
yaw v/s time plot, in the right block. The forward motion of the Type-O platform
is observed to be linear as the orientation of the platform remains almost constant
during the movement.

The yaw v/s time plot of the rightward motion of the Type-X platform shows
much more variation than Type-O, which validates that there is orientation change
during translation as illustrated in Fig. 7a. The plots for forward-right motion (first
quadrant diagonal), as shown in Fig. 7b, are close to the ideal translatory motion.
Figure 7c, shows the plots for forward-left motion (second quadrant diagonal), where
it is observed that Type-X does not translate entirely but rotates significantly as seen
in the yaw v/s time plot. Upon examination of the graphs, it can be concluded that

Fig. 6 Forward motion for Type-X and Type-O robots
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(a) Rightward motion (b) Forward-Right motion 

(c) Forward-Left motion 

Fig. 7 Plots for the simulation in V-REP for various motion

Type-O is the preferred choice for achieving 2-DOF motion as proposed by the
authors. There is a slight deviation in the Type-O from the ideal or desired trajectory,
which could be due to approximation in an ‘stl’ file, which was used for wheels.

6 Physical Prototype

The prototype for Type-X was developed by the authors as shown in Fig. 8a. For
the platform, plywood was used and four omni-wheels from Nex Robotics (online
portal that sells robotics components) were mounted on the platform. When looked
from top, the right and the front wheels were considered as active wheels and were
coupled to DC motors, which, in turn, were powered by a 12-V battery. The other
two wheels are free to rotate about their axes and hence are passive and provide
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(a) Type-X (b) Type-O

Fig. 8 Physical prototypes of the proposed 2-DOF translating mobile robots

only support and take the load. Motor driver (L298N) was used to power the motors
and the control of the motors was commanded from an Arduino microcontroller. For
easier control of the prototype, Bluetooth module (HC-05) was used to command the
motor rotation. Further details about the specifications of the motors, driver circuits,
etc., are given in [5], a related work by the authors of this paper, on the development
of a 3 omni-wheel robot platform.

Type-X prototype was tested for translation in all directions. The sidewards and
front-back motion had a slight rotation of the yaw angle, hence the platform rotated
about its vertical axis. However, for two diagonal motion (equivalent to Right-Front
and Left-Back in Fig. 2), the platform translated with negligible yaw rotation. For the
other diagonal motions, considerable yaw rotation was observed in the prototype’s
motion, thus validating the formulation and simulation results.

Similarly, Type-O prototype was developed as shown in Fig. 8b. Again, the right
and the front wheels were considered as the active ones and the other two as the
passive ones. The components used in Type-X were used in the same way in this
prototype as well. The motion mentioned in Fig. 3 for the Type-O was given as input
and the motion of the platform was observed. There was a pure translation with
negligible yaw rotation in all the possible scenarios. The undesired yaw rotation
could be attributed to imperfections in the assembly of the robot. Thus, the authors
propose that Type-O based layout can be used for 2-DOF translating robots that
require strict translation. Care should be taking in the fabrication and assembly of
the components such that the forces on the platform pass through the centroid of the
platform.

7 Conclusion

The authors carried out an extensive literature review onmobile robots andMecanum
wheels to finally choose to work with omni-wheels to achieve 2-DOF transla-
tory motion, without any rotation about its vertical axis. The proposed configura-
tions namely Type-X and Type-O were formulated to have only two active wheels,
supported by two more passive wheels. Both of these configurations were simulated
in V-REP in order to understand the motion of the centroid of the robotic platform
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over a time interval. The simulations also provided evidence that Type-O configura-
tion achieved 2-DOF translatory motion only as suggested by the authors, whereas
Type-X had yaw rotation in simulation. Physical prototypes weremade and the simu-
lation results were found to match in a real-world scenario. In the future, the authors
plan to work on the prototype to perform various tests on the platform to check for
the payload capacity and durability. The authors also want to use the robotic plat-
forms for various applications such as integration with other robotic arms for pick
and place operations. The authors hope that the proposed designs will be of great
help in making future robotic platform applications cheaper and more efficient.
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Kinematic Error Modeling
of a Parallelogram Arm of the Delta
Robot and Its Dimensional Optimization

Venkata Sai Prathyush Idumudi and Arshad Javed

1 Introduction

Parallel manipulators have been highly advantageous to their serial counterparts
owing to factors like large workspace, high flexibility, high stiffness, better accuracy.
As the demand for sophisticated industrial tasks increased the need to have a higher
accuracy seemed very desirable, hence the need for research in the areas of error
analysis and motion accuracy grew. Previous studies include the study of variation
of positional error with respect to structural parameters, joint clearances, driver errors
[1], variation in orientation error based on parallelogram configuration of the passive
legs out of its plane [2], the study showing the influence of the pose error of the
joints to be much higher than the dimensional error [3], influence of parallelism
error on the motion accuracy [4], pose error analysis in parallel mechanisms due
to joint clearance [5]. However, the influence of both the structural errors and joint
clearance haven’t been considered simultaneously. This paper shows the influence
of both joint clearances and structural errors on the orientation error.
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2 Kinematic Analysis

A manipulator is a kinematic chain of links with joints connecting the links. The
chain is bound between the base at one end and an end effector at the other. The
combination of the motion of each link is what results in the motion of the whole
structure. Hence there is a need to provide the position and orientation of the end
effector in order to manipulate an object in space. Mathematical equations are used
in describing such motions of the delta robot and this area belongs to the family of
forward and inverse kinematics.

2.1 Inverse Kinematics

To calculate inverse kinematics effectively and efficiently, the frame of reference was
taken from the center of the base platform. This can be perceived as an equilateral
triangle with side length ‘p.’ For easier calculation, one of the three arm links was
placed on the YZ plane. This implied that the X component does not need to be
considered, thereby reducing a variable and hence the complexity of the calculation.

The joint B1C1 as seen Fig. 1 can rotate only in the YZ plane and can therefore
form a circle in it. Unlike B1, a fixed joint, D1C1 can rotate freely relative to D1. This
forms a sphere with the center at point D1 with radius ‘re.’

The intersection of the YZ plane and the sphere resulted in the formation of a
circle with center point D’1, which is the projection of point D1 on the YZ plane,
and radius D’1C1.

Point C1 can now be perceived as the intersection of the two formed circles with
known centres and radii. So if the position of C1 in the coordinate system is known,
the angle φ1 can be found with simple geometry.

The delta robot’s symmetry was taken to advantage in the calculation of the other
two angles φ2 and φ3. The process of calculation of φ1 was repeated with a shift in

Fig. 1 Figures show the intersection of the sphere and the YZ plane (left) and dimensions of the
mobile platform (right)
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the {o} frame by+120 and−120 degrees, respectively. Below are the corresponding
Eq. [6]:

DD1 = e/2
√
3,where e represents the side length of the mobile platform triangle,

D1 →
(
0, y0 − e/2

√
3, z0

)
(Since x0 = 0)

D1D
′
1 = x0 = D′

1C1 =
√(

r2e − x20
)

F1 → (0,−p/2
√
3, 0)

(
yC1 + p/2

√
3
)2 + z2Cl = r2p (1a)

(
yC1 − y0 + e/2

√
3
)2 + (zC1 − z0)

2 = r2e − x20 (1b)

φ1 = arctan(zCl/(yB1 − yCl)) (1c)

2.2 Forward Kinematics

The motor encoders give the angular position of the motors from which the position
of the end effector can be calculated. A mathematical way to find the end effector
position is by calculating the intersection of three sphere equations, where the origin
point of the spheres is determined by the dimensions of the upper arms and the
angular position of motors.

The forward kinematics can provide the end effector triangle center for the given
three angles. This is then formulated in a set of three coupled quadratic equations
that must be solved simultaneously.

Now the three joint angles φ1, φ2, and φ3 are known, and the coordinates (x0, y0,
z0) of end effector point P need to be found out. Since φ1, φ2 and φ3 are known, the
coordinates of points C1, C2 and C3 can be calculated easily.

Joints C1D1, C2D2 and C3D3 rotate freely around points C1, C2 and C3,

respectively, forming three spheres with radius re.
Next, the centers of the spheres were moved from points C1, C2 and C3 to the

points C’1, C’2 and C’3 using transition vectors D1P, D2P andD3P, respectively. After
this transition, all three spheres intersect at a single point: P, as shown in Fig. 2.

The coordinates of points C1, C2 and C3 are taken as (x1, y1, z1), (x2, y2, z2) and
(x3, y3, z3). Note that x0 = 0.

C ′1 →
(
0,−(p − e)/2

√
3 − rp cos(φ1),−rp sin(φ1)

)
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Fig. 2 Illustrations show the displacements of point Ci (left) and the intersection of the 3 spheres
(right)

C ′2 →
((

(p − e)/2
√
3 + rp cos(φ2)

)
cos(30),

(
(p − e)/2

√
3 + rp cos(φ2)

)
sin(30), −rp

sin(φ2))

C ′3 →
((

(p − e)/2
√
3 + rp cos(φ3)

)
cos(30),

(
(p − e)/2

√
3 + rp cos(φ3)

)
sin(30), −rp

sin(φ3))

The equations are as follows [6]:

x2 + y2 + z2 − 2y1y − 2z1z = r2e − y21 − z21 (2a)

x2 + y2 + z2 − 2x2x − 2y2y − 2z2z = r2e − x22 − y22 − z22 (2b)

x2 + y2 + z2 − 2x3x − 2y3y − 2z3z = r2e − x23 − y23 − z23 (2c)

Now let wi = x2i + y2i + z2i

x2x + (y1 − y2)y + (z1 − z2)z = (w1 − w2)/2 (3a)

x3x + (y1 − y3)y + (z1 − z3)z = (w1 − w3)/2 (3b)

(x2 − x3)x + (y2 − y3)y + (z2 − z3)z = (w2 − w3)/2 (3c)

Here (3a) = (2a) − (2b), (3a) = (2a) − (2c) and (3c) = (2b) − (2c).
Subtracting Eq. (3b) from (3a) results in

x = m1z + n1; y = m2z + n2 (4)

where
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m1 = (1/d)[(z2 − z1)(y3 − y1) − (z3 − z1)(y2 − y1)]

m2 = (1/d)[(z2 − z1)x3 − (z3 − z1)x2]

n1 = (1/d)[(w2 − w1)(y3 − y1) − (w3 − w1)(y2 − y1)]

n2 = (1/d)[(w2 − w1)x3 − (w3 − w1)x2]

d = (y2 − y1)x3 − (y3 − y1)x2

Substituting (4) in (2a)

(
m2
1 + m2

2 + 1
)
z2 + 2(m1 + m2(n2 − y1) − z1)z +

(
n21 + (n2 − y1)

2 + z21 − r2e
)

= 0 (5)

Upon solving Eq. (5), the z coordinate is obtained. To find out x & y, z was
substituted in Eq. (4). Finally, the point (x, y, z) was achieved.

2.3 Dimensional Optimization

Dimensional optimization and synthesis is an important aspect that needs to be
considered while designing any manipulator. It is because the efficiency of such
robots is highly sensitive toward their geometry.Among the kinematicmodel parame-
ters taken into consideration, the robotworkspace is one of themost important indices
in the design of such robots.

So, to achieve a good workspace model, the robot’s design parameters must be
considered, especially those that can influence the geometry of the design. Such
parameters must be optimized according to a certain goal, which in our case is maxi-
mizing the workspace volume. But maximizing the workspace alone does not neces-
sarily optimize the design. This is due to the various undesirable kinematic/dynamic
performance within the workspace. Hence, a better optimization includes stiffness
analysis, kinematic and dynamic parameters like Jacobian matrix homogenization,
singularity analysis, index of kinematic entropy and index of dynamic entropy,
as performed in [7]. These parameters haven’t been here considered due to time
constraints.

Further, the maximum workspace of the robot can be defined as the region that
can be reached by the center point of the movable platform within the maximum and
minimum values of all the joint angles. The plot of such a workspace would resemble
a parabolic cone with irregular surfaces as shown in Fig. 3.

Practical operations using such robots require a more regularly shaped workspace
like cuboid, cube or cylinder. So, while optimizing, the regularly shaped workspace
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Fig. 3 Shape of the workspace volume (left) and optimization procedure (right)

Table 1 Results of optimization

Base triangle
radius (m)

Moving platform
radius (m)

Driver arm lengt
(m)

Connecting arm
length (m)

Before
optimization

0.64 0.1 0.4 0.8

After
optimization

0.5 0.15 0.334 0.6

is maximized rather than the irregularly shaped ones. It is possible to obtain a regular
form of the workspace. Considering a cylinder, it can be achieved by forming a circle
equation x2 + y2 = R2 perpendicular to z (Vol. Of cylinder = ΠR2z). Inside this
cylinder, a parallelopiped (when robot is used for machining applications) of volume
2R2z can be prescribed. The goal of the optimization is maximizing ‘r’, which in
turn means maximizing the workspace volume.

Also, the optimization included a set of constraints on the link lengths and the
angles included in the model. These constraints basically set the maximum permis-
sible values of the above-mentioned parameters. The optimized values of these
geometric parameters were found out among those satisfying the constraints and
also returning larger values of workspace volume simultaneously. The optimization
was carried out in MATLAB using the paretosearch function owing to its ability to
optimize multi-objective functions (Table 1).

3 Error Modeling

Error modeling refers to themethod of establishing a relation between the pose errors
in the end effector and the geometric errors present within the mechanism to provide
kinematic calibration to help improve the accuracy of the design.

3.1 Differential Vector Method

This method is used in studies related to the sensitivity of the pose of the manipulator
to geometric and design variations especially those occurring in the parallelogram
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arm. An interesting advantage of this method is the ability to separate the parameters
causing the orientation error of the end effector from the ones responsible for the
positional error.

In Fig. 4a, {O} is placed as the reference frame. {Bi} represents the frame attached
to the driver unit, where bi is the nominal position, δbi is the error vector and θBi is the
attitude error of the {Bi} relative to {O}. Similarly, {Ci} is placed at the knee of the
manipulator and on the horizontal axis connecting the two joints of the parallelogram
arm. The distance between {Bi} and {Ci} is given by L1 and unit vector ui with the
error vector being δ(L1 ui). The shorter link of the parallelogram has a length t and
an error δci which is shared equally on either side of {Ci}. The orientation error of
{Ci} relative to {Bi} is denoted by θCi. The longer side of the parallelogram has a
length L2 and an error vector δ(L2wi), where wi is the direction vector. Next {Di}
is placed on the movable platform, but is also placed in a manner similar to {Ci}. It
is also located at the midpoint of the shorter side of the parallelogram with an error
vector δdi and an attitude error θDi relative to {P}. Now {P} is located at the center
of the movable platform and has a nominal position r0 with respect to {O} and has an
orientation error θ which could be simply written as δθ z since the degrees of freedom
restricts rotation in x and y direction.

Apart from geometric errors, another major source that can affect the pose of the
end effector is joint clearance. The error motions that arise due to the joint clearance
mainly influence the end effector pose. A revolute pair with joint clearance has 6-
DoFs and hence has 6 twists associated with it. Among these 6 twists, only one
causes the desired motion while the other 5 result in error motions. The five error
motions comprise of �1, �2, �3 that represent infinitesimal error translations in x,
y, z directions and φ1, φ2 represent the infinitesimal rotational error about x, y axes
considering the desired rotation to be about the z-axis. The set of constraints for
calculating the bounding values error motions is given in Eq. (2) of [5].

Fig. 4 a Represents the geometric model for a single leg, b parallelism error
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In this article �Ci, �Di and �ij1, �ij2 represent the translation error motion of
joints at the joints Ci, Di and Cij, Dij, respectively, and hence are 3 × 1 vectors that
contain error motions in x, y, z directions. φ represents the rotational error motions
of the joints about x, y axes and since these values are infinitesimally small they can
be directly added to the attitude error at the joint position.

3.2 Error Mapping Function

To formulate the error mapping function, a closed-loop chain of a single leg is
considered [8]. This kinematic chain consists of various design parameters in their
vectorial form. The chain is O-Bi-Ci-Cij-Dij-Di-P. The points O, Bi, Ci, Cij, Dij, Di,
P are represented by the coordinates o, bi, ci, cij, dij, di, p.

In the below loop closure Eq. (6), Ri is the rotational transformation matrix from
RBi to Ro frame with angle = 0°, 120°, 240° for i = 1, 2, 3, respectively.

ri + δri = Ri (bi + δbi ) + Ri R(θBi ){(L1i ui + δL1i ui + L1i δui ) + �Ci + E( j)R(θCi )(t/

2 + δci/2 + �i jl
)
e1

} + R(φi )
(
L2ivi + δL2i j vi + L2i δvi

)−
RiR(θ){(p + δp) + �Di+
E( j)R(θDi )

(
t/2 + δdi /2 + �i j2

)
e1

}
(6)

Here,R(θBi ) = [I3 + δθBi×] where I3 is the 3× 3 unit matrix and δθBi = [δθBxi,,
δθByi,, δθBzi,]

T represent the attitude error matrix. Also, R(θ*) = [I3 + (δθ*i + δφ*i)
x ] is also an attitude error matrix but additionally include the rotational joint error
motions.

(θ∗ = θC1 , θDiδφ
∗
i = [

δφ∗
xi,δφ

∗
yi,, 0

]T

Further, E(j) = (−1)j where j = 1, 2 and e1 = [0, 0, 1]T .
Next, the variables associated with the nominal Eq. (7), which is represented by

ri = Ri (bi + L1i ui + p) + L2ivi (7)

are removed from the loop closure equation with errors. This results in an Eq. (8)
consisting of small perturbations given below:

δri = Riδbi + RiδL1i ui + RiL1iδui + δL2i jvi + L2iδvi + RiL1i [δθBi × ui ]+
RiE( j)(t/2)[δθBi × e1] + RiE( j)

(
t/2 + δci/2 + �i j1

)
e1 + RiE( j)(t/2)

[δθCi × e1] + RiE( j)(t/2)[δφCi × e1] + L2i [δφi × vi ] − Riδp

− RiE( j)
(
t/2 + δdi/2 + �i j2

)
e1 − RiE( j)(t/2)[δθDi × eI ] − RiE( j)(t/2)

[δφDi × eI ] − Riδθzp − RiE( j)(t/2)
[
δθz × eI

] + RiδθBi�Ci − Riδθz�Di

(8)
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The above equation is then multiplied by viT on both sides and making use of the
circularity of hybrid product gives us Eq. (9):

vTi δri = Riv
T
i δbi + Riv

T
i δL1i ui + vTi RiL1i δui + δL2i j + L1i

[
Ri ui × vi

]T
δθBi+

E( j)(t/2)
[
Ri e1 × vi

]T
δθBi + vTi RiE( j)

(
t/2 + δci /2 + �i j1

)
e1+

E( j)(t/2)
[
Ri e1 × vi

]T
δθCi + E( j)(t/2)

[
Ri e1 × vi

]T
δφCi + L2i δφi−

vTi Ri δp − vTi RiE( j)
(
t/2 + δdi /2 + �i j2

)
e1 − E( j)(t/2)

[
Ri e1×

vi
]T

δθDi − E( j)(t/2)
[
Ri e1 × vi

]T
δφDi − vTi Ri δθzp − E( j)(t/2)

[
Ri e1 × vi

]T
δθz

+ vTi Ri δθBi�Ci − vTi Ri δθz�Dj (9)

Using which we can proceed with error separation and move into the orientation
error mapping function.

3.3 Orientation Error Mapping Function

To obtain the previous equation in terms of orientation error, the term δri must be
eliminated. This can be performed by subtracting the two equations that result from
substituting the value of j = 1, 2 in Eq. (9). The reason this action can be performed
is because between {Ci} and {Di} the length error is equally shared on both sides.

t(Ri e1 × vi )
T δθz = t(Ri e1 × vi )

T (δθBi + δ�i + δ�i ) + (δmi + �i )v
T
i Ri e1 + δli

(10)

where, δmi = δci −δdi , δ�i = δθCi −δθDi , δ�i = δφCi −δφDi , δli = δL2i1−δL2i2.
and

�i = �il − �i2 = (�i11 + �i21) − (�il2 + �i22).

Hence, the above Eq. (10) can be converted into matrix form:

�θ = Jθθεθ , with

εθ = (
εTθ1, ε

T
θ2, ε

T
θ3

)T

where εθ i = (δli (δmi + �i ) (δθBi + δ�i + δ�i ))
T

Jθθ = A−1B

B = diag[Bi ]
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Bi = [
1 vT

i Ri e1 t(Ri e1 × vi )
T

]

A =
⎡
⎣
t(R1e1 × V1)T
t(R2e1 × V2)T
t(R3e1 × V3)T

⎤
⎦

In the above equations, the relative length errors of the parallelogram are
δli , (δmi + �i ) (δli and δmi are the parallelism errors) and the relative orienta-
tion error of {P} relative to {O} is (δθBi + δ�i + δ�i ). It also has to be noted that
the z-components of (δθBi + δ� i + δ�i) onto (Rie1 × vi) is zero since (Rie1 × vi)
⊥ Rie1. This implies that these z direction components of (δθBi + δ� i + δ�i) do
not have any impact on the orientation error and hence can be removed. Thus, after
eliminating the unnecessary parameters, the remaining thirty components are: δli,
δmi, �i1, �i2, (δθBi,δ� i, δ�i)x, (δθBi,δ� i, δ�i)y for i = 1–3.

4 Conclusion

In this paper, the kinematics of a Delta Robot has been studied and the workspace
volume has been optimized constrained to the dimensional parameters. Following
which, the Differential Vector method was implemented to formulate the error
mapping function, accomodating joint clearances as well. Using this the parame-
ters affecting the orientation error were found in an analytical manner. The presented
work will be helpful to design and simulate an accurate mechanism for the Delta
robot.
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Design and Control of Mobile Robots
with Two and Four Independent
Rotatable Power Wheels

Divyansh Khare, Kausadikar Varad Prashant, and Santhakumar Mohan

1 Introduction

The use of Automated guided Vehicles (AGVs) and Autonomous Mobile Robots
(AMRs) has increased tremendously in recent years due to the upsurge of Industry
4.0. There is a need for robots that can intelligently act and cooperate with the human
staff while being in the workplace. A great majority of these robots are needed for
warehouse automation and shop-floor assistance tasks. These robots are expected to
be capable ofmanoeuvering through thewarehouse, picking andplacing the packages
and should be intelligent enough to be able to avoid any obstacles which may come
in their path while they perform the operations. Though various such robots have
been developed and deployed by companies like Amazon.Inc and others, the need
for general purpose robots that can be deployed in almost all kinds of warehouse
environments still remains unaddressed.

In this paper, we have tried to come up with a generalised design of a mobile
robot that can be used either as an AGV or an AMR. A basic functional design has
been created that is easy to manufacture and can be scaled as per use. The design
has been equipped with independently rotatable power wheels, meaning the wheels
have one steering axis and one power axis. The conventional AGVs and AMRs
either rely on differential wheel drive for steering or are equipped with a synchro
drive mechanism. Although the differential wheel drive does provide the steering, it
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requires the vehicle to turn about an axis which might not be possible in congested
environments. Synchro-drive solves this problem, but as the wheels are steered by
a single actuator, there are greater chances of failure. The independently rotatable
power wheel drive utilises two motion inputs (steering + power) for each wheel,
thus reducing the chances of failure. This is because, if one of the steering/power
inputs fails, the inputs of other wheels can be adjusted such that the robot follows
the required path. A scissors mechanism was also employed on the robot for adding
payload lifting capabilities, which is very much required in warehouse operations.
For the purpose of controlling a simple kinematic feed forward and feedback control
scheme was used.

The paper starts from discussing the mechanical design of the robot in Sect. 2,
where a few design iterations were made to obtain an optimum design moving to
Sect. 3, discussing the system description and to Sects. 4 and 5 for looking at the
inverse kinematics/feed forward control and the Kinematic control/Feedback control
and the concluding remarks are made in Sect. 6.

2 Mechanical Model

2.1 Mechanical Structure

Two kinds of designs were analysed. The first design is a six wheeled robot with two
independently rotatable power wheels (one power axis + one steering axis), while
the rest four wheels were for stability and acted as the castor wheels maintaining
a six point contact with the ground. The second design consisted of four indepen-
dently rotatable power wheels, with no requirement of additional castor wheels as the
structure forms a statically stable four point contact. A scissors mechanism was also
added to both the designs so as to equip the robots with payload lifting capabilities.
The design process was primarily split into two parts: chassis construction and wheel
drive design.

2.2 Major Design Considerations

1. Dimensions: 500mm × 300mm × 200mm
2. Payload capacity: 50kg
3. Vehicle self weight: 25kg
4. Ground clearance: Approximately 20cm.
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Fig. 1 Aluminium 4040 extrusion cross-section and the chassis

2.3 Chassis Construction

From the manufacturing perspective, it was decided that the chassis will be made
usingAluminium4040 extrusions (refer Fig. 1). This extrusion, as in the figure shown
below, allows for construction by using T-nuts and bolts which can be slid into the
openings in the extrusion. The chassis was designed in a manner that it leaves space
for the internal mechanisms and the electronic components to be placed inside.

2.4 Wheel Drive Design

The wheel drive consists of powering and steering mechanisms for the wheel. To sat-
isfy the design requirements, the robot should have a powered cum rotatable wheel
drive mechanism. For this purpose, three design iterations were made to arrive at the
final design, which is explained below.

Design iterations-Please refer Fig. 2.

1. Bevel gear design

– The wheel power was achieved by using a gear-train of spur gears with an
effective gear ratio of 1. The gear-train consists of two gears with 24 teeth and
one idler gear with 48 teeth. The steering action is performed by a set of bevel
gears having 23 teeth each aligned at right angles with each other.

– The design is functional but is incapable of absorbing any shocks or vibrations
that may arise due to the robot’s motion. Also, all the shocks or vibrations
will be transferred to the actuating elements, in this case, the motors and thus
damaging them.

– It is also incapable of providing gear reduction for steering as the steering is
usually done at low speeds considering the vehicle’s stability.
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Fig. 2 (From left to right) Bevel gear design, Spur gear design, Timing pulley-belt design

– Moreover, the bevel gears experience an axial force which tends to separate the
two meshed gears and also makes the assembly more difficult.

2. Spur gear design

– This design replaces the bevel gear steering mechanism with a set of spur gears
having a gear ratio of 3. This design mitigates the low-speed steering problem,
as it provides a gear reduction and the axial separation problem of the previous
design, but still is incapable of absorbing any shocks or vibrations.

3. Timing pulley-belt design

– In this design, both powering and steering action of the wheel is achieved by
the means of timing belts and pulleys.

– This design mitigates both the problems faced in the earlier designs. It provides
flexibility over the steering speed as a great range of speeds can be obtained
by changing the pulley diameter. Also, it is capable of absorbing shocks or
vibrations as the flexible belts help in absorbing them.

From these observations, it can be concluded that the timing pulley-belt design is
the best suited for the wheel drive construction as it provides a scope for high-speed
reduction and the flexible belt helps in absorbing the vibrations and thus preventing
the actuators from any possible damage.

Power andCastorwheelsA100mmdiameter plastic wheels were used as the power
wheels in the wheel drive for both, two and four independently rotatable power wheel
robots, whereas, for the two independently rotatable power wheel robot, 125mm
diameter castor wheels were also used for supporting the overall structure forming a
six point contact. Rectangular extrusions were made to align the castor wheels with
the driving wheels and maintain the required ground clearance. These were made by
using sheet metal bending.



Design and Control of Mobile Robots with Two and Four … 153

Fig. 3 Assembled two and four independently rotatable power wheel robot designs with scissors
mechanism

2.5 Lifting Mechanism

For the purpose of equipping the robot with payload lifting capabilities, a scissors
mechanism was designed and implemented on both the robots (refer Fig. 3). The
mechanism utilises two adjacent sliders on the base and two adjacent sliders on the
top panel placed directly over the base sliders so as to facilitate the motion. The
mechanism is controlled by a linear actuator attached to the base of the machine or
at the robot top.

2.6 Final Design

The final mechanical design of the mobile robot consists of the chassis, wheel drive
arrangement and the lifting (scissors) mechanism. The robot model was covered
with plastic/aluminium panels to protect the internal mechanisms and the electronics
that will be placed. The end result provides two different kinds of robot models. One
with two independently rotatable powerwheels and the otherwith four independently
rotatable powerwheels both equippedwith a scissorsmechanism for lifting payloads.
Following are the major components of the mechanical designs of both the robot
models.

1. Aluminum 4040 extrusion sections
2. 125 mm diameter Castor wheels
3. Timing belts and pulleys
4. 100 mm diameter robot wheels
5. Corner brackets
6. Wheel drive frame
7. Plastic casing panels
8. Ball bearings (housed and anged)
9. Aluminium sheet cut-outs.
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For the two independently rotatable power wheel design, the number of motion
inputs required is less than that of the four independently rotatable power wheel
design. The four independently rotatable power wheel design makes the robot less
prone to failure as the number of controllable inputs is more. For example, if some
of the inputs (steering/power) fail, the speeds and steering angles of the rest of
the wheels can be adjusted to make the robot follow the required path. This safety
against failure reduces in the two independently rotatable power wheel designs. Also,
the two independently rotatable power wheel design requires additional four castor
wheels for static stability. Also, the designs do require simple suspensions in the
form of springs so as to maintain proper contact. The development of a sophisticated
suspension system will be required in the case of rough grounds. The development
of dedicated suspensions has been kept as a part of the future work.

3 System Description

The geometric description of Mobile robots with two and four independently rotat-
able power wheels is depicted as shown in the following figure (refer Fig. 4). Here
an even terrain workspace is under consideration, thus at low acceleration (less than
5m/s2) the Degree of Freedom (DoF) is 3. The number of controllable inputs in the
case of Two wheel mobile robot is 4 (two power + two steering input) similarly,
in case of Four wheel mobile robot it’s 8. Thus, in both the configurations, as the
number of control inputs is greater than the Degree of Freedom, they are Holo-
nomic/Omnidirectional system. Such a system is preferred as it provides the robot
with the ability to move and follow the required path in case of one or more actuators
failing. For example, in case of the two wheel mobile robot, even if the two steering
inputs fail, the velocities of the wheels can still be adjusted allowing the robot to
move in a differential wheel drive fashion. Similarly, in case of the four wheel robot
with eight controllable inputs, even if two wheels fail (power and steering failure) the
other twowheels can still provide control over the robot as the number of controllable
inputs becomes four, keeping the system holonomic.

4 Inverse Kinematic Model/Feed Forward Control

In this section, Inverse kinematic model of the mobile robot system is discussed. Let
a particular wheel of the Mobile robot be denoted by ‘i’ with wheel angular velocity
denoted by ωi , steering angle by θi and wheel radius by ‘ai ’. For two wheel mobile
robot i= 1, 2 and for Four wheel mobile robot it’s i = 1, 2, 3, 4. Where the velocities
of each of the wheels can be expressed as

vi x = aiωi cos(θi ) viy = aiωi sin(θi ) (1)
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Fig. 4 (from left to right)Mobile robot configurations for Fourwheel andTwowheel,andKinematic
model

Here, vi x and viy are the components of i th wheel velocities in the forward and
lateral directions respectively w.r.t the body/robot frame; u , v and r are the forward,
lateral and angular velocities of the robot w.r.t the body/robot frame; x , y and ψ
denote the Cartesian and angular positions of the robot respectively w.r.t ground
frame and, dx and dy are the robot configuration parameters in Xb and Yb direction
in the body-fixed co-ordinate system.

Now referring to Mishra et al. [1] paper’s equation no. 2, the following Inverse
Kinematics relations are obtained which are used to map vi x and viy with u, v, r and
subsequently with ẋ, ẏ ,ψ̇ using the general relation between body fixed and ground
fixed velocities.

Inverse Kinematics Model for Four wheel Mobile Robot
⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

v1x
v1y
v2x
v2y
v3x
v3y
v4x
v4y

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 0 −dy
0 1 dx
1 0 −dy
0 1 −dx
1 0 dy
0 1 −dx
1 0 dy
0 1 dx

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎛
⎝
u
v

r

⎞
⎠ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 0 −dy
0 1 dx
1 0 −dy
0 1 −dx
1 0 dy
0 1 −dx
1 0 dy
0 1 dx

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎛
⎝

cosψ sinψ 0
− sinψ cosψ 0

0 0 1

⎞
⎠

⎛
⎝
ẋ
ẏ
ψ̇

⎞
⎠ (2)

Inverse Kinematics Model for Two wheel Mobile Robot
⎛
⎜⎜⎝
v1x
v1y
v2x
v2y

⎞
⎟⎟⎠ =

⎡
⎢⎢⎣
1 0 −dy
0 1 0
1 0 dy
0 1 0

⎤
⎥⎥⎦

⎛
⎝
u
v

r

⎞
⎠ =

⎡
⎢⎢⎣
1 0 −dy
0 1 0
1 0 dy
0 1 0

⎤
⎥⎥⎦

⎛
⎝

cosψ sinψ 0
− sinψ cosψ 0

0 0 1

⎞
⎠

⎛
⎝
ẋ
ẏ
ψ̇

⎞
⎠ (3)
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Fig. 5 The given
eight-shaped desired
trajectory (followed by the
both robot)

5 Kinematic Control Design/Feedback Control

In this paper a simple Proportional control feedback system is employed which is
explained as follows. As per the basic Inverse Kinematic relations:

ζ = J−1(η)η̇d (4)

where, ζ are the control inputs or command velocities (u, v and r ), η is the vector of
actual position variables (x, y and ψ), ηd is the vector of desired position variables
and J(η) is the Jacobian or kinematic transformation matrix. For simple proportional
feedback control (closed-loop control) we have:

ηd(t) − η(t) = e−λt ⇒ η̃ = e−λt Here as: t → ∞ ⇒ η̃ → 0 (5)

Differentiating w.r.t time : η̇(t) = η̇d(t) + λη̃(t) (6)

⇒ ζ = J−1(η)[η̇d(t) + λη̃(t)] (7)

Here, λ is the controller gain. For the purposes of simulation, the gain value or λwas
set at 5. This is a combination of feedback and feed forward control and is called
as ‘Computed velocity control’. Following is a profile in the shape of an ‘8’ (refer
Fig. 5) which was used to simulate the performances of both the robots for a time
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Fig. 6 Time trajectories of the generalised coordinates for the given eight-shaped trajectory

Fig. 7 Position error plots for the two independently rotatable power wheel design

period of 100s. The position, errors in the position and orientation were studied on
the basis of the kinematic design (refer Figs. 6, 7 and 8) and the variations of the
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Fig. 8 Position error plots for the four independently rotatable power wheel design

Fig. 9 Variation of wheel velocity components with time for the two independently rotatable power
wheel design

velocity components with time were analysed (refer Figs. 9 and 10). The maximum
angular velocities of the wheels in the two and four independently rotatable power
wheel designs were 85.44 rpm and 42.72 rpm, respectively. It is important to note
that the maximum wheel angular velocity in four wheel design is nearly half of that
in the two wheel design, which can be justified by considering the number of power
wheels in both the design.
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Fig. 10 Variation of wheel velocity components with time for the four independently rotatable
power wheel design

6 Concluding Remarks

From the perspective of design formanufacturing and vibration absorption, thewheel
drive with timing pulley-belt design was chosen along with Aluminium 4040 chassis
and the castor wheels. The scissors mechanism was also added to both the robot
designs. The final designs offer the user a higher degree of safety against failures.
The above results show that the error in the position and orientation is small for
the two independently rotatable power wheel design, but it is even less for the four
independently rotatable power wheel design. Hence, the four independently rotatable
powerwheel design offers better control over position andorientation. It also provides
a greater degree of control for the robot with the same control scheme. Moreover,
the four independently rotatable power wheeled robot offers a higher safety against
failure as compared to the two independently rotatable power wheeled design and
provides the required stability to the robot by creating a four point contact but is
more complex to analyse and implement, and thus mostly preferred for the outdoor
environment. The two independently rotatable power wheeled design utilises four
castorwheels to achieve the required stability and is simpler to analyse and implement
and is best suited for the indoor environment.

This paper doesn’t account for the transient behaviour of the system which comes
into play because of the sluggish response from the mechanical drive train and the
threshold value of actuator’s angular speed and is left for future work along with the
development of a sophisticated controller, fabrication of the robot and testing.
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Analysis of a 4-DOF 3T1R Parallel Robot
for Machining Applications: A Stiffness
Study

Paulo Rossi, Roberto Simoni, and Andrea Piga Carboni

1 Introduction

Robots are increasingly present in industrial machining applications that require
relatively low cutting forces. Activities such as trimming, drilling, and polishing on
composite parts, likewise deburring, grinding, and milling on metal parts, belong
to the tasks performed by such a robot. Similar to machine tools, machining robots
can carry out multiple machining works, costing less than machine tools with the
same workspace (WS) [11]. Further, a particular machine in this sector, referred to
as parallel kinematic machine (PKM), has drawn academia and industry attention.

Traditional numerical control machines (CNCs) have serial topology structures.
These topologies carry all the driving joints connected in a sequence, with the first
joint lifting the one above it. This feature culminates in the accumulation of errors
along with the joints and bounds of the whole machine’s stiffness and dynamic
performance [12]. The PKM counterpart has the fixed base connected toward the
end-effector by several serial chains called legs, in a closed-loop arrangement.

Five-axis machines provide a complete solution for highly complicated and
sophisticated surface machining, mainly due to its spindle (end-effector) orienta-
tion. However, they are costly, and the maintenance is also complex. According to
some authors (see [3, 8, 9]), the end-effector orientation of most employed PKMs
in machining applications, ranges from a limited bound. Some of them, e.g., Okuma
PM600, vary it from −30◦ to 30◦, while other ones, like Deckel Maho DMT100,
ranges from −60◦ to 60◦.

PKMs have notable advantages over their serial counterparts, related to the high
load/weight ratio, stiffness, low inertia, high velocities, accelerations, and accuracy.
Despite these improvements, PKMs have limited WS and complex kinematics [3].
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More elementary PKMs for industrial applications are desirable. The 3T1Ror Schön-
flies motion parallel mechanism is one of them; it usually has a cleaner topology and
uncomplicated kinematics. These characteristics aid in overcoming those mentioned
PKMs’ shortcomings.

It is of outstanding importance to calculate andmeasure the production machines’
parameters required to determine their quality. Generally, the structural stiffness of
industrial robot manipulators is considerably smaller compared to the CNCmachine
tools. It can cause considerable deflection on its end-effector during the machining
process, influencing its performance. Therefore, stiffness is one of themain properties
to be considered, especially when dealing with a robotic machining system [5].

Encouraged by recent PKM for machining applications developments [6, 10, 12],
thismanuscript presents a comparative analysis between the traditional 3-axis parallel
CNCs, and a novel 4-DOF 3T1R PKM, synthesized by Gogu [1]. The aim is to pro-
vide a new PKMs perspective for machining applications, comparing these different
equipment types. Such a study can wider the state-of-art in terms of machining appa-
ratus possibilities, improving this study field. The mentioned analysis concentrates
on both PKMs theoretical stiffness, one of the main requirements for manufacturing
procedures. The stiffness analysis was conducted considering the Global Stiffness
Index (GSI) [7].

2 Methodology

This section will discuss the adopted methods to solve both PKMs kinematics and
stiffness, scrutinizing the background reasonings and theories.

The kinematic analysis investigates the relationships between the actuators’ inputs
in the joint space and the end-effector output in the operation space. In differen-
tial kinematics, it is desirable to obtain a mapping between the joint velocities and
moving platform velocities. This mapping is known as the Jacobian matrix (J ) [4].
When studying PKMs, J can be obtained by differentiating the position kinematics
equations.

By the kinematic and static duality principle, forces and moments applied on
the moving platform at static conditions are equivalent to the forces and moments
applied in the actuators tomaintain the equilibrium. This relationship can be obtained
through J transpose as depicted below

f = Jᵀ · τ , where J = Jp
−1 · Js, (1)

where τ is the vector of actuator forces or torques, and f is a generalized vector of
Cartesian forces and torques at the moving platform. Jp and Js are inverse and direct
Jacobian matrices, respectively. Each of them multiply the primary and secondary
variables, in such a manner: Js · q̇s = Jp · q̇p.

Furthermore, considering all links as perfectly rigid, and only the actuators’
mechanical transmissions are compliance, it can be stated the following equation:
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τ = χ · q̇p, (2)

χ means a diagonal matrix that represents the actuators’ elastic coefficients. Substi-
tuting q̇p into Eq. 2, then applying on Eq. 1

f = K · q̇s ⇒ K = Jᵀ · χ · J, (3)

if all actuated joints have the same elastic coefficient, then χ = k. Since k is a scalar,
it might be adopted k = 1, resulting in the stiffness matrix

K = k(Jᵀ · J ) ⇒ K = Jᵀ · J. (4)

K value can depend on themoving platform’s both position and orientation. In the
investigated topologies, only the orientation will influence K , regard the decoupled
motion characteristic, as discussed in Sect. 4.

Performance indices are used to find a scalar that represents some kinematic or
dynamic “overall” behavior. The matrix condition number (CN) can be described
as the error generated in the solution space of a linear system of equations by the
error on the data [7]. In other words, the matrix CN highlights the matrix sensibility,
indicating how well is the matrix behavior, when its inputs fluctuate.

Usually, the CN is applied to J . This parameter can be regarded as a J invertibility
measure. TheCN for inversion can be defined as a function of the J , as exposed below

ζ = ‖J‖ ∥
∥J−1

∥
∥ , (5)

where the ‖∗‖ norm can be addressed as different types, e.g., 2-norm, Frobenius,
infinity, among others. Lower ζ values mean a better-conditioned matrix [2].

The CN depends on the J , likewise the K . Consequently, it varies along with the
WS. Hence, to obtain a kind of overall scalar, which represents global architecture
behavior, one can proceed as follows:

η = A

B
, where A =

∫

W

(
1

ζ

)

dW, and B =
∫

W
dW, (6)

η is referred to as the global condition index (GCI), ζ is the CN in a particular WS
point, while B is the WS volume.

The ζ reciprocal is used, intending to limit the range, as depicted below

0 ≤
(
1

ζ

)

≤ 1 ⇒ 0 < η < 1, (7)

in that case, the closer η value is than unity better is the architecture behavior.
Furthermore, as detailed by Gosselin [2], the CN and GCI concepts could also

be used with another argument than the CN. Therefore, the global optimization of
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either kinematic or dynamic parameters is also possible, by directly replacing
(
1
ζ

)

in Eq. 6 by the requested local index.
This paper will analyze the stiffness index to evaluate the K instead of the J .

Thus, Eqs. 5 and 6, turns into

ζK = ‖K‖ ∥
∥K−1

∥
∥ , and ηK = AK

B
, (8)

ζK is the local stiffness index (LSI), and ηK is named global stiffness index (GSI).

3 Architectures Analysis

Two distinct parallel architectures will be analyzed in this section. The traditional
3-DOF3Tmachining architecture and the 4-DOF3T1R fully parallel topology. Func-
tional representations were developed on SOLIDWORKS® software are exposed in
Fig. 1, including their WS volume.

Most of the machining processes, including the milling, are performed with three
translations along the Cartesian axes. These motions are enough to manufacture the
more significant part of the workpieces. This type of movement is the most common
in machining centers, lathes, milling machines, among others.

The traditional 3-DOF machining architecture, known here as “traditional archi-
tecture,” performs three translations along the X , Y , and Z Cartesian axes. The
architecture’s topology is 3PPP , where overline represents the actuated joint. It has

Fig. 1 Both architectures functional representation with WS
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three identical limbs that consist of three translational joints; each leg connects the
fixed platform (1) toward the moving platform (4). The topology comprises 8 links,
9 joints, 2 closed independent circuits, and 3 degrees of mobility. Each limb has
an actuator. The suffixes A, B, C , D, that can be observed in Fig. 1, symbolize the
alphabetical ordering from the first limb (A) to the last one (D).

Specifically, the limb topology can be represented as P ⊥ P ⊥ P . Thus, each
limbs’ translational joints have their axes as orthogonal to each other. Translational
motions depend on only one actuated joint velocity Vi = Vi (q̇i ), i = 1, 2, 3. Conse-
quently, the J is diagonal, and the architecture has uncoupled motions. The WS has
a parallelepiped shape and does not alter its morphology regardless of the kinematic
configuration. The WS volume size depends only on the prismatic joints’ transla-
tional magnitude. If all joints have the same configuration, the WS is a perfect cube.

Points Pi A, i = 1, 2, and 3 are located in the fixed links (fixed platform). While
the points PiB are representing 2 j , j = A, B, and C links distal points in the actuator
action line, near to the 3 j link. The q̇i vectors represents 2 j links input velocities,
also h1 and h2 are moving platform dimensional parameters. The highlighted red
dot is named “action point,” i.e., the selected reference point to analyze the whole
kinematics.

Considering the foregoing, one can state the following equations:

P1B = P1A + q1

⎡

⎣

−1
0
0

⎤

⎦ , P2B = P2A + q2

⎡

⎣

0
1
0

⎤

⎦ , P3B = P3A + q3

⎡

⎣

0
0

−1

⎤

⎦ , (9)

since the points Pi A are located on the fixed links, their coordinates are fixed too,
depending only on the traditional architecture dimensions. Furthermore, points PiB
coordinates differ only on one axis regarding the Pi A points, which relies on the
translational actuator joint direction. That is, the distance between both points leans
on the translation magnitude of the 2 j input link.

Examining the presented equations and taking into account the set of geometric
parameters, it can be written the following:

⎡

⎣

Px
Py

Pz

⎤

⎦ =
⎡

⎣

P1Ax − q1 − h1
P2Ay + q2 + h2

P3Az − q3

⎤

⎦ ,

⎡

⎣

q1
q2
q3

⎤

⎦ =
⎡

⎣

P1Ax − h1 − Px
Py − P2Ay − h2

P3Az − Pz

⎤

⎦ , (10)

in which the right side equation describes the direct kinematics, where the moving
platform position and orientation are determined through the actuators’ inputs. Fur-
thermore, the left side equation exposes the inverse kinematics, where the actuators’
inputs are achieved using the moving platform position.

As mentioned in Sect. 2, differentiating the kinematic equations in Eq.10, explic-
itly considering the direct kinematic equations, yields:
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Js · q̇s = Jp · q̇p ⇒
⎡

⎣

1 0 0
0 1 0
0 0 1

⎤

⎦ ·
⎡

⎣

Vx

Vy

Vz

⎤

⎦ =
⎡

⎣

−1 0 0
0 1 0
0 0 −1

⎤

⎦ ·
⎡

⎣

q̇1
q̇2
q̇3

⎤

⎦ . (11)

By means of Eq.1 one can reach J . Regarding traditional architecture J and calcu-
lating K as exposed in Eq.4, it possible to achieve the following matrices:

J =
⎡

⎣

−1 0 0
0 1 0
0 0 −1

⎤

⎦ and K =
⎡

⎣

1 0 0
0 1 0
0 0 1

⎤

⎦ . (12)

The studied 4-DOF topology, henceforth known as “decoupled architecture,”
belongs to the “Fully-Parallel Topologies with Decoupled Schönflies Motions” fam-
ily. Gogu [1] synthesized this PKM family, using a unified approach for type syn-
thesis, providing novel solutions for PKMs topologies.

Decoupled architecture has 4-DOF 3T1R motion, also known as Schönflies
motion. This kind of movement consists of three translations along the X , Y , and Z
Cartesian axes, added with one rotation along some specific axis, in that case, the
X axis. The topology has four limbs, three of them are identical, and one is slightly
different. The limbs have four or five joints and connect the fixed platform (1) to the
moving one (8). All limbs have a translational joint actuator. The topology contains
25 links, 31 joints, 3 independent closed circuits, and 4 degrees of mobility.

Figure1b limb’s topology can be expressed as P ‖ Pa ‖ R ‖ R and P ‖ Pa ‖ R ‖
R ⊥ R. R, and Pa represent the revolute and parallelogram joints. Thus, each limb’s
joints have their axes all parallel each other, except for the one with three consecutive
revolute joints, where the last revolute joint is perpendicular to the previous one. The
limbs combine one planar parallelogram loop (Pa) each one. Translational motions
depend on one actuated joint velocity Vi = Vi (q̇i ), i = 1, 2, 3 and the rotational
velocity on two actuated joints velocities θ = θ(q̇3, q̇4). Therefore, J is triangular,
and the manipulator has decoupled motions. That is, the motions depend on only one
or at least two joints velocities.

As well as in traditional architecture, the WS volume has the same parallelepiped
shape. However, in the decoupled architecture, the WS volume can vary according
to the kinematic configuration. Depending on the moving platform orientation angle,
the WS volume can decrease or increase. The closer the θ is to zero, the greater the
WS volume. This fact can be proven by observing the Eq.14, that is, to maintain a
specific θ angle along with the WS, should exist a geometric discrepancy between
the P3B and P4B . The mentioned discrepancy, namely the a2 parameter in Fig. 2, will
lead to a smaller translation capacity along the Z Cartesian axis, then reducing the
WS volume.

A functional representation of all limbs, including the adopted geometric features,
is depicted in Fig. 2. Inwhich the first limb is at the left corner. The selected coordinate
perspective follows the Fig. 1b pattern, where the first limb representation is on the
X Z plane perspective, while the other ones are on the Y Z plane. Additionally, points
Pi A, i = 1, 2, 3, 4 represent the fixed links (fixed platform). While the points PiB are
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Fig. 2 Functional representation of all decoupled architecture limbs

representing 2 j , j = A, B, C , D links distal points in the actuator action line, near
to the Pa joints.

The Pa joints are illustrated as doubled lines with rectangles; the revolute joints
are either rectangles or circles, depending on their axes’ direction. Vectors q̇i are the
2 j links input velocities. l1 is a generic geometric parameter, which represents the
moving platform half-length along with the X axis, l2, l3, and l4 are representing
the 7 j links length. Finally, a1 is the moving platform length concerning the Y axis.
Also, a2 is a geometric variable that depends on the X axis’s moving platform angle,
namely θ.

Observing Fig. 2 and considering the actuation of the inputs, it can be written

⎧

⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

P1B = P1A + q1

⎡

⎣

−1
0
0

⎤

⎦

P2B = P2A + q2

⎡

⎣

0
1
0

⎤

⎦

,

⎧

⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

P3B = P3A + q3

⎡

⎣

0
0

−1

⎤

⎦

P4B = P4A + q4

⎡

⎣

0
0

−1

⎤

⎦

, (13)

since the Pi A points coordinates are fixed, points PiB differ their coordinates only on
one axis regarding the Pi A points.

Using the θ sine relation, where a2 = (P4Bz − l4) − Pz , where Pz is the last P
vector coordinate, one can achieve the direct kinematics equations

P =
⎡

⎣

Px
Py

Pz

⎤

⎦ =
⎡

⎣

P1Ax − q1 − l1
P2Ay + q2 + l2
P3Az − q3 − l3

⎤

⎦ , θ = sin−1

(
(P4Az − q4 − l4) − Pz

a1

)

. (14)

Likewise done earlier in the traditional architecture, differentiating the direct kine-
matics equations exposed in Eq.14, yields

⎡

⎢
⎢
⎣

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 a1cos(θ)

⎤

⎥
⎥
⎦

·

⎡

⎢
⎢
⎣

Vx

Vy

Vz

θ̇

⎤

⎥
⎥
⎦

=

⎡

⎢
⎢
⎣

−1 0 0 0
0 1 0 0
0 0 −1 0
0 0 1 −1

⎤

⎥
⎥
⎦

·

⎡

⎢
⎢
⎣

q̇1
q̇2
q̇3
q̇4

⎤

⎥
⎥
⎦
. (15)
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Then applying the Eqs. 1 and 4, J and K are achieved

J =

⎡

⎢
⎢
⎣

−1 0 0 0
0 1 0 0
0 0 −1 0
0 0 −1 −a3cos(θ)

⎤

⎥
⎥
⎦
, K =

⎡

⎢
⎢
⎣

1 0 0 0
0 1 0 0
0 0 2 a1cos(θ)
0 0 a1cos(θ) a12cos2(θ)

⎤

⎥
⎥
⎦
. (16)

4 Stiffness Analysis and Comparison

Examining Eq.12 and applying in Eq.8, one can achieve both the LSI and GSI of
the traditional architecture. The norm used to calculate it is the Frobenius norm.
Thus, this norm will lead to an LSI measured as the square root of the sum of the
absolute K elements squares. This procedure produces some crucial data, facilitating
the visualization of the well-conditioned regions. Since K is an identity matrix, the
local stiffness index value is ζK = 3, along with the whole WS, and also, GSI = 1

3 .
It can be concluded that traditional architecture is an isotropic topology; that is, it
has unity and constant values for the whole WS in terms of LSI and GSI.

To achieve the decoupled architecture LSI, the same norm as used in the tra-
ditional architecture was employed. Examining Eq.16, the LSI will be calculated
numerically, i.e., adopting some generic a1 and θ values. The curves in Fig. 3a are
plotted against θ, varying the a1 value. This figure shows the LSI behavior according
to these parameters variation, including the maximum reachable LSI value respect-
ing a1. Figure3a shows that the optimum GSI value may be attained when the a1
value is around 1,4, especially because of the LSI straight shape behavior, rather than
maximum reachable value, since the GSI measures the overall behavior.

Computing the GSI as shows in Eq.8, it is necessary to analytically calculate the
LSI through the Frobenius norm, which results in an eighth order polynomial. Then,
an algorithm was used to compute the Ak parameter as follows:

Ak =
∫

θ

∫

Z

∫

Y

∫

X

(
1

ζK

)

dxdydzdθ. (17)

These integrals limits represent the operation space, X , Y , and Z are the magnitude
of the translation, θ is the moving platform orientation range. To solve the above
exposed integral was used the global adaptative quadrature method.

It possible to note that WS volume B changes according to the θ angle variation,
resulting in a non-vanishingWS volume for every θ angle. To compute the B param-
eter,1 then calculate the GSI, one should integrate the decoupled architecture WS
volume equation in relation to θ, in such a way

1The WS parallelepiped shape, as depicted in Sect. 3, can be naturally calculated similar to a cube
volume. However, the a2 = a1sinθ parameter should be subtracted by the Z translation magnitude,
since there is a non-vanishing WS.
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Fig. 3 Decoupled architecture performance indices

B =
∫

θ

XY ‖Z − a1sinθ‖ dθ. (18)

Equation18 calculates the global WS volume, that is, the volume for every orien-
tation of the moving platform. Translations along Cartesian axes magnitude do not
interfere with the GSI values. Increasing the translation magnitude in A parameter
integral limits will lead to a proportional increase in the B parameter, resulting in
the same GSI values. Only the θ variation will influence this index because there
is a non-vanishing WS volume. The curves plotted in Fig. 3b shows the achieved
GSI results for two distinct θ integral limits (−45◦ to 45◦, and −90◦ to 90◦), and for
θ = 0◦, including the maximum reachable GSI value.

As expected, the optimum GSI value are given when a1 = 1.3, θ = 0◦ and it is
GSI = 0.121. It is important to say these GSI values are inversely proportional to
θ limits. A lower spindle range capacity results in greater GSI values. This fact is in
line with the foregoing since the LSI value decreases with higher absolute θ values.
This data indicates the decoupled architecture better-suited dimensional parameters
regarding its theoretical structural stiffness. Also, it gives an insight regarding the
spindle angle range effects in the stiffness conditioning.

Decoupled architecture has smaller theoretical stiffness values when compared
to the traditional architecture. However, it gains an additional DOF, contributing to
machinemore complex surfaces than the traditional CNC.Moreover, if the demanded
task requires 5-DOF, it might be possible to achieve them by adding a rotary table
in the work-frame, allowing the extra rotational DOF.
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5 Conclusions

3-DOF Cartesian PKMs maybe not sufficient to operate in some cases, for example,
in the machining of high complex surfaces workpieces. 5-DOF 3T2R PKMs usually
possess high coupled and complex kinematics, leading to arduous design, modeling,
and control strategies. 4-DOF 3T1R PKMs, like the decoupled architecture, may
represent a practical compromise among them. Decoupled architecture presents a
straightforward kinematic analysis, decoupledmotions, andwell-conditioned perfor-
mance indices; these properties are desirable for machining applications. Similar to
traditional architecture, decoupled architecture has its workspace in a parallelepiped
shape, which is another attractive characteristic.

The traditional architecture has better stiffness indices since it owns uncou-
pled motions. Its K is an identity matrix and GSI = 1

3 . Decoupled architecture,
in turn, realizes its best results when the dimensional parameter a1 = 1.3, in which
GSI = 0.121. It is worth saying that the made stiffness analysis does not consider
the decoupled architecture’s full potential. In other words, there are more detailed
analyses, such as an analytical approach based on the structural matrix, the numerical
method using finite element software, among others. A more detailed analysis will
probably feature the decoupled architecture rigidity, mainly due to the existing Pa
joints, as other researches indicate.
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Modelling and Simulation of Industrial
Robot Using SolidWorks

Chinmaya Sabnis, N. Anjana, Amit Talli , and Arunkumar C. Giriyapur

1 Introduction

Manipulators are used in various fields such as industrial, medical and social appli-
cations. They are used in modern industrial factories such as production lines of
cars, ships, and rockets. They can finish the given task in a much shorter time as
compared to humans. The manipulators or industrials robots have three or more
degrees of freedom to perform various tasks. Industrial robots are classified as an
open chain or serially connected chain of rigid links [1]. The open-chain or industrial
robot kinematics is based on Denavit–Hartenberg (DH) parameters to describe the
end-effector’s position and orientation [2]. The main problem associated with the
industrial robot is the lack of visualisation of task planning faced by the technicians,
increased training period and accidents [3]. Hence, a systematic approach is required
to overcome the lack of visualisation of task planning.

The commercial and open-source software are specifically available for robot
visualisation such as V-REP, Gazebo and RoboAnalyzer [4]. The computer-aided
design (CAD) software such as SolidWorks, CATIA, Solid Edge, OPENCASCADE
and Autodesk fusion are also used for the simulation [5]. The CAD software’s have
become sophisticated and are equippedwithmore advanced libraries [6].ManyCAD
software tools support Parasolid, STEP files for seamless data exchange without
losing information. The robot manufacturer provides a CAD data file to understand
the robot’s structure and specifications in various formats. The file containing the
information regarding the robot arm can be imported directly into any CAD software.
The simulation can be performed in the assembly module of any CAD tool for
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task planning. Virtual reality is the newest technology used to visualise the robot
programming in offline mode [7, 8].

In this paper, SolidWorks, a CAD tool fromDassault Systemes, is used to simulate
an industrial robotic arm. It has the capabilities to perform simulation by applying
constraints in motion analysis. The output, such as linear displacement, velocity,
acceleration can be plotted in the form of graphical format or excel sheet for data
analysis and optimisation. Most of the industries use the most popular CAD tool for
the design and require no extra training or investment to visualise the task planning of
the robotic arm. This paper focuses on simulating an industrial robot’s task using the
event-based module of the SolidWorks software. The event-based module is useful
for the robot technician’s working in an industry, and it can be used effectively to
reduce the training times to improve work efficiency in those industries. This paper
is divided into, modules on ‘Problem Statement’, ‘Workflow, ‘Denavit-Hartenberg
Parameters’, ‘Methodology’, ‘Results’, and ‘Conclusion’ are presented.

2 Problem Statement

There is much speculation that by 2030 as per reports estimate, there will be a
shortage of 85.2 million talented workforces and will cause immense loss to various
companies. The untrained workforce also leads to less working hours and more
unfinished work to complete due to which many companies are now dependent on
robotics for a solution. Though robots do not replace human force, they are beneficial
in challenging times for companies to rely on them.

Major disasters are due to human enforcement because humans get tired quickly
and cannot work continuously as the robots are more reliable [2] and are unharmed
even during any disaster. One more area where the human workforce might fail is
the accomplishments of intricate designs as they may get complicated for a human
to solve. Technicians may feel challenging to visualise the kinematics of industrial
robotics and systematic planning of robotics tasks. Figure 1 shows the various compo-
nents of any typical industrial robotics system. The technicians should be trained in
proprietary software provided by the manufacturer to program the industrial robot.

3 Workflow

The workflow for the visualisation of path planning or task planning is shown in
Fig. 2. The first step starts with the part modelling module. The industrial robot parts
are designed as per the dimensions recommended by the manufacturer catalogue or
the Parasolid file, or a STEP file of the industrial robot can be imported directly into
the CAD platform. The second step is assembling the parts of the industrial robot.
In this step, the individual part is checked, and constraints are applied between the
rigid links for providing the relative motion between the links. After applying all
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Fig. 1 Industrial robotic system

Fig. 2 Workflow

the constraints to the industrial robot, the motion analysis module of SolidWorks is
activated for the planning of events or tasks. Finally, the simulation is performed for
visualisation and interpreting the results.

The interface of the SolidWorks with event-based motion analysis is shown in
Fig. 3. The event-basedmotion analysis consists of planned tasks that can be triggered
bymotors or actuator’s action. The results such as linear displacement, linear velocity,
linear acceleration, path tracing, can be plotted for interpretation.

4 Denavit–Hartenberg Parameters

Denavit–Hartenberg (DH) parameter is the standard method developed for the
serial robot manipulators [1]. For illustration purpose, the KUKA KR6 robot is
used for understanding DH-parameters. The DH-parameter process applies to all
serial robots. The DH-parameters act as a guideline for constructing the kinematic
architecture of the robotic manipulator. Figure 4 shows the CAD model of the
KUKA KR6 robot [2, 9].
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Fig. 3 SolidWorks interface

Fig. 4 KUKA KR6

Table 1 shows the DH-parameters of KUKA KR6 [3] robot with six-degrees of
freedom. Each row in the table represents the jointwith a limited range ofmotion. The
joint angle (θ) and joint offset (d) are for the prismatic or pin joint. The link parameters
give link length, and the twist angle, represented as (a) and (α), respectively. The
axis of rotation and joint offset is considered about the z-axis. The link parameter
such as length and twist angle are taken along and about the x-axis as per the DH-
parameters conventions. The last column of Table 1 represents the limited motion
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Table 1 DH-parameters for the KUKA KR6 robot [3, 10]

Joint θ d a α Robot motion range

1 θ1 d1 a1 −π/2 ±185°

2 θ2 0 a2 0 +35° −155°

3 θ3 0 a3 π/2 +154° −130°

4 θ4 d4 0 −π/2 ±350°

5 θ5 0 0 π/2 ±130°

6 θ6 d6 0 π ±350°

range in terms of degrees. Different robot models have a limited operating range and
working space or envelope.

The end-effector or tool such as welding gun or spray-painting tool is attached
at the joint 6. To describe the position and orientation of the joint 6 or the tool
is determined by using the Homogeneous Transformation Matrices (HTM). The
homogeneous transformation matrix consists of four rows and four columns (4
× 4). The last column of the homogeneous transformation matrix represents the
end-effector position and orientation in the spatial workspace. The remaining
elements of the homogeneous transformation matrix represent the orientation in X,
Y, and Z-axis. The homogeneous transformation matrix is obtained by multiplying
each row of Table 1 in the following format:

T = Trot(θ, z)
∗Ttrans(d, z)

∗Ttrans(a, x)
∗Trot(α, x) (1)

The homogeneous transformation matrix is given below:

T =

⎡
⎢⎢⎣

cos(θ) −sin(θ)cos(α) sin(θ)cos(α) acos(θ)
sin(θ) cos(θ)cos(α) −cos(θ)cos(α) asin(θ)
0 sin(α) cos(α) d
0 0 0 1

⎤
⎥⎥⎦ (2)

The information about the KUKA KR6 robot is used to build the kinematics
model. The forward kinematics equations are developed by using the homogeneous
transformationmatrix.After performing thematrixmultiplication as perEq. (1) of the
homogeneous transformation, the matrix yields 4 X 4 homogenous transformation.

The position of the KUKA KR6 in the spatial workspace is given by

X = a1 ∗ c1 − d6 ∗ (s5 ∗ (s1 ∗ s4 − c4 ∗ (c1 ∗ c2 ∗ c3 − c1 ∗ s2 ∗ s3)) − c5 ∗ (c1 ∗ c2 ∗ s3 + c1 ∗ c3 ∗ s2))

+ a3 ∗ (c1 ∗ c2 ∗ c3 − c1 ∗ s2 ∗ s3) + d4 ∗ (c1 ∗ c2 ∗ s3 + c1 ∗ c3 ∗ s2) + a2 ∗ c1 ∗ c2 (3)

Y = d4 ∗ (c2 ∗ s1 ∗ s3 + c3 ∗ s1 ∗ s2) − a3 ∗ (s1 ∗ s2 ∗ s3 − c2 ∗ c3 ∗ s1) + a1 ∗ s1

+ d6 ∗ (s5 ∗ (c1 ∗ s4 − c4 ∗ (s1 ∗ s2 ∗ s3 − c2 ∗ c3 ∗ s1))+c5 ∗ (c2 ∗ s1 ∗ s3 + c3 ∗ s1 ∗ s2))

+ a2 ∗ c2 ∗ s1 (4)
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Table 2 Robot
Specifications [3, 10]

Parameters: Value

Axes 6

Payload 6.00 kg

H-reach 1570.00 mm

Repeatability ±0.0500 mm

Robot mass 235.00 kg

Structure Articulated

Z = d1 − a3 ∗ (c2 ∗ s3 + c3 ∗ s2) + d4 ∗ (c2 ∗ c3 − s2 ∗ s3)

+ d6 ∗ (c5 ∗ (c2 ∗ c3 − s2 ∗ s3) − c4 ∗ s5 ∗ (c2 ∗ s3 + c3 ∗ s2)) − a2 ∗ s2
(5)

where c1 = cos(θ1), and s1 = sin(θ1). To simplify and to create a compact equation,
the trigonometric identities are written in short form.

5 Methodology

5.1 Development of Industrial Robot in SolidWorks

The KUKA KR6 robot has seven links connected with six joints to provide relative
motion between the links robot. TheKUKAKR6 is used to show the process followed
to visualise task planning in SolidWorks [4]. This process or method applies to all
serial or open-chain industrial robotic arms. Table 2 shows the specifications of the
KUKA KR6. The Parasolid or STEP file of KUKA KR6 can be directly imported
into SolidWorks. The KUKA KR6 is a six-axis robot with a payload of 6 kg. The
payload of the robot is defined as the load-carrying capacity of the industrial robot.
The horizontal reach of the robot is around 1570 mmwhen the arm is fully extended.
The repeatability of the robot is given in terms of tolerance values of ± 0.0500 mm.
The ability to reproduce the same value within the allowable tolerance is known as
repeatability. The total mass of the KUKA KR6 is 235 kg, and the base of the robot
is attached to the ground.

5.2 Event-Based Motion Analysis

The tool’s initial position or end-effector of KUKA KR6 robot with respect to the
base in the Y-axis is found to be 1310.58 mm. Figure 5 shows the initial position
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Fig. 5 Initial position of KUKA KR6

of the end-effector or tool. The initial position of the robot can be considered as the
home position of the robot.

The six-degrees of freedom robots are widely used in arc welding, spot welding,
and spray-painting operation. The CAD tool does not require any programming
languages such as python, java, and VAL to plan the robot’s task. The event-based
motion analysis is based on the set of tasks arranged logically. Figure 6 shows an
example of a path traced by the robot in SolidWorks. The path appears to be zig-zag
manner, which depicts the motion of arc welding or spray painting.

Motion Analysis is an add-in module available in SolidWorks for performing
the motion study. These modules are also available in other CAD software such as
CATIA, and Solid Edge as motion simulation. The motion analysis includes force,

Fig. 6 Trace path of KUKA KR6
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Fig. 7 Event-Based motion analysis interface

gravity, spring, damper, solid contact, and other playback options. The motion anal-
ysis can be applied, when all the constraints are satisfied in SolidWorks. The error
or over-constrained warnings must be cleared to conduct error-free analysis.

Figure 7 shows the interface of event-basedmotionwith tasks. The ‘Tasks’ column
consists of name and description such as Task 1, Task 2 …. Task n and description
column consist of a description of a particular task. The next column consists of a
trigger, condition, and Time/Delay. The trigger activates the task and the condition
specifies whether the task should start after the previous task or start simultaneously.
The Time/Delay is used to mentions the delay in starting any task as per the require-
ments. Actions column consists of features, action, value, duration, and profile. The
last option under actions is profile. There are four types of motion profiles: linear,
constant acceleration, harmonic, cycloidal, and cubic. The motion profile is selected
depending upon the requirements. For our study, the linear motion profile is used to
perform the simulation. The last column in event-based motion analysis represents
the start and end time of the task.

6 Results

Figure 8 shows the linear displacement of the tool in the y-direction. The tool’s initial
position was at 1350mm in the y-direction, as shown in Fig. 5. After tracing the path,
as shown in Fig. 8, the tool’s final linear displacement is at 893 mm approximately
in the y-direction. The total time taken to complete the operation was around 27 s,
as shown in the event-based motion analysis. The other parameters such as linear
velocity, acceleration, torque, motor power consumption can be plotted for further
analysis.

Figure 9 shows a circular and rectangular path traced by the KUKA KR6. The
path could be designed by using path mate available in the SolidWorks for planning
complex paths. The pathmate can be incorporated in the event-basedmotion analysis.
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Fig. 8 The linear displacement of KUKA KR6

Fig. 9 Circular (a) and rectangular path (b)

7 Conclusion

The event-based motion analysis of SolidWorks can be used to visualise the path
planning of industrial robots. In this paper, an overview of how SolidWorks motion
analysis software can be used to enhance the understanding and abilities of robot tech-
nicians was discussed. The standard method of defining the industrial robot’s archi-
tecture based on Denavit–Harteneberg parameters are discussed. The robotic system
consists of a controller, flex pendant, and robotic arm,which becomes difficult to visu-
alise the robot’s kinematics. In that case, there is a high probability of not analysing
or predicting the wrong trajectories or even wrong entries in a program which may
lead to accidents, or unwanted maintenance issues, by this, we can eliminate the
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losses or damages caused by the operation as well as training time by enhancing the
visualisation by using the offline programming presented in this paper. Since there
are many difficulties in programming a robot or manipulator, which increases the
error or lack of efficiency, it is always good to program it offline or simulate it in
a virtual environment. In summary, event-based motion analysis in SolidWorks can
help robot technicians understand the robot’s kinematics, making themmore prolific.
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Long-Range Drilling System
with Constrained Tool Path
Based on Scissor-Like Elements

Juan G. Grijalva, Edson R. De Pieri, and Daniel Martins

1 Introduction

In the manufacturing of large products, such as cars, airplanes and ships, a typical
challenge is the long-range machining [7]. Traditional industrial robots cannot fit on
the large products conveyor line [1] as they have to access manufacturing sites within
large parts. Another requirement in the manufacturing of these products is industrial
safety and high quality standards [1]. Overshoot in the tool path can cause inaccurate
machining on products [5] leading to a low quality manufacture. By constraining the
path of the tool, accidents can be avoided; thus, improving industrial safety.

A solution, for manipulating workpieces in aircraft assembly, is presented in [7].
This solution consists of a parallel robot made up of three pairs of SLEs and six
prismatic actuators, giving a total of six degrees of freedom (DoF). The novelty
of this solution is the integration of SLEs in the Gough-Stewart hexapod platform
[8, 14]. The main advantage of this parallel robot, compared with the Gough-Stewart
platform, is the significant larger workspace. The dynamic equation of SLEs assem-
blies can be obtained by identification systems theory [9]. With the dynamic model,
it is possible to apply a MPC. MPC is an optimal control strategy able to deal with
unstable and nonminimumphase plants, which employs a dynamic equation to obtain
an optimal control sequence by minimizing an objective or cost function [2]. At each
sampling interval, the dynamic equation is used to predict the output of the system
over a prediction horizon. General predictive control (GPC) is one of the most pop-
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ular MPC algorithms due to the effectiveness in the industrial process showing good
performance and a certain degree of robustness [12].

Thus, in this paper, we present a long-range drilling system, regulated by a GPC,
which, in addition to stabilization, is responsible for constraining both the overshoot
and the tool path. Aiming to obtain a large workspace, the displacement mechanism
of this system ismade up of simple SLEs [10]. This document is organized as follows:
in Sect. 2, the geometric design analysis of the system is presented. Also, the main
components of the system are detailed. In Sect. 3, we introduce theMPCaswell as the
approach to constraint the tool path and the overshoot. In addition, the results of the
simulation are shown in Sect. 3. Finally, the conclusions of this work are presented
in Sect. 4.

2 Geometric Design Analysis

The novelty of this research is to integrate a SLE structure in a conventional drilling
machine and regulate the advance of the tool with a constrained GPC (GPCC).
Therefore, the parts of the drilling system and the geometric design of the SLE
assembly are detailed in this section.

2.1 Parts of the Drilling System

The drilling system, based on Fig. 1, is made up of the next parts:

1. Tool: In this case a drill bit, which is a cutting tool used to remove material to
create holes, almost always of circular cross-section.

2. Chuck and torque generator: The chuck is in charge to secure the drill bit. The
torque generator, which can be a motor impulsed by pneumatic or electrical
energy, is responsible to transmit the power to the tool.

3. Prismatic actuator: This actuator regulates the deployment of the SLE structure,
at the same time the advance of the tool by the chuck.

4. SLE assembly: This deployable structure gives the characteristic of reaching a
long-range to the tool. In the next subsection, we discuss about its geometric
design.

2.2 Design of the SLE Structure

SLEbased assemblies give the possibility to design folding structures.ASLEconsists
of a pair of links joined by a pivot, a revolute joint, to allow free rotation of one link
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Fig. 1 Drilling system composed by 4 SLEs: a folding state b deploying state

Fig. 2 SLE structure: geometry

relative to the other around the pivot axis [15]. In Fig. 2, the SLE structure employed
in the drilling system shown in Fig. 1 is depicted, which is made up of four SLEs;
nevertheless, it is possible to design uncountable configurations of SLE assemblies
by using the geometrical relations described bellow

B0B1 = C0C1 = √
4a2 − δ2, (1)

B0B4 = C0C4 = NC0C1, (2)

where a = B0A1 = C0A1 = A1C1 = A1B1, δ = B0C0 is the input overture of the
SLEs, and N is the number of SLEs. In the drilling system presented in Fig. 1, we can
compute the maximum deployment as follows: the length of the links in the SLE is
a = 15 cm with an input overture δ = 10 cm. By using (1), it is possible to calculate
C0C1 = 28.28 cm. Then, by using (2), the total length of the deployment of the SLE
structure can be calculated, in this case B0B4 = 113.13 cm. The total deployment of
the system, in this case, can be computed by summing the length of the SLE structure
plus the length of the tool, the chuck, and the motor ω = 27 cm (see Fig. 1); so, we
have a total path of 140.13 cm. In the next section, we present an approach to control
and constraint the path of the drilling system.

3 Model Predictive Control for the Drilling System

In this section, we first present an approach to derive the dynamic model of the
system using identification systems theory. Then, we introduce the adapted version
of GPC for the drilling system. Finally, we detail the optimal conditions to define
the constraints on the performance of the system.
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3.1 Dynamic Equation

The dynamic equation is obtained by using the approach based on the theory of iden-
tification systems presented inGrijalva et al. [9]. Themodel, used in the identification
process, is an auto-regressive with exogenous input (ARX) given by

yk + a1yk−1 + a2yk−na = b0uk−nk . (3)

The simulation, to control and identify the parameters, of the drilling systems was
developed by using Simscape-Simulink. Unlike other Simulink blocks, which rep-
resent mathematical operations or operate on signals, Simscape blocks represent
physical components or relationships directly being possible to configure mass, iner-
tia, friction, among other dynamic forces. The values identified from the drilling
system are a1 = −1.95, a2 = 0.93, and b0 = 0.0015. For convenience, we write the
identified parameters as polynomials in Z -domain as follows

B(z−1) = b0, A(z−1) = 1 + a1z
−1 + a2z

−2. (4)

We choose a sampling time T s = 0.1 s for the drilling system under the fact that the
desired settling time is about 2 s. In the next subsection, the Eq. 4 is used to develop
the predictive control algorithm.

3.2 Generalized Predictive Control

This algorithmwas introduced in [6] being a successful and popular method in indus-
try as well as in academia [13]. Six years later, a paper [4] presenting a constrained
approach of GPC was published. Because of safety, high quality (in manufactured
products), sensor limitations, among other reasons, considering constraints in control
systems is important. The omission of constraints can lead into a poor performance
or instability [11]. Based on the dynamic equation, in discrete time, obtained by
identification procedure in Sect. 3.1, we can define a controller auto-regressive with
integrated moving-average (CARIMA), without delays, to apply the GPC as follows:

A(z−1)yk = B(z−1)uk−1 + C(z−1)
ek
Δ

, (5)

where uk and yk are the input and output, respectively, of the drilling system at
each sample k, ek is a zero mean white noise characterized by a C polynomial,
and Δ = 1 − z−1 is a discrete time integrator. For convenience, the C polynomial
is chosen to be 1. Since GPC uses predictions in the future, we define a prediction
of the output advanced j steps ahead in the future as yk+ j . To compute the future
outputs, we consider the Diophantine equation
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1 = E j (z
−1) Ā(z−1) + z− j Fj (z

−1). (6)

In (6), the polynomial Ā = ΔA(z−1), E j can be obtained by dividing 1 by Ā(z−1)

being z− j Fj (z−1) the remainder of the division. The Eq.5 can be expressed in future
predictions by multiplying it by z j E j (z−1) as follows:

E j (z
−1) Ā(z−1)yk+ j = E j (z

−1)B(z−1)Δuk+ j−1 + E j (z
−1)ek+ j . (7)

As the terms of the white noise in the future have zero mean and by replacing (6) in
(7), we can rewrite (7) as

yk+ j = G j (z
−1)Δuk+ j−1 + Fj (z

−1)yk, (8)

in Eq.8 the polynomial G j (z−1) = E j (z−1)B(z−1). The GPC technique consists of
applying a control sequence that minimizes a cost function of the form

J =
NP∑

j=N1

βε2j +
NU∑

j=1

λΔu2j−1, (9)

where NU and NP are the control and prediction horizons, respectively, the predicted
error is ε = yk+ j − rk+ j being rk+ j the desired reference, and β and λ are the weights
of the cost function. Since we did not consider delays in our plant, the value of the
starting prediction horizon N1 can be equal to 1. By using Eq. (8), and for simplicity
Eq.9 can be rewritten in the following matrix form [3]

J = (Gu + F − r)Tβ(Gu + F − r) + uTλu. (10)

By minimizing the cost function J , in (10) over u, we can derive the control law as
follows

Δu = (
GTβG + λ

)−1
GTβ

︸ ︷︷ ︸
K

(r − F). (11)

Based on (11), the discrete time controller can be represented by the scheme
depicted in Fig. 3. Note that in Fig. 3, the input uk corresponds to the force supplied
by the prismatic actuator to the SLE structure, and the output yk represents the drilling
path. In the next subsection, we describe the optimal condition to constraint the tool
path.
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Fig. 3 GPC scheme for the
drilling system

3.3 Constraints on the Tool Path

To adapt the drilling system constraints, when minimizing J from equation (10)
the condition in (12) [3] must be considered where H and b are matrices with the
corresponding dimensions.

HΔu ≤ b. (12)

This procedure is detailed in the following subsection.

3.3.1 Restriction on the Advance of the Tool

Because of industrial safety, the availability of space, among other reasons, it is
possible to have the need to restrict the path of the tool. In the case of the drilling
system, it was defined a constraint of yMax = 1 m in the output of the system. This
restriction can be represented by the following inequality:

y ≤ yMax . (13)

By replacing (8) in (13), we have

GΔu + F ≤ yMax , (14)

the Eq.14 can be rewritten in the form of (12), see below

[
GNP×NU

]
Δu ≤ [

1NP×1yMax − FNP×1
]
. (15)

In Fig. 4, we can see a simulation of a drilling process where the tool has to reach
a distance of 1.4 m to make a hole. Then the tool moves back to a reference of 0.3 m,
and finally the tool has to reach a distance of 1.2 m to make a second hole. In red line
on Fig. 4, the performance of the plant by using the GPC is shown. The performance
of the GPCC, in which condition (15) applies, is represented by a blue line. Also, it
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Fig. 4 Constraint on the tool path of the drilling system

is possible to see that even though output reference is grater than yMax , the tool path
does not exceed the constraint of yMax = 1 m. The force supplied by the prismatic
actuator to the mechanism can be seen in Fig. 4 too. We can conclude that an actuator
with a maximum force equal or greater than 50 N is necessary. The controller was
tuned as follows: NP = 40, NU = 8, λ = 0.001, and β = 1.More information about
the tuning of GPC can be found in Camacho et al. [3].

3.3.2 Constraint on the Overshoot

The overshoot of the tool path can cause poor quality in the manufacturing of many
products. The condition to avoid overshoot can be defined as

y ≤ r, i f r > y,
y ≥ r, i f r < y,

(16)

where r is the reference or set point. By replacing (8) in (16), we have

GΔu + F ≤ r ∧ GΔu + F ≥ r. (17)

The inequalities in (17) can be rewritten in the form of (12) as follows:

[
GNP×NU

−GNP×NU

]
Δu ≤

[
1NP×1r − FNP×1

−1NP×1r + FNP×1

]
. (18)
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Fig. 5 Constraint on the overshoot of the drilling path

In Fig. 5, we can see a comparison of GPC and GPCC of the drilling path per-
formance. In blue line, the effectiveness of the GPCC using the condition in (18) is
depicted. The overshoot of about 5 cm in the process can cause poor quality in the
manufacture or even worse a collision. The force supplied by the actuator is almost
similar in both cases, being necessary for an actuator able to supply at least 50 N.

4 Conclusion

The drilling system presented in this paper offers the possibility of reaching long
distances, thanks to the integration of SLEs. Besides stabilization, due to the GPCC,
it is possible to avoid the overshoot, improving machining quality. By using GPCC,
it is possible to constraint the tool path as it is a software-based solution in industrial
safety.
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Development of an Automatic Thread
Tension Adjusting Device for Single
Needle Lock Stitch Machine

Bhaskar Guin and Rohan Roy

1 Introduction

Textile products have worldwide demand, with the largest global manufacturer and
exporter being China followed by Europe and India [1]. The textile industry serves
as the backbone of small and micro-scale industries in major 3rd world countries.
It is a labour-intensive industry, and not much of technological development have
been implemented after the late nineteenth century. The industry retains its indige-
nous practices like hand-crafting and the use of primitive machinery. The major
drawback of traditional manufacturing is its incapability to regulate quality control
during production. Hence, the percentage of defective products is generally higher,
which is a huge setback for the industry. During commercial garments manufac-
turing, several defects may be observed like broken/skipped/unbalanced stitches,
puckering, wavy seams, etc. Identification of the root cause of these problems could
be useful for developing quality control measures [2, 3]. The single needle lockstitch
(SNLS) machine is one of the most common sewing machines used in the industry
for stitching garments. The mechanics of stitch formation, material properties of
thread, and process details have been vividly described in [4]. The common indus-
trial practice to obtain balanced stitches is by adjusting the thread tension based on
the fabric and thread material, using a trial and error method [5]. A balanced stitch
is formed when tensions in the needle thread and bobbin thread are correct for a
given pair of fabric and thread materials. During one complete stitch cycle, 4 tension
peaks are obtained for needle thread and 2 peaks for bobbin thread [6]. The highest
peak is obtained during the interlacing of needle and bobbin thread being pulled
into the fabric, this has been validated through simulations [7] and experiments [8].
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Thread tension is influenced by several factors like stitch length, feed rate, check
spring tension [9], stitch velocity, properties of sewing thread [10], type of lubrica-
tion used [11]. The stitch balance can be effectively controlled by adjusting the peak
tension [12]. For the needle thread, peak tension is regulated using the tension regu-
lator [13] which induces a pretension. The bobbin tension is adjustable by loosening
or tightening the screw of the bobbin case. For tension measurement, the thread is
allowed to pass through a cantilever, deflecting it and the proportional load is calcu-
lated using strain-gauges [8]. This technique has been used to develop automatic
machines capable of real-time monitoring of sewing parameters [14]. Advanced
models used neural and fuzzy-based control systems [15] producing better results.
However, for an industry to implement such a technology overnight, can be chal-
lenging. Hence, this paper is aimed at developing a cost-effective and ergonomically
designed machine that could be easily retrofitted. Such a device could reduce idle
time, changeover time, production flaws while ensuring high return on investment
(ROI).

2 Problem Investigation

Stitch balance is a crucial quality control parameter in the garments industry. The
conventional industrial practices need to be reviewed to develop an automation-based
solution. For balanced stitching, the needle and the bobbin thread tension setting of
the SNLS machine need to be adjusted for a given pair of fabric and thread material.
The needle thread tension is adjusted by rotating the spring-loaded tension knob,
which induces a pretension on the thread. The bobbin thread tension is adjusted,
by rotating the screw on the bobbin case. Stitches are checked by rough sewing and
suitably adjusting the tension using a trial and error method. The same process is then
repeated for all the machines in the production line. Hence, the time for changeovers
is enormous [16]. Moreover, machines are subjected to continuous vibration due to
rotating and reciprocating parts, which, in turn, alters the tension setting gradually
over time. Maintenance workers are employed to retune the machines periodically
during a batch production to reduce defects due to unbalanced stitches. Hence, there
occurs a significant loss in production time.

The solution to this problem would be to develop a device that can monitor and
adjust the thread tension in real-time. It should also be able to self-calibrate the system
if the ideal needle and bobbin thread tensions are known for a given pair of fabric
and thread material. This will result in a drastic reduction of changeover time, idle
time, and eliminate unbalanced stitching defects. Garment industries have numerous
sewing machines employed for a particular batch/style of production. Developing
a completely new machine would be uneconomical, as it would imply discarding
existing machinery to install the new ones and therefore a huge capital investment.
The alternative solution would be retrofitting. The design should be ergonomic with
switchable manual control mode to allow the machine to be operated manually in
case the automatic system fails.
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3 Planning and Design

The device has to be designed in two modules—one for thread tension and the other
for bobbin tension, as shown in Fig. 1a. Both modules must have a force-sensing unit
to detect the existing tension and an actuation unit for automatic tension adjustment.
There must also be an electronic control unit that can coordinate the operation. The
controller will receive a reference signal (required tension values) from a database
and compare it with the current tension value, if it exceeds the acceptable limits,
then a proportionate adjustment will be made. The overall layout and industrial
implementation have been shown graphically in Fig. 1b. A single dedicated master
system can be used to measure the ideal tension values for the given fabric and thread
pair and upload the data into a common database. This database will be accessible
to the slave systems (machines in the production line) using an ethernet network.
The device is designed for single needle lockstitch (SNLS) machines since they are
widely used for general stitching purposes.

3.1 Needle Thread Tension Adjustment Module

Design: The needle thread tension is conventionally adjusted by applying a pretension
through a spring-loaded pair of discs, as shown in Fig. 2a. This system is automated
by adding a pressure sensor and a custommotorized lead screw actuator, as shown in
Fig. 2b. A force-sensitive resistor (FSR) is used to detect the amount of pretension,
and the motorized lead screw slides along the mounting shaft adjusting the applied
pretension. The FSR is sandwiched between two eccentric washers, mounted behind
the discs, as shown in Fig. 2c. To provide adequate workspace, the motor is placed
in the rear end of the machine, and the rotational motion is converted to translational
motion using a lead screw. The mounting shaft is modified by increasing its length

Fig. 1 Schematic layout of the proposed thread tension adjustment device, a parts of the device,
b method of implementation in industry
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Fig. 2 a Manual thread tension correction unit, b designed module comprising of sensors and
actuators, c modified thread tension unit showing the position of FSR and coupler link, d parts of
the thread tension actuator (assembled view)

and removing the thread, to accommodate the new components and allow the coupler
link to slide freely. Stepper motor is used for the purpose, as it can generate very
small actuation which, in turn, improves the accuracy and precision of the system.
An encoder is required to obtain feedback of the motor, this is done by coupling a
potentiometer using a spur gear arrangement, as shown in Fig. 2d.

Working Principle: The current pretension is measured using the FSR, which
produces a voltage proportional to the applied force. The controller obtains the ideal
thread tension from the database and compares it with the current value.±5% toler-
ance is allowed to prevent hunting. If the FSR reading is beyond acceptable limits,
then the stepper motor rotates, which, in turn, causes the coupler link to slide on the
mounting shaft. Thismotion compresses or releases the spring altering the pretension
applied.



Development of an Automatic Thread Tension Adjusting Device … 199

Modification: During experimentation, it was observed that the FSR suffers from
repeatability when used for continuous long durations. So, the readings of the FSR
and encoder were correlated using data from multiple trials. The FSR was then
removed. The feedback is now provided by the encoder, which is correlated to the
applied tension. The controller is programmed to monitor and adjust the tension after
every 5 min of production. The new system is reliable, having high accuracy and
repeatability for use in the continuous production process.

3.2 Bobbin Thread Tension Adjustment Module

Design: The thread storing capacity of bobbins is significantly smaller than the
needle thread spool. Generally, bobbin rewinding is done after the production of
every 20–25 garments. Therefore, continuous tension monitoring is not necessary,
instead, the bobbin tension can be checked and adjusted after each rewinding. The
bobbin tension gauges available in the market are manually operated. However, the
designed device should work autonomously. The complete setup is shown in Fig. 3a.
The system comprises a sensor and an actuator. The sensor is a load cell which has
a hook attached to it. The thread from the bobbin passes through the load hook to
the thread pickup spindle. This spindle is rotated by a dc motor. The actuator, in this
case, is a stepper motor with a screwdriver head attached to its shaft. The bobbin
is allowed to slide using a spring-loaded plunger to engage or disengage with the
motorized screwdriver. The plunger has a pin which allows it to lock it in place
when pulled back to disengage the actuator and bobbin case.

Fig. 3 a The designed bobbin tension adjustment module showing different parts of the system,
b free body diagram showing the relation between load-cell reading (T LC ) and Thread tension (TT )
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Working: The bobbin case after refilling is placed on the bobbin mount. The plunger
is released, the spring forces the slider plate to slide towards the actuator engaging
it. The thread is wrapped around the pickup spindle passing through the load hook.
The thread is pulled by the DC motor rotating at 60 rpm to obtain a thread speed of
30 mm/s. The load cell is now able to detect the normal force acting on the load hook
(T LC). The actual thread tension (TT ) can be found by resolving the forces as shown
in Fig. 3b. The included angles θ1 and θ2 are constant depending on the mechanical
construction of the device. The electronic controller obtains the signal TLC , coverts
it to TT and rotates the stepper motor to adjust the thread tension. After this, the
plunger is pulled back and locked in position. The bobbin case can now be lifted and
reinstalled in the SNLS machine. It takes just a few seconds to adjust the tension,
making it faster, accurate, and reliable for use in large-scale production purposes.

3.3 Control System

To operate the needle and bobbin thread tension adjusting modules, an electronic
controller is required. Arduino™ based ATmega™ 2560 microcontroller is used for
each module. Arduino microcontroller is selected as it supports a wide range of add-
on modules like ethernet shield, real-time clock, motor drivers, LCD line displays,
and matrix keypads which can be connected as per requirement. The controller is
programmed to take inputs, for selecting the material (thread/fabric). Accordingly,
the ideal tension values are retrieved from the database. The actuation signal to drive
the actuators is obtained by comparing the sensor reading and the ideal tension. For
the master system, the controller has special provisions to add new tension values,
edit, or delete existing data from the database. Visual feedback is provided using an
LCD. A 12 V 10A dc power supply powers the controllers, sensors, and actuators.
The electronic components are enclosed in a PVC box. The controller for the needle
thread is screwed to the rear end of the SNLS machine, and the controller for the
bobbin thread is placed inside the base of the bobbin tension adjustment module, as
shown in Fig. 4.

4 Prototype Fabrication

A working prototype was developed to test the success of the design. It was
installed on an SNLS machine manufactured by Brother™. The microcontroller
was programmed using the Arduino IDE. All testing and calibration were performed
at the Garments Construction Laboratory, National Institute of Fashion Technology
(NIFT),Kolkata, India. The photographs of the device installed on the SNLSmachine
are shown in Fig. 5. For the prototype, the ethernet-based database access was
discarded to avoid complexity. Instead, the ideal thread tension for a few fabric
and thread materials was recorded and saved in the microcontroller memory. Sewing
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Fig. 4 Electronic controllers for the needle and bobbin thread tension adjustment modules

Fig. 5 Prototype of the thread tension adjustment device installed on an SLNS machine, at the
garments construction laboratory, NIFT, Kolkata, India
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with the new setup produced controlled and balanced stitch tensions, drastically
reducing machine idle and style change over time. The total cost for purchasing the
raw materials and manufacturing the device was approx. US $130 (INR. 10,000) as
of July 2017.

5 Results and Discussion

The device was tested for two types of fabric—Cambric cotton and Canvas with
Polyester sewing thread. The needle and bobbin thread tension for a balanced stitch
was experimentally determined. These values were stored in the controller, and the
auto-calibration time for the device was recorded when changing from one fabric to
another. The experimental data obtained are enlisted in Table 1. A tolerance of ±
1 g was allowed on both needle and bobbin thread tensions. The results show, that
automation was fairly successful and outweighs the conventional calibration process
practiced in the industry. Installing this device on existing machines in a production
line will drastically improve productivity.

The production leverage obtainable by garments, industries can be illustrated
using a sample calculation. Considering a garment manufacturing company has an
order of 12,000 t-shirts.

The conventional industrial scenario:

Order Quantity: 12,000 T-Shirts.

Working days per week: 6 days.

Time for changeover and maintenance: 10 h after every 5 days of production.

Daily working hours: 10 h (600 min).

No of sewing machines in the production line: 50.

Standard Minutes Value (SMV) for a t-shirt: 30 min including 5% idle time.

Estimated daily production: 1,000 t-shirts/day.

∴ The time required to complete the work order: 14 working days.

(12 days for manufacturing + 2 days for changeover and maintenance).

Table 1 Experimental data obtained during testing of thread tension adjusting device

Material Balanced thread tension (g) Maximum calibration time during
fabric/thread change (s)

Fabric Thread Needle Bobbin Needle device Bobbin device

Cambric Polyester 33 31 10 5

Canvas 70 58
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Retrofitting with Automatic Thread Tension Adjusting Device:

Approx. reduction of daily production idle time from 5 to 3%.

Approx. reduction of changeovers and maintenance by 60% i.e. 240 min instead of
1 day.

New SMV for a t-shirt: 29.43 min incl. 3% idle time.

Estimated daily production: 1019 t-shirts/day.

∴ The time required to complete the work order: 12 working days.1

One-time investment on Retrofitting: US $ 3,300 (approx.)

(Needle Thread Module @ US $ 50/unit to be installed for all 50 machines, and
Bobbin Thread Module @ US $ 80/unit shareable by 5 machines).

Hence, using this machine can save 2 full working days. Besides, there are fewer
production defects due to unbalanced stitches. The initial cost of retrofitting can be
easily recovered from the additional productivity obtained.

6 Conclusion

The concept of an automatic thread tension adjusting device has been successfully
designed. The device is capable of producing perfectly balanced stitches by sensing
the current tension and adjusting it to match the ideal tension value. Based on the
design, a working prototype was developed and tested in the laboratory. The perfor-
mance of the prototype was satisfactory, monitoring and adjusting the thread tension
took just a few seconds. The device has enormous potential in improving produc-
tivity by reducing the idle and change over time, reducing the manpower required for
frequent maintenance. Moreover, the production defects due to unbalanced stitches
can be eliminated. There is scope for further improvement by implementing a design
and process optimization and using industrial trials to further assess its performance.
A similar device could also be developed for other types of sewing machines. The
simplistic and yet ergonomic design of this device makes retrofitting convenient,
economical, and profitable for the garments industries.
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7. Žunič-Lojen, D., Gotlih, K.: Computer simulation of needle and take-up levermechanism using
the ADAMS software package. Fibres Text. East. Eur. 11, 39–44 (2003)
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Bearing Fault Diagnosis in Induction
Motor Using Modified AlexNet
Algorithm

Swapnil K. Gundewar and Prasad V. Kane

1 Introduction

In the era of twenty-first century, the internal combustion engines were dominating
the personal transport sector. It seems that the EV is on the verge of rapid growth
in both developing and developed vehicle market. Lower fuel cost, environmental
stewardship, and energy independence are the key reasons to go for an EV. The
All-Electric type of EV is dependent on the motor for its propulsion. The EV uses
different types of motors such as DC Series Motor, Brushless DC Motor (BLDC),
PermanentMagnet SynchronousMotor (PMSM),ThreePhase InductionMotor (IM),
and Switched Reluctance Motor (SRM) [1]. The selection of a particular type of
motor is dependent upon performance requirements, Operating conditions, and the
cost associated with the vehicle [2]. In two-wheeler applications, the power required
is less and also the cost is low, hence BLDC hub motor is used. However, in the
performance-oriented high power applications like cars, buses, trucks the ideal choice
would be PMSM or IM [3].

IM is the preferred choice in the performance-oriented EV due to its cheap cost,
robust constructions, and ability to withstand rugged environmental conditions. The
IM can be designed up to the efficiency of 90–95% [4]. The major automotive manu-
facturers like Tata, Mahindra, and Tesla used IM in the EV for its propulsion [5].
In an EV, the vehicle is subjected to variations in the loading, speed, and torque.
The continuous variation causes various types of stresses on the motor like thermal
stress, Shear stress, and Environmental stress. These types of stresses can lead to
defects in IM such as bearing defect, Rotor defect, Eccentricity, and Unbalance, etc.
The bearing defect is responsible for 40–45% of the failure of IM [6]. Thus, the
predictive maintenance of the IM is necessary to avoid any catastrophic failure.
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In the bearing fault diagnosis, the conventional methods such as Vibration-based
monitoring [7–10], Acoustic analysis [11, 12], Motor Current Signature Analysis
(MCSA) [13–15], and Stray flux analysis [16, 17] are proposed by the researcher.
Advanced signal processing techniques are also effectively applied by the researcher
to improve the conventional fault diagnosis methods performance [18, 19]. In this
decade, fault diagnosis is adapted from conventional methods to AI techniques [20].
These AI techniques include Artificial Neural Network (ANN) [21, 22], Support
Vector Machine (SVM) [23–25], Fuzzy [26], and Adaptive Neuro-Fuzzy Inference
System (ANFIS) [10], etc. The classification accuracy for these Machine Learning
(ML) techniques is dependent on the selection of feature input [27, 28]. The impor-
tance and selection of features are based on the experimental setup used in the anal-
ysis. It also needs expert domain knowledge for the selection of effective features.
This limitation of feature selection can be avoided using deep learning techniques.

In this paper, bearing fault diagnosis of an IM using modified AlexNet algo-
rithm is proposed. The next section shows the bearing and the fault diagnosis tech-
niques. Section 3 outlines the deep learning techniques along with the architecture
of the modified AlexNet algorithm. Section 4 highlights the proposed methodology.
Section 5 shows the experimental setup used for validation of the proposed method-
ology and results for the training and testing of proposed methodology with and
without noise addition. Finally, conclusions are reached.

2 Bearing Defects and Fault Diagnosis Techniques

2.1 Bearing Defects and Characteristic Frequencies

The bearing plays an important role in the induction motor. The bearings used in
the induction motor can be a rolling element bearing or ball-bearing. Continuous
operation leads to various types of defects on the bearing. These defects are broadly
classified into two major types: Localized defects and Distributed defects. Localized
defects are further classified into four types based on the location of the fault and
these are Outer Race Defect (ORD), Inner Race Defect (IRD), Ball Defect (BD), and
Cage Defect (CD). All these defects appear as the characteristic defective frequency
in the vibration spectrum or current spectrum. The characteristic defective frequency
is dependent on the speed of rotation and the bearing specification [29]. The localized
defects in the bearing are shown in Fig. 1.

Every rotating machine component represents the characteristic vibration, which
uniquely differentiates it, known as vibration signature. In the bearing fault diag-
nosis, each defect represents the particular type of vibration signature for healthy
and defective bearing as shown in Fig. 2. The defects in the bearing cause impulse
at a particular frequency known as characteristic frequency which is dependent on
the speed of rotation and bearing specifications. The impulses at a bearing defec-
tive frequency can damage the other connected component in the system. Hence,
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Fig. 1 Localized bearing defects

Fig. 2 Vibration signature and spectrogram for healthy and defective bearing

it is essential to diagnose the bearing fault at an incipient level. Table 1 indicates
the formulas for the characteristic defective frequency and the critical values along
with their harmonics. The critical values for characteristic frequencies and their
harmonics are calculated from publically available CRWU bearing dataset. Some of
the harmonics of the characteristic frequencies are indicated in Fig. 2 (Table 1).

2.2 Bearing Fault Diagnosis Techniques

Bearing fault diagnosis is presented by researchers using various condition moni-
toring techniques such as Vibration-based monitoring, MCSA, Acoustic based anal-
ysis, etc. [8–11, 15]. However, Vibration-based monitoring is a preferred choice for a
bearing fault diagnosis. The bearing fault diagnosis is implemented by the researchers
under three major sections: Time-domain analysis, Frequency-domain analysis, and
Time–Frequency analysis followed by ML techniques [20].
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Table 2 Types of spectrogram datasets used in experimental validation

Load Condition Fault types Fault severity (inch) Total number of spectrogram dataset

No-load Inner race defect,
Outer race defect,
Ball defect

0.007, 0.014, 0.021 30 types of Spectrogram datasets

1HP Load

2HP load

In the time-domain analysis, the variation of physical parameters such as vibra-
tion signal, acoustic signal, or current signal is mapped against time. The statistical
features are extracted from the acquired signal and applied as input to ML classi-
fiers. These statistical features can be RMS, Kurtosis, Variance, Standard Deviation,
Shape factor, and Crest Factor, etc. [29]. However, to reduce the dimensionality
and processing time, most effective statistical features are selected by using various
feature selection methods such as GA, PCA, Wrapper Method [30]. The frequency-
domain analysis indicates the quantity of the signal existing in a given frequency
band concerning a range of frequencies. In the frequency-domain analysis, the char-
acteristic frequencies are used as a fault indicator. Each defect produces an impulse
at the desired frequency known as characteristic defect frequency. The character-
istic defect frequency can be seen in the vibration or current spectrum [31]. The
Time-Frequency (T-F) analysis indicates the variation of amplitude against time and
frequency both. The T-F analysis is widely used for the characterizing the transient
signals. T-F analysis can effectively diagnose the bearing fault in an IM [32]. In
the T-F analysis, various T-F plots are employed such as Spectrogram, Kurtogram,
Synchro-squeezed transform, Wavelet transforms, etc. [33, 34].

In all these domains of analysis, whether it may be time-domain, frequency-
domain or time–frequency-domain analysis, the selection of features plays an impor-
tant role in the classification accuracy. The selection of the most effective features
can reduce the processing time and may improve fault diagnosis accuracy [35].

2.3 Spectrogram

The spectrogram is a visual representation of STFT where the X-axis and Y-axis
represent the time and frequency and the colour scale represents the amplitude of
the frequency. The STFT is a series of sinusoidal. Spectrograms are widely used in
different fields such as music, linguistics, sonar, radar, and signal processing.

The spectrogram is one of the well-known time-frequency representations defined
as the squared magnitude of the Short-Time Fourier Transform.

S(t, ω) = |X(t, ω)|2 (1)

The STFT is defined as a complex function of continuous-time t and radian
frequency ω given by,
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Fig. 3 Spectrogram plots with desired noise percentage for four classes of bearing at the no-load
condition and 0.007-inch defect severity using bearing dataset provided by Case Reserve Western
University

X(t, ω) = M(t, ω)e jϕ(t,ω) (2)

where, M(t, ω) is the magnitude of STFT and ϕ(t, ω) is its phase. The spectrogram
plots for raw vibration signals with noise addition and without noise are shown in
Fig. 3.

3 Deep Learning Techniques

Traditional ML techniques have been applied widely in the last decade for the fault
diagnosis of rolling element bearing. However, several drawbacks are associated
with ML techniques. The ML technique classification accuracy is dependent on the
selection of features. The shallow structure of the ML classifier limits the capability
of the classifier to learn from a complex nonlinear relationship in fault diagnosis.
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Recently Deep Learning (DL) techniques emerged as a trend in fault diagnosis.
The DL techniques overcome the machine learning techniques in terms of feature
extraction. Deep learning techniques automatically extract the features from the
provided input signal. The bearing fault diagnosis is presented by the researchers
using various network models in DL techniques such as Recurrent Neural Network
(RNN) [36], Convolution Neural Network (CNN) [36–38], Deep Belief Network
(DBN) [39], DeepBoltzmannMachine [40], etc. However, CNN iswidely used in the
bearing fault diagnosis. CNN consists of different types of pre-trained networks and
networks from scratch. The pre-trained networks are AlexNet, GoogLeNet, ResNet
50, etc.

3.1 Modified AlexNet Algorithm

The AlexNet is a pre-trained deep neural network designed by Alex Krizhevsky [41].
The AlexNet algorithm is trained by 1.2 million high-quality images in the ImageNet
contest LSVRC-2010 [42]. The pre-trained AlexNet consists of 60 million parame-
ters and 65000 neurons in it. It is capable to classify the given set of inputs into 1000
different classes. TheAlexNet architecture consists of five convolution layer and three
fully connected layers. The Relu activation function is used in the AlexNet algorithm
which is faster than other activation functions like tanh and sigmoid.

The architecture for the AlexNet algorithm is shown in Fig. 4. In the first layer
of the AlexNet algorithm, the convolution window size is 11 × 11. Considering the
image input size of the AlexNet algorithm, the first window is kept of large size to
capture the entire object. In the second convolution layer, the window size reduced to
5 × 5, followed by 3 × 3. In this AlexNet algorithm after the first, second, and fifth
convolution layers, the maximum pooling layer is kept with the window size of 3× 3
and stride 2. In this AlexNet algorithm after the convolution layer, there are two fully
connected layers with 4096 outputs. The last three layers in the AlexNet algorithm
are capable to configure 1000 different classes. In the proposed AlexNet algorithm,
the last three layers are replaced with the fully connected layer, softmax layer, and

Fig. 4 Modified AlexNet algorithm
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classification output layer. In this last fully connected layer, the output class is kept
as four which can classify the bearing fault in four different categories.

4 Proposed Methodology

The acquired vibration signals are normalized by dividing with maximum value in a
vector. After the normalization, the vibration signals are converted into bins where
each bin carries 2048 data points. After the formation of bins, the spectrogram is
generated from each bin. These spectrograms are the RGB image with a size of
227 × 227 × 3. The size of the image input is kept 227 × 227 since the image
input requirement of AlexNet is 227 × 227. These spectrograms are applied as input
to the modified AlexNet algorithm. In the modified AlexNet algorithm 70% image
dataset is used for training and the remaining 30% for the testing. Finally, accuracy
is compared. The process flow for the proposed methodology is shown in Fig. 5.

Fig. 5 Proposed
methodology Vibration Signal

Normalisation and Bins 
Formation

Spectrogram Plot

Training and Testing with 
Modified AlexNet Algorithm

Classification Accuracy
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Fig. 6 Experimental setup by CRWU

5 Experimental Validation

5.1 Experimental Setup

The Case Reserve Western University [43] has made the rolling element bearing
datasets available in the open forum. This dataset is used in this paper. The experi-
mental setup is shown in Fig. 6. The experimental setup consists of a 2HP three-phase
induction motor, a dynamometer, and a torque transducer. The vibration signals are
acquired by the piezoelectric sensor at a sampling frequency of 12 kHz. In the exper-
imental setup, vibration readings are acquired for three different types of fault: Outer
race defect, Inner race defect, and Ball defect. These defects are induced in the rolling
element bearing using electric discharge machining. The fault severities used for the
bearing defects are 0.007 inches, 0.014 inches, and 0.021 inch. The readings are
acquired for three types of load conditions: no-load, 1HP load, and 2HP load. In
the experimental validation, three different types of faults, four load conditions, and
three different fault sizes along with healthy condition dataset constitute 30 types of
the image dataset (Figs. 7 and 8).

5.2 Training of the Modified AlexNet Algorithm

The spectrogram plots are used as input for the modified AlexNet algorithm. The
spectrogram plots of size 227 × 227 × 3 are used for the training and testing of
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Fig. 7 Training and Validation plot for the bearing fault diagnosis at the no-load condition and
0.007-inch defect severity

Fig. 8 Confusion Matrix
plot for the bearing fault
diagnosis at the no-load
condition and 0.007-inch
defect severity

the modified AlexNet algorithm. For each type of image dataset, 70% spectrogram
images are used for training and the remaining 30% images are used for the validation.
In the training of the modified AlexNet algorithm, the momentum learning rule is
used with the learning rate of 0.0001. The other parameters are stated as follows in
Table 3.

The Training and validation results of the modified AlexNet algorithm for three
different types of load conditions are stated in Table 4.

Table 4 indicates that the testing classification accuracy at the no-load condition
for each of the defect severity (0.007, 0.014, and 0.021 inch) is 100% which reduces
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Table 3 Modified
AlexNet algorithm
parameters

Parameter Value

Momentum rate 0.0001

Maximum number of epoch 6

Validation frequency 3

Number of events considered at a time 10

Table 4 Training and
Validation classification
accuracy of the modified
AlexNet algorithm

Load Defect severity
(inches)

Training
accuracy (%)

Testing
accuracy (%)

No load 0.007 100 100

0.014 99 100

0.021 100 100

1HP load 0.007 100 100

0.014 99.60 99.60

0.021 100 100

2HP load 0.007 100 100

0.014 100 98.29

0.021 100 96.53

slightly at 1HP and 2HP load conditions. The presence of the other frequency compo-
nents at loading conditions can affect the spectrogram plots. Thus, the classification
accuracy in the loading condition is slightly affected.

5.3 Noise Addition

The working condition can never be ideal for the IM. In real life, the surrounding
vibration near the IM can affect fault diagnosis accuracy. Hence, to simulate the
real-life condition, noise is added externally in the acquired vibration signal to check
the performance. The white Gaussian noise is added in the acquired vibration signal
using MATLAB. The noise is added in terms of the percentage of the original signal.
After the noise addition, the performance is analyzed at each load and defect severity
condition. The training and testing accuracy of the classification after the addition
of desired percentage of noise is stated in Table 5.

Table 5 indicates the average classification accuracy of 98.14% with a 5% noise
addition. The classification accuracy is reduced to 96.84% for 10% noise addition.
Further noise addition, i.e., 20% noise addition reduces the accuracy to 88.24%.
The proposed method can efficiently diagnose the bearing fault at no load condition
up to 10% noise, while the performance gets affected with the further addition of
load and 20% noise. The loading condition may produce a wide range of load-related
frequencieswhich reduces the fault diagnosis performance in loading conditions. The
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Table 5 Training and validation classification accuracy after noise addition

Load Defect
severity

5% noise 10% noise 20% noise

Training
accuracy
(%)

Testing
accuracy
(%)

Training
accuracy
(%)

Testing
accuracy
(%)

Training
accuracy
(%)

Testing
accuracy
(%)

No load 0.007 100 100 100 100 98.33 98.33

0.014 100 100 99.17 99.17 90 95

0.021 100 100 100 96.67 80 85.83

1HP load 0.007 100 100 98 100 100 96.67

0.014 90 97.83 90 94.44 90 94.17

0.021 80 98.33 90 98.33 80 85.83

2HP load 0.007 100 100 100 98.33 90 97.50

0.014 70 87.12 80 90.48 60 73.33

0.021 100 100 80 94.17 100 67.50

application of advanced noise cancellation techniques may improve the diagnosis
performance even at a high level of noise.

6 Conclusions

In this paper, a modified AlexNet algorithm using a spectrogram plot is proposed
for the bearing fault diagnosis in an IM. The proposed method effectively diagnoses
the bearing fault in an IM even at noisy conditions up to 10% of white Gaussian
noise. However, the performance decreases with a 20% noise addition. The classifi-
cation is performed for four different classes by using the data provided by CRWU
bearing dataset. The proposed technique achieved the classification accuracy of 100%
without the addition of any external noise at no-load condition. However, the average
classification accuracy at 5%, 10%, and 20% noise addition are 98.14%, 96.84%, and
88.24%, respectively. The application of proposed techniques in an EV can diagnose
the fault at an incipient level. The application of advanced noise reduction techniques
may help to improve diagnosis performance. In near future, the proposed technique
can be applied for the fault diagnosis of other faults in an IM.
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Improved Design and Development
of Crop Conveying Mechanism in Reaper
Machine

Anand Kumar Jangir, Narendra Achera, Saurav Khandelwal,
Chirag Gupta, Himanshu Chaudhary, and N. R. N. V. Gowripathi Rao

1 Introduction

Reaping is the process of removing the stalk from the ground. Before automation,
reaping process was done by hand with sickle and scythe. Sickle has curved blades
on wooden handle. Mechanical reapers use cutter bars to cut the crops. Most modern
mechanical reapers cut the grass; and gather it, either by windrowing it or picking
it up.

1.1 Need of Reaper [1]

A. Farm workforce, which was accessible in abundance a while ago, was becoming
scarce and expensive due to transfers within the nation to other nations and urban
industrial areas.

B. Wheat production increased significantly due to the use of high yielding
varieties and other inputs such as irrigation water, organic fertilizers, and pesticides.

C. Wheat reaping was one of the harvesting operations that was most boring,
time-consuming and tiring, so farmers started looking for relaxed alternatives.

D. The harvest season is lower and crop loss is expected with bad weather. In such
a situation, a fast way of harvesting and harvesting is needed.
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2 Literature Review

Chavan et al. used an already existing manually operated reaper, i.e., there was no
motor tractor used. It was meant for small scale farmers. The mechanism was having
single slider crankmechanism for cuttingmechanism.He found optimumangle (22°)
for crop divider. The position of crop divider in already existing crop divider was not
accurate so author found correct position of crop divider. He found optimum angle
and speed for star wheel. [2].

Wahane used an already existing self-propelled vertical conveying reaper and
found a major problem of conveying the crop in reaper. So she provided an arrange-
ment on crop divider to keep crop erect. She used two star wheels in a single crop
divider instead of just one. She used a compression spring with crop divider for
better contact with conveyor belt. She also increased the size of conveying lugs. She
designed a conveying box so that crop can go aside easily. After iterative optimiza-
tion, the size of conveying box was increased. She made a modification in the reaper
so that height of cut of crop can be varied. The author calculated optimum forward
speed of tractor so that energy consumption is minimum. The experiment was carried
out on crops of wheat and chickpea [3].

Kunpeng Tian et al. did his research on moving blades. Bionic is referred to a
shape which is having arc type shapes and protrusions at the end of arc which gives
the blade high strength. Compared to ordinary blade bionic blade has variable rake
angle. Due to variable rake angle, crop cutting is flat and smooth, whereas in ordinary
blade rough cutting takes place. For bionic blade, cutting force and energy was lesser
than that of ordinary one [4].

2.1 Conclusion from the Reviews

From literature review, some key finds were such as in most of the reapers slider
crank mechanism is used as cutting mechanism. For proper dividing of crop, crop
divider should be at optimum angle, which is 22°. For proper conveying of crop,
star wheel should also be aligned at 22° and crop should be straight throughout. For
proper cutting of crop, modification in cutting blade can be done to reduce force.

2.2 Research Gap

While doing the literature review, some problems were identified such that improper
crop conveying, jamming of crop in cutting blade and if crop is fallen due to rain or
windstorm (crop is slant) available reaper are unable to cut. There has been a little
research work in the fields of improper conveying of crop and jamming of crop but
we did not found any research work in the area of slant crop. There is no option to
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cut slant crop by reaper. Combined harvester is an option but for slant crop losses are
very high. So only option to cut slant crop is manual cutting. That’s why we chosen
to work in the field to cut slant crop.

3 Mechanism Selection

3.1 Four Bar Mechanism

In this mechanism, four bar crank rocker mechanism is used. This is a single degree
of freedom mechanism. In this type of mechanism, a point on coupler is traced as a
straight line, and this point is connected to moving blade of reaper.

Merits

1. Power requirement will be less.
2. Mechanism can be balanced completely.

3.2 Slider Crank Mechanism

In this mechanism, first inversion of slider crank mechanism is used which is a single
degree of mechanism. Here, moving blade acts as the slider of mechanism and fixed
blade is the link (cylinder) in which moving blade reciprocates.

Merits

1. Stroke will be exact straight line in this mechanism.
2. Stroke length can be varied easily by just changing crank length.

Demerits

1. Power requirement will be more.
2. Complete balancing of the mechanism is not possible since reciprocating parts

are there.

4 Power

4.1 Power Transmission in Reaper

The reaper we selected is a tractor powered reaper. Power is taken by power take
off (PTO) through a shaft which is finally connected to gear box. Gear box has two
purposes, viz., increase the speed atwhich shaft rotates anddivides the power between
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crank and conveying mechanism. For this purpose, a gear box using three bevel gears
is used. For conveying mechanism, belt pulley system is used and conveying belt has
lugs. Cutting mechanism is single slider crank mechanism that is used. For proper
cutting and crop conveying gear ratio is calculated. To bear the exerted load, different
gear parameters are calculated.

4.2 Gear Ratio Calculation

Tractor Speed = 9 km/h = 2.5 m/s (Assumption)
Average Slider Speed (vavg) = 2.5 * 1.3 = 3.25 m/s [5].
vavg = 2LN/60 & L = 2r = 0.11 m
Now
Npinion = 812.5 rpm
Ngear = 540 rpm
Gear Ratio = Npinion/Ngear = 1.50

5 Concept Generation

5.1 Modified Crop Divider

In this concept, a deflector plate is attached at front endof cropdivider.Cropwill slider
over the deflector plate and get some elevation. After this, side way of crop divider
are in taper form so that crop can be gradually straightened. Clearance of deflector
from ground is 50 mm. In this mechanism, the deflector plate can be removed if not
in use (Fig. 1).

5.2 Mechanized Deflector Plate

In this concept, crank rocker mechanism is used. The output link of crank rocker
mechanism is connected to a pulley. This pulley drives belt pulley system, and there
is pulley for each of crop divider. From these pulleys, a shaft is taken to drive deflector
plates. Rocker motion is such that for a rotation of crank output link rotates for 900
and comes back (Fig. 2).
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Fig. 1 Modified crop divider

Fig. 2 Mechanized deflector
plate

5.3 Mechanical Fingers

This concept uses both hydraulic and mechanical movement. There is a hydraulic
operated sliding joint used for straight motion of fingers. By this motion, fingers go
underneath the crop and there is a revolute joint which moves fingers upward and
crop gets straightened (Fig. 3).
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Fig. 3 Mechanical fingers

6 Final Model

See Figs. 4 and 5.

Fig. 4 Reaper model (Front end)
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Fig. 5 Reaper model (Back end)

7 Kinematic Analysis

Kinematic analysis involves displacement, velocity and acceleration analysis of the
mechanismwithout considering any forces andmass on the body. Code of Kinematic
analysis was written inMATLAB. The results were generated by using data of reaper
obtained in field survey which are as following (Fig. 6).

8 Prototyping

Prototyping of the model is done to verify the design of the product. Fabricating of
the prototype was challenging because of small and intricate parts. So it was chosen
that a scaled prototype would be manufactured by 3D printing. Major components
were 3D printed while some parts like gear casing and lugs were cut from aluminum
sheet and belts were cut from thick cotton taping (Table 1) (Fig. 7).

9 Conclusion

This modified reaper machine will be great helpful to cut slant crops. The additional
mechanism which is used to lift the slant crop is removable, so if the crop is not
slanted, the attachment can be removed.



226 A. K. Jangir et al.

Fig. 6 Kinematic analysis results

Table 1 Changes made in design

Serial no. Designed model Prototype (with reason for change)

1 Gear ratio for power transmission from
PTO to crank and conveyor belt is 1.5

Gear ratio is kept 1, since gears are 3D
printed. But due to complexity gears are
removed and shafts are directly
connected. (Gear ratio = 1)

2 For power transmission from gear box to
conveyor belts chain sprocket is used

Since chain sprocket takes more space
and it is difficult to find small chain
sprocket, so belt pulley is used for power
transmission

3 Deflector plate is removable, so it is
temporarily fastened by nut and bolt

Since in prototype deflector plate need
not to be removable, so it is permanently
joined

4 Four conveyor belt is used Due to less power available, only two
conveyor belts are used

The major parts of prototype were manufactured by 3D printing. Gear box casing
and lugs were made of aluminum. Assembly of parts was done manually. Due to
manufacturing and power requirement limitations, some modifications were done.
Finally, since model had some delicate parts so motor was not used, instead of that
rotation to shaft was given manually. After complete assembly rotation was given
and all parts were moving and as a conclusion it can be said that prototype is working
successfully.
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Fig. 7 Prototype images

10 Future Work

There is notmuch research being done in the field of agriculture in India, and attention
needs to be paid to this field. Crop cutting is a time-consuming process, and it is more
rigorous when the crop is slanted. The model we made can cut the crop which is
slanted in a particular direction. But if the crop is slanted in an uneven manner then
the solution provided is not successful. Jamming of the crop in blades, star wheel,
and conveyor belt is still an issue which needs to be resolved. If the crop length is
more, flow of crop by conveyor belt is not efficient, so the problem needed to be
addressed. The cost of present reaper available in the market is high, and this needs
to be optimized so that it is readily available for small scale farmers.
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Ergonomic Workstation Design
for Welding Operation—A Case Study

T. A. Madankar, P. V. Kane, D. Agrawal, and S. V. Kedar

1 Introduction

This work is carried out in one of the small-scale industries involved in the manu-
facturing of Tractor Trolleys and Tractor Driven Agricultural Equipment which is
located in the rural area of Central India. These industries have also become aware of
the productivity improvement techniques through work-study and ergonomic design
of the workstation. The comprehensive ergonomic audit of the industry was carried
out, and the most critical posture involved in the welding process has been selected
for detailed analysis. As the work involved is highly repetitive and has the potential
for ergonomic design which has been assessed by tools like RULA. The manufac-
turing process involved in the manufacturing of the turntable required for the trailer
of the tractor is discussed in the following section.

2 Fabrication of Turntable

This study focuses on the welding operation of manufacturing process of turntable
of tractor trailer. The following operation sequence is observed during this process.
The welding of the turntable is done on the fixture which has been made with mild
steel. The fixture is used to fix the free channels within it as shown in Fig. 1. The
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Fig. 1 Channels and fixtures

free channels are fixed in the fixture one by one as shown in Fig. 2. The channels
are fixed by hand or with the help of the little hammering which is shown in Fig. 3.
The process is further moved for welding. The welding is done on every corner and
every joint of the turntable. The channels are also welded as a basic structure of a
round disc. Figure 4 shows the welding of the round disc. After completion of the
much possible welding of the turntable lied on the fixture, it is taking off the fixture

Fig. 2 Channel
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Fig. 3 Channel placement

Fig. 4 Locating turntable

manually, for the welding the other side as shown in Fig. 5. The welding of the other
side is done along with fitting of leaf spring as shown in Fig. 6.
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Fig. 5 Tilting of table

Fig. 6 Tilted turntable

3 Problem Identification

The problem in the industry related to the welding process are identified such as
(i) Posture of worker (ii) Job positioning (iii) Job clamping methods (iv) Manual
material handling.

Worker’s posturewhile performing thework is an important factor that determines
the performance and effectiveness. The need to have a scientific design for workers
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sitting, job table, job holding devices place of tools, the position of tools while
carrying welding operations was found. Jobs are lying on the ground, and they were
welded on the ground as shown in Figs. 7 and 8.

Job positioning means the orientation of a job during the work that is performed
resulted in the effective outcome of any operation, process, and method. The posi-
tioning of the job is donemanually with the trial and error method as shown in Figs. 9
and 10. Many times, they adopted body posture according to the position of the job.

The clamping of the job at the workplace while operating is an important factor
that is responsible for determining the worker’s fatigue level. The clamping should
be simple, provide rigid positioning, easy to place and remove the job with minimum
input efforts and should not create an obstacle to the workman during the operation.

Fig. 7 Job positioning

Fig. 8 Welding operation
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Fig. 9 Job positioning

Fig. 10 Job positioning
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Fig. 11 Job positioning

Fig. 12 Job positioning

It is observed that mostly material handling is done manually and without
following the ergonomic norms. To carry out the welding of the structure of tractor
trolly, there is a need to turn the position of it. This turning is also done manually
which decreases the material handling efficiency and also causes fatigue.
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4 Review of Literature and Methodology

Ergonomic-related injuries and illnesses such as eye strain, headaches, muscu-
loskeletal aliment like chronic backache, neck and shoulder pain are always the
matter of investigation for many researchers even in small scale industries [1].
Roland Kadefors et al. reported ergonomic intervention for welding operation where
they also advocated the need to overcome occupational injuries [2]. Kumru and
Kilicogullari [3] reported the issue of occupational injuries during the welding oper-
ation and presented means to overcome it by designing the ergonomic workstation.
Researchers likeOrawanKaewboonchoo et al. [4],Alzuheri et al. [5],Ghosh et al. [6],
Lorusso et al. [7], Choobineh et al. [8] reported similar studies ofwork-relatedmuscu-
loskeletal disorders in different occupations and applications of various ergonomic
tools such as RULA and REBA for ergonomic assessment [8]. Based on the review
of literature, a methodology is followed in this work is as follows. (1) Identifica-
tion of various postures involved in the above-mentioned manufacturing process (2)
Application of ergonomic risk analysis tool such as RULA for assessing the need
for ergonomic intervention (3) Identifying the exact need of the workstation for the
process (4) Proposing the modified design of a workstation keeping in mind the
ergonomic need of that process.

The findings of the application of ergonomic assessment are discussed in the
following section.

5 Ergonomic Risk Analysis

For the ergonomic assessment of any workplace, the tools such as RULA and REBA
are used. RULA means Rapid Upper Limb Assessment and REBA means Rapid
Entire Body Assessment. Rapid Upper Limb Assessment (RULA) was developed to
evaluate the exposure of individual workers to ergonomic. Risk factors associated
with upper extremity MSD. This tool considers biomechanical and postural load
requirements of job tasks/demands. It focuses on the neck, trunk, and upper limbs,
and is ideal for sedentary workers. RULA scores indicate the level of intervention
required to reduceMSD risks. The ergonomic assessment worksheet is obtained, and
the score was found to be 8 indicating the need of the investigation and changes in
the workstation immediately. The sample of ergonomic assessment of RULA score
for one of the operations out of many operations mentioned above is demonstrated
in Figs. 13, 14, and 15.

The comprehensive RULA worksheets are obtained for the complete process as
per the image analysis and RULA software. Based on the finding of assessment, the
grand score was found to be 8 which indicates the need for immediate intervention.
Hence, the special welding fixture design for this operation is proposed which is
discussed in the following section.
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Fig. 13 Image analysis to identify angle

Fig. 14 Rula score for neck position
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Fig. 15 Rula score for neck twist position

6 Design of Turntable Welding Fixture

Based on the ergonomic assessment, the most critical activity was found to be the
welding operation. Hence, efforts made to design the new fixture by overcoming the
limitation of the existing fixture are used for the welding of the turntable.

The existing fixture that is used for welding is shown in Fig. 16. It has to be placed
on the ground and the workers need to work in kneeling and bending postures with
it. There is no proper positioning of the job in the workpiece, and the job has to weld
at an inclined position. Due to these limitations of the fixture, the postures of worker
becomes unergonomic leading to fatigue and causing MSD to workers when used
over a longer period. Hence, with all ergonomic considerations, the new design of
the fixture is proposed. The solid model of the fixture with all modifications is shown
in Fig. 17.

The new modified fixture has been designed at the height of 900 mm which is
considering the anthropometry height of standing posture. The fixture is so designed
that it can be tilted to any angle by the difference of 10 degrees which will eliminate
the unnecessary kneeling angles and would improve neck position.



Ergonomic Workstation Design for Welding Operation—A Case Study 239

Fig. 16 Solid model of existing fixture

Fig. 17 Solid model of modified design of fixture
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Fig. 18 Proposed layout

Figure 18 shows the proposed design of the layout of the welding workstation of
turntable which consists of material storage, material handling devices, the position
of the fixture, and the position of the finished job storage station. Overhead fixtures
with rollers are proposed in the modified design to hold and convey the welding torch
with exhaust gases hood for ventilation. This can be provided which would improve
the working condition of the workers.

7 Conclusion and Future Scope

All the industries are now concerned about the performance improvement of the shop
floor operations through macro and micro modifications in their processes. Efforts
are made in this work to propose the modified fixture which would improve the
ergonomic score of the welding process which was assessed by applying the RULA
tool. The score obtained for the complete process indicated an immediate need to
improve the process to avoid the MSD issues among workers. The image analysis
was carried out in this process.

The limitation of the existing fixtures is assessed, and the modifications are
proposed in the fixtures considering the anthropometric need of the workstation. The
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proposed workstation with all the necessary supporting material handling devices
and fixture are also suggested. These changes would lead to reduced RULA score
and improve the morale of the workers and the productivity of the manufacturing
unit.
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Prediction of Torque and Cutting Speed
of Pedal Operated Chopper for Silage
Making

Pravin B. Khope and Sagar D. Shelare

1 Introduction

In livestock production, proper feedstuff is a very important aspect as it is a limiting
factor in the rearing of animals to meet the increasing demand for milk and other
dairy products. It is a common practice, in India and other countries to allow the
cattle to graze freely in the pasture or fields, in most of the cases after harvest [1].
In some cases, farmers collect the crop residues to home and feed the cattle directly
or after chopping it into 2–3 pieces using axes or sharp knives. But this traditional
method of chopping is tedious, time-consuming, and quite dangerous to the operator
[2]. Also, it has low output and a lack of uniformity. If the fodder and other grasses
are properly collected and chopped into fine and uniform pieces of 25–35 mm long,
it is easy for consumption by the animals and will ensure optimum utilization. Thus
there will no wastage of fodder.

The fodder choppers available are electric-powered and hand-operated. But, India
is facing problems of power shortage due to rapid industrialization coupledwith limi-
tations on additional power generation andnon-availability of power in the rural/tribal
area. In this context, the sources of energy are human power-operated systems which
are considered to be one of the forms of non-conventional energy sources. Thus
there is a need for alternate power sources. Also, there is a scarcity of availability of
electricity especially in the rural and tribal regions, it is necessary to adopt sustain-
able alternative energy sources for low-cost mechanization of a chopper [3, 4]. The
arm muscles are well known to be poorer than the leg muscles. In comparison with
arm cranking, the individual can produce four times more power. Because the thigh
or quadriceps is the human body’s largest and most potent muscles. Making use of
thigh or leg muscles to generate as much energy from the human body as it does
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makes sense. The current paper provides the prediction of torque and cutting speed
of pedal operated chopper for silage making operation. This would be helpful for the
optimized performance of the pedal-operated chopper for silage making.

2 Materials and Methods

By pedaling an individual will produce four times additional energy (1/4 horsepower
(hp)) rather than arm-cranking. Consistent pedaling can also be achieved at a pace
of 1/4 hp for just brief intervals, about 10 min. Pedaling at halves such power (1/8
hp) however, can be managed for approximately 60 min [5]. Pedal systems allow
a human to operate machines at the same speed as manual cranks, with much less
energy and exhaustion. Over the centuries, the treadle was the most popular way of
transmitting power through the legs. In the low power, range treadles are still popular,
particularly for sewing machines [6].

2.1 Human Powered Flywheel Motor

The concept is whenever the horsepower requirement of processing is far over the
continuous capacity of a human being; a flywheel can be used to store human energy
(analogous to a capacitor in an electric circuit). After enough energy is stored in
the flywheel, then it can be made accessible to a processing unit by appropriate
torque and clutch amplification gears [7]. Through this concept higher demand for
power for some processes can meet. It has one drawback; the process unit shaft
is always in a transient state of operation (initial sudden speed increase followed
by a continuous decline in speed until it becomes zero). The processes which are
intensive to machine speed variation as far as product quality is concerned can adopt
this concept e.g. fodder cutting, oil expelling, etc. The human-powered flywheel
motor (HPFM) consisting of three sub-systems namely an energy supply unit, an
appropriate clutch, and transmission and a processing unit [8–10].

The total system consisted of a mechanism of bicycles, a suitable clutch and trans-
mission system, and a processing unit that may be any processing system involving
power about 1–5 h. Referring to Fig. 1, when the clutch is in a detached position
the operator sits upon this seat and pedals the bicycle mechanism. Therefore the
pressure on the rider’s legs is just the flywheel’s inertial pressure. A Flywheel is
propelled by a young age group rider of 20–25 physically fit of around 165 cm to
a maximum of 800 rpm in minutes. The rim diameter of the Flywheel is 95 cm,
the rim width is 10 cm, and the rim thickness 2 cm. When energized to a speed of
600 rpm, such a Flywheel stores energy to a maximum of 3200 kgf m. The peddling
is stopped after achieving target speed by flywheel, and the clutch is engaged. Via the
clutch, the energy contained in the flywheel is transmitted to the process machine.
Evidently, due to rapid momentum transfer, the clutch is subject to extreme shock.
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Fig. 1 Schematic of human powered flywheel motor.Note 1: Chain Sprocket, 2: Pedal, 3: Chain, 4:
Freewheel, 5–6: Bearings for bicycle side, 7: Gear-I, 8: Bearing, 9: Speed sensor for flywheel shaft,
10: Pinion-I, 11: Bearing for flywheel shaft, 12: Flywheel, 13: Bearing for flywheel, 14: Double
jaw spiral clutch, 15& 16: Bearing of the intermediate shaft, 17: Pinion II, 18: Gear II, 19 & 20:
Bearing for process unit shaft, 21: Coupling, 22: Chaff Cutter blade, 23: Speed sensor for chaff
Cutter shaft

This is so so the Flywheel is subject to a process load as the clutches engaged, and the
processing unit consumes the flywheel’s energy. The stored energy of the flywheel is
exhaust in 15–20 s after application [11, 12], after the clutch engagement. This type
of system has a capacity of range 1–5 hp. It also confirmed the practical viability and
financial feasibility of the system [13]. Schematic arrangement of the complete unit.

2.2 Experimental Design

This research aims to design a safe and easy to operate a human-powered energy
unit for fodder cutting. The power unit and its operating parts, chopping unit, and
its parts were fabricated and constructed at Priyadarshini College of Engineering,
Nagpur. The actual fabricated model is shown in Fig. 2.

The process of fodder cutting energised by HPFM is a complex phenomenon.
In this method, there is the automatic momentum transition from clutch towards a
processing unit after the clutch contact, such that the processing unit is unexpect-
edly granted extreme acceleration. Based on the resistance of the device, the input
shaft, and the control unit undergo deceleration. A process resistance concerning the
application form is any incremental speed feature thereby consigning the flywheel,
clutch, and control unit to the extreme state of the transient phases of the dynamics
of this novel machine device operation.

It is also extremely difficult to devise logical models able to simulate different
processes of energy transfer including the transfer of energy phenomena i.e. energy
escape by the individual into the flywheel (requires 60 s) but energy escapes
phenomenonb ahighly nonlinear individual [5].On clutch engagement instantaneous
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Fig. 2 The fabricated model of human-powered fodder cutter

(0–10 ms) strong exchange of momentum by two jaw spiral clutch into processing
unit running upon the load, causing extreme arbitrarymotions into a clutch andmove-
ment of flywheel energy by clutch, torque amplification gear-pair, and processing
unit [14]. A gear ratio in a shaft of the flywheel and shaft of the processing unit is
controlled. In this experiment, a gear ratio was attempted in the ratio of 1:2, 3, 4.
Consider every gear ratio like a test point [15]. The number of blades varied was 2
and 3; the flywheel terminal speed is changed in between 300 and 600 rpm, with
100 rpm phase. At a first gear ratio of 1:2, a processing unit speed is greater than 1:4
but the torque increases with an increase in gear ratios. Which reflects the torque is
minimal at 1:2 while maximum at 1:4 gear ratio but speed is comparatively lower.
The cutting blades are positioned at the head wheel of the cutter and are mounted on
a shaft of the process machine. The cutter head is utilized to mount the two and three
cutting blades respectively, with two and three blades being attempted with different
flywheel speeds for each gear ratio.

The bicycle system speeds the flywheel. The energy contained into a flywheel is
then utilized for cutting off fodder. The speed of the flywheel increases, the energy
reserve inside the flywheel increases. Varying the speed of the flywheel from 300 to
600 rpm is determined.

The speed could be increased up to 700–800 rpm but unnecessary movements
could impact sensors utilized to calculate various parameters. The test sequence is
from min to max speed, which means between 300 and 600 rpm and gear ratio
between 2:1 and 4:1.
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3 Results and Discussion

The HPFM cutter findings indicate that when the gear ratio is 1:2, dried sorghum is
sliced around a rate of 0.017 kg/swith a flywheel at a speed of 300 rpm. The avg sliced
material yield was observed to be between 20 and 25 mm. The cutting performance
was found out to be 81 percent. With the rise in flywheel rpm, the chopping rate is
increased gradually. The chopping rate at 1:2 gear ratio and 600 rpm of the flywheel
was 0.032 kg/s. The chopping rate was found to be 0.25 kg/s at a 1:4 gear ratio and
300 rpm of a flywheel. At 600 rpm the chopping rate having the same gear ratio was
0.045 kg/s. Compared to the hand-operated cutter, the developed cutter energized
by HPFM is identified to become less tedious, quicker, and easier. It is possible to
adjust the length of the chops by changing the clearance of the shear plate and blade
by the amount of flywheel rpm or blade.

After paddling for one minute, the flywheel shaft is attached to the cutter shaft,
the cutter speed decreases significantly due to the resistance provided by the material
to be sliced and eventually stops the cutter. Because of this, it is important to create
an effective mechanical transmission system that smoothes a constantly changing
flywheel speed and retains an essentially constant cutter speed over an expected
deviation period in the speed of the flywheel. Even the cutting rate of the cutter (Cr)
can be improved when the cutter shaft’s uniform velocity is preserved.

In the experimentation, we tried gear ratios i.e. 1:2, 1:3, and 1:4. The Pinion
flywheel shaft has 20 teeth and the 40, 60 80 teeth cutter shaft gear is varied. Figure 3
shows the effect of gear ratio on the torque being produced. Is attached to the cutter
shaft by torque amplification gear pair 1:2 the torque produced is 13.44 Nm, i.e. at
400 rpm of the flywheel. As the gear ratio increased the torque grows, the torque
produced is 24.29 Nm at a 1:4 gear ratio.

The flywheel is accelerated to 400 rpm then paddling is stopped and the cutter
shaft connected to the flywheel shaft at a gear ratio of 1:3 whereas the number of
blades is two, the angular velocity of the cutter is gradual decreases as energy stored
in the flywheel consumed for cutting fodder material thereby decreasing the number
of cuts. Figure 4 gives the effect of angular velocity on a number of cuts.
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4 Conclusion

The established cutter energized by HPFM is described as less stressful, smoother,
and simpler compared to the hand-operated cutter. By adjusting the clearance of
the shear plate and blade by the amount of flywheel rpm or blade, it is possible to
adjust the length of the chops. The lack of available electrical power is a significant
issue and it affects the daily life of those people lives in remote parts of India.
The human-powered energy unit is a reliable source of energy that could provide
solutions to critical problems. The human-powered energy unit for the fodder cutter
is the most suitable for the marginal farmer. The established cutter energised by
HPFM is described as less stressful, smoother, and simpler compared to the hand-
operated cutter. By adjusting the clearance of the shear plate and blade by the amount
of flywheel rpm or blade, it is possible to adjust the length of the chops. The result
indicates the drastic development upon hand-worked chopper, as the size of chopped
has become consistent. Human-powered fodder cutting would find significance to
dairy farmers especially into remote rural and tribal areas wherever the stability
of electricity is very limited. The parameters examined are gear ratio, number of
cuttings, and rpm of the flywheel.
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Finite Element Modeling and Parametric
Investigation of Friction Stir Welding
(FSW)

K. S. Mehra, S. Kaushik, G. Pant, S. Kandwal, and A. K. Singh

1 Introduction

Aluminum alloy parts of high strength are extensively used in aerospace,defence,
sports, and other safety-critical applications [1, 2]. Due to the damages resulting
from corrosion, impact or wear, need of component replacement arises which is time
taking, expensive and inefficient [3]. Friction stir enabled additive manufacturing
proved to be a solution to repair aluminium alloys used for aerospace and defence
industries [4]. Theyused additive friction stir deposition for the volumedamage repair
of AA7075 alloy. Friction Stir Welding is a comparatively new welding process that
provides important benefits to aluminium alloys and other materials that had been
difficult to weld in the past using more traditional fusion techniques [5–7]. The FSW
process uses low energy input and requires no outside (filler) material, no shielding
gases, when compared to other welding processes. Heat generation analytical model
in friction stir welding, with contact conditions like sticking, sliding was introduced
by [14]. A heat transfer model (3-D) for FSW was examined [15]. In this work,
the heat generated by the tool pin and shoulder were measured, and were assumed
to be frictional heat. Numerical and experimental analysis is carried out for the
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heat transfer characteristics of the FSW process (in normal and cold weld) [16].
FSW process thermal history, distribution of stresses and forces by a 3-D model
based on finite element analysis method presented in [17]. A FSW thermal model
is propsed with a welding seam(straight) in which a full sliding type contact was
applied [8]. Material characteristics are introduced into a Finite Element model [9].
Welding seam considered for this study was flat, and the numerical analysis was
performed in two phase. In first phase, friction modeling is done and in second
case thermo-mechanical simulation performed to study the thermal behavior of the
specimen. The study concluded that temperature distribution depends on factors
like geometry of tool, workpiece properties, and contact state [10] established the
three-dimensional models using HyperXtrude and ANSYS numerical tool. ANSYS
Parametric Design Language (APDL) codes are developed to model heat source and
vary boundary conditions. The study [11] carried out to predict the defect pattern
and thermal behaviour [12] performed a thermo-mechanical model simulation with
flat seam. This study compared two 3D models (linear) and concluded that both
analysis direct to similar results [19] presented a 3-D model simulation to investi-
gate the thermo-mechanical behavior. Numerical simulation are conducted to find
residual stresses and maximum temperatures with a non-moving shoulder (straight
weld seam) during the welding process [20]. A more consistent and narrower pattern
was observed compared to conventional form of Friction stir welding, because the
rotating pin effects the material flow. It is concluded that the tool geometry affects
mechanical and thermal behavior. It is indicated by [21] that the heat generation in
friction stir welding can be divided into two parts, frictional heat generation by tool
and heat generation by the deformation of material.

The above mentioned literature study reveals that FE package used by the
researchers for solving problems are in common use to everyone. However, present
work explores a comparatively new FE package having enormous potential in the
domain of friction stir welding process yet to be revealed. There are rare studies
which used this newFEpackagemodule “Altair Hyperweld” and reported the process
parameter influence on the FSW.

In the present study, simulation of friction stir welded joint of aluminum alloy
AA6061 is done using Altair Hyper-Weld software. Altair Hyperweld friction stir
weldingmodule (FEMbased) inAltair’sHyperWorks is a suitable package to perform
virtual experiments of friction stir welding process to predict useful results prior
to conduct actual experiment or production. Arbitrary Eulerian Lagrangian (ALE)
approach is used for the computational system to avoid large distortions in mesh
around the tool. The results from the developed model are validated with experi-
mental study. Compared to other FE packages the present solver solve the numerical
model in less time with 25 number of non linear iterations. Furthermore, parametric
investigation is performed to find the influence of process parameters(Translation
and rotational spindle speed) on the FSW.
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Fig. 1 Prepared butt joint geometric model

2 Model Description

Figure 1 shows the geometricmodel prepared usingAltair’s Hyper-Weld Friction Stir
Welding (FSW) tool 17.0. Material selected for the welding is aluminum AA6061
alloy which is difficult to be welded by conventional welding techniques and exten-
sively used in defence and aerospace industries. Properties of material defined in
material library of the software tool is selected for AA6061 aluminium alloy. Mate-
rial dimension are 6.35 mm of thickness(t), 305 mm of length(L) and 227 mm of
width(w).

Friction Stir welding tool made of H-13 (hot-die) steel material is considered.
It has circular profile type shoulder of diameter 19 mm. Pin profile is also selected
circular of length 4 mm and diameter 6 mm for the analysis.

3 Numerical Analysis

Three dimensional model is selected for the computational analysis. Material is
considered to be isotropic and continuous. The governing equations considered for
the numerical analysis are:

(1) Fourier law of Heat conduction: Three dimensional equation in Cartesian
coordinates

ρCp
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(1)

where, T represents temperature, Cp (heat capacity), ρ (density) and k (thermal
conductivity of material).

(2) Convection equation: Newton’s Law of cooling

qconv = hconv(T − T∞) (2)
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where qconv is heat transfer per unit area due to convection, T∞ is ambient
temperature and h is convection coefficient.

(3) Torque equation: Torque required to rotate the welding tool under axial load

TR∫
0

dT =
R∫

0

μP(r)2πr2dr = 2

3
μπ PR3 (3)

where, T is interfacial torque, μ (friction coefficient), R is surface radius, and
P(r) (pressure distribution across the interface).

(4) Frictional heat generated equation: Heat generated in material due to the tool
rotation

Qg =
TR∫
0

ωdT =
R∫

0

ωμP(r)2π r2dr (4)

where, Qg is the rate of heat generated and ω is the angular velocity.

4 Boundary Condition

Convection coefficient of 30 W/m2 K at ambient temperature of 298 K is applied
as a boundary condition at the top and side surfaces. Bench convection coefficient
of 350 W/m2 K is applied on the bottom surfac [13]. Conductive heat loss from
the bottom surface of the weld plate is assumed to be of very high value of heat
transfer coefficient [13, 16]. Arbitrary Eulerian Lagrangian(ALE) approach is used
for the computational system to avoid large distortions in mesh around the tool.
Three-dimensional nonlinear thermal numerical simulations are performed using
Altair Hyper Weld Friction Stir Welding (FSW) tool for AA6061 (aluminium alloy)
material plates.

5 Computational Solver Model and Validation

Model geometry ismeshed by themeshingmode of Altair Hyperweld. Discretization
of material domain into elements is done through meshing. Altair hyperweld uses
Hyperextrude analysis solver for the computational outcomes. Solution is done by
employing 25 non linear iterations with non linear iteration tolerance of 0.001. Vali-
dation of the Virtual experiment tool is done by comparing it with experimental study
[18]. Figure 2 shows the 3-D simulation of FSW for AA6061 material using Altair
Hyperweld tool with reference to the experimental work under the same boundary
conditions. Temperature distribution at the middle plane is considered as function of
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Fig. 2 Simulation of FSW joint using Altair hyperweld software 17.0

distance from weld centerline. The simulated results shows deviation of 3.74–5.90%
for the temperature at different location. Therefore, our numerical tool said to be
reliable and promising for further investigations. Comparison of Present study with
the experimental work for the validation purpose is shown in Fig. 3.

Fig. 3 Validation of present work with Feng et al. [18]
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6 Results and Discussion

Influence of input process parameter variation (Translation and rotational spindle
speed) on heat generation of friction stir weld material is considered in the present
study. The peak temperature (Tp) generated by parametric variation is used to study
the effect of process parameter on heat generation. Numerical simulation of Friction
stir weld of AA6061 material are performed using Altair Hyper-weld software.

6.1 Effect of Tool Rotational Speed

Computational analysis is performed at five different Rotational speed (i.e., 600,
1000, 1400, 1600 and 1800 rpm) of the tool and peak temperature is investigated.
Figure 4 shows Maximum Temperature of the material at five different speeds. It
is observed that Tool rotational speed significantly affects the Heat generation in
material during FSW process. Increase in rotational speed rises the Peak temperature
of the weld [22, 23]. The observed value of peak temperature is below the melting
point (923 K) of the material at all rotational speeds and it is about in a range of
65–95% of solidus temperature (855 K). Peak Temperature is observed at weld zone
and temperature decreases as we move further away from it. It is also noticed for all
speeds Temperature in the is symmetrically distributed along the welding line.

Fig. 4 Peak temperature at five different rotational speed of tool
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Fig. 5 Peak temperature at four different welding speed

6.2 Effect of Weld Speed (Translation Speed)

Fig. shows the variation of Peak temperature at different weld speed. Four values of
weld speed (5, 7, 9 and 11 mm/s) with step of two are considered for the simulation.
Heat generation is indicated by the peak temperature which is investigated at four
different weld speed. It is observed from the Fig. 5 that there is a slight decrease
in the Peak temperature with the rise in welding speed. Temperature is seen to be
symmetrically distributed along weld line for all weld speed. Peak temperature at
all speeds is under melting point (923 K) of the material. Temperature at weld zone
is observed to be maximum and decreases as we move further away from it. No
significant effect on peak temperature is noticed in the case of variation of weld
speed [22].

7 Comparison with Previous Work

Presentwork results are comparedwith someof the previous similar experimental and
numerical studies and shown in Table 1. It is observed from the table that the findings
of present work are in good agreement with the results of [22, 23]. Moreover, present
research covers broader analysis which is absent in case of [22, 23]. Present analysis
also details the slight decrease in peak temperature when welding speed is increased
whereas [22] reported no significant effect. Hence, Altair hyperweld software proved
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Table 1 Comparison of
present results with the
previous experimental work
[22, 23]

Process
parameter

Present work
(Tpeak)

[22] (Tpeak) [23] (Tpeak)

Increase in
tool rotation
speed

Increase Increase Increase

Increase in
welding
speed

Slightly
decrease

No significant
effect

Not reported

to be a powerful tool and explorers a new way in the field of numerical simulations
of friction stir welding process.

8 Conclusion

Present article proposes a comparatively new numerical tool for simulating Friction
stir welding process. Influence of tool rotation speed and welding speed on Heat
generation is investigated using Altair Hyperweld 17.0. Friction stir additive manu-
facturing is a new explored field which is gaining importance nowdays. Following
conclusions are drawn out from the present numerical study:

• Validation of simulation results with experimental work represents the effective-
ness of the Altair Hyperweld tool.

• Symmetric distribution of temperature is observed along the welding line and it
is independent of spindle rotation and welding speed variation. Temperature at
weld zone is observed to be maximum and decreases as we move further away
from it.

• With the increase in Tool rotation speed, Heat generation (Peak Temperature) is
increased.

• Slight decrease in Peak Temperature observed when welding speed is increased.
• Comparative study with previous work indicates good agreement of the results

and elaborated findings.
• Friction Stir welding use in additive manufacturing has broader perspective and

the current study can be utilized for the same.

References

1. Kumar, P.V., Reddy, G.M., Rao, K.S.: Microstructure, mechanical and corrosion behavior of
high strength AA7075 aluminium alloy friction stir welds, effect of post weld heat treatment.
Def. Technol. 11, 362–369 (2015)



Finite Element Modeling and Parametric … 259

2. Veeravalli, R.R., Nallu, R., Mohiuddin, S.M.M.: Mechanical and tribological properties of
AA7075–TiC metal matrix composites under heat treated (T6) and cast conditions. J. Mater.
Res. Technol. 5, 377–383 (2016)

3. Liu, Y., Mol, J.M.C., Janssen, G.C.A.M.: Combined Corrosion and Wear of Aluminium Alloy
7075-T6. J. Bio Tribo Corros. 2, 9 (2016)

4. Griffiths, R.J., Dylan, T.P., David, G. Hang, Z.Y.: Additive friction stir-enabled solid-state
additive manufacturing for the repair of 7075 aluminum alloy (2019)

5. Thomas, W.M.: Int. Patent Appl. No PCT/GB92 Patent Application No. 9125978.8 (1991)
6. Dawes, C.J., Thomas, W.M.: Weld. J. 75(3), 41–45 (1996)
7. Kallee, S., Nicholas, D.: SAE Technical Paper No 982362 (1998)
8. Hamilton, C., Sommers, A., Dymek, S.: A thermal model of friction stir welding applied to sc

-modified Al–Zn–Mg–Cu alloy extrusions. Int. J. Mach. Tools Manuf. 49, 230–238 (2009)
9. Riahi, M., Nazari, H.: Analysis of transient temperature and residual thermal stresses in friction

stir welding of aluminum alloy 6061-T6 via numerical simulation. Int. J. Adv. Manuf. Technol.
55, 143–152 (2011)

10. Binnur, G.K., Mustafa, T., Tarık, S.: Finite element modeling of friction stir welding in
aluminum alloys joint. Math. Comput. Appl. 18(2), 122–131 (2013)

11. Al-Badour, F., Merah, N., Shuaib, A., Bazoune, A.: Coupled eulerian lagrangian finite element
modeling of friction stir welding processes. J. Mater. Process. Technol. 213, 1433–1439 (2013)

12. Bussetta, P., Feulvarch, E., Tongne, A., Boman, R., Bergheau, J.-M., Ponthot, J.-P.: Two 3D
thermomechanical numerical models of friction stir welding processes with a trigonal pin.
Numer. Heat Transf. Part A: Appl. 70, 995–1008 (2016)

13. Zhu, X.K., Chao, Y.J.: J. Mater. Process. Technol. 146, 263–272 (2004)
14. Schmidt, H., Hattel, J., Wert, J.: Model. Simul. Mater. Sci. Eng. 12, 143–157 (2004)
15. Song, M., Kovacevic, R.: Int. J. Mach. Tools Manuf. 43, 605–615 (2003)
16. Chao, Y.J., Qi, X., Tang, W.: J. Manuf. Sci. Eng. 125, 138–145 (2003)
17. Chen, C., Kovacevic, R.: Proc. Inst. Mech. Eng. 218, 17–33 (2004)
18. Feng, Z., Wang, X.L., David, S.A., Sklad, P.: 5th International Friction Stir Welding

Symposium. Metz, France (2004)
19. Jain, R., Pal, S.K., Singh, S.B.: Finite element simulation of temperature and strain distribution

during friction stir welding of AA2024 aluminum alloy. J. Inst. Eng. (India): Ser. C 1–7 (2016)
20. Sun, T., Roy, M., Strong, D., Withers, P.J., Prangnell, P.B.: Comparison of residual stress

distributions in conventional and stationary shoulder high-strength aluminum alloy friction stir
welds. J. Mater. Process. Technol. 242, 92–100 (2017)

21. Kumar, S., Wu, C., Zhen, S., Ding, W.: Effect of ultrasonic vibration on welding load,
macrostructure, and mechanical properties of Al/Mg alloy joints fabricated by friction stir
lap welding. Int. J. Adv. Manuf. Technol. 100, 1787–1799 (2019)

22. Anand, R.S., Prakash, P., Jha, S.K., Singh, A.K.: Numerical investigations of effect of input
process parameters on heat generation in friction stir welding. Mater. Today: Proc. (2020)

23. Andradea, D.G., Leitãob, C., Rodriguesa, D.M.: Influence of base material characteristics and
process parameters on frictional heat generation during Friction Stir Spot Welding of steels. J.
Manuf. Process. 43(2019), 98–104 (2019)



Wear Analysis of Polytetrafluoroethylene
(PTFE) Reinforced with Carbon
and Bronze

Prasun Kumar Pandey, S. Thirumalini, R. Padmanaban,
and G. Jayashankkar

1 Introduction

1.1 Motivation

Conventional oil-lubricated compressor requires frequent monitoring and mainte-
nance of oil quality, oil filters and valves. This adds to the operational & service
cost and raises the environmental concern for oil disposal and downstream contam-
ination. On the other hand, oil-free compressor is the more favourable technology
due to its inherent advantages over oil-lubricated compressor like pure compressed
air, low downstream contamination and lesser maintenance. Elimination of oil from
the system is made possible by the recent advancement in dry lubricant technology,
specially, PTFE composites. However, due to lower durability of these composite
materials, the oil-free technology is restricted only to critical applications like
pharmaceutical and food processing.

On the other hand, the composition & manufacturing process of these compos-
ites are is kept as a closely guarded secret by manufacturers. Due to proprietary
technology and limited information in public domain, any attempt to improve the
properties must follow elementary study of “know how” & “know why” of the tech-
nology. The objective of this work is to study different PTFE composites suitable for
compressor application, establish a method to improve their tribological properties,
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formulate a wear model based on test parameter and utilize this learning to solve real
application problem.

1.2 PTFE-Based Piston Rings

Acompressor has awide range of operating parameters like temperature, load, sliding
distance and velocity which influence the choice of materials. The piston ring needs
to have good sealability, life, thermal conductivity and lower thermal expansion.
In addition, oil-free compressor requires a ring material which can function in dry
condition for longer duration. Carbon graphite was used for many years as a piston
ring material in oil-free compressors. It combines strength, hardness and wear resis-
tance of carbon with the lubricity and machinability of graphite. It also has a lower
thermal expansion. However, due to inherited in-flexibility, carbon graphite ring was
manufactured into two pieces and needed a metal expander ring to seal against the
cylinder wall. Other limitations of this material included high micro-finish of mating
surfaces, manufacturing with precise tolerance, heavy dust formation during opera-
tion and low useful life. Use of filled PTFE as a solid lubricant between piston and
cylinder surface overcomes most disadvantages of the carbon-graphite ring. PTFE
is a partially crystalline substance obtained from the monomer tetrafluoroethylene
(TFE) by polymerization (Fig. 1).

It has a linear chain of carbon and fluorine where fluorine atoms completely
shield the chain. Due to weak intermolecular force, it exhibits a very low coefficient
of friction but also has low wear resistance. Also, strong C-F bonds provide high
chemical and thermal resistance. To reduce the wear rate, PTFE is reinforced with
hard phases like carbon, glass, bronze, organic fillers, etc. But, in turn, the reinforce-
ment compromises with its natural property of low friction and causes high frictional
power loss in compressor. Despite much technological advancement, the useful life
of PTFE piston ring is only half of the metallic piston rings used in oil-lubricated
compressors. It requires frequent replacement which if not done, may lead to loss
of performance or a catastrophic failure due to destructive rubbing of components.
These limitations combined with high material cost have limited the competitiveness
of oil-free compressors technology.

Fig. 1 Molecular chain of PTFE
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1.3 Literature Review

The literature review is focused on the properties of PTFE and PTFE compos-
ites, manufacturing process, methods to enhance tribological properties and various
analysis techniques.

Meece et al. [1] have described past and present technology of oil-less air compres-
sors and vacuum pumps. Khedkar et al. [2] have investigated wear behaviour of pure
PTFE& six other PTFE composites on pin-on-disc type tribometer under a fixed load
and sliding velocity. He used analysis techniques like SEM to study wear mechanism
and DSC to study thermal stability. Kowandy et al. [3] have found out the co-relation
between the characteristics of the wear particles, the coefficients of friction and the
wear rates. The surface morphology of generated wear particles is studied to deter-
mine wear mechanisms. On the similar line, Conte et al. [4] have investigated the
effects of fillers on PTFE Tribology in relation with wear-specific energy (ratio of
friction work to mass loss) and composites crystallinity. Wang et al. [5] have made
the study on tribological behaviour of transfer films formed between different PTFE
composites containing 15 vol.% of fillers MoS2, graphite, aluminium and bronze,
respectively, and AISI-1045 steel bar. Morphology of transfer film, worn surface and
wear debris of the composites are studied under SEM and EDS. Conte et al. [6] have
studied the link between crystallinity and wear mechanism using considerations of
frictional heating on different PTFE composites. Kapsiz et al. [7] have investigated
the effect of sliding velocity, applied load and oil type on tribological characteris-
tics of cylinder liner and piston ring pair under lubrication. The result indicated that
weight loss of piston ring & cylinder is greatly affected by sliding velocity and load,
whereas coefficient of friction is mainly affected by the sliding velocity.

The literature study gave information on PTFE & PTFE composite properties,
method to enhance the properties, various analysis tools & techniques and current
research and industry trends. Since most of the researches are done with an aim to
understand the wear and frictional phenomenon, the results or conclusion cannot be
directly used for air compressor application. However, the same methodology can
be performed on favourable materials under relatable application conditions. In this
researchwork, the learning from these literatures is incorporated to obtain conclusive
results.

1.4 Methodology

The study of polymer tribology is limited mainly to experimental investigation.
Performing the wear tests in a compressor for various materials is tedious and
hence laboratory tests are preferred for the preliminary analysis. Since the research
is focused only on finding the most suitable material composition for piston ring and
establish the method to enhance its tribological properties, different PTFE compos-
ites are manufactured by incrementally varying the filler content and are tested on a
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pin-on-disc tribometer. The wear rate and coefficient of friction are recorded under
different spectrums of load and sliding velocity. The load range is established by
trial & error method to have significant wear in short duration of the test (~15 min),
whereas the sliding velocity is derived from the design guideline on mean piston
velocity [8]. Morphological study is done on the worn out surfaces under Scanning
Electron Microscope. Further, design of experiment is carried out on two samples
(with lowest wear rate) to investigate the effect of load and sliding velocity on
tribological properties.

Though, tribology is a system property which not only depends on the material
but also on interacting surface & operating variables, these laboratory tests will
certainly yield different values than the real application. However, the tests will help
to understand the material properties, rank various materials and understand the wear
pattern.

2 Experiment

2.1 Material

Out of various fillers available for PTFE, three fillers (i) Carbon (ii) Bronze (iii)MoS2
are selected for study because of high thermal conductivity, low thermal expansion
and low abrasiveness to mating surface, as required for piston ring application. For
obvious reasons, PTFE filled with glass or ceramics is not investigated.Molybdenum
disulfide (MoS2) also adds to lubricity and hence is used in combination with carbon
and bronze. The list of materials manufactured is tabulated in Table 1.

The PTFE particle sizes of 0.25 µm are produced by polymerization of tetrafluo-
roethylene (CF2 = CF2) carried out by aqueous suspension and emulsion methods.
The PTFE particles are then blended mechanically with filler materials based on
composition by weight. The average sizes of carbon particles and graphite flakes are
of 20–50 µm, MoS2 of 10–15 µm and bronze particles of 10–30 µm. The mixtures
are compression moulded and sintered at 370–380 °C for 5 h. and cooled inside the
furnace. Finally, the moulded samples are machined in form of cylindrical rods of

Table 1 PTFE material
composition

Sample No Composition

1 PTFE + 25% Carbon

2 PTFE + 20% Carbon + 5% Graphite

3 PTFE + 35% Carbon

4 PTFE + 35% Carbon + 5% MoS2

5 PTFE + 40% Bronze

6 PTFE + 55% Bronze + 5% MoS2

7 PTFE + 60% Bronze
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Table 2 Wear disc properties

Disc No Material Garde Hardness Surface finish (µm)

1 Alloy steel EN 31 653–746 HV Ra: 0.45

2 Aluminium LM 25 300–450 HV
(After anodizing)

Ra: 1.46

3 Cast iron FG 200 190–230 HV Ra: 0.2

ø 12 mm and length 50 mm. The end of rod which slides against the wear discs is
machined in form of hemisphere to have uniform point loading.

Three different wear discs are fabricated with alloy steel, Aluminium and Cast
iron with surface properties as listed in Table 2. These properties are maintained the
same as that of cylinders used in oil-free reciprocating air compressor. The PTFE
composite rods are used as Pin and wear discs are disc of pin-on-disc tribometer.

2.2 Tribometer Test

The samples are tested for tribological properties in TR-20LE-PHM 200 pin-on-disc
tribometer (manufactured by Ducom Instruments, USA). A schematic diagram of
tribometer is shown in Fig. 2.

Load on the pin is applied using dead weights through a lever arm loading system,
whereas a load cell measures the frictional force acting between pin and disc. The
tribometer gives a continuous plot of wear and frictional force with respect to time,
whereas the coefficient of friction at any point can be calculated as the ratio of
frictional force to load applied. The weight loss of sample due to wear is recorded
by finding the difference of initial and final weight using an analytic balance with
sensitivity of 0.1 mg.

Fig. 2 Pin-on-disc tribometer set-up. Courtesy: Ducom Instruments, USA
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Table 3 Level of tribometer test parameter

Sl. no Coded value Linguistic term Real value—load (kg) Real value—speed (m/s)

1 −1 Low 8 3.35

2 0 Medium 10 3.85

3 1 High 12 4.24

2.3 Design of Experiment

DOE is performed during tribometer test on one sample PTFE+ 35%C+ 5%MoS2
to determine individual and interactive effect of load and sliding velocity on factors
wear rate and friction coefficient of the specimens. The load and speed are varied at
three levels and experimental trials are conducted as per full factorial design. The
travel distance is kept constant by varying the test duration. The sliding speed is
varied by changing wear track diameter and disc rotation speed (Table 3).

3 Result and Discussion

3.1 Tribometer Test

Wear rate.

The weight loss observed during the tribometer test is shown in Fig. 3. Carbon-filled
PTFE exhibited high wear rate as compared to bronze-filled PTFE. The wear rate
with Aluminium disc is relatively higher than alloy steel and cast iron. The wear
rates are comparable among 20% C + 5% Gr and 35% C filled PTFE. The addition
of MoS2 in 35% C filled PTFE degraded the wear resistance, however, the addition
of same quantity in bronze-filled PTFE provided much reinforcement.

Coefficient of friction.

The coefficient of friction noticed during the tribometer test is shown in Fig. 4. In
this, all four-carbon filled PTFE exhibited low coefficient of friction as compared to
bronze filled PTFE. 25–35% C-filled PTFE exhibited the lower value but is signifi-
cantly affected by the disc. The addition of MoS2 in 35% C filled PTFE has resulted
in increase in friction coefficient but in bronze filled, the reduction in friction is
appreciable. In general, the COF is found to be the lowest against Aluminium disc.
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Fig. 3 Weight loss of various samples due to tribometer test

Fig. 4 Coefficient of friction observed in tribometer test
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3.2 Morphological Study of Worn Out Surfaces

The below series of figures shows the magnified image of worn out surfaces obtained
under ScanningElectronMicroscope (SEM). Figure 5 presents the comparative study
of carbon-filled PTFE. In 35% C filled PTFE, as the carbon is blended with PTFE in
granular form, the filler is completely merged with bulk material. The low coefficient
of friction can be attributed to its smooth surface texture. However, the addition of
MoS2 resulted in rough texture which resulted in high friction coefficient. The image
also shows small voids appearing between filler and base material which would have
crossed easy removal of particles.

Figure 6 presents the comparative study of bronze-filled PTFE. Elemental
mapping is done for these composites to differentiate the filler elements using Elec-
tron Dispersive X-ray (EDX) as shown in Fig. 7. In 40% Bronze-filled PTFE, the
surface shows the crack around the filler which resulted in wear. The wear can be
noticed in both bronze and PTFE. Due to high concentration of bronze in the matrix,
its resultant interaction with mating surface lead to high coefficient of friction.

Fig. 5 Worn out surface after test. a PTFE + 35% C. b PTFE + 35% C + 5% MoS2
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Fig. 6 Worn out surface after test. a PTFE + 40%Br. b PTFE + 55%Br + 5%MoS2

Fig. 7 EDX element mapping. a SEM image. b Element mapping

3.3 Design of Experiment

Thewear rate during the test and friction coefficient observed are presented inTable 4.
Mathematical models based on Radial Basis Function (RBF) have been generated

to predict the weight loss due to wear and coefficient of friction. RBF is a real-valued
functionwhosevaluedepends onlyon thedistance fromcentre point.Mathematically,
the function can be represented as Eq. (1) follows:

∅(x, c) = ∅(‖x − c‖) (1)

To analyse the results, multi-quadratic type RBF is chosen whose mathematical
equation for the variables each related with diverse centres is given by Eq. (2).

∅(‖x − xi‖) =
√
1 + [ε(‖x − xi‖)]2 (2)
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Table 4 Design of experiment results

Sl.
no

Load
(kgs)

Speed
(rpm)

Wear
track
dia.
(mm)

Test
duration
(min)

Velocity
(m/s)

Distance
travelled
(km)

Weight
loss (mg)

Coefficient
of friction

1 8 800 80 19.0 3.35 3.82 0.0125 0.183

2 10 800 80 19.0 3.35 3.82 0.0176 0.19

3 12 800 80 19.0 3.35 3.82 0.0313 0.183

4 8 700 105 16.5 3.85 3.82 0.0226 0.192

5 10 700 105 16.5 3.85 3.82 0.0187 0.173

6 12 700 105 16.5 3.85 3.82 0.0239 0.196

7 8 900 90 15.0 4.24 3.82 0.0199 0.193

8 10 900 90 15.0 4.24 3.82 0.0221 0.208

9 12 900 90 15.0 4.24 3.82 0.0212 0.169

The polynomial RBF model for predicting the wear and friction coefficient is
given below in Eqs. (3) and (4), with parameters of RBF models listed in Table 5.

Weightloss =0.036002 + 0.098381L − 0.090726V − 0.0059789L2

−0.0081516V 2 + RBF1 (3)

COF =0.14371 + 0.077191L − 0.088629V − 0.044174L2

−0.039383V 2 + RBF2 (4)

The values of R2, adjustedR2 andRMSE are presented in Table 6. LowRootMean
Squared Error (RMSE) values indicate the high precision accuracy of the model and
value of R2 close to unity indicates good model fitness. Also, the nearness of R2 and
adjusted R2 values indicated high prediction effectiveness of the models.

Table 5 RBF network parameters for the generated model

Sl. No Radial basis function No. of centres Global width Regularization
parameter

1 RBF1 3 1.0794 0.0001

2 RBF2 3 0.00011911 0.0001

Table 6 RBF model statistical summary

Sl. No Output parameter in RBF model R2 Adjusted R2 RMSE

1 Wear rate 0.992 0.999 0.0001467

2 Coefficient of friction 0.992 0.947 0.002744
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Fig. 8 Contour plot for interaction of load and velocity on. aWeight loss. b Coefficient of friction

The optimization plot of weight loss due to wear and friction coefficient is shown
in Fig. 8. From Fig. 8a. the wear is maximum in the velocity range of 3.9–4.2 m/s
and load of 8–9.5 kg. It indicates low wear rate for wide range of loads if the velocity
is maintained below 3.5 m/s. Figure 8b shows that the coefficient of friction is lowest
only for a small region in velocity range of 3.75–3.95 m/s and load of 9.5–10.5 kg.
Very low variation is found in coefficient of friction for wide range of input variables.

4 Conclusion

The following conclusions can be drawn from the study:

• Carbon-filled PTFE exhibits better wear resistance as compared to bronze-filled
PTFE. Carbon and carbo-graphite reinforcement are self-sufficient to carry the
load and provide lubrication at the interface

• Addition of other solid lubricants like MoS2 doesn’t necessarily enhance the
tribological properties. Due care must be taken for its composition, distribution,
and bonding with base material

• Carbon-filled PTFE bears the load uniformly and wear is multi-phase. However,
in bronze filled PTFE, bronze particles bear the load and wear occurs due to
separation of these particles from the matrix

• Coefficient of friction to be low when the sliding velocity is lower than 3.8 m/s.
No direct relationship could be established for tribological properties and test
parameters as the properties are distinctive for each tribo-system.
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Modelling of a Porous Functionally
Graded Rotor-Bearing System Using
Finite Element Method

Aneesh Batchu, Bharath Obalareddy, and Prabhakar Sathujoda

1 Introduction

When traditional composites are subjected to high-temperature conditions, inter-
laminar stresses develop in between the layers due to which delamination of layers
takes place. Thus, for improving structural performance, a new class of composites,
FGMs, are developed to mitigate the problems of debonding, delamination, and
residual stresses in fibre reinforced composites at high temperatures while making
use of the advantages of the material properties of both ceramic and metal. An FGM
is a heterogeneous micromechanical composite, generally made from using different
phases of ceramic and metal. Material gradation laws such as exponential, sigmoid
and power law are used for smooth and continuous variation of volume fractions of
constituent materials from one layer to another along the desired direction. FGMs
were first discovered by a group of Japanese scientists in the mid-1980s. There is a
wide range of FGM fabricating techniques based on material applications; a few of
them are physical vapour deposition, chemical vapour deposition, tape casting, slurry
dipping, sintering and powder metallurgy. Miyamoto et al. [1] and Mortensen and
Suresh [2] discussed a few of the fabricating techniques mentioned above. Typically,
FGMs are made for the aerospace industry as the temperature of the aerospace
structures is enormous, hence thematerial usedmustwithstand the high temperatures.
Owing to a wide range of applications in industries like automotive, biomedical,
construction, defence, electronics and marine, functionally graded materials have
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become a topic of interest for many scientists. FG structures are investigated by
many researchers and excellent review papers are reported in the literature [3, 4].

FG rotor-bearing systems also play a major role in the mechanical industries;
many investigations were performed on rotor-bearing systems. By considering the
effects of translational kinetic energy and elastic bending energy, Ruhl andBooker [5]
have developed an FE model for the turbo rotor bearing. Nelson [6], by considering
the effects of translatory inertia, rotatory inertia, gyroscopicmoments, and transverse
shear deformations, developed a finite shaft element using Timoshenko beam theory.
However, porosity is the most prominent imperfection to consider for assigning
material properties as well as the modelling of an FG rotor-bearing system, since,
during the fabrication process, the formation of porosities is unavoidable. Ebrahimi
and Jafari [7] have analyzed the thermo-mechanical performance of porous FGbeams
under various thermal loadings. Wattanasakulpong and Ungbhakorn [8] investigated
linear and nonlinear vibration problems of porous FG beams. Few researchers have
been studying the effects of cracks on FG rotor-bearing systems. Gayen et al. [9]
have formulated a finite FG beam element with a surface crack and extended their
work to formulate an FG beam element with a transverse crack [10]. Recently, Bose
and Sathujoda [11] investigated the natural frequencies of a porous FG rotor-bearing
system using ANSYS. However, the works on dynamic analysis of FG rotor-bearing
systems are limited despite their importance in the research community.

To the best of the Authors knowledge, the dynamic analysis of porous FG rotor
systems is rarely found in the literature. Since porosity affects the dynamic character-
istics of FG rotor-bearing systems, it is important to investigate the natural frequen-
cies of an FG rotor system using proper finite element modelling. The primary task
of the present work is to model a two-nodded finite porous FG shaft element based
on Timoshenko beam theory by including the effects of translational inertia, rotary
inertia and transverse shear deformations.

2 Material Modelling of Circular FG Shaft

Material properties such as Young’s modulus, modulus of rigidity, density, thermal
conductivity and Poisson’s ratio are varied along the gradation direction in the case
of FGMs. The radial direction is considered as the gradation direction in the case
of circular FG shafts. Aboudi et al. [12] categorized the microstructure of material
gradation into the continuously graded microstructure, discretely graded microstruc-
ture and multi-phase graded microstructure. FGMs are classified into metal-ceramic,
ceramic-ceramic, metal-metal and many other combinations but the most used FGM
is metal-ceramic. As the accurate details of the graded microstructure are uncharted,
volume fractions of different phases are used for material gradation. The continu-
ously graded microstructure of metal-ceramic FGM is represented in Fig. 1. The
material properties’ dependence on position is attained by the Voigt model [13],
which is a simple rule for the mixture of composites in which the material properties
of a specific layer Pi are obtained by using Eq. 1.
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Fig. 1 The continuously graded microstructure of metal-ceramic FGM

Pi = PmVm + PcVc (1)

where Pm and Pc are material properties and Vm and Vc are volume fractions of
metal and ceramic of the respective layer. The temperature dependency of material
properties is attained by Eq. 2 [14].

P(T ) = P0
(
P−1T

−1 + 1 + P1T + P2T
2 + P3T

3) (2)

P−1, P0, P1, P2 and P3 are the coefficients of material and are temperature depen-
dent. Reddy and Chin [15] listed these coefficients, which are in Table 1. T is the
temperature in Kelvin. However, in the present work, the porous FG rotor-bearing
system is considered to be at room temperature.
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Table 1 Coefficients of the temperature of the constituent materials

Material
Properties

P0 P–1 P1 P2 P3

Steel E 201.04e9 0 3.08e-4 – 6.534e-7 0

K 15.379 0 – 1.26e-3 2.09e-6 – 3.7e-10

v 0.326 0 – 2e-4 3.797e-7 0

ZrO2 E 244.27e9 0 – 1.37e-3 1.21e-6 – 3.7e-10

K 1.7 0 1.276e-4 6.648e-8 0

v 0.2882 0 1.133e-4 0 0

2.1 Power Law Gradation of FG Shafts

Since it is difficult to attain the position dependency by the distribution of volume
fractions of porosity, various laws such as exponential law, power law and sigmoidal
law are used to attain the position-dependentmaterial gradation.Amid all thematerial
gradation laws, power law is most used. Power law for a circular FG shaft is

P(r, T ) = Pm + (Pc − Pm)

[
r − Ri

Ro − Ri

]k

(3)

k is the power law index; it can range from 0 to ∞. P(r, T ) represents the material
properties of an FGM. r is the radial coordinate of the shaft. Ri is the inner radius
and Ro is the outer radius of the shaft.

2.2 Material Gradation of Porous Circular FG Shafts

The porosity distribution modelling in functionally graded beams with rectangular
cross section has been carried out by [7, 8]. However, material gradation of porous
circular FG shafts using Timoshenko beam theory is unexplored. An FG shaft whose
inner metal core is composed of stainless steel (SS) and the outer ceramic layer
is made of Zirconium Oxide/Zirconia (ZrO2) with evenly distributed porosities is
considered in the present work. The material properties are modified as Eq. 4 due to
the porosities present in the FG shaft.

Pl = Pm
(
Vm − α

2

)
+ Pc

(
Vc − α

2

)
(4)

Since the material properties depend on the volume fraction of porosity conse-
quently, power law can be modified as
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P(r, T, α) = Pm + (Pc − Pm)

[
r − Ri

Ro − Ri

]k

− (Pc + Pm)
α

2
(5)

where α is the volume fraction of porosity, α � 1 for the FG shafts with porosity and
α = 0 for the FG shafts without porosity. A python code is developed to calculate
and assign the material properties to a circular FG shaft graded based on the power
law.

3 Finite Element Modelling of A Porous FG Rotor-Bearing
System

An FG Jeffcott rotor system, consisting of a uniform steel disc, an FG shaft and
linear isotropic bearings, shown in Fig. 2, is considered in this work. A novel two-
nodded porous FG shaft element with four degrees of freedom (two translational
and two rotational degrees of freedom) at each node have been developed using
the finite element method based on Timoshenko beam theory. The effects of elastic
bending energy, translational kinetic energy, rotatory inertia and transverse shear
deformations are considered while modelling the shaft element. Porous FG shaft
elemental stiffness and mass matrices are derived in the present paper, which is
currently not available in the literature. The equation of motion of all the components
of Jeffcott rotor system is discussed in the following sections.

3.1 Porous Circular FG Shaft Element

The porous circular FG shaft is discretized into two-nodded finite beam elements.
A novel two-noded shaft element with four degrees of freedom on each node is
represented in Fig. 3. Where v and w are translational degrees of freedom and β

and τ are the rotational degree of freedom. Nelson and McVaugh [16] derived the

Fig. 2 FG Jeffcott rotor
system
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Fig. 3 A two-nodded
porous FG shaft element

equation of motion of a uniform shaft element. However, in the case of the porous FG
shaft, thematerial properties depend on position, temperature and porosity index. The
corresponding elemental translatory, rotatory mass and stiffness matrices depend on
the volume fraction of porosity, unlike the uniform elemental matrices. The equation
of motion, Eq. 6, of the porous FG shaft element can be developed by the application
ofHamilton’s extended principle, equation of energy andwork functions as discussed
in Nelson [6].

([
Me

] + [
Ne

]){q̈} − Ω
[
Ge

]{q̇} + [
Ke

]{q} = {
Qe

s

}
(6)

[
Ke] = C1

(
le∫
0
E(r, T, α)I (r)

[
ψ ′′]T [

ψ ′′]ds +
le∫
0

κ(r,T , α)G(r,T , α)A(r)
[
ψ ′]T [

ψ ′]ds
)

(7a)

[
Me

] = C2

le∫
0
m[ψ]T [ψ]ds (7b)

[
Ne

] = C3

le∫
0
ID[ϕ]

T [ϕ]ds (7c)

[
Ge

] = [
He

] − [
He

]T
where

[
He

] = C4

le∫
0
IP [ϕw]

T [ϕv]ds (7d)

[
Me

]
is the elemental translational massmatrix,

[
Ne

]
is elemental rotatorymatrix

and
[
Ge] is the elemental gyroscopic matrix,

[
Ke

]
is elemental stiffness matrix, {q}

is the nodal displacement vector,
{
Qe

s

}
is the external loading vector. [Ke], [Me],

[Ne] are symmetric matrices, whereas [Ge] is a skew-symmetric matrix. � is the
spin speed of the shaft in rad/sec. E(r,T,α) is Young’s modulus, κ(r,T,α) is
the transverse shear form factor, G(r,T,α) is the modulus of rigidity of the shaft
element, I(r) is the moment of inertia, A(r) is the area of a thin layer of the shaft
whose inner radius is r and the outer radius is r + dr , le is the length of the element.
C1, C2, C3 and C4 are the coefficients of the elemental stiffness matrix, translatory
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mass matrix, rotatory mass matrix and gyroscopic matrix, respectively

C1 = 1

l3e (1 + �R)

R∫
0
E(r, T, α)I (r) dr (8a)

C2 = le
420(1 + �R)2

R∫
0
ρ(r, T, α)A(r) dr (8b)

C3 = 1

120 le (1 + �R)2

R∫
0
ρ(r, T, α)A(r) r2 dr (8c)

C4 = 1

60 le (1 + �R)2

R∫
0
ρ(r, T, α)A(r)r2 dr (8d)

ΦR is the transverse shear effect and is shown in Eq. 9.

ΦR = R∫
0
Φ(r, T, α) = R∫

0

12E(r,T, α)I(r)dr

κ(r,T , α)A G(r,T , α)el2
(9)

3.2 Equation of Motion of the Complete System and Solution
Procedure

A uniform steel disc located at the mid-span of the FG rotor-bearing system is
considered. Bearings used for the modelling are linear isotropic. The equations of
motion of the uniform steel disc and linear bearings are taken from the lines of
Nelson [6]. The global equation of motion of the porous FG rotor-bearing system is
expressed in Eq. 10.

[
M f

]{q̈} − Ω
[
G f

]{q̇} + [
K f

]{q} = {Q} (10)

[
K f

]
is the global stiffness matrix which includes the stiffness matrices of the

porous FG shaft and linear bearings.
[
M f

]
is the global mass matrix which incor-

porates the translatory and rotatory matrices of the porous FG shaft and uniform
disc.

[
G f

]
is the global gyroscopic matrix which includes the gyroscopic matrices

of the porous FG shaft and disc. {Q} is the external force vector Ω , is the spin speed.
Equation 10 can be converted into an eigenvalue problem and can be expressed as
Eq. 11.

Aḣ + Bh = 0 (11)

A =
[

0
[
M f

]
[
M f

] −Ω
[
G f

]
]
, B =

[−[
M f

]
0

0
[
K f

]
]
, h =

{
q̇
q

}
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On solving, the eigenvalues obtained are of the form

λn(Ω) = ξn(Ω) ± iωn(Ω) (12)

ξ is damping constant, and ω is the natural frequency in rad
/
s when spin speed

is zero.

4 Results and Validations

Finite element formulations have been developed in Python, and the validation has
been carried out to check the correctness of the code. A step-by-step code validation
has been carried out and presented in the following subsection. Rotor-bearing data
used in the work are tabulated in Table 2.

4.1 Validation—Natural Frequencies of A Simply Supported
Porous FG Square Beam

To validate the porosity formulation, non-dimensional natural frequencies ω̄ (ω̄4 =
ω2L4ρss/Essh2) of a simply supported FG square beam have been calculated using
Python code. Slenderness ratio of the beam is considered as 20, materials used in the
porous FG beam are Si3N4 and SUS304. Material properties are tabulated in Table 2.
The computed non-dimensional natural frequencies using Python code, given in

Table 2 Rotor-bearing data Shaft

Length (L) 0.5 m

Diameter (D) 0.02 m

Disc

Location Mid-span

Mass (m) 2 kg

Polar moment of inertia (Ip) 0.0024 kg m2

Diametral moment of inertia (Id) 0.0012 kg

Bearing Stiffness 105 N/m

Material Properties Stainless Steel (SS) Zirconia (ZrO2)

Young’s Modulus (GPa) 207.8 168

Density (kg/m3) 8166 5700

Poisson’s ratio 0.3 0.24
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Table 3 Non-dimensional natural frequencies of simply supported porous FG square beam

α k = 0.5 k = 1

Present [7] error% Present [7] error%

0 4.5283 4.5158 0.28 3.9695 3.9583 0.28

0.1 4.5947 4.5821 0.27 3.9621 3.9509 0.28

0.2 4.6806 4.6678 0.27 3.9516 3.9406 0.28

α k = 2 k = 5

Present [7] error% Present [7] error%

0 3.5659 3.5553 0.3 3.2436 3.2332 0.32

0.1 3.5188 3.5082 0.3 3.1736 3.1634 0.33

0.2 3.4599 3.4495 0.3 3.0888 3.0787 0.33

Table 3, are in good accord with the values in the literature [7] with a percentage
error of less than 0.4.

4.2 Results—Non-dimensional Natural Frequencies
of Porous FG Rotor-Bearing System

Non-dimensional natural frequencies ω̄ (NDNFs) ω̄4 = ρssALω2/
EssI of the porous

FG rotor-bearing system for different values of power-law index and volume fractions
of porosity are calculated and tabulated in Table 4. Due to the presence of porosities
in the FG shaft, the material properties of the shaft reduce, and hence the NDNFs of
the rotor system decreases with increase in the volume fraction of porosity. Similarly,
with the increase in power law index,NDNFsdecrease due to the reductionof stiffness
in the FG rotor-bearing system.

Table 4 NDNFs of porous FG rotor-bearing system

α k = 0.3 k=0.5 k = 1 k = 3 k = 5 k = 8 k = 10

0 1.5029 1.5008 1.4969 1.4900 1.4875 1.4859 1.4853

0.1 1.5041 1.5022 1.4986 1.4925 1.4904 1.4891 1.4886

0.2 1.5027 1.5010 1.4979 1.4930 1.4915 1.4906 1.4903

0.3 1.4974 1.4960 1.4938 1.4906 1.4899 1.4898 1.4898

0.4 1.4861 1.4854 1.4844 1.4840 1.4846 1.4855 1.4859

0.5 1.4654 1.4658 1.4668 1.4709 1.4736 1.4760 1.4770

0.6 1.4290 1.4312 1.4359 1.4475 1.4535 1.4585 1.4605
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5 Conclusion

Non-dimensional natural frequencies of a porous FG rotor-bearing system have been
calculated. The inner core of the shaft is composed of stainless steel, whereas the
outer layer of the shaft is made of zirconia.

• A two-noded porous FG shaft element with four degrees of freedom (two trans-
lational and two rotational) on each node has been developed using Timoshenko
beam theory.

• A python FE code is developed to compute the natural frequencies of a porous FG
rotor system; the computed natural frequencies are validated with the published
results.

• NDNFs decrease with increase in the volume fraction of porosity due to the
reduction in material properties of the shaft.

• NDNFs decreasewith increase in power-law index due to the reduction of stiffness
of the FG shaft.
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Influence of Workpiece Mating Gap
on Friction Stir Welding of 316L
for Fixture Design on a Machine

B. Raghu Prem, Kundan K. Singh, and Ravi Shanker Vidyarthy

1 Introduction

Welding is one of the most important operations in metal joining and is used widely
in Automobile, Aerospace and Defence Industries. Joining metals usually requires
High Heat or High Pressure or both for a good bond. The quality of the weld is the
most important aspect, as it determines the integrity of the structure of the object
fabricated and its life. It is estimated that the welding operations account for a lion’s
share of major operations in the process industry or manufacturing industry. Friction
Stir Welding is relatively a new type of Solid State welding, which was invented
by The Welding Institute (TWI), Cambridge, U.K in 1991 [6], where in two metals
are joined by using a high rotating tool, which has a pin and a shoulder and moves
along the weld joint, wherein the pin is plunged into the metal and the shoulder is
plunged to a certain depth so that the friction between the shoulder and the metal
workpieces to be joined generates high amount of heat in the metal. This high heat
generation causes plastic deformation, i.e. softening of metal at localized zone, due
to which the mixing of metals will be formed and this mixing will ultimately result
in formation of joining of two metals. In this type of welding process, the base metal
does not reach its melting point, hence reducing the amount of energy needed to
perform the weld. Moreover, there is no use of gas or flux during the process, hence
making it environment friendly. The recent investigations show that a wide range
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of metals and alloys can be joined using FSW. However, process parameters play a
very important role to achieve the defect-free sound weld with required mechanical
and metallurgical properties. The workpiece mismatch and workpiece mating gap
are inherent process variation because of welding process setup. The workpiece
mating gap has a significant influence on the weldment strength. The understanding
of workpiece mating gap on the temperature and stress distribution in weldment can
help in achieving the desired strength. This understanding of gap is very critical for
designing of a fixture for a friction welding machine. The design for fixture must
have high rigidity to avoid the large variation in workpiece mating gap during the
friction welding process.

Mathematical approach is found as one of the best-suited practices to study the
influence of different process parameters on the weld quality. Colegrove, P. [7]
presented a method to determine the heat generation using CFD approach and
researchers [12, 14] have followed the similar methodology to predict different
parameters andmaterial flows during the FSW process. Zhang et.al [8] used the eule-
rian approach to simulate the FSW of Al Alloy to determine the heat transfer, plastic
strain, temperature distribution and microhardness. Ahmad et al. [1] have studied
the temperature distribution and strain by Coupled Eulerian–Lagrangian approach
during the FSW process on steel. The results of the model were compared with the
previously available experimental results of the same grade. It was stated that no
flaws were detected in both models, which demonstrates that the process is durable
for diverse process parameters. Camilleri et al. [2] have evaluated the effect of the
heat source characteristics by assuming FSW tool as moving heat source for DH36
workpiece. Various researchers [3–5] studied the influence of process parameters on
the weld quality through finite element approach.

From the literature, it is observed that there is significant work available on the
studies of variousFSWprocess parameters such as tool rotational speed, tool shoulder
characteristics, pin geometry, tool linear movement speed and plunge depth for weld
quality. However, the influence of gap between the plates to be welded (mating gap)
is not being investigated in significant number. The mating gap is an important factor
for designing the fixture and consequently for the quality of the weld. Therefore, in
the current work, efforts have been made to study the effect of workpiece mating gap
on temperature and stress distribution in welding zone by carrying out the modelling
of friction welding process.

2 Materials and Method

2.1 Electrodes Used and General Characterization
of Wire/Wire-Rods

In the current work, 316 L austenitic stainless steel is taken as base metal for FSW.
The thickness and the width of the plate were kept 2 mm and 16 mm, respectively.
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The physical properties of the base metal such as thermal conductivity, co-efficient
of expansion and specific heat are given in Table 1. Titanium carbide was selected as
tool material for friction stir welding of 316 L austenitic stainless steel. The shoulder
diameter and pin diameter were kept 6 mm and 4 mm, respectively. Geometry of the
FSW tool selected is given in Fig. 2. Physical properties of the tool material used are
given in Table 2. The alignment of the plate and the FSW tool in both conditions, i.e.
without any gap and with gap is shown in Fig. 1 (a and b). The welding speed was
30 mm/s, rotational speed of the tool 200 rad/s and plunging velocity of 25 mm/s
(Table 3).

In this work, Johnson–Cook Material model is considered as it best describes
the material under high-strain-rate deformation, and can be used with most metals.
Johnson–Cook hardening is a particular type of isotropic hardening where the static
yield stress, σ0, is assumed to be of the form:

σ0 =
[
A + B

(
ε−pl

)n](
1 − θ̂m

)
(1)

where pl is the equivalent plastic strain and A, B, n and m are material parameters
measured at or below the transition temperature, θtransition. θˆ is the nondimensional
temperature defined as

θ̂ =

⎧⎪⎨
⎪⎩

0 f or θ < θtransi tion

(θ − θtransi tion)
/
(θmelt − θtransi tion) f or θtransi tion ≤ θ ≤ θmelt

1 f or θ > θmelt

(2)

where θ is the current temperature, θmelt is the melting temperature and θtransition is the
transition temperature defined as the one at or below in which there is no temperature
dependence of the yield stress. Thematerial parametersmust bemeasured at or below
the transition temperature.

To determine the temperatures, use Fourier’s Law of Heat Conduction as the heat
generated in the FSW is primarily due to frictional contact.

ρc
dT

dt
= div(k.gradT ) + qin� (3)

The heat generated at any point r on the tool is given by the formula.

dq̇ = 2πω.r2μ(T )p(T )dr (4)

and the heat generation over the contact area is given by

q̇ = R0∫
r0
2πω.r2μ(T )p(T )dr = 2

3
πωμ(T )p(T )

(
R3
0 − r30

)
(5)



288 B. R. Prem et al.

Ta
bl
e
1

Pr
op

er
tie

s
of

31
6
L
al
lo
y

Te
m
pe
ra
tu
re

(K
)

D
en
si
ty

(k
g/
m
)

Y
ou
ng
’s
m
od
ul
us

(G
PA

)
Po

is
so
n’
s
ra
tio

T
he
rm

al
co
nd

uc
tiv

ity
(W

/m
k)

Sp
.h

ea
t(
K
J/
K
g
K
)

Y
ie
ld

st
re
ng

th
(M

Pa
)

α
-c
oe
ffi
ci
en
to

f
th
er
m
al
ex
pa
ns
io
n

(1
0−

6
)
(K

−1
)

30
0

82
38

19
4.
18

0.
27

13
.4

46
8

20
6.
85

15
.1
56

40
0

18
8.
49

15
.2

50
4

16
7.
49

16
0.
51

50
0

18
2.
02

16
.7
5

52
7

14
3.
38

16
.9
33

60
0

17
4.
29

18
.3
0

55
0

12
8.
64

17
.5
11

70
0

16
6.
17

19
.8

56
3

12
1.
36

17
.9
46

80
0

15
7.
96

21
.3

57
3

11
7.
62

18
.2
97

90
0

14
8.
63

22
.7
5

58
9

11
2.
52

18
.5
92

10
00

13
6.
5

24
.2

60
2

10
2.
99

18
.8
47



Influence of Workpiece Mating Gap on Friction … 289

Table 2 Properties of tungsten carbide tool

Density
(Kg/m3)

Young’s
modulus
(GPA)

Poisson’s
ratio

Thermal
conductivity
(W/m k)

Sp. heat
(KJ/Kg K)

α-coefficient of
thermal
expansion (10−6)
(K−1)

11,900 534 0.22 50 400 45

Table 3 Johnson Cook parameters of 316 L

Johnson Cook Parameters of Al 6061 – T6

A(MPa) B(MPa) N m Melting temp (K) Transition temp
(K)

C ε̇

305 1161 0.61 0.517 1673 300 0.01 1

Fig. 1 a Welding setup with no gap. b Welding setup with gap

The equations used to determine strain are

εφ,ψ = dφ,ψ − d0
d0

= 1 + ν

E
Sφ sin

2 ψ − γ

E
(Sxx + Szz) (6)

where E is Young’s modulus, γ stands for Poisson’s ratio and d0 represents the lattice
spacing in the unstressed state. The stresses in the φ direction can be determined from
the equation below.
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Fig. 2 FSW tool dimensions

Fig. 3 Temperature variation during the tool plunging, a no gap; b gap of 100 μm

Sφ = Sxx cos
2 φ + Sxzsin(2φ) + Szz sin

2 φ (7)

The biaxial surface stresses are calculated using the Eqs. (6) and (7) and
determined directly from the slope of least-squares of d versus sin2(ψ) [13].
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3 Results and Discussions

3.1 Thermal Analysis

Figure 3 a, b shows the simulation results for temperature distribution while plunging
the FSW tool in the base material. The rotational direction of the tool while plunging
and the linear movement was clockwise. The temperature profile shown in the figure
is at time 0.032 s after the tool plunging start. It is clear from the figure that the
maximum temperature was more in case of no gap condition as compared to the
case when plates were 100 μ apart from each other. It could also be noted that the
temperature profile on the base plates due to the shoulder contact is forming circular
ring. The ring is almost complete in no gap condition (Fig. 3a). However, in case
of gap, both sides of the ring are broken and disappear before the plate end. The
amplitude of temperature was also found less in 2nd case. The temperature profile
suggests that the width of the heat-affected zone may narrow with gap as compared
to no gap condition.

Figure 5 shows the temperature variation at a distance 2.3 mm from the weld
centreline with time during plunging and the linear movement of the tool after
plunging. The plunging time for both the cases was 0.032 s. It is evident from the
temperature profile that increase of temperaturewith timeduringplungingwas almost
same in no gap condition and with gap condition. After plunging, when tool starts
linear movement, a steep increase of temperature takes place. This steep increase
in temperature starts early in no gap condition as compared to the gap condition.
Maximum temperature at this point was also found more in no gap condition.
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Fig. 4 Variation of temperature at shoulder for plate 1
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Fig. 5 Temperature variation during plunging and welding on shoulder at distance 2.3 mm from
centre of tool

3.2 Stress Analysis

Figure 6a, b shows the stress distribution on the surface for both the conditions. It is
evident that more stress was developed in the plate where gap was zero as compared
to the plate with 100-μ gap. The pattern of the stress near centre was found similar in
both cases. Figure 6a also suggests that the almost continuous stress circle is formed
in outer contact peripheral of the tool shoulder and the workpiece. However, fine gap
(discontinuity) can be clearly observed in the plate having 100-μ gap. This may be
due to the free end of the base material in the gap. From Fig. 6b, we can infer that
the stress seems continuous after significant mixing of the material from both plates
(shown by white arrow).

Figure 7 shows the change in stress at a point 2.3 mm from the weld centreline.
Gradual increase in stress during purgingwas observed. The stress profile for both the
cases was found similar during plunging. However, the stress intensity was slightly
more in case of no gap. Once the tool shoulder came into the contact with the
workpiece, a sudden increase in stress is observed. Fluctuation in stress intensity
was also found significantlymore after shoulder touched theworkpiece surface. Even
after shoulder contact, the stress level of the workpiece with 100-μ was found less
as compared to that of the no gap condition. The stress profile of the 100-micron gap
workpiece was found slightly smoother than that of the no gap workpiece. Smoother
stress profile may be attributed to the gap available for absorbing the deformation
and compensating the stress level (Fig. 8).
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Fig. 6 Stress distribution on the work surface during the tool plunging, a no gap; b gap of 100 μm

0

200

400

600

800

1000

1200

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035

St
re

ss
 (M

Pa
)

Time (Sec)

No GAP GAP

Fig. 7 Variation of stress at shoulder for plate 1

4 Conclusions

The simulations are performed for the plates with and without gap and the observa-
tions are as follows. In the no gap scenario, there is a continuity in the temperature
ring at the edges, which is missing in the gap situation, the same which is exhibited
by the stresses. However, providing a gap paved a way for a smooth stress profile
which would reduce the post-weld stress at the local region. This implies that having
a small amount of gap is beneficial in reducing the stresses and temperature effects
as well.
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Integration of IoT and Industry 4.0
in Mechanism and Machines



Physics-Driven Process Digital Twins
to Aid Pharma and Specialty Material
Manufacturing

Jenil P. Dedhia and Ravichandra Palaparthi

1 Introduction

Specialty industry (comprising pharma, materials, etc.) relies on providing a techno-
logically advanced quality product serving niche areas. Typically the characteristics
of the industry include low throughputs of products (~0.1−100 kg annually) with
strict quality control specifications; high cost of raw materials (for example, APIs in
the case of pharma); need to maintain multiple product lines each customized to a
market/customer segment; ability to manufacture a given product in different plant
settings that do not necessarily have the same specification of equipment; and quick
turnaround times to launch the right product meeting customer needs via R&D and
scaling up to manufacturing. The method of manufacture of the product at any scale
consists of a series of unit operations as shown in Fig. 1. Leveraging the full benefits
of the automation of the various practices and operations in this industry involves not
only on how well one identifies, captures the relevant process data, and implements
appropriate controls in the manufacturing scale, but also on how one can expedite
product/process development by designing the customized formulation and process
steps at the lab scale and effectively translating them to the manufacturing scale with
minimum trials and errors.

The latter part demands adequate understanding of the underlying process physics
of each of these unit operations and appropriate implementation of the engineering
principles of scale-up. This is typically done through physics-based digital twins for
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Fig. 1 Process train of unit operations

Fig. 2 Process digital twins linking product quality to input material, process, and equipment
characteristics

individual operations (see Fig. 2) that offer the end-user quantitative guidance in their
development/scale-up efforts by capturing relevant level of process physics to link
the inputs (both incomingmaterial properties, equipment characteristics, and process
conditions) to the outputs (the quality characteristics of the intermediate product).

Given the interaction of the equipment characteristics with the product quality,
the digital twins need to appropriately integrate details of both the machine and the
material with the process. The level of process physics that needs to be taken care
of can range from simple calculations to detailed computational simulations taking
long times. In cases where adequate physics-based understanding does not exist to
link inputs and final outputs completely, the following approaches can be leveraged
within the limitations: data or machine learning (ML) type of models [1], and fit for
purposemodels (either physics orML based) that address the need in parts [2]. Given
the multi-disciplinary technical nature of the problem, and the fact that the end-user
is not expected to be conversant in the physics or ML aspects, successful deployment
of such capabilities relies on how best to distill these details and make the offering
friendly for routine use by the end-user in a fail-safe way. The complexity of such
a scenario demands efficient integration of the needs of R&D, and manufacturing
operations within the elements of the Industry 4.0 vision for the specialty industry.

Thiswork presents a framework through an example case study showing how such
needs within the context of a pharma industry can be addressed through a combina-
tion of approaches. Depending on the dosage form to be manufactured, the pharma
processes involve the use of different unit operations and the associated equipment
[3]. These include compounding vessels for Newtonian or non-Newtonian fluids,
solid powder blenders, wet and dry granulators, various types of dryers (like fluidized
bed driers and lyophilizers), size reduction equipment, tablet compactors, coaters,
etc. This article focuses on how elements of automation in expediting processes and
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product development at the R&D through tech transfer to the manufacturing scale
can be implemented using pharmaceutical liquid mixing, and solid powder blending
unit operations as examples. The generality of the approach presented facilitates
extension to the needs of any other industry. Given the proprietary nature of the
efforts involved and the need to provide an educational experience to the audience,
this article strikes an appropriate balance in revealing the relevant details, algorithms,
etc.

2 Materials and Methods

2.1 Example Process and Unit Operation

Figure 3 shows a set of example processes and the associated series of unit operation
steps in the pharma space [4]. The unit operations can vary with the drug dosage form
to be manufactured. The quality attributes of the finished product are dependent on
the material properties of the incoming raw materials (the API and the excipients),
equipment characteristics, and the process conditions of the various relevant unit
operations. Hence, a good understanding of the underlying interactions within and
across each of the unit operations in this process train enables us to achieve and
control the quality attributes of the final product.

Specifics of the automation features considered are presented using mixing and
blending unit operation as examples (highlighted in the dotted boxes in Fig. 3). The
mixing step shown in Fig. 4a can consist of two different phases getting mixed in
a tank where one liquid (Phase B, say a surfactant) is introduced into the mixing
vessel originally consisting of a suspension (Phase A) of particles of certain size
distribution (PSD) phase dispersed in a continuous phase. As Phase B is added,
items of interest can be on the lines of how best to disperse the particles further

(a)

(b)

Fig. 3 Typical pharma manufacturing process steps: a Injectable; b Oral solid tablet forms
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Phase B

Heat 
transfer Phase A

Jacketed 
Fluid

(a)

Powders

(b)

Fig. 4 Example pharma unit operations: a Liquid mixing; b Powder blending in V-Blender

accounting for continuous phase rheology and thermal stability to achieve the right
PSD by controlling the

– Rate, and location of addition of Phase B,
– RPM of the impellor,
– Heat transfer and viscosity characteristics, and
– Total time of mixing.

In the powder blending step, the powders of API and a set of other ingredients
(like glidant, lubricant, etc.) including the excipients can be added in a certain order
and blended using either a diffusive or convective mechanisms using tumbling action
(V, double-cone or bin blenders) or shear action (paddle blenders); for example, see
[5] to achieve a uniformly blended powder of the right flow characteristics. Figure 4b
shows a typical V-blender where ingredients blend by tumbling mechanisms. The
items of interest can be expected to be on the lines of how to achieve the required (a)
blend uniformity, (b) the right surface properties (say hydrophobicity) of the blend
right after blender or after the downstream steps, and (c) the finished tablet properties.
The control variables can be

– the order of addition of ingredients,
– the blender RPM, and
– blending time.

Figure 5a, b shows the various material, equipment, and process inputs that are
expected to be accounted for by the digital twins of the mixing tank and the blender
to link to the quality characteristics of the output product.

2.2 Process Digital Twins

The process outputs of each of the mixing and blending processes listed in Fig. 5 can
be linked to the inputs either directly or indirectly through intermediate parameters.
In addition, the level of physics needed for these linkages can be different based
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Fig. 5 Inputs and outputs in a liquid/liquid or liquid/suspension mixing process, b a powder
blending process

on the details involved. Accordingly, a combination of different types of twins is
employed as part of the implementation of MixingTwin and BlendingTwin (which
are prorietary products of Anagha).

Simple twins. These twins capture process models where simple calculations link
the outputs directly or indirectly to the inputs. These are useful in scenarios when
a process needs to be translated from one scale to another by maintaining a non-
dimensional process parameter.

Computational twins. These link the outputs to inputs through detailed numerical
computations like discrete element modeling (DEM) as is or in conjunction with
computational fluid dynamic (CFD) simulations. They provide visibilities into the
details and are employed when one wants to identify concentration hot spots or flow
dead zones during blending/mixing. Thus, they help with needs in troubleshooting
at one scale and guiding in scale-up. Commercial or open-source computational
software [6, 7] and cloud computing resources are leveraged with custom-designed
software to obtain the required simulation outputs within the acceptable time frames
to help with end-user needs.

For employingCFDorDEMapproaches, experimental characterizations of ingre-
dient properties (like physical properties of the liquids, and powders; their shear
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or stress sensitivities, etc.) are essential. These properties are either used as is or
processed further and fed to the computational purposes. For example, with DEM
approaches due to computational issues thematerial parameters of the particles in the
mixture are obtained and scaled up using standard procedures captured in the litera-
ture [8] leveraging the appropriate experimental characterizations. This ensures that
the output measures of interest are based on appropriate physics and obtained using
reasonable computational resources.

ML twins. These are employed to care for the following example needs: (a) when
detailed physics-based understanding does not exist to link the process outputs to the
inputs; (b) when process outputs need to be predicted at certain process conditions in
real time via interpolation by leveraging results from detailed computations run over
a range of conditions as training data. For needs in case (a), the twins are designed
to take experimental (training) data from the end-user over a custom-defined range
of process conditions. A variety of standard ML techniques [9, 10] are employed
to predict the required outputs at the sought-out conditions leveraging the training
data. Customized software interfaces designed per end-user requirements facilitated
access and leveraging of these capabilities.

3 Results and Discussion

3.1 Process Measures and Digital Twins

Extensive literature exists in the fields of liquid mixing (for example, see some case
studies in [6, 11–13]), powder blending (for example, [5, 8, 14]) that tries to decode
the underlying physics, andmechanisms involved in achieving the right homogeneity
of the suspension or the blend quality.

In the case of liquid+ suspension mixing, the literature points at the influence of
the following on the quality of the suspension (PSD and its uniformity, viscosity, and
rheology) : mixing tank/impeller geometrical designs; heat transfer characteristics;
location of addition of phase B; impellor RPM; material properties like wettability
of the particles, and shear and temperature sensitivity of the continuous phase.

In the case of powder blending, the current understanding points at the influence
of the following on the rate and uniformity of mixing: blender geometry and the
symmetry; rotation and vibrating action of the blender; and properties of the blend
ingredients, like size distributions of thevarious ingredient particles andflow/material
properties like particle–particle, particle–wall frictions, and cohesive and adhesive
strengths.

While these are active areas of research, the current understanding points out
certain measures/dynamics of liquid mixing and blending that can be linked either
directly or indirectly to the suspension/blend quality of the output discharged from
themixing tank/blender. Given the influence of thematerial properties, some of these
linkages can have qualifiers, and need to be handled accordingly. For example,
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a. For dispersion of particles in the suspension, a critical shear rate and temperature
should not be crossed, and hence to be accounted for in determining the RPM
and heat transfer characteristics;

b. For free-flowing powders, the blend uniformity is found to be dependent on the
total number of revolutions of the blender without dependency on blender RPM
whereas, the RPM is found to have significant influence on cohesive powders
[15].

In addition, depending on the complexity involved, these measures may need the
use of appropriate algorithms (like simple calculations or detailed computations like
CFD, DEM, etc.). Tables 1 and 2, respectively, capture some of these details for
relevant measures and their expected linkages to the liquid/suspension mixing and
powder blend behavior. The complex twins leverage CFD/DEM computations of the
relevant materials to predict the dynamics of (liquid + suspension) mixing/powder
blending.

Table 1 Various measures in mixing operation, their linkages to process performance, and the
relevant twins

Measure Description and
relevance

Expected link to mixing
product quality

Type of twins

Power, and Reynolds
numbers

Level of overall mixing,
flow field in the vessel,
and power imparted to
the liquid phase

Indirect to level of
dispersion of suspension
(PSD)
Direct to average
temperature rise

Simple

Tip speed, geometry
based shear rate

Shear history, particle
dispersibility and
degradation

Indirect to PSD, and
final rheology

Simple

Distributions of velocity,
shear rate, Conc(B), and
temperture

Detailed measure of flow
field presence of dead
zones, fluid mixing times,
shear history, meso
mixing of B in A, and
effectiveness of heat
dissipation

Indirect to
– extent of suspension
non-uniformity,

– PSD (via and particle
breaking/ collisions)
and

– final rheology
– Time needed for
dispersing the
suspension

Direct to
– Max. temperatures
experienced

– Location of hot spots
and maximum shear
rates

– Recommendations on
design changes

Complex
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Table 2 Various measures in blending operation, their linkages to process performance, and the
relevant twins

Measure Description and relevance Expected link to blend
behavior

Type of twins

Froude number Similarity of tumbling
behavior for free flow
powders

Indirect to level of blend
uniformity

Simple

Particle velocities on the
surface

Similarity of particle
level dynamics for free
flow powders

Indirect to level of blend
uniformity and final PSD

Simple

Stokes number of
breakage

Similarity of particle/
aggregate level dynamics
for non-free flowing
powders

Indirect to level of blend
uniformity and final PSD

Simple

Conc standard deviation
(RSD)

Measure of relative level
of blending

Direct to level of
blending

Complex

Powder mixing rate Measure of relative
comparison of blending
time

Indirect to blending time Complex

Particle travel distance Exposure time of a
particle with other
ingredients (indirect)

Indirect to surface
properties of the powder
post blending

Complex

Particle collision
frequency

Aggregation of powders,
and final PSD

Indirect to final PSD, and
level of blend uniformity

Complex

3.2 Typical Workflow in the Usage of the Process Digital
Twins

Figure 6 shows the typical architecture and workflow expected of the working of the
digital twins for each of the mixing and blending processes. Depending on what
the end-users ask for, different elements of the twins are leveraged to provide the
necessary and actionable insights. These insights enable end-users to take appropriate
decisions toward formulation or process development and optimization.

3.3 Process Digital Twins and Process Control

The quality of the product resulting from either the mixing tank or the blender is
expected to depend on the process conditions employed. For example, along the
lines of earlier literature [15], one can expect dependencies of the blend output
quality parameters (like RSD vs. time) on V-blender equipment characteristics like
the RPM, rocking frequency, powder fill-level, geometry, symmetry, and size of the
blender. Figure 7 shows schematics of typically expected behavior depending on
powder characteristics. Such behaviors indicate an opportunity to efficiently control
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Fig. 8 Interaction of the Machine and Process Twins in the overall automation

the process output via a feedback mechanism that adjusts the blender operation
in real time based on the output measures of the digital twins (Fig. 8). While not
implemented yet in this effort, such a capability can help in realizing the full benefits
of the Industrial IoT in the pharma space.

4 Conclusions

Effective leveraging of automation in the industry relies on how effectively the
machines (equipment) talk to the processes (unit operations) that they are used
for. This demands a good integration of the elements of process physics into the
automation aspects of themachines. In any given unit operation, process digital twins
capturing different levels of physics link process outputs to inputs (material proper-
ties, process conditions, and equipment characteristics). Hence, appropriate design
and implementation of process digital twins are critical to realizing the Industry 4.0
vision for any industry.

This article focuses on an example case study of process digital twins for the
pharma industry using test cases of a (liquid + suspension) mixing and powder
blending unit operations.Given the complexity of the processes, digital twins for each
of the mixing and blending steps is expected to be a composite of Simple, Complex,
andML-based twins to handle the different levels of understanding of the underlying
physics in each scenario of the end-user need. A wide range of standard and propri-
etary approaches and algorithms need to be leveraged in developing such a process
twin. The outputs from such twins are expected to be a combination of measures
that are either directly or indirectly linked to the output (liquid suspension or blend
quality), which can provide actionable insights to the end-user in either formulation
or process development.

Given the dependence of these measures on the equipment characteristics like
the RPM or rocking behavior, the eventual integration of such a process twin to the
equipment’s digital twin is essential to achieving the paradigm of Industry 4.0.While
this article focuses on a pharma case study, the learnings are general and translatable
to any industry.
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EEG-Based Hand Movement
Recognition: Feature Domain and Level
of Decomposition

Nabasmita Phukan, Nayan M. Kakoty, Nipun Gupta, and Neelanjana Baruah

1 Introduction

With advances in technology, brain computer interface (BCI) is established as a
promising concept in the area of rehabilitation robotics. Recognition of brain signals,
i.e. electroencephalogram (EEG), is one of the key steps in BCI and its performance
is dominantly determined by the type of features used for recognition [1]. Sepulveda
[2] has reported specific frequency bands of EEG as features for the recognition
of right- and left-hand imaginary movements. Independent component analysis and
time-frequency techniques were used in the interpretation of neural information for
five types of hand movements [3]. Recognition rates of 65% and 71% were achieved
using Mahalanobis distance and neural networks, respectively. The energy of EEG
components derived using the Welch method achieved an accuracy of 70% in rec-
ognizing imaginary left- and right-hand movements [4]. Features like autoregressive
coefficients [5], event-related desynchronization of spatial patterns [6], amplitude
of EEG [7], movement-related cortical potentials, mean, power, and energy of EEG
[8] have been explored in BCI systems for recognition of left/right hands and foot
movements. Deep learning technique has been explored for motor imagery classifi-
cation using EEG and EEG-fNIRS [9, 10]. Although numerous features have been
explored and experimented with for the recognition of EEG-based upper and lower
limb movements, a methodology for identifying EEG feature set for the recognition
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of specific tasks holds promise in BCI applications. The presented work establishes
a methodology based on the cross correlation of features with EEG for the selection
of a feature set to maximize recognition results.

2 Proposed Methodology

Figure1 shows the proposed methodology for the selection of feature domain and
level of decomposition for the recognition of hand movements using EEG. A 21-
channel EEG was pre-processed passing through a bandpass filter of pass band 8–40
Hz. Four time domain, four frequency domain, and time-frequency domain features
[11] were extracted from the pre-processed EEG. Following this, the features were
fed into a radial basis function (RBF) support vector machine (SVM) [12]. Having
obtained maximum recognition rate with time-frequency domain features, this has
been explored at four levels of decomposition. Further, the correlation of DWT
features at each level of decomposition has been established with the pre-processed
EEG.

Fig. 1 Proposed methodology for EEG-based hand movement recognition
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2.1 Experimental Protocol

EEG from PhysioNet of the BCI2000 Instrumentation system has been used for the
experiment. The original rawEEGwas acquired using 64 electrodes following 10–20
electrode placement systems [13]. This was excluding electrodes Nz, F(9-10), FT (9-
10), A(1-2), TP(9-10), and P9. Out of the 64 channels, EEG signal obtained fromC3,
C4, and CZ correlates to the neural activity associated with the left- and right-hand
movements [3]. Moreover, EEG channels FC3, FCZ , FC4, C3, C1, Cz , C2, and C4
are commonly used for the purpose of motor cortex activity [3]. Following this and
the EEG acquisition presented in [8], this work considered 21 EEG electrodes, viz.,
FC5, FC3, FCz, FC2, FC4, FC6, C5, C3, C1, CZ , C2, C4, C6, CP5, CP3, CP1, CPZ ,
CP2, CP4, and CP6 for the experiment.

The experiment considered data for seven subjects. Each subject performed 14
trials: two one-minute initial trials (one with eyes open, one with eyes closed), and
three two-minute trials of each of the four following tasks (Task 3–Task 6). The rest
state is denoted as event T0, and the onset of motion (real or imagined) is denoted
by either T1 or T2 depending on the task performed. During the task 3 and 4, event
T1 denotes motion involving the left fist and T2 denotes motion involving the right
fist. The tasks performed are enumerated as follows:

1. Task 1: One-minute initial task (rest state) with eyes open, (event T0).
2. Task 2: One-minute initial task (rest state) with eyes closed, (event T0).
3. Task 3: Two-minute performance of opening-closing left or right fist, according

to a location of a target object presented on the computer screen and relaxation,
(event T1 and event T2, respectively).

4. Task 4: Two-minute performance of imagining opening-closing left or right fist,
according to a location of a target object presented on the computer screen and
relaxation, (event T1 and event T2, respectively).

5. Task 5: Two-minute performance of opening and closing fists or moving both feet,
accordingly to a location of a target object presented on the top or on the bottom
of the computer screen and then resting, (event T1 and event T2, respectively).

6. Task 6: As above, but imaginary motion was performed, (event T1 and event T2,
respectively).

Tasks 3, 4, 5, and 6 were repeated three times during the experiment which results
in a total of 14 trials (2+4×3).

2.2 EEG Dataset

There were fifteen (15) segments of T0, eight (8) segments of T1, and seven (7)
segments of T2. For a single person, who performed three trials of the same task,
there are 45 (15×3) T0 epochs, 24 (8×3) T1 epochs, and 21 (7×3) T2 epochs. This
resulted in 630 (15 × 21+ 8 × 21+7 × 21) 21-channel EEG for a single trial. From
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Fig. 2 EEG signal obtained from a subject for Task4

the seven subjects, the dataset of the size of (7 subjects×3 trials×630 EEG) 13230
EEG was used in the experiment. Figure2 shows the EEG signal for 4.2 s (S) while
performing Task 4 using 21 electrodes. The X-axis represents time in seconds and
the Y-axis represents voltage in millivolt (mV). The red line in the figure marks the
end of Task 4.

2.3 Feature Extraction

Features in time, frequency, and time-frequency domains were extracted for the
recognition of the right- and left-hand fist movements. Time domain features: inte-
grated EEG (IEEG), mean absolute value (MAV), root mean square (RMS), and
simple square integral (SSI); frequency domain features: mean frequency (MNF),
peak frequency (PF), modified mean frequency (MMF), mean power (MNP); time-
frequency domain features: approximate coefficients of DWT using 2 Daubechies
mother wavelets were used in the experiment.
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2.3.1 Time Domain Feature

– IEEG: This feature was used based upon the assumption that the amplitude of
EEG shifts from its baseline value during a task. This shift is different for the left
fist as compared to the right fist [14]. It is estimated as

I EEG =
N∑

i=1

|xi | (1)

– MAV: It is related to the statistical distribution of EEG. It is assumed that statistical
distribution of EEG are different during two tasks [14]. It is estimated as

MAV = 1

N

N∑

i=1

|xi | (2)

– RMS: This feature is relevant to amplitude measurements. It is the square root of
the average power and is estimated as

RMS = 1

N

N∑

i=1

|(xi )2| (3)

– SSI: It is the summation of absolute squared value of each sample in the signal.
It represents temporal characteristics of EEG, which are different for right- and
left-hand fist movements [14]. It is estimated as

SSI =
N∑

i=1

|xi 2| (4)

where xi represents ith sample value of the EEG with N as the total number of
EEG samples.

2.3.2 Frequency Domain Feature

– MNF: This feature gives the mean of the frequency distribution using the normal-
ized power spectrum density. It is estimated as

MNF =
∑M

i=1 fi Pi∑
i=1M Pi

(5)

where fi is frequency of the spectrum at frequency bin i, Pi is the EMG power
spectrum at frequency bin i, and M is the length of the frequency ratio.
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– PF: This feature is also called dominant frequency.As peak frequencies of different
tasks are located differently [14], they can be used to differentiate EEG for right-
and left-hand fist movements. It is estimated as

PK F = max(Pi ); i = 1, 2...M (6)

– MMF: It indicates information about themean of the EEG spectrum. It is estimated
as

MMF = 1

2

M∑

i=1

Ai (7)

where Ai is the EEG amplitude spectrum at frequency bin i and M is the length of
the frequency bin i.

– Mean Power: This feature is used to represent the total power partition at each
frequency. It is estimated as

MNP =
∑M

i=1 Pi
M

(8)

where Pi is the EEG power spectrum at frequency bin i, and M is the length of the
frequency bin i.

2.3.3 Time-Frequency Domain Feature

DWT includes successive high- and low-pass filtering of a time series with a down-
sampling rate of 2. The ability ofDWT to extract features from the signal is dependent
on the mother wavelet function; as such it should exhibit good localization properties
in both the frequency and time domains [15]. Following [16], Daubechies mother
wavelet of order 2 was used in this experiment.

DWT of a signal x[n] is calculated by passing it through a series of filters [17].
The samples are passed through a low-pass filter and a high-pass filter with impulse
response g[n] and h[n], respectively, resulting in a convolution of two as in Eq.9
and 10.

ylow[n] =
∞∑

i=−∞
x[n] ∗ g[2n − k] = cA (9)

yhigh[n] =
∞∑

i=−∞
x[n] ∗ h[2n − k] = cD (10)

The output of the high-pass filter gives the detail coefficients, (cDi ), and the
output of the low-pass filter gives approximation coefficients, (cAi ). The value of i
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corresponds to the level of decomposition. cA1 is the approximate coefficients in
level 1. These coefficients (cA1) are further decomposed to obtain the next levels of
coefficients.

3 Results and Discussion

3.1 Recognition of Left-Right Hand Fists

The features from each domain, i.e. time, frequency, and time-frequency domains
have been experimented independently for the recognition of left and right hand fist
movements. The features from each domain have been input to an RBF kernel SVM
[12] following tenfold cross-validation [1]. The entire dataset is divided into 10 equal
sub-sets. Of the 10 sub-sets, a single sub-set has been used for testing in SVM and the
remaining 9 sub-sets have been used as training data. The cross-validation process is
then repeated ten times, with each of the 10 sub-sets used once as testing data. The
recognition rate (A) was estimated following Eq.11.

A = Total number of correctly classified movements

Total number of movements
× 100 (11)

Figure3a–c shows the confusion matrix obtained from the RBF kernel SVM
classifier using time, frequency, and time-frequency domain features averaged across
seven subjects. It has been found that an average recognition rate of 90%, 92%, and
97.5% was achieved using time, frequency, and time-frequency domain features.
Time-frequency domain features, having resulted in the highest recognition rates,
were explored at four decomposition levels. Table1 shows recognition rates using
time-frequency domain features at four decomposition levels for each subject. It
has been found that the highest recognition rate of 98.6%, averaged across seven
subjects, was achieved with the time-frequency domain features at decomposition
level 2. Figure4a–c shows the recognized feature plots for time, frequency, and time-
frequency domain at the output of RBF kernel SVM, respectively, for one subject.

Fig. 3 Confusion matrix of recognition results with (a) time, (b) frequency, and (c) time-frequency
domain features
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Fig. 4 Recognized feature with (a) time, (b) frequency, and (c) time-frequency domain features at
the output of RBF kernel SVM

Table 1 Recognition rates at four decomposition levels

Subjects Level 1 Level 2 Level 3 Level 4

Subject 1 98 98.2 97 96

Subject 2 98.2 99 97.6 96

Subject 3 97.8 98.4 97 96

Subject 4 96.2 98.6 96 95.2

Subject 5 94.8 98 94 93

Subject 6 94 99 92 89.2

Subject 7 94.4 99 92.8 92

Average 96.2 ± 1.8 98.6 ± 0.6 95.2 ± 3.2 94.2 ± 4

Both the X-axis and Y-axis denote the feature domain. The red coloured and blue
coloured unfilled circles denote the two classes in the recognition of left and right
hand movements.

3.2 Cross Correlation

The cross correlation [12] was used as a measure for evaluating similarity between
feature set and corresponding EEG. Given two signals x[m] and y[m], the factor of
similarity has been estimated as

rmax = max(rxy)[n]√
Ex Ey

(12)

where n was the time shift expressed in terms of number of samples of y[m] with
reference x[m]; Ex and Ey are energies of the two signals under consideration, and

max(rxy[n]) =
∞∑

m=−∞
x∗[m]y[m + n] at maximum absolute value. (13)
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Table 2 Cross correlation factors of time-frequency domain features and EEG

Decomposition Level rmax

Level 1 6.00 ×105 ± 0.20 ×105

Level 2 6.42 ×105 ± 0.20 ×105

Level 3 2.82 ×105 ± 0.40 ×105

Level 4 2.26 ×105 ± 0.12 ×105

Table2 shows the cross-correlation factor averaged across seven subjects for
the four decomposition levels of time-frequency domain features. Time-frequency
domain features at decomposition level 2 show the highest correlation with corre-
sponding EEG. This substantiates the fact that cross correlation varies with recog-
nition rates obtained using time-frequency domain features at four decomposition
levels.

4 Conclusions

Thismanuscript focuses onEEG-based recognitionof left and right fistmovements.A
methodologywas proposed to identify the feature domain and level of decomposition
in order to improve the recognition rate. Time, frequency, and time-frequency domain
features have been used in RBF kernel SVM resulting in recognition rates 90%,
92%, and 97.5%, respectively. Time-frequency domain features, having the highest
recognition rate,were further analysed at four decomposition levels. It has been found
that the decomposition level 2 of time-frequency domain features shows the highest
recognition rate of 98.6 ± 0.6% averaged across all the subjects and establishes the
maximum correlation with the respective EEG. These experimental results suggest
that the cross correlation of time-frequency domain features with EEG can be used
as a benchmark for identifying the feature set for higher recognition rates.
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Burr Registration Using Image
Processing

Anup Pillai , Shital Chiddarwar , M. R. Rahul , and Mohsin Dalvi

1 Introduction

Machine vision, with still its vast possibilities, together with image processing, finds
diverse application in the quality control, inspection, andmeasurement domain. Such
systems can provide inline quality control. This is very important in the lean context,
as inspection, though being non-value-adding from a customer’s perspective, is very
much essential and adds value to the organization. Manual inspection, if avoided,
can give benefits in time, costs, and accuracy; also, not all products can be inspected
manually. There have been studies related to the industrial applications of machine
vision, particularly in the automotive, manufacturing, and pharmaceutical industries.
Some applications are optical gauging, barcode reading, optical character recognition
(OCR), object detection, measurement of part dimensions, sorting, checking the
presence or absence of tablets in a blister pack, detecting bottle caps, and obtaining
fluid levels in vials and bottles [1]. Machine vision is often considered a perfect
non-contact inspection method for measuring the roundness errors on cylindrical
machined parts [2].

A burr is a raised edge, a sharp protrusion, or a firmly adhered or loosely hanging
projection that remains attached to a workpiece after a modification process. Burrs
are most commonly created by machining operations, such as turning, grinding,
drilling, milling, engraving, reaming, and by press working operations. A deburring
tool is often used to remove these undesirable pieces of material by a process known
as ‘deburring’. Deburring is critical to quality in parts where a high level of quality
is desired. Although deburring is a non-value-adding process, it is impossible to
eliminate burr completely in a process and produce burr-free parts. A study estimated
that the economic impact of burrs to be around 9% of the manufacturing costs due to
increased manpower, extended cycle times, rejection rate, and machine breakdown
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Fig. 1 A metallic component before and after deburring

[3] (Fig. 1). Machine vision systems have been developed for automatic burr and
peripheral defect detection in castings [4]. For automatic deburring operations, burred
images are segmented, edges are identified, coordinate data of the workpiece edges
are extracted from the image, and comparison with standard part coordinates is done
to obtain the burr geometry [5].

In the placement of vision sensors, view-cone, i.e. a generalized cone that bounds
the directions from a viewpoint along which there is an unobstructed view of the
face, plays a major role as it defines the visibility of a given object face. The locus
of such potential viewpoints forms the viewsphere, of which the optimal number
of viewpoints are selected to adequately image the region of interest in the object
[6]. A thermographic method based on infrared image rectification has been used to
characterize crack geometry in weldments [10]. Infrared Thermography (IRT) has
been widely used for detecting defects in concrete structures [11]. Photogrammetric
techniques have been used to monitor cracks in infrastructure using reflective targets
[12]. CCD and CMOS camera-based setups are often used to detect internal surface
defects caused due to wear, rust, erosion, and corrosive pitting in gun barrels and the
inspection of machine surfaces of critical components for their finishing [7, 8]. On
burr registration, a trajectory can be generated for robotic deburring [9].

2 Vision System Design

The basic design of the image acquisition setup is similar to a baggage scanner system
where a box frame isolates the image acquisition environment from its surroundings.
A semi-circular slotted spinning ring is connected via a shaft connector and a rigid
coupling to a stepper motor. Two CMOS cameras are held in position inside the
spinning ring slot with the help of adjustable camera mounts. The cameras and
the motor are connected to the Arduino microcontroller board using appropriate
accessories. LEDs mounted on the inside of the spinning ring provide adequate
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illumination for imaging. The system can also be easily connected in-line with a belt
conveyor and object detecting sensor.

Figure 2 explains the simple working of the image acquisition setup. The spinning
ring rotates a complete 360° in pre-defined angular intervals and takes images of the
object from all sides using both cameras. The position of the cameras along the slot
as well as the number of intervals can be altered accordingly.

The spinning ring is polygonized for ease of manufacturing and assembly. The
parts are laser-cut frommedium-density fibreboard (MDF) sheets and are then glued
together using strong adhesives. The adjustable camera mounts are also fabricated
similarly. The box frame is made from 3/8” steel pipes. All the components are put
together and the image acquisition setup is assembled as in Fig. 3.

Fig. 2 Basic design of image acquisition setup

Fig. 3 Image acquisition setup
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3 Image Acquisition

The key to efficient image acquisition using this developed setup lies in expeditiously
controlling the cameras during image capture and the stepper motor. The Arduino
forms the anchor of the system, reading inputs and controlling outputs using its
extensible and easy-to-use programming interface, known as Arduino Integrated
Development Environment (IDE).

Figure 4 vividly depicts the interrelation between the electronic components using
USB cables and jumper wires. The connections between the components are first
individually established and verified, and later synchronously operated.

Low-costOV7670CMOScameras are utilized for image acquisition. The data and
clock lines of the I2C communication bus and the external clock line are appropriately
applied pull-up resistances. The pin mapping table of the Arduino MEGA 2560 was
used in determining suitable pins for connection to both theOV7670 cameras. Special
JAVAfiles are run from the command-line interface and used to read the data received
at the port of the system from the Arduino and save the images from the cameras
alternatively in BMP format. For synchronous operation, an I2C multiplexer is used
to overcome the I2C address conflict of the cameras.

A bipolar stepper motor with a 1.8° step angle is interfaced with the L298Nmotor
driver and the Arduino to control both the speed and spinning direction. An external
12 V supply runs the motor, while the internal 5 V logic of the L298N is powered
by the Arduino. The camera position is set at 30° and 60°, focusing on the spinning
ring center to capture images.

The Arduino is connected to a computer system, which powers it and runs
commands on the command-line interface to start acquisition and storing of images.
The acquired images are then saved in separate folders for further processing.

Fig. 4 Basic electronic setup
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4 Photogrammetry

In simple terms, photogrammetry is the technique of measuring or interpreting
objects from photographs. Though there are many categories for classification,
photogrammetry is broadly classified into metric photogrammetry and interpreta-
tive photogrammetry. The former deals with obtaining metric data from photos or
other similar sources to gauge the relative locations of points in the object whereas
the latter deals primarily in evaluating and assessing objects, and judging their rele-
vance through careful and systematic analysis such as in remote sensing applications.
Another important classification based on camera orientation is aerial photogram-
metry with images taken from satellites, aircraft or drones and terrestrial or close-
range photogrammetry with images taken from cameras. Close-range photogram-
metry using multiple photographs, also known as stereophotogrammetry, along with
sensor parameters can yield 3D measurements. Photogrammetry is widely used in
the areas of archeological documentation, 3D face construction, crime scene recre-
ation, surveying technique in the fields of geomorphology, oceanography, hydrology
and water resources, military intelligence, and other inspection-based industrial
applications [13].

5 Burr Identification Process

The photogrammetry-based burr detection approach involves taking multiple images
of the object using the already built image acquisition setup. The setup enables
the images to be taken at intervals with proper lighting conditions. These images
are then loaded in a photogrammetric software that enables point cloud generation,
generating mesh and 3D reconstruction along with many other pre-processing and
post-processing tools. The 3D reconstruction phase starts with the images acquired
from the setup imported into the software. The software has a specially designed auto-
calibration feature to perform calibration from the loaded images; manual calibration
of images is also possible.An auto-accuracy evaluation feature then shows the images
that may have to be excluded for reconstruction purpose based on mean reprojection
error and the number of points whose position has been detected. These are then
used to generate a sparse point cloud reconstruction from the images using optical
triangulation techniques such as bundle adjustment [14]. Based on this as an input, a
dense point cloud is then created. The bounding box feature defines a control volume
that enables to remove any outliers and restrict the reconstruction to specifically
the object, eliminating the background with the help of a smart reset tool. This
is then followed by generating a watertight mesh using a photoconsistency-based
optimization technique. A multi-textured mesh is then created, which can be saved
as a .obj file.

To identify the burrs, this is then compared to the CAD model of the master
burr-free part in an inspection software that can perform 3D inspection and mesh
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processing for dimensional analysis of 3D point clouds. This is achieved by first
importing these files in the software. An auto-alignment procedure then aligns them
together; manual alignment is also possible. The surface comparison feature helps
in displaying burrs along with size visually in the form of a color scale.

6 Results

A sample object with different types of burr [15], viz., corner burrs (A), tear burr (B),
small edge burrs [(C) and (D)], long edge burr (E), and rollover burr (F) is prepared
as in Fig. 5.

The images acquired from the setup are then loaded into the photogrammetric
software and processed further.

The result of sparse reconstruction is shown in Fig. 6a. This is then followed by
the dense reconstruction point cloud as in Fig. 6b. The bounding box is then defined
and the background subtraction is done using the smart reset tool in the bounding box
feature. Mesh is then generated for the newly defined control volume as shown in
Fig. 6c. Further, an enhancedmulti-texturedmesh is created using photoconsistency-
based optimization as in Fig. 6d. This mesh is then exported and saved as a .obj file
and is used as an input to the inspection software.

The inspection is based on a surface comparison of the mesh against the CAD
model. Both the obj file and the CAD model are loaded in the inspection software.
An auto-alignment feature helps to align the two entities that need comparison as in

Fig. 5 Sample burr part
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Fig. 6 Mesh generation from images

Fig. 7b. A surface comparison is then done which shows the burrs and their sizes
as in Fig. 8. Also, deviation labels can be used to display the burr sizes at specific
points.

As evident from the results obtained, the burrs have been identified and their sizes
measured. Additionally, to account for small errors in mesh extraction and geomet-
rical deviations or errors in the CAD model, the measurement scale is redefined by

Fig. 7 CAD model and its alignment with the generated mesh
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Fig. 8 Results of surface comparison

setting a minimum value of 1 mm. Thus, burr larger than 1 mm can be accurately
identified. The acceptable tolerance levels can also be accounted for, by defining
them in the software before comparison. Maximum burr size can be determined by
using maximum deviation labels feature as in Fig. 9.

These maximum values obtained from the software are compared with actual
sizes of burrs. The results of this accuracy analysis are shown in Table 1.

7 Conclusion

This paper presents a novel method of image acquisition and processing system, to
identify burrs with a high degree of accuracy and without the use of highly sophis-
ticated data processing and vision sensing techniques. The use of CMOS cameras
attached to a spinning ring enables the capturing of maximum edges of an object to
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Fig. 9 Maximum deviation

Table 1 Accuracy analysis

Maximum burr size (in mm)

A B C D E F

Inspection software 4.13 1.70 3.86 1.55 3.94 2.50

Actually measured 4.25 1.75 4.00 1.75 4.00 2.75

Percentage accuracy 97.18 97.14 96.50 88.57 98.50 90.91

identify the burrs present in them through photogrammetry-based image processing
techniques. Besides, the setup is capable of processing any irregular geometry of
a size range as compared to a fixed size object that is usually done with the help
of a turntable. The number of images that needs to be captured for an object can
be altered by changing the number of steps that the motor rotates between image
capture. The camera angles can also be modified accordingly to an object. Thus,
the system is ideal in dealing with batch production lines wherein such changes are
not that frequent but just enough for such a system to exist that meets this purpose.
Also, the system can be used in line with the already existing production systems by
proper line balancing. Amajor limitation of the system is the high computation power
required for processing. The quality and speed of output from photogrammetry is
dependent on the computation abilities of the system.

The research work can be extended in the following ways:

• Based on the burr data, close curve fitting can be done and a trajectory can be
generated for a deburring tool to perform vision-assisted robotic deburring.

• The system also doubles as an optical gauging system for measurement and
inspection purposes.
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• The system with appropriate modifications can be tuned as an Automatic Quality
Inspection System to identify and remove any form of defects from production
lines. In addition, the performance of the manufacturing process can be evaluated
by statistical analysis of multiple such parts produced.

• This system is not restricted to inspection but can be applied to any process
that requires identification through images, such as barcode reading and OCR in
assembly lines to select correct components.
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LoRa-Based Infrastructure for Medical
IoT System

P. Muthu Subramanian and A. Rajeswari

1 Introduction

The development of fitness and electronic health services is robustly connected to
the concept of Internet of Things, so as to say the interconnection of countless
devices, sharing heterogeneous information on the surroundings or the substance
with which you are involved in an intelligent way. The IoT paradigm aims to link
billions of heterogeneous devices with various features and potential troubles in
the Internet and applications [1, 2]. The progress of interconnecting sources [3] is
very demanding and has to address the questions of interoperability: devices and
other services, the design of the communication that convenes energy-efficiency
requirements [4], security, integrity and coverage of data.

In the stipulations of interoperability, the development of services and applications
can be accelerated by means of middleware to support the integration of various user
equipment and various computing and communication devices [3]. At anytime and
anywhere, unattended communication must be possible between the huge number of
devices and connected services [1, 3]. In terms of power consumption, the commu-
nications technologies adopted will be highly efficient, especially in places where
the equipment is not simply reachable or where the power resources are restricted.
The Internet of Things space includes wireless communication units, which are also
significantly limited by low energy consumption, due to the need for a multi-year
lifetime of the devices [5]. In order to work independently, IoT and medical IoT
platforms generally and in particular should have intelligence; that is to say, they
should understand and be aware; they should learn, plan, decide and take action. All
of the current health IoT solutions are related to Wi-Fi, VSAT or cellular devices
[6], which, with respect to energy consumption or range, are not efficient. In the

P. M. Subramanian (B) · A. Rajeswari
Department of Electronics and Communication Engineering, Coimbatore Institute of Technology,
Coimbatore, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
Y. V. D. Rao et al. (eds.), Advances in Industrial Machines and Mechanisms,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-16-1769-0_30

331

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-1769-0_30&domain=pdf
https://doi.org/10.1007/978-981-16-1769-0_30


332 P. M. Subramanian and A. Rajeswari

majority of cases, the computing job is also performed lying on the back-end servers
and therefore the system latency, which has to function in serious and non-critical
applications. Another important issue is the coverage of the existing networks that
cannot be reached in difficult areas.

In this paper, we propose a health IoT solution to deal with the hospital scenario.
Thus, the network layer is connected with LoRa, and the analysis and processing
information is referred to as Edge Computing Paradigm in classifying to remove
surplus or inappropriate data as close as possible. The paper also highlights the
problems in connectivity in current medical applications and, finally, proposes
a communication solution for medical IoT which enhances medical and eHealth
sectors.

2 Medical Internet of Things (MIoT)

Medical IoT is the link between the IoT and health applications and a key element
of eHealth and eCare. It enables medical devices and sensors to be connected to
hospital servers with increased data rates. In addition, it can transmit and exchange
medical data worldwide. Now in hospitals or ambulatory services, a paper contains
a medical history, and every clinician who reviews the patient has to absolute it
according to the outcome of the trial. This paper is a multi-specialist investigational
requirement (e.g. cardiology examination and neurological tests). After the inves-
tigation, the doctor will receive the document and add the medical data. Further-
more, health devices are somewhat or not linked to a home network, and there is
no exchange of medical results between doctors. The present medical platforms are
also limited to the level of the hospital. In addition, the networks are dependent
and no alternative solution is available. But MIoT must continue reliable patient
monitoring based on a scalable platform for the collection, transmission, analysis
and processing of a multi-layer system. Medical IoT not only refers to emergencies,
however. System, alerts the ambulance and other services as well as to rehabilitation,
routine monitoring, prevention and faster diagnosis and treatment (especially for
severe conditions). MIoT can also boost patient motivation and comfort and reduce
hospital time. There are currently several described IoT medical architectures. In
[6], the MIoT architecture includes RTU gates which transmit the medical data via
the VSAT communications, the WLAN connectivity or GSM/GPRS to a large data
framework. Unfortunately, even if this is not indicated, these technologies consume
many resources. Big Data Analytics offers data display and reporting and a better
monitoring center, predictive models and the basis of rule engines.
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3 LoRa in Medical Internet of Things

LoRa Alliance was mainly intended to develop a technology for smart city and other
related applications, but theLoRa andLoRaWANprotocol features disclose far above
the ground possible for other processes, including telemedicine or surveillance of the
disabled [7]. LoRa and LoRaWAN technology are able to provide physicians, phar-
macists, nurses and other stakeholders with very important information. The LoRa
and LoRaWAN practice and devices can therefore hold up supervisory, diagnostic
systems and additional medical fundamentals. In addition to the aforesaid costs, the
entire cost of a health IoT system would be considerably lower compared to other
technologies. Other advantages may be the option of interconnections with further
smart uses, time savings for medical procedures, self-sufficiency for chronic patients
requiring regular physician visits, etc.

4 Proposed Architecture

Figure 1, describes the existing hospital infrastructure, respectively. The example
in Fig. 1, as we stated previously, is currently the best existing architecture. Many

Fig. 1 Wi-Fi based infrastructure
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hospitals don’t include health devices or applications connected to each other. Health
devices are often not wirelessly linked but are wired. Wireless points for the trans-
mission of information from sensors or devices to a server are also not used. A
monitoring node is built up for each patient. The patients are attached to the nodes
of the same floor, and other nodes are subordinated to each other to a node which is
a central unit. The information collected from the central sensor node is forwarded
to the server. As it is observed, there is no transitional diagnosis of data.

5 Proposed Architecture of Medical IoT

For medical use cases, a related architecture may be suggested (Fig. 2). The same
LoRa node can be accessed to more patients, and the porch or portals used have to
cover up the whole region of a hospital. If the LoRa gateway is optimally placed, the
units of LoRa gates will be significantly brought down.

Fig. 2 LoRa-based infrastructure
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Fig. 3 Hardware—LoRa shield with antenna

6 Hardware Units of the Proposed System

• Dragino LoRa gateway—868 MHz (Fig. 3)
• LoRa Shield + UNO
• LoRa/GPS Shield + UNO Board
• Sensors

7 Proposed Architecture of Medical IoT

Figures 4 and 5 show the experimental setup with a 4.7 cm antenna at the frequency
868 MHz which was used for the hospital installation. The Spread Factor selected
was 12, but normally it would be best for a lower distance and higher data rate to
be achieved. The communication range of the hospital base and the terminal equip-
ment found at Coimbatore Institute of Technology shall be described in conjunc-
tion with the temperature sensor values returned. The distance from the hospital
to Coimbatore Institute of Technology is 217 m, and the configuration proposed is

Fig. 4 Real-time infrastructure



336 P. M. Subramanian and A. Rajeswari

Fig. 5 Temperature sensor and Geo test results

successfully covered. The value was also validated for temperature. The proposed
system is focused on observing the data in the THINGSNETWORK; once the data is
received, it can be converted into the required mobile app or web service front ends.
The proposed technology is mainly to say how LoRa is efficient in transferring data
than using general IoT solutions like Bluetooth and Wi-Fi, also the system dosent
concentrate much about the sensor readings.

8 Conclusion

In the course of this paper, we suggested a solution to the Internet communications of
medical systems consisting of hospital architectures. Architecture is based on LoRa
technology. It would be very expensive and cumbersome to substitute for the modern
health devices that broadcast via Bluetooth, Wi-Fi, etc. The present work therefore
proposes the use of both earlier technologies and LoRa.
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A Robust Image Analysis Method
for Cutting Tool Wear Monitoring
in High-Speed Micromilling Process

Aman Sharma, Vaibhav Rathore, Brajesh Panigrahi, and Kundan K. Singh

1 Introduction

The micro-machining process allows the manufacturing of miniaturized parts, and
functional surfaces can bemachined with high precision [1]. All across the industries
like aerospace, automobile, pharmaceutical, electrical, military, and microelectronic
packaging sectors, demand forminiaturized products with high aspect ratio and supe-
rior surfaces has been growing rapidly [2]. The major advantage of this process is its
ability to create complex shapes, while simultaneously ensuring better surface finish
and high material removal rate. The primary requirement for high-speed microma-
chining is doing the machining in a stable zone to prevent chatter [3]. However, it has
some disadvantages also, like the limited stiffness of cutting tools and gradual deflec-
tion in them, leading to rise in tool wear and their catastrophic failure. Tool wear of
cutting tool is often used as the measure of tool life because it determines the dia-
metric accuracy of the machining, its stability, and durability [4]. Hence, it becomes
crucial to measure tool wear for predicting a cutting tool’s life. The prediction of tool
wear can be useful in monitoring and researching the effects on the efficiency of the
machined workpieces and the manufacturing process’s economy. Presently, many
studies measure tool wear with the signals coming from various types of sensors
such as machined workpiece’s surface texture, acoustics, vibration, feeding forces,
and current consumption [5, 6]. The prediction model of tool wear is then prepared
based on the magnitude of the collected signals. The tool wear parameters have a
substantial impact on the development of quality workpiece surface and also provide
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an economic advantage[5, 6]. The image processing technique has been discussed
in this study. It has diverse applications in the field of Machine/Computer Vision,
remote sensing, image sharpening and blurring, and pattern recognition. In amachine
vision system, digital image processing algorithms and light source arrangement are
very important factors for high precision tool wear analysis [7]. Detailed analysis
after the monitoring of tool condition shows that this a machine vision system can be
beneficial for direct measurement of various forms of tool wear in real time. Some
statistical approaches are also useful for predicting the wear of devices in competi-
tion with the machine vision system and can be used to verify the accuracy of the
result of the machine vision system. The cutting tool images can be taken at different
instances and the surface tool wear may be identified based upon the spectral analy-
sis of images using the computer vision technique [8]. The analysis may be done in
the frequency domain. To get the magnitude of spectrum for an image, transforma-
tions such as Fast Fourier transformation have to be used for obtaining the centered
spectrum. Similarly, the Inverse Fourier transformation can be used to decentralize
an image. A technique of contour mapping has been employed in the present work
to monitor the cutting edge wear. When the image processing algorithm and pixel
calibration of the image get completed, this superimposed image generates a contour
map of the given input image to the contour map of the new cutting tool’s image. As
the new cutting tool’s image provides the base value for original tool dimensions,
this superimposed image can then be utilized to measure the change in tool wear
parameters such as tool wear area, wear perimeter, and average wear width. Finally,
some thresholds can be set on tool wear parameters, such as defining the amount of
tool wear area which the tool can sustain, which in turn can help in predicting the
time a tool has before it breaks off (tool life).

2 Literature Review

The lighting condition affects the edge detection for accurately identifying the cutting
insert edge. Lim and Ratnam [9] used the flatbed scanned with internal lighting to
identify the cutting insert edge and proposed an algorithm to detect the edge of the
insert and finally detected the nose radius of the insert. The digital image processing
has been carried out to identify the wear for the broaching tool [10]. An approach
like image cropping was used to measure broaching tool wear volume to measure
the progress of wear. The critical cutting tool wear has been identified based on the
flank wear, and hence Castejon et al. [11] carried out the image analysis of cutting
insert to identify the flank wear. The Fowlkes–Mallowsn index was used to identify
the different wear levels. The cutting tool surface texture analysis can also be a good
indicator for cutting tool wear as analyzed by Dutta et al. [12]. The flank wear was
identified based on the cutting tool texture feature in the milling process. The micro-
end mill used in micromilling has a low diameter and hence is more susceptible to
wear and breakage [13]. Themicro-endmill wear analysis requires themore accurate
identification of cutting tool edge. Themonitoring of the edge radius of themicro-end
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Fig. 1 Edge detection steps used in the present work

mill is of utmost importance to identify the wear progress. Dai and Zhu [7] proposed
an automated machine vision system to identify the cutting tool wear during the
micromilling process. The use of three-dimensional motion platform enables the
synchronization of the vision system with the cutting tool for in-situ cutting tool
monitoring. The flank wear measurement was measured by performing the image
analysis on the captured image.

3 Methodology

The cutting tool image has been captured using a microscope after machining. The
captured image has been analyzed. Edge detection is an important step to identify
the edge radius of the micro-end mill. The edge radius for the micro-end mill lies in
the micron range, and the steps outlined in Fig. 1 have been used for edge detection.
The first step is to convert the image in RGV format and filtering was carried out
to remove the shadow in the image. After filtering, thresholding was done using the
Otsu method to highlight the cutting edge portion, and the process was followed
by dilation and erosion. Finally, the edge was detected by multiplying the filtered
image with the image subtracted by output from the dilation and erosion of the image
obtained by thresholding.

4 Experiment

The experiment has been carried out on the developed high-speed micromachining
center at IITB. The high-speed micromachining center has a high-speed spindle with
a maximum rpm of 140000 and maximum allowable torque 4.3N-cm.
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Fig. 2 Experimental setup

The Z-axis has the pneumatically controlled counterbalance stages. Themicroma-
chining center has X- and Y-stages with a ball screw driven by a DC brushless motor.
The Z-axis has a positioning resolution of 5nm. There is a positioning resolution of
0.5 µm and accuracy of ±1µm, respectively, for X- and Y-stages. All the stages are
fixed on granite structures and the developed micromachining center is placed on
the vibration isolation table. The experimental setup is shown in Fig. 2. The exper-
iment has been carried out on Ti6Al4V. The machining has been carried out with
two fluted micro-end mills of diameter 400 µm. The experiments were conducted
for two different micro-end mills; one micro-end mill is coated with TiAlN and the
second micro-end mill is coated with TiAlNSiN. The experiments were carried out
at a speed of 50000 rpm, 50 µm, and 4 µm/flute feed.
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Fig. 3 Captured image after
machining

5 Results and Discussion

The image has been captured after the machining and is shown in Fig. 3 for a micro-
end mill coated with TiAlN. The captured image has been analyzed to observe all
the intensities present against each pixel. The image obtained after performing the
thresholding using otsu’s method for the filtered image is shown in Fig. 4a.

The boundary of the micro-end mill image has been identified for edge detection
of the micro-end mill. The identified edge of the micro-end mill is shown in Fig. 4b.
The micro-end mill wear has been identified by analyzing the edge radius of both
micro-end mills of different coatings. The edge identification requires the micro-end
edge boundary to be detected accurately. The edge detection of the micro-end mill
has been done by separating the edge of the micro-end mill (Fig. 5).

The edge radius of the micro-end mill has been obtained by fitting a circle on the
detected edge (Fig. 5). The change in shape and the edge in the micro-end mill are
identified for the micro-end mill of two different coatings. The micro-end mill with
a coating of TiAlSiN has an edge radius of 4.7 µm compared to an edge radius of
3.13µmwith a coating of TiAlN (Fig. 6). The increase in wear of the micro-end mill
with coating TiAlSiN shows the coating TiAlSiN is able to decrease the temperature
during the machining. However, the micro-end mill with a coating of TiAlN is able
to dissipate more heat compared to the coating of TiAlSiN and hence the micro-end
mill with a coating of TiAlN is less susceptible to wear during the machining.
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Fig. 4 Edge detection a Image after thresholding; b detected edge

Fig. 5 Fitted circle for edge
radius

6 Conclusions

The present research work analyzes the image processing method to identify the
cutting tool wear for the high-speed micromachining process. The different steps for
the accurate identification of the edge of the micro-end mill have been identified for
accurate detection of micro-end mill wear. The following conclusions can be made
from the present work:

• The filtering followed by thresholding is required to identify the edge of the micro-
end mill.
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Fig. 6 Measured micro-end mill edge radius

• The change in the shape of the micro-end mill with different coatings has been
identified.

• The edge radius of the micro-end mill was observed to be increased by 51% when
machining with micro-end mill coated with TiAlNSiN compared to TiAlN coated
micro-end mill.

• The micro-end mill coated with TiAlN has more life compared to the micro-end
mill coated with TiAlNSiN.

• The image processing steps discussed in the present work can be used for moni-
toring the in-situ cutting tool wear.
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Behavior Study of Tape Springs
for Space Deployment Applications

Rutvik Dangarwala , Hemant Arora , Shashikant Joshi ,
and Sudipto Mukherjee

1 Introduction

Many space equipment need to be packed in small volumes during launching and
deployed in space when required. The most common mechanisms for this purpose
are composed of kinematic joints such as rigid hinges [1] and have to be combined
with a motor, electrical winding, power source, lubrication system, a latch and a
spring. On the other hand, tape springs, commonly used for measurements, being
continuous and having completely passive, self-actuating, self-locking properties,
provide lightweight cost-effective systems and thus offer overall robustness to the
deployment system.

Theoretical Background of Tape Springs. Tape springs have very small thickness
as compared to the in-plane dimensions. This makes their study, as in general for any
thin plate, as a three-dimensional solid using theory of elasticity, rather complicated
and unnecessary. Hence the fold is to be analyzed using “Thin Plate Theory” [2].
Moreover, to analyze regions other than the fold area having thin as well as curved
geometry, another theory called “Theory of Shell Structures” [3] is to be used.
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The differences in behaviors shown by Tape Springs depending upon the sense
of load are categorized as “Equal” and “Opposite”. The sense is defined based on
whether the change of transverse curvature is in the opposite or the same direction
of the initial transverse curvature. When tape spring is subjected to pure moments or
end forces and end couples within the plane of its longitudinal axis, it deforms with
three distinct deformation zones (see Fig. 1), where the fold region has no transverse
curvature and the straight region has no longitudinal curvature.

Wüst [4], Rimrott [5] and Mansfield [6] determined the relation between the
bending moment and corresponding change in longitudinal curvature using different
methodologies to understand the Moment-Rotation characteristics. The M-θ plots
give an overview of the non-linearity in the behavior and the hysteresis (Fig. 2).

Fig. 1 Deformation zones of tape spring

Fig. 2 Moment versus bending angle [7]
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2 Problem Definition

In the most direct application of tape spring as hinges, they are to be fixed at one
end to a fixed body while the other end is to be displaced for stowing purpose and
released for deployment when required. For example, they can be used to deploy a
Reflector [1] at a particular orientation around a Solar panel and also to deploy large
size Space Antenna Reflectors [8].

Tape springs show highly varying and non-linear mechanical behavior depending
upon the sense of loading. So the behavioral understanding when folded in different
senses under cantilever configuration is necessary. Also, the potential problem that
may arise is of hard folding as when stowed, the fold formation and its interaction
with the fixed support may expose the fold area to stress concentration. Any hard
folding, therefore, may hinder the desired deployment. Hence, the strain analysis of
the fold becomes critical.

The Analytical estimation of stresses and strains using the shell theory requires
the estimation of changes in longitudinal curvaturewhich is difficult to be determined
experimentally with sufficient accuracy due to the highly transient behavior, unless
relied upon expensive digital measurements. Therefore, an analytical method is to
be tested to obtain stress and strain from the displacements of the free end which are
easier to measure, which is then required to be validated using experimental strain
measurements and reproduced using FEA.

3 Strain Evaluation at Tape Spring Fold

3.1 Analytical Method Using Displacements of Free End

TheGeometric parameters andMaterial properties of the tape spring used are noted in
Tables 1 and 2. The Experiments are performed for the tape spring kept in horizontal
cantilever configuration and loaded by vertical transverse end loads (Figs. 3 and 4).
Weights of 4 gm (15 qty.) and 10 gm (15 qty.) are used and the displacements of the
free end are measured.

From the theory of shell structures [3], the generalized Hooke’s law for a shell
element is as follows:

Table 1 Geometric
properties

L (mm) t (mm) α (°) R (mm)

110 0.12 mm 59.73 14.9425

Table 2 Material properties
of tape spring

E (GPa) v ρ (kg/m3) σyt (MPa)

200 0.33 7850 1300
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Fig. 3 Opposite sense

Fig. 4 Equal sense
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where

D = Et3

12(1 − v2)

D Flexural rigidity of plate element
v Poisson’s ratio
E Modulus of Elasticity
M j Bending Moment per unit length on a cut-plane with normal in j direction [3]
kj Change in curvature in j direction.

It is important to note that the moments shown in Eq. (1) are per unit length of
application. So, to obtain the total moment acting on a particular cut-plane with its
normal in j direction, it is to bemultiplied by the length uponwhich it acts. It is known
that the cross-section at the fold flattens upon loading (see Fig. 5). The moment M
applied about the y axis will cause the change in longitudinal curvature of tape spring
(kx). Let r and R be the final longitudinal curvature and initial transverse curvatures,
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Fig. 5 Cross-section at fold

respectively. β and α are the fold angle and initial angle subtended by the cross-
section, respectively. The length of application of moment is (Rα) at the fold. At the
fold,

Change in longitudinal curvature: kx = 1
r − 0 = 1

r

Change in transverse curvature: ky = 0 − (± 1
R ) = ∓ 1

R

where + 1
R change in transverse curvature that occurs for equal sense loading and

the − 1
R corresponds to opposite sense loading. From the generalized Hooke’s law

for shell element applied at the fold, we get

Mx = Dkx + vDky (2)

And using the relation, Total applied moment M = Mx ∗ (Rα) and further
simplification gives

M = D(Rα)(kx + vky) (3)

Substituting the values of changes in curvature and flexural rigidity yields

M = (Rα)

(
Et3

)

12
(
1 − v2

) (
1

r
∓ v

1

R
) (4)

where - sign corresponds to “Equal sense” and + sign corresponds to “Opposite
sense”. From Eq. (4), the Moment at fold M is found, and then the maximum
tensile bending stress (at the farthest layer i.e. z = t/2) is found using the bending
equation within the elastic limits as follows:

σ = M × z

I
(5)

For the elastic region, as the tape spring has linear elastic material, the maximum
longitudinal normal strain is obtained from the above calculated stress using Hooke’s
law. As can be seen that for evaluating the strain at the fold, the only unknown is the
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radius of longitudinal curvature r. It is seen from the experiments that once the fold is
generated near the fix end, the longitudinal distance of the fold remains majorly the
same though the radius of longitudinal curvature and the fold angle keep changing
with the load applied. The straight portion of the tape spring is observed to simply
rotate with pivot point at the end of the fold. (see Figs. 6, 7).

The longitudinal distance of the fold as marked in Figs. 6 and 7 is measured as 7
and 5 mm for equal and opposite sense loading, respectively, which is, in general,
a function of material properties, the initial cross-section, length and also the sense
of loading. The schematic diagram (see Fig. 8) shows the free end displacements
�x and �y. The straight portion of tape spring which is forming an angle β with

Fig. 6 Rotation about
fold—equal sense

Fig. 7 Rotation about
fold—opposite sense
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Fig. 8 Deformed tape spring and fold angle schematic

horizontal has length L. Applying the sine rule, in the approximated triangle having
angles β and θ, we have

sin(β)

[�x2 + �y2] 1
2

= sin(θ)

L
(6)

Using Eq. (6), knowing the displacements of free end and the length of the straight
portion, the angle β is obtained. The calculated angle β is the fold angle as shown in
Fig. 8. The radius of longitudinal curvature r is obtained from the fold angle β and
measured distance “a” (7 mm for equal sense and 5 mm for opposite sense) as below

r × sinβ = a. (7)

As the radius and the fold angle β vary with loading, the length of the straight portion
of the tape spring is also observed to change. For equal sense loading, it is measured
to be 103 mm (up to 20 gm load), 102 mm (30–60 gm load) and 101 mm (70–150
gm load) and for opposite sense loading, it is measured to be 105 mm (up to 100
gm load) and 104 mm (110–150 gm load). The calculated moment, stress and strain
results are shown in Table 3.

3.2 Strain Measurements Using Strain Gauge

Electrical strain gauge in quarter bridge configuration is used to measure strain at the
fold. Strain gauge is attached at the fold location such that it measures the normal
longitudinal strain. Adequate importance is given to the procedure of bonding the
strain gauge with the tape spring surface. The strain gauge is connected to the strain
measurement setup consisting of the data-acquisition system and the strain measure-
ment software (Fig. 9). The frequency of the measurement setup was set to 10 Hz.
(Measured values are shown in Table 4).
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Table 3 Calculated results

Load (gm) Equal sense Opposite sense

Moment
(Nmm)

Stress
(MPa)

Analytical
microstrain

Moment
(Nmm)

Stress
(MPa)

Analytical
microstrain

10 0 0 0 0 0 0

20 22.949 613.78 3069 12.09 323.43 1617

30 38.794 1037.55 5188 13.05 349.08 1745

40 49.373 1320.48 6602 15.93 426.04 2130

50 51.489 1377.07 6885 39.91 1067.37 5337

60 52.194 1395.93 6980 39.91 1067.37 5337

70 53.528 1431.6 7158 49.5 1323.91 6620

80 54.952 1469.7 7349 68.68 1836.97 9185

90 54.952 1469.7 7349 68.68 1836.97 9185

100 57.089 1526.85 7634 78.28 2093.5 10,468

110 57.089 1526.85 7634 88.6 2369.77 11,849

120 57.089 1526.85 7634 88.6 2369.77 11,849

130 57.089 1526.85 7634 98.29 2628.77 13,144

140 57.801 1545.9 7729 98.29 2628.77 13,144

150 57.801 1545.9 7729 98.29 2628.77 13,144

Fig. 9 Strain gauge experiment setup

3.3 Comparison of Analytical Strains with Strain Gauge
Measurements

The important points to note are as follows (Figs. 10 and 11):
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Table 4 Experimentally measured data

Load
(gm)

Equal sense Opposite sense

X
Displacement
(mm)

Y
Displacement
(mm)

Experimental
microstrain

X
Displacement
(mm)

Y
Displacement
(mm)

Experimental
microstrain

10 0 32.5 140 0 0 904

20 10 48 2800 2 1 1400

30 65 70 6200 3 2 1489

40 65 85 6635 8 5 1869

50 70 88 7400 45 30 5750

60 70 89 7950 60 30 9350

70 70 90 8300 65 40 11,100

80 80 92 8500 70 60 11,900

90 80 92 8700 70 60 12,400

100 90 95 8850 73 70 12,640

110 90 95 8950 73 80 12,780

120 90 95 9020 73 80 12,920

130 90 95 9100 73 90 13,031

140 100 96 9150 73 90 13,110

150 100 96 9175 73 90 13,180

Fig. 10 Strain comparison graph—opposite sense

Fig. 11 Strain comparison graph—equal sense
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• Although the snap is seen during the experiment at 0.49 N load for the opposite
sense loading, at the load of 0.59 N, the experimental strain is observed to rise
significantly while no significant deformation is observed. A similar observation
is made in the equal sense case at 0.2943 N. This is attributed to the effect of
stress concentration at the fold as due to the snap, the fold is generated and any
further increase in the load causes stress to be concentrated at the fold, thus giving
additional rise to strains which are not predicted from displacements.

• The Analytical method predicts the experimental strains with significant accuracy
up to a certain load. The reason for deviation at higher loads is the stress at the fold
crossing the yield strength and thus violating the “within elastic limit” assumption
of the analytical method. Therefore, the mean absolute error when calculated for
readings within the elastic limit is found to be 9% and 19% for equal and opposite
sense, respectively.

• Another important point to note from the stress consideration is that before the
snap, the opposite sense loading shows lesser stress and strain while after the
snap, a sudden rise causes higher stress and strain than the equal sense, for the
same applied load.

4 Finite Element Analysis of Tape Spring

4.1 Analysis Settings

As the loading of a tape spring involves sudden and large non-linear deformation
behavior and a sudden change in internal energy due to snap, Explicit dynamic
analysis is performed using the FEA tool ANSYS. The material used in the analysis
is a linear isotropic structural steel with modified yield tensile strength of 1300MPa.
An edge at a distance of 7 mm from the fixed end is used to measure strain at the
fold using a strain probe tool.

The tape spring is meshed with “Linear shell elements” with Non-linear mechan-
ical physical preference. As the tape spring has a thickness of 0.12 mm, which is
very less than other in-plane dimensions, fine meshing with uniform sizing of 2 mm
is used to avoid the possibility of element distortion (see Fig. 12).

The analysis is performed for a time of 0.05 s to limit the computational time.
The force increasing linearly with time from 0 to 2 N and 3 N is applied for equal
and opposite sense loading, respectively, to ensure the propagation of the fold to the
fixed end in the given analysis duration. The other edge is applied the fixed boundary
condition (see Fig. 13).
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Fig. 12 Meshing

Fig. 13 Boundary conditions

4.2 Analysis Results

The equivalent stress and strain results at the fold, for the equal and opposite sense,
are shown in Figs. 14, 15, 16 and 17. The sudden snap phenomenon is observed in
the opposite sense. The deformation in equal sense loading is followed by torsional
effects which is also observed during the experiments.

4.3 Validation of FEA Results

The maximum stress and strain at the fold along with maximum free end displace-
ment, obtained from FEA, are validated as shown in Table 5. After the snap, although
experimentally and analytically the strain at the fold is noted to be increasing, it is
not seen in the FEA (see Figs. 16, 17). The reason behind this is the excessive and
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Fig. 14 Equivalent stress—equal sense

Fig. 15 Equivalent stress—opposite sense

unrealistic X deformation due to the momentum gained after the snap, which shifts
the fold away from the fixed end (see Fig. 18). This shows the need for additional
constraints to capture the post-snap behavior accurately.
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Table 5 Validation of FEA results

Result Equal sense Opposite sense

Experiment
result

FEA
result

%
Error**

Experiment
result

FEA
result

%
Error**

Equivalent
stress [MPa]

1545.90* 1443.4 6.6 2628.77* 2281.9 13.2

Strain at snap
[microstrain]

6200 6348 −2.3 9350 8967.5 4.1

X deformation
[mm]

100 94.546 5.4 73 72.361 0.8

Y deformation
[mm]

96 102.25 −6.5 90 97.643 −8.5

*Stress is compared with the Analytical stress values; **Error is w.r.t. Experimental results

Fig. 16 Strain probe results—equal sense

Fig. 17 Strain probe results—opposite sense

Fig. 18 Excessive X deformation after snap
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5 Conclusion

• Before the snap has occurred in the opposite sense loading, for the same amount
of applied load, lower stresses and strains at the fold are noted. Also, the load at
which the snap and fold formation occurs is higher in the opposite sense. Thus,
opposite sense loading results in higher deployed stiffness and lesser deformations
at the same loads (prior to the snap), reducing the effects of disturbances in the
deployed state.

• After the snap, the effect of stress concentration is higher in the opposite sense
which is evident by a higher rate of increase and a higher magnitude of stress
and strain. Thus, when stowed, if loaded beyond a certain load, opposite sense
loading is more prone to hard folding. This shows the need for trade-offs while
selecting between equal and opposite sense configurations for higher deployed
stiffness and resistance to hard folding.

• The analytical strains when validated against the experimental measurements
show 9 and 19%Mean absolute error within the elastic limit, for equal and oppo-
site sense, respectively. The results are reproduced using FEA with significant
accuracy. Nonetheless, to capture the post-snap behavior accurately, additional
constraints are required.
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Parametric Optimization of Joints
and Links of Space Deployable Antenna
Truss Structure

Hemant Arora , Vrushang Patel , B. S. Munjal ,
and Sudipto Mukherjee

1 Introduction

Large diameter reflectors (LDR) are designed with foldable configuration widely
known as ‘Unfurlable’ or ‘Deployable’ which consists of many joints and linkages
explored by many researchers for space applications [1]. Joints and Linkages of
these deployable configurations are designed based on the understanding of kine-
matics and dynamics [2] simulations considering deployment parameters of a truss
structure. These joints are required to be optimized for making the truss configura-
tion highly compact in a fully folding or stowed position. Critical parameters of each
joint are considered for the optimization study presented in this paper. The para-
metric optimization technique [3] is deliberated to optimize specific values of a set
of parameters that gives the best performance of the system in given circumstances.
These parameters are termed as design variables, and circumstances of the system are
described by design constraints. An objective function is formulated on the criteria
of minimizing the stowed volume of the deployable truss structure. Constraints that
represent a limitation on performance are called functional constraints which are
defined with reference to the geometry of joints and linkages.
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Fig. 1 Exploded view of deployable mesh reflector with a description of single bay

2 Design Configuration of Deployable Mesh Reflector

The simplest type of ring structure used for Mesh Antenna is known as AstroMesh
[4] configuration in which a four-bar mechanism is used as a basic entity with one
diagonal telescopic member. A cable is passing through the diagonal telescopic
member, and pulling this cable helps in the deployment of AstroMesh configuration.
This configuration consists of a number of bays, and each bay is an inversion of the
four-bar mechanism. Four links of individual bays are connected with two 5J joints
and two 3J joints. 5J joints are diagonally connected with a telescopic member, and
3J joints are configured with a gear pair for synchronized motion between adjacent
bays (see Fig. 1). These bays are interconnected at joints to form a ring truss which
supports RF reflective mesh. After deployment, it forms an antenna reflector and
after folding, it forms a cylindrical compact structure accommodated with mesh and
joint elements. The present paper focuses on optimizing the joint and link parameters
to make it a compact stowed configuration which should be easily integrated with
the satellite during launching and later deployed to a full configuration in space.

3 Optimization Methodology

The objective is to minimize the size of the mechanism [5] in a stowed configuration
which mainly depends on the diameter and height of the antenna. The height of the
antenna depends on the number of bays, ratio of focal length and diameter (F/D)
of parabolic surface, and offset distance of the parabolic surface. The height of the
stowed configuration is also limited to the space available in launch vehicle payload
fairing space. Therefore, the height of the stowed configuration is optimized based
on these parameters. The diameter of stowed configuration is taken as a design
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parameter which is required to be optimized for accommodation in limited fairing
space. Mainly, the joint parameters decide the diameter of stowed configuration
which should incorporate folded RF mesh along with support net [6]. Therefore, a
relative location of various hinge points is considered as dimensional characteristics
of the joints which are taken as design parameters.

3.1 Design Variables

Deployment of AstroMesh configuration happens with the motorized winding of a
cable passing through the telescopic diagonal members. The motor is positioned on
one vertical member which is rigidly fixed with the structure. Coordinate of this fixed
member is considered as a reference frame. The coordinate of different points on 5J
joint, 3J joint and slider members are obtained from fixed reference frame [7], and
equations of constraints are also formulated with reference to the fixed frame (see
Fig. 2).

The reference frame is marked on fixed vertical members in which X-axis is
marked as the direction of motion, Y-axis is along the longitudinal axis of vertical
fixed member and Z-axis is along the rotational axis of hinges on the fixed member.
Various critical points are identified on moving joints. Coordinates of these points
are defined with reference to the fixed frame which are considered as design param-
eters. Point_1 is pointed at the end of the slider member revolute joint at the fixed
vertical member. Point_2 is pointed at the end of slider member revolute joint at
moving vertical member on the same bay. Point_3 is the end of circumferential

Fig. 2 Fixed reference frame shown on a single bay for optimization problem formulation
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Fig. 3 Description of various critical points

member revolute joint at 3J joint with the fixed member. Point_4 is marked at the
end of a diagonal member on the axis of the revolute joint of the moving 5J joint.
Point_5j_middle and Point_5j_end are middle and end points of the 5J joint subse-
quently at the extreme side edge of 5J joint. Point_5 is the intersection of the X-axis
and the center axis of the pulley. Point_6 is the center of the pulley in the top view,
Point_7 is end point of the pulley, Point_9 and Point_10 are points at the inner wall
of the 5J joint body (see Fig. 3).

3.2 Design Parameters

Co-ordinates of various critical points are required to describe the dimensional char-
acteristicswhich are further described as design parameters. These design parameters
are a function of independent design parameters which describe the geometry of the
component in the assembly [5] (see Fig. 4).

• P_1 is the distance between point_5j_center and point_2 in the x-direction.
• P_2 is the distance between origin and point_3 in the x-direction.
• P_3 is the distance between the end of the circumferential member at the 5J joint

and the axis of the vertical rod of the moving member in the x-direction.

Fig. 4 Description of design parameters
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• P_8 is the depth of the 5J joint body in the z-direction with reference to the origin.
• P_9 is the thickness of the 5J joint body from the fixed coordinate system in the

z-direction.
• P_10 is the half-thickness of the pulley along the rotational axis.
• P_6 is the distance between the horizontal member hinge axis and the extreme

edge of the 3J joint body along the x-direction.
• P_13 is the distance between the center of the pulley to the circumferen-

tial/horizontal member hinge axis at the 5J joint along the y-direction.
• P_7 is the distance between circumferential member hinge axis and extreme edge

of the 5J joint body along the x-direction.
• P_5 is the distance between diagonal member revolute hinge joint to circumfer-

ential member revolute joint at the 5J joint along the y-direction.
• P_11 is the design variable defined for the width of the 5J joint body.

3.3 Objective Function

An objective function is formulated for minimizing the radius of the stowed config-
uration of the deployable antenna mechanism. The stowed radius of the mechanism
can find out with the help of the 5J center point of the moving member.

Radius in the stowed configuration is represented by the distance between the
center of the inscribed circle which is made by the tangent to the inner edge of the
5J joint body and the center point of the 5J joint (see Fig. 5). To describe the length
of this radius mathematically, the equation of a straight line is formulated based on
the defining center point of the circle and the geometrically defined center point of
the 5J joint considered as the origin. The centre point of the circle is described by
the intersection of the center axis of two joints.

Therefore, the final radius of the antenna in the stowed configuration is the distance
between the origin to point (x_r, z_r) which is defined as

Fig. 5 Description of center
point and radius of stowed
configuration
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radius = dis_bet_two_points(x_r, z_r, 0, 0) (1)

In addition, it is also required to optimize the extreme radius of configuration
which can be defined by adding an additional component which is half of the width
of the 5J joint body which is defined by variable add_rad (see Fig. 5).

Therefore, Total_radius = radius + add_rad (2)

The radius of the stowed configuration also depends upon the width of the 5J
joint. P_11 is a variable parameter defined for optimizing the width of the joint body.
Therefore, this parameter is required to be included in Eq. (2) to get the appropriate
behavior of the objective function.

Therefore, the objective function is defined as

Objective function = min{(Total_radius + (p_11))} (3)

3.4 Formulation of Constraints

Constraints for mechanism configuration are defined on the basis of interference of
different members. There are many geometric constraints formulated based on the
deployable configuration and a few are presented here for understanding.

Required clearance between the diagonalmember and the 3J joint body (see Fig. 6)
is defined as an optimization constraint. Clearance is denoted as clearance const_1
which is a constant parameter and taken as 1 mm. The constraint is defined as

clrearance_const_1 + (var_mdia/2) − var_3j_p12 < 0 (4)

Fig. 6 CAD view of Interference of 3J joint body with diagonal member and 5J joints interfering
with each other
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where variable var_mdia is the major diameter of diagonal member and variable
var_3J_p12 is the perpendicular distance between point 1 and point 2 on the 3J joint.

To formulate the constraint of interferencebetween5J joints, an intersectionpath is
marked with orange color (see Fig. 7). Point 1 is the final interference point and point
2 is marked on the intersection with the line joining the 5J body end. The condition
of avoiding interference is only possible when the distance between these two points
is greater than zero which is defined by clearance parameter clearance_end_5j.

clearance_end_5j − var_5j_end < 0 (5)

where variable var_5j_end defines the distance between the end points of two
adjacent 5J joint bodies.

Interference between the rope and inner wall of the diagonal telescopic sliding
member is a cause of continuous rubbing of the rope during deployment and energy
lost due to friction (see Fig. 8). Therefore, this interference should be necessarily

Fig. 7 Interference of 5J joint bodies

Fig. 8 Interference of rope with slider inner surface
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eliminated. For eliminationof this interference, center line of the ropepassing through
the diagonal member should coincide with the tangent of the pulley.

Clearance between rope and slider = (Inner diameter of diagonal member—
diameter of rope)/2.

Therefore, the constraint equation is formulated as

Per_slider − clearance_bet_rope_inner_wall > 0 (6)

wherePer_slider is the perpendicular distance between the rope axis and the diagonal
member central axis.

4 Optimization Problem Formulation with MATLAB

The optimization process needs an initial design point to start with [3, 5]. Opti-
mization solver fmincon is selected as a derivative method which checks all local
minima and converges to a global minimum value. As this is a problem of multiple
design variables andmultiple constraintswith a single objective function, the function
‘fmincon’ is used to solve parametric optimization which makes necessary changes
in design variables meeting with the objective function.

4.1 Initial Design Input Parameters

Initial parameters from the design configuration are considered as input parameters
for solving this problem. The initial input parameters are described as follows:

• Diameter of fully deployed configuration = 3000 mm
• Height of fully deployed ring structure = 400 mm
• Number of bays = 14
• Length of vertical members = 400 mm
• Radius of pulley = 6.5 mm
• Pulley thickness = 6 mm
• Diameter of rope = 1.5 mm
• Inner diameter of diagonal member = 9 mm
• Wall thickness of diagonal member = 0.75 mm
• Wall thickness of end connection = 1 mm
• Outer diameter of circumferential member = 10 mm.
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Fig. 9 Screenshot of MATLAB result and CAD model

4.2 Solution of Optimization Problem

The solution of the optimization function is obtained using MATLAB optimization
tools with consideration of design constraint, value of objective function and value of
design variables. A screenshot of these parameters and results for optimum stowed
radius are captured from theMATLABsimulation environment. The sameparameters
aremodeled usingCADsoftware ‘Autodesk Inventor’ and the result for stowed radius
obtained is validated (seeFig. 9). Theoptimized radius of stowed configuration comes
out to be 199.84 mm for the present set of input parameters.

4.3 Extrapolating the Design Parameters for 12 m
Deployable Truss

The optimized parameters obtained for the 3 m diameter configuration are extrap-
olated and optimized for designing a 12 m deployable truss. The optimization is
further carried out with a variation of the number of bays. As the number of bays
increases, stowed radius also increases. It is also required to optimize the number of
bays to avoid complexity and to maintain the circularity of the reflector with mesh
holding points located circumferentially on the joints of bays. An increase in the
number of joints or bays would also make the system more complex with reference
to alignment, integration and testing. Therefore, the optimum number of bays are
predicted between 14 and 18 for 12 m diameter configuration (see Fig. 10). The
optimum values of various design variables are predicted for the 12 m deployed
diameter configuration. These are specified as
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Fig. 10 Plot of optimum stowed radius versus number of bays

p_1 = 10.46mm, p_2 = 10.16mm, p_3 = 30.21mm, p_5 = 30.0mm

theta = 89.41◦, p_11 = 3.5mm, p_13 = 16.11mm, r_pulley = 4.05mm

p_8 = 15.25mm, p_7 = 12.50mm

Optimum stowed radius = 206.260mm

4.4 Volumetric Efficiency

The volumetric efficiency of a deployed space system depends upon the ratio of
stowed volume to fully Deployed Volume. Volumetric efficiency also varies with
various sizes of configuration. Variation of volumetric efficiency with the number of
bays is predicted for the 12 m diameter reflector configuration. It is clearly observed
that the optimum number of bays is 20 at which the maximum value of volumetric
efficiency (99.77%) is obtained. Beyond this point, it starts to reduce further (see
Fig. 11).



Parametric Optimization of Joints and Links ... 373

Fig. 11 Plot of volumetric efficiency versus number of bays

5 Conclusion

This paper describes the detail of parametric optimization of joint configuration of
the AstroMesh deployable antenna reflector. Focus is made on reducing the size of
joint hinges, hinges separation distances and other parameters which would have a
direct impact on the overall size of the stowed configuration. Design constraints and
objective function are formulated with geometric equations of truss linkages. Opti-
mization results of the stowed radius is predicted as 199.8mmwhich is validatedwith
CAD modeling of the same design configuration. Design variables are also extrap-
olated and optimized for the 12 m diameter configuration. Volumetric efficiency of
99.77% is predicted with optimized design parameters and the number of bays for
12 m diameter configuration. The present exercise in this paper has given the confi-
dence to move further, as this optimized deployable antenna design has potential
applications in the satellites for futuristic Indian space missions in Geo Stationery
Orbits.
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Response of a Vibratory System Under
Impact Using Contact Force Models

Deepak Maslekar, Anirban Guha, and Sripriya Ramamoorthy

1 Introduction

The classical problem of the vibratory response of a system under impact is still an
open issue in engineering application. The classical approachof obtaining response of
a spring mass system under impact involves the transformation of impact into initial
velocity. This approach treats the impacting bodies as rigid and neglects geometry
characteristics of contact surfaces andmaterial properties of impacting bodies during
impact [1, 2].

The contribution and merit of the present work deal with the quantification of
dynamic response of spring mass systems composed of a deformable body under the
impact of a deformable body, in which geometry characteristics of contact surfaces,
impact velocities, material properties, etc. are included.

2 Contact Force Models

Many contact impact force models have been used by researchers. The contact force
models described in this paper express contact force as a continuous function of
penetration between contacting bodies. Lankarani and Nikravesh [3] and Flores et
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al. [4] suggest the contact force model. These contact force models are based on
Hertz elastic contact law, wherein the hysteresis damping function is incorporated to
represent the energy dissipated during the impact.

2.1 Lankarani–Nikravesh Contact Force Model

Lankarani and Nikravesh suggested a contact force model by separating normal
contact force into elastic and dissipative components as

FN = K δn + Dδ̇ (1)

where K is generalized stiffness constant and δ is the relative normal indentation
between the bodies as shown in Fig. 1. For parabolic distribution of contact stresses,
the exponent n is taken as 1.5, as in the original work by Hertz [5]. For metallic
materials, the expressions for contact force based on experimental or numerical work
use n = 1.5. The generalized parameter K is dependent on material properties and
the shape of contacting surfaces. For the frictionless Hertzian contact between two
spheres i and j , the stiffness parameter K is given by

K = 4

3
(
σi + σ j

)
[

Ri R j

Ri + R j

] 1
2

(2)

where Ri and R j are radii of spheres and the material parameters σi and σ j are given
by

σk = 1− ν2
k

Ek
, (k = i, j) (3)

and the quantities νk and Ek are Poisson’s ratio and Young’s modulus associated with
each sphere, respectively.

In Eq. (1), the quantity δ̇ is the relative normal impact velocity and D is the hys-
teresis coefficient. The hysteresis coefficient is expressed as a function of penetration
as

D = χδn (4)

where the hysteresis factor χ is given as

χ = 3K
(
1− c2e

)

4δ̇(−)
(5)

where δ̇(−) is initial impact velocity and ce is coefficient of restitution. By substitut-
ing (4) and (5) into Eq. (1), the normal contact force can be expressed as
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Fig. 1 Relative penetration
depth during the impact
between two spheres

FN = K δn

[

1+ 3
(
1− c2e

)

4

δ̇

δ̇(−)

]

(6)

A major drawback of this model is the dependency of the hysteretic damping factor
χ on the impact velocity δ̇(−). It can be shown that this model underestimates the
amount of dissipated energy, which results in a higher velocity after impact.

2.2 Flores Contact Force Model

Based on the work of Lankarani and Nikravesh, Flores proposed a contact force
model to capture the contact force induced due to impact between two spherical
bodies of isotropic material. As discussed in Sect. 2.1, the Lankarani–Nikravesh
contact force model is well suited when the coefficient of restitution is closer to one,
i.e. impact is almost elastic. Flores developed a contact force model, which is well
suited for soft materials than for wide range of values of coefficient of restitution.
According to Flores, the contact force is given as

FN = K δn + χδ̇ (7)

where the hysteresis factor χ is given as

χ = 8K (1− ce)

5ce δ̇(−)
(8)

By substituting Eq. (8) into Eq. (7), the normal contact force can be expressed as
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FN = K δn
[
1+ 8 (1− ce)

5 ce

δ̇

δ̇(−)

]
(9)

where the generalized parameter K can be evaluated by Eqs. (2) and (3), ce is the
restitution coefficient, δ̇ is the relative penetration velocity and δ̇(−) is the initial
impact velocity.

2.3 Illustrative Example

In this section, impact between two spheres is analyzed [6] by using the abovemen-
tioned contact forcemodels. A sphere with radius Ri = 9.5mm andmassm = 0.145
kg collides on a fixed concave surface of radius R j = −10mmwith an initial velocity
δ̇(−) = 5m/s. The materials in contact have the properties of steel with Young’s mod-
ulus E = 206 GPa, Poisson’s ratio ν = 0.3 and coefficient of restitution ce = 0.95.
Figure2 shows the influence of coefficient of restitution on the contact force between
two impacting spheres, which shows that magnitude of contact force decreases and
contact duration increases with decrease in the value of coefficient of restitution.
Figure3 shows the influence of the same on contact force-indentation, which shows
more loss in energy associated with smaller values of coefficient of restitution for a
typical impact.

3 Vibratory Response of System with Linear Spring
and Damper by Classical Approach

In this section, a spring mass and damper under impact are used as an illustrative
example to demonstrate how to obtain response of a spring mass damper system by
the classical approach. Figure4 shows a block of mass M resting on the floor with
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Fig. 2 Influence of the coefficient of restitution on the contact force between two spheres for a
ce = 0.8; b ce = 0.7
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Fig. 3 Influence of the coefficient of restitution on hysteresis loop (contact force versus indentation)
for a ce = 0.8; b ce = 0.7

a buffer spring of stiffness k and damper of damping coefficient c connected to a
wall. A sphere of mass m is thrown on vertical face of the mass with velocity u. The
coefficient of restitution of the impact is ce. The first part of the phenomenon is a
direct central impact between block and the sphere. If V and v are velocities of M
and m immediately after the impact, then

mu = MV + mv (10)

and V − v = ceu (11)

Solving Eqs. (10 ) and (11),

V = (1+ ce)mu

M + m
, v = (m − ceM) u

M + m
(12)

Equation of motion of the system shown in Fig. 4 is

Mẍ + cẋ + kx = 0 (13)

Equation (13) is solved using the adaptive step size Runge–Kutta fourth ordermethod
with zero and V as the initial condition.

4 Vibratory Response of System with Linear Spring
and Damper Using Contact Force Models

In this section, response of the system shown in Fig. 4 is obtained by using contact
force models, as described in Eqs. (6) and (9). The corresponding equation of motion
of the system is

Mẍ + cẋ + kx = FN (14)
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Fig. 4 Spring mass and damper system with linear spring and damper

Table 1 Parameters used in the dynamic simulation of a system with linear spring and damper
under impact

Parameter Value

M Mass of block (kg) 10

m Mass of impacting sphere (kg) 1

R Radius of impacting sphere (m) 0.05

u Velocity of sphere just before impact
(m/s)

10

k Spring coefficient (N/m) 6.4× 105

c Damping coefficient (Ns/m) 100

E Young’s modulus (GPa) 207

ν Poisson’s ratio 0.3

K Contact stiffness
(
N/m1.5

)
3.39× 1010

where FN is the contact force as described by Eqs. (6) and (9). Figures5 and 6 show
response of the system under impact obtained by the Lankarani–Nikravesh model
and the Flores model, respectively, for different values of coefficient of restitution.
Dimensions and inertia properties of each body are listed in Table1.

5 Vibratory Response of a System with Nonlinear Spring
and Damper Using Contact Force Models

In Fig. 7, the block of mass M is attached by nonlinear spring and damper [7], where
fk (x) and fc (x, ẋ) are nonlinear spring force and damping force, respectively.
The forces can be written as follows:
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Fig. 5 Response (displacement versus time) of spring mass and damper system under impact using
the Lankarani–Nikravesh model for a ce = 0.8; b ce = 0.7
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Fig. 6 Response (displacement versus time) of spring mass and damper system under impact using
the Flores model for a ce = 0.8; b ce = 0.7

Fig. 7 Spring mass and
damper system with linear
spring and damper

fk (x) = k1x + k2x
2 + k3x

3 (15)

fc (x, ẋ) = c1 ẋ + c2x ẋ + c3x
2 ẋ (16)

where k1 and c1 represent linear stiffness and linear damping, ki and ci (i = 2, 3)
are nonlinear stiffness and damping coefficient, respectively. Applying Newton’s
second law of motion to the model in Fig. 7, the differential equation of vibration of
the system can be written as
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Table 2 Parameters used in the dynamic simulation of the systemwith nonlinear spring and damper
under impact

Parameter Value

M Mass of block (kg) 250

m Mass of impacting sphere (kg) 10

R Radius of impacting sphere (m) 0.1

u Velocity of sphere just before impact
(m/s)

15

k1/k2/k3 Spring coefficient
(N/m)/

(
N/m2

)
/
(
N/m3

) 1.2× 105/30× 104/2.0× 105

c1/c2/c3 Damping coefficient
(Ns/m)/

(
Ns/m2

)
/
(
Ns/m3

) 200/180/50

E Young’s modulus (GPa) 207

ν Poisson’s ratio 0.3

K Contact stiffness
(
N/m1.5

)
4.8× 1010
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Fig. 8 Response (displacement versus time) of the system with nonlinear spring and damper under
impact using the Lankarani–Nikravesh model for a ce = 0.8; b ce = 0.7

Mẍ + fk (x) + fc (x, ẋ) = FN (17)

Submitting Eqs. (15) and (16) into Eq. (17), the equation of motion can be rewritten
as

Mẍ + k1x + k2x
2 + k3x

3 + c1 ẋ + c2x ẋ + c3x
2 ẋ = FN (18)

where FN is the contact force as described by Eqs. (6) and (9). Dimensions and
inertia properties of each body are listed in Table2.

Response of the system shown in Fig. 7 is obtained by the classical approach as
well as by using contact force models and plotted in Figs. 8 and 9.

In order to better understand the dynamic effect of the contact force model in the
response of vibratory system, two dimensionless amplitude amplification parameters
(AAP) are defined for displacement and for velocity of the block [8]. The amplifica-
tion parameter for the displacement is expressed by
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Fig. 9 Response (displacement versus time) of the system with nonlinear spring and damper under
impact using the Flores model for a ce = 0.8; b ce = 0.7

Table 3 Amplitude amplification parameters for different values of coefficient of restitution
Lankarani–Nikravesh model Flores model

Linear Nonlinear Linear Nonlinear

ce AAP (x) AAP (v) AAP (x) AAP (v) AAP (x) AAP (v) AAP (x) AAP (v)

1.0 −0.001 0.04 −4.43e−05 0.0103 −0.0019 0.04 −0.07 −0.06

0.9 −0.69 −0.64 −0.69 −0.68 0.31 0.36 0.25 0.26

0.8 −2.61 −2.56 −2.62 −2.60 0.63 0.68 0.58 0.59

0.7 −5.64 −5.59 −5.65 −5.63 0.98 1.04 0.94 0.96

0.6 −9.76 −9.70 −9.78 −9.74 1.41 1.47 1.39 1.40

0.5 −15.01 −14.95 −15.05 −15.00 1.96 2.03 1.95 1.95

AAP (x) = xc − x f

xc
× 100 (19)

where xc and x f are maximum displacement of the block obtained by the classical
approach and using the contact forcemodel, respectively. Similarly, the amplification
factor for velocity can be written as

AAP (v) = vc − v f

vc
× 100 (20)

wherevc andv f aremaximumvelocity of the blockobtainedby the classical approach
and using the contact forcemodel. Amplitude amplification parameters are estimated
by using the data from Figs. 5, 6, 8 and 9. Table 3 shows amplitude amplification
parameters obtained for a system with linear as well as nonlinear spring and damper
using the Lankarani–Nikravesh and the Flores model.
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6 Results and Discussion

Data from Table 3 reveals that when compared with the response obtained by the
classical approach, the Lankarani–Nikravesh model overestimates the response. As
the coefficient of restitution varies from 1 to 0.5, the variation in response goes
on increasing up to 15 percent. This is obvious due to the fact that the said model
underestimates the amount of dissipated energy, which results in a higher velocity
after impact.

In comparison with the response obtained by the classical approach, the Flores
model underestimates the response of the vibratory system. For coefficient of restitu-
tion values used in this work, the percent variation in the response goes on increasing
when the coefficient of restitution varies from 1 to 0.5. The response obtained by
using the Flores model is much closer to that obtained by the classical approach. This
is expected because the contact stiffness (K ) between impacting bodies is sufficiently
large.

7 Summary

The application of the existing approach for modeling impact is presented and dis-
cussed in this paper. In particular, the influenceof coefficient of restitutionondynamic
response of spring mass and damper system under impact using contact force models
is studied. Further investigation is being carried out to formulate design guidelines
on the use of a relevant contact force model to design a mechanical system involving
impact.
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Failure Behaviour of a Thin Domed Steel
Disc with and without Scores Under
a Pressure Impulse

K. Gopinath, V. Narayanamurthy, and Y. V. D. Rao

1 Introduction

Clamped circular flat metallic plates subjected to lateral loads were extensively
studied in literature to understand the failure phenomenon during quasi-static and
impulsive loads. A comprehensive review by Nurick and Martin [1] compares the
theoretical and experimental results of fully clamped flat circular plates subjected to
impulsive loads. They observed and reported failure of the plates in three different
modes, viz., (1) failure mode-1 where disc exhibits large plastic deformation under
low impulse levels; (2) failure mode-2 when impulse increases to a threshold limit
and accompanied by the observation of tensile failure at the boundary or central area
depending on the impulse threshold; and (3) failure mode-3, upon further increase in
impulsive load where transverse shear occurs at the boundary of the disc. Petalling
can only be observed under localized impulsive loads [1–4].

The metallic discs in the form of thin circular plates, subjected to fluid pressure
at quasi-static or at varying loading rates, are used in safety pressure relief systems.
They are designed to fail at the exceedance of a pre-determined pressure. These
discs are called as rupture discs [5]. The maximum pressure at which a rupture disc
operates is called as a limit pressure. Gao et al. [6] proposed a theoretical formulation
based on the strength coefficient of material to obtain the limit pressure of rupture
disc. The rupture discs which are domed such that the fluid pressure is acting on
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Fig. 1 Geometry of the domed disc with score details (all dimensions in mm)

the concave side of the disc are called as forward domed rupture discs. This enables
them to make out of comparatively thin sheets for a given burst pressure or failure
pressure. Commonly, they are featuredwithwell-defined scores in a particular pattern
to concentrate the fracture energy and initiate the failure along the pre-determined
direction [7].

Colombo et al. [8], Jeong et al. [9] and Gong et al. [10] have studied the effect
of these scores or grooves pattern on the failure of the rupture disc. Coincidently, all
existing research on failure of rupture discs assumed the four-petal pattern without
stating any specific reason. This paper attempts to numerically simulate the deforma-
tion and failure behaviour of forward domed rupture disc, with rectangular scores at a
high impulse loading rate of 500MPa/s, adopting a visco-plastic, and Johnson–Cook
(J-C) constitutive and damage models. This paper helps to understand the effect of
score pattern on the failure of the rupture disc in underlying selection of a four-petal
pattern.

2 Geometry, FE Model, Material and Damage Models

The details of geometry, FE model with loads and boundary conditions, material and
damage models employed in numerical simulations are discussed in this section.
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Fig. 2 Loads and boundary conditions

2.1 Geometry

The domed thin metallic disc considered in the present study is shown in Fig. 1. The
disc is made of S235 JR structural steel having 2 mm uniform thickness. Rectangular
scores or grooves of dimensions 5 mm wide and 0.8 mm depth are provided on the
convex side of the disc. The impulsive pressure load is applied on its concave side
as shown in Fig. 1. The dome height is 50 mm, its outer diameter is 800 mm and the
pressure acts within the diameter of 720 mm. The flat annular portion with a radial
distance of 40 mm from the outer diameter is constrained in all degrees of freedoms
as shown in Fig. 2, as it will be attached to the pressure chamber using bolted joint
with a sealing gasket.

2.2 FE Model

The geometry considered for FEA consist of a full model of domed disc. It is
discretized using C3D8R-hexahedral elements having 8 node with single point inte-
gration, in ABAQUS Explicit [11] FEA code using a Lagrangean approach. A total
number of 1,301,878 elements are used. The model for FEA is shown in Fig. 3. A
minimum element size of 0.5 mm is adopted based on mesh convergence studies.
All nodal degrees of freedom are constrained at the extremely flat annular portion
having outer 40 mm radial distance. A pressure impulse at the rate of 500 MPa/s is
applied for a duration of 1 s.

2.3 Material and Damage Models

The constitutive behaviour accounting large strain, large variation in strain rates and
thermal softening in thematerial are captured through a visco-plastic based Johnson–
Cook (J-C) material model [12, 13]. The yield stress is given by the following
expression:

σy=[
A+Bεnp

]
[1+C ln(ε̇∗)][1−(T ∗)m] (1)
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Fig. 3 FE model of domed disc with 4 scores

where

ε̇∗ =
·

εp

ε̇0
; and T ∗ = T − Tr

Tm − Tr
(2)

in which A is the initial yield stress, B is the strain hardening coefficient and n is the
strain hardening exponent, ε p is the effective plastic strain, ε̇ p is the effective plastic
strain rate, ε̇0 is the user defined reference strain rate (taken as 0.0001 s−1) and C
is the strain rate coefficient. This equation shows that the yield model is valid from
room temperature Tr to the melting temperature Tm. The thermal softening exponent
is given by m.

ε f = [
D1 + D2exp

(
D3σ

∗)][1 + D4ln
(
ε̇∗)][1 + D5T

∗] (3)

Here, εf = equivalent plastic strain at fracture; σ ∗ = stress tri-axiality; ε̇∗ = ratio
of effective plastic strain rate to reference strain; andD1,… ,D5 are empiricalmaterial
parameters which have to be calibrated for each material. An element is supposed
to fail if the damage parameter D reaches the value of 1 where D is the ratio of the
effective plastic strain to the equivalent failure strain.

The material and damage parameters provided in Eqs. (1) and (3), used in simu-
lations are provided in Table 1 and are taken, respectively, from [8] and [14] for
the selected steel material. Here, E = elastic modulus; μ = Poisson’s ratio and ρ

= material’s density. The material and damage constants taken from the literature
are slightly fine-tuned during simulation trials to match with standard experimental
results.
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Table 1 Elastic and material constants in J-C material and damage models

Elastic parameters E
(MPa)

μ ρ

(kg/m3)

210,000 0.3 7850

J-C material model A
(MPa)

B
(MPa)

n C m

252 520 0.638 0.046 1.0

J-C damage model D1 D2 D3 D4 D5

0.05 0.8 −0.44 −0.042 0

3 Numerical Simulation of Failure Behaviour of Domed
Metallic Disc

A series of numerical simulations are carried out on the domed steel disc using the
FE model and material and damage models provided in Sect. 2. The simulations are
performed in ABAQUS Explicit [11] FEA code with varying number of scores to
study the failure behaviour of domed disc with and without any score. The failure
pattern of disc with different number of scores is studied as shown in Fig. 4. When
there are no scores, the disc failure is observed near clamped boundary. This failure
near boundary is due to the increased magnitude of stress near boundary. When
scores are implemented, the first failure is observed at the centre of the disc which
has minimum thickness due to score. Then this failure is propagated through the
score till the end of score geometry.

Fig. 4 Predicted failure pattern without and with number of scores in the disc
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4 Results and Discussion

A number of burst parameters such as burst pressure Pb, time of burst tb, maximum
central deflection wmax, strain ε and strain rate �, with increase in number of scores,
i.e. number of preformed petals are studied from the results of several numerical
simulations. These parameters as a function of number of scores are presented in
Fig. 5.

It can be observed that when no scores are there in the disc, the values of all the
burst parameters are relative high except strain rate as compared to the disc with a
given number of scores. The disc fails as a whole dome dish near the circumferential
fixid region. The burst pressure is about 5MPa, the burst time is 0.01 s, the maximum
central deflection before burst is 120 mm, the failure strain is 0.3 and the strain rate at
failure is 40 s−1. These values reduce drastically when two numbers of radial scores
along the diameter are introduced. As number of scores is increased from 2 to 4, the
values of burst time, burst pressure and the strain rate increase slowly up to 4 scores
and thereafter they remain almost same irrespective of increase in number of scores.
This indicates that the minimum number of scores to achieve a stabilized value in
most of the burst parameters is 4. The failure strain increases from 0.1 to 0.4 when
number of scores is increased from 2 to 6 and thereafter it remains almost at 0.4
strain only even when the number of scores is increased to 8, 10 or 12. Exception is
the central deflection alone which increases steadily from 5 to 30 mm as number of
scores is increased from 2 to 12. This study reveals that a number of scores either
2, 3 or 4 may be preferred as far as the low burst parameters are concerned but the
selection of a particular number of scores between 2 and 4 depends on the choice of
a designer in consideration with other parameters not mentioned so far, such as the
minimum obstruction to the instantaneously released pressure, minimum geometry
of the opened or busted disc in the form of petals, and machining easiness.

Fig. 5 Variation of different
burst parameters with
increase in number of scores
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5 Conclusion

The failure behaviour of domed steel thin disc with number of scores ranging from
0 to 12, provided along radius of the disc has been studied using series of non-linear
explicit FEA simulations adopting J-C material and damage models. Different burst
response parameters such as burst pressure, burst time, strain at burst, strain rate at
failure, and central deflection up to burst have been analysed with increase in number
of scores, keeping the score geometry and disc geometry as constant. All the burst
parameters are consistent for scores above 3 numbers. Also, higher number of scores
doesn’t always guarantee the failure of disc along all grooves. Minimum of 4 scores
generates 4 petals during burst and gives consistent failure pattern with minimum
machining requirement in formation of scores.
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Development of Shape Memory Alloy
(SMA) Based Hold-Down and Release
Mechanism for Space Applications

Harshkumar Patel , Hemant Arora , Shashikant Joshi ,
and Sudipto Mukherjee

1 Introduction

After satellites are launched by launch vehicles, several appendages, certain antennas,
and solar arrays are required to be separated successfully from the main body of the
satellite in orbit for intended functions. The separation device has both functions
to secure the payload against the launch loads and to release the payload on-orbit
at an appropriate time while minimizing shock. Most existing release devices such
as pyrotechnics device which possesses minimum weight, instantaneous operation,
and requires little input energy. However, these systems induce a high level of shock
which is not desirable for electronic and optical subsystems positioned nearby and
these types of devices use an explosive to initiate combustion to generate release
force which can be used for one time only [1]. Therefore, better holding and release
devices have become an important research topic in the field of spacecraft.

Shape Memory Alloy (SMA) works on the principle of shape memory effect
(SME). In SME previously deformed alloy can be made to recover its original shape
simply by heating. Material is brought to the austenite phase at high temperature by
heating and in the martensite phase at low temperatures by cooling. The maximum
deformation generated by SME is limited to 8%. When the alloy is stressed and it
returns to the original shape without heating then it is called Super Elasticity (SE).
[2]. Fan et al. developed a release mechanism using SMA. The preload capacity
of the designed mechanism was limited to 800 N which requires a high amount
of current to generate shape memory effect [3]. Tuszynski et al. (2002) developed
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the release mechanism using NiTinol, but having a high response time [4]. These
devices can provide a low-shock and no-contamination having good response time
and high load capacity [5–7]. Therefore, efforts are made in the realization of a
release mechanism for space application with advantages of fast release time, simple
mechanism configuration, lightweight, produces a low level of shocks, reusable to
confirm operational reliability during ground testing, and easy to reset.

2 SMA-Based Hold-Down and Release Mechanism
(HDRM)

2.1 Design Configuration

The proposed mechanism of a non-explosive release mechanism is based on a
contraction of SMA wire by heating which produces sufficient force to eject the nut.
The configuration of the proposed device is shown in Fig. 1. It consists of various
parts as ball stopper, base, core, latch 1, latch 2, mounting plate, nut segment, ball,
compression spring, bias spring, Teflon bush 1, Teflon Bush 2, U-Clamp. The mate-
rial of most of the components is considered as Al 6061 alloy except balls, ejector nut
which is made of Stainless Steel, and springs are made of spring steel. Also, bushes
of Teflon material are used to electrically insulate the SMA wire from the HDRM
body.

Fig. 1 CAD Schematic of the HDRM assembly
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2.2 Working Principle

The working principle of the release mechanism is based on the shape memory effect
of the SMA wire used for the ejector release mechanism. The trigger operation for
the bolt release is performed by heating of SMA wire to austenitic temperature.
Heat is generated by an electric charge using a DC power source. The SMA wire
shrinks to its original shape by heating it to more than 60 °C (the austenite finish
temperature) using a DC power source. The ends of the SMA wire are fixed to the
base and connected to terminals of the power supply.

WhenSMAwire shrinks, it pulls the latch assembly downwards and the bias spring
compresses. As the latch assemblymoves downwards, the compression spring which
is already in a compressed condition, will expand and pushes the ball stopper and nut
segment. The ball moves inwards and the nut segment is released. When the SMA
wire is cooled down it regains its normal shape. Therefore, the bias spring expands,
and latch assembly comes back to the initial position. The mechanism can be reset
by just pressing the nut segment from the top. The process of resetting is happened
with the compression of the bias spring by a push force of the nut and adjusting the
balls in the arresting place available on the nut which generates the holding force.

3 Design Calculations

3.1 Free Body Diagram (FBD) of Various Components

Free body diagrams are generated for each component for a better understanding of
forces due to friction, spring stiffness, and pull a load. FBD of the Nut segment, ball,
and the latch is shown in Fig. 2. Equations formulated with the static equilibrium of
forces as shown by Eqs. (1), (2), (3), and (4).

Fig. 2 Free body diagrams
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Horizontal Equations:

Rcosθ = N2 (1)

Vertical Equations:
Here,
µ1 = Negligible, so µ1N = 0, the weight of the ball is negligible.

K1X1 = mg + 2× Rsinθ − P (2)

Rsinθ = N1 + µ2N2 (3)

Fsma = K2X2 + µ2N2 − Mg (4)

Nomenclature

m Mass of Nut segment.
g Acceleration due to gravity.
µ1 Co-efficient of friction between Nut segment and Core.
N Reaction by Core.
K1 Stiffness of compression spring.
N2 Normal reaction between ball and Latch Assembly.
µ2 Co-efficient force between ball and Latch Assembly.
K2 Stiffness of bias spring.
X1 Initial Compression length of compression spring.
R Reaction by ball.
θ Taper angle of the Nut Segment notch.
N1 Normal reaction between ball and core.
X2 Final compression length of bias spring.
M Mass of Latch Assembly.
FSMA Force exerted by SMA.

3.2 Design of Helical Springs

There are two springs used in this configuration as shown by Fig. 1. Helical Springs
are chosen and designed based on the deflection requirement.

As we know, Deflection of Helical Spring,

δ = 8×W × D3 × n

G × d4
(5)
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Table 1 Spring parameters Sr. no. Parameters Compressed spring Bias spring

1 Material Spring steel Spring steel

2 Mean coil
diameter (mm)

10 11

3 Spring wire
diameter (mm)

1 1

4 Spring free
length (mm)

20.7 20

5 Deflection
(mm)

9.7 4.3

6 No. of turns 7 7

7 Modulus of
rigidity (GPa)

79.3 79.3

8 Spring stiffness
(N/mm)

1.416 1.064

Nomenclature

δ Deflection.
w Load.
D Mean Diameter of Spring.
n Number of turns.
G Modulus of rigidity.
d Wire diameter of Spring.

Design parameters of compression spring and bias spring are mentioned in
Table 1.

4 Modal Analysis

Modal analysis is carried out to compute the natural modes of HDRM to meet
with Space environmental test level specifications which define the targeted natural
frequency of any space-based payload subsystem to be at least 100 Hz to keep
away the design from satellite resonant modes. Modal analysis has been carried out
using Autodesk Inventor professional 2018. Boundary conditions are formulated by
locking the interface points. Predicted modes with natural frequencies of the system
are shown in Fig. 3. The first fundamental mode is predicted at 159 Hz which proves
its worthiness for application of space-based payload subsystem (Table 2).
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Fig. 3 Simulated Mode
Shape

Table 2 Modal analysis
result

Mode number Frequency (Hz)

1 159.09

2 159.35

3 187.99

4 213.35

5 269.48

5 Design Configuration of SMAWire

5.1 SMA Wire Selection

NiTinol wire (Ni–Ti alloy) [8] is considered to be used for HDRM.Basic requirement
is to generate a counterforce to compress a bias spring which is requires nearly 20 N
force in present configuration to deflect by 5 mm. For characterization, three-wire
diameters (0.5, 1, and 2 mm) are taken of equal length of 100 mm as required
in HDRM configuration. One end of the wire is kept fixed and a weight of 2 kg is
mounted on other ends. A constant electrical energy of 2W is supplied by connecting
the two ends of wire to a DC power supply and measured the final contraction and
response time of contraction are tabulated in Table 3 for all three-wire samples.

Table 3 Performance
parameters of SMA NiTinol
wire

Sr. no. Wire size
(mm)

Contraction (mm) Response time (s)

1 0.5 5 4

2 1 3 130

3 2 0 –
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It is clearly observed that no contraction made by 2mmwire at the input energy. It
requires more energy to show a quantitative deflection. 0.5 mm wire shows contrac-
tion of 5 mm at a quick response time of 4 s as compared to 1 mm wire. Therefore,
meeting with the design requirement of quick operation, a 0.5 mm diameter wire is
selected for the development of the release mechanism.

5.2 Actuation Force Measurement

NiTinol wire, when heated with an electrical charge by connecting to a DC power
source, a contraction force is generated which is used as an actuation force to pull
the latch component against the spring force. To compute this actuated force, an
experiment is carried out by fixing one end of the wire and on the other end, vari-
able masses are mounted. Current is kept constant. Contraction and response time
parameters are observed with an increment of masses in steps of 500 g. It is clearly
observed from the Table 4 that the wire is contracting by same amount of 5 mm at
constant response time of 4 s even at higher load of 3000 g. As this wire is required
to be used in ‘U’ shape loop, the actuation force generation by SMA wire will be
double. For generating 5 mm contraction, the wire will produce nearly 60 N force
which is almost three times the force required to compress bias spring by 5 mm
(Table 5).

Table 4 SMA wire force calculation

Sr. no. Mass
(g)

Current (A) Contraction (mm) Response time (s)

1 500 2 5 4

2 1000 2 5 4

3 1500 2 5 4

4 2000 2 5 4

5 2500 2 5 4

6 3000 2 5 4

Table 5 Measured data of
current versus release time

Sr. no. Current (A) Release time
(s)

1 2.4 4

2 2.5 3

3 3.0 2

4 3.2 2

5 3.5 1
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Fig. 4 Experimental setup
of HDRM assembly

6 Test and Evaluation

6.1 Functional Test

All manufactured components are assembled as shown in Fig. 4. SMA wire is also
stretched, routed and both ends are fixed to respective terminals. A DC power supply
is connected with both terminals. An experiment conducted with a supply of variable
current values and measured the response time for the release of ejector nut at no-
load condition. It is observed that for quick operation, higher energy is required
but operational reliability needs to be ensured for the usage of multiple numbers of
cycles.

6.2 Operation Repeatability Test

An operational repeatability test is carried out to check the performance of HDRM
for the number of operation cycles. For a particular current value, 20 number of
measurements are taken. A total of 100 operation cycles are performed with 20
cycles at each current value. As this mechanism is targeted for operation in space for
one time only but for evaluating the reliability of the mechanism, it is required to test
several times on the ground before applying for space application. It is observed that
the release time remains almost constant for a particular set of readings as shown
in Fig. 5. This HDRM working perfectly for 100 cycles with less than 1% error in
release time. This operation repeatability test confirms the adequate reliability of the
mechanical system.
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Fig. 5 Repeatability test

Table 6 Preload test

Sr. no. Mass (g) Current (A) Release time (s)

1 500 2.3 5

2 1000 2.3 4

3 1500 2.3 3

4 2000 2.3 3

5 2200 2.3 2

6 2500 2.3 1

7 3000 2.3 1

6.3 Functional Performance at Various Loads

In this testing, the current is kept constant and tensile load is applied by hanging
masses to the ejector with a pulley arrangement. It is observed that as the preload
increases, the response time of release decreases as shown in Table 6. The test results
are useful in defining the tension load capacity of HDRM and its release time.

6.4 Tensile Load Test

The tensile load test is carriedout to check the load-bearing capacity of themechanism
which will indicate the margin of safety with the requirement of hold-down force.
The tensile test is carried out at a Universal testing machine (UTM) by fixing the
base of HDRM and pull force applied at release nut as shown in Fig. 6. Tensile load
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Fig. 6 Tensile test setup

is applied gradually by UTM and plotted the result till releasing of Nut. The tensile
test result is as shown in Fig. 7. The release of the Nut was observed at a load of
1509.0 N which shows the ultimate load capacity of HDRM.

7 Conclusion

A non-explosive release mechanism based on shape memory alloy-based actuation
methodology is designed, manufactured, assembled, and tested. The First Natural
frequency of mechanism assembly is predicted at 159 Hz which is more than the
targeted frequency of 100 Hz to avoid any resonant condition. Characterization of
SMA wire is carried out for a selection of suitable diameter, current parameters, and
various loads to ensure its suitability for the releasemechanism. 0.5mmdiameterwith
a 100 mm length of SMA wire is selected and implemented in HDRM. Adequate
reliability is ensured with multiple numbers of operation cycles at various loads.
Load-bearing capacity is also checked for deciding the safe tension load to be applied
to the ejector. Breaking Load bearing is observed at 1509 N which is almost 10 times
more than the required tension is kept in hold-down mechanisms. The performance
test shows the release time is 1 s at 3.5 A current. The performance of the mechanism
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Fig. 7 Tensile test result

is found the same in various current settings. A total of 100 test operations are carried
out with no degradation of parameters which confirm its operational reliability for
space use. The other advantages of this mechanism are also formulated in terms of its
simple, compact, and lightweight design which is easy to reset, quick response, and
reusable. Therefore, SMA-based HDRM is demonstrated to be a prominent option
for space application.
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Applicability of Low-Cost Duct-Shaped
Wind Turbine for Domestic Purpose
and Low Wind Speed

S. V. S. K. Prasad Raju, M. Govindaraju, and T. Satish Kumar

1 Introduction

Renewable energies are obtained from natural sources that renew themselves in a
short amount of time compared to conventional energy sourceswhich takemillions of
years to replenish. Renewable energies are most important to safeguard the environ-
ment from pollution and disasters like oil spills and for conserving natural resources
and also to produce reliable sources of energy, as we are running short of coal and
fuels. “Worldwide around 1.1 trillion tons of coal reserves are available, whichwould
only last around another 150 years based on current consumption. And the oil and
gas reserves are going to stay for 50 to 60 years based on current consumption rate”
as quoted by the world coal association [1].

Types of renewable energies include solar, wind, hydro, and geothermal energy
among them wind power is a very fast-growing and evolving energy currently.
Throughout the world. Globally a 75% increase in wind power generation in the past
two decades, this includes both onshore and offshore, increasing from 7.5 gigawatts
(GW) in 1997 to 564 GW by 2018, based on IRENA’s data [2]. The kinetic energy
from the wind is converted into electrical energy using the support of wind turbines.
Wind energy rotates the turbine blades and thereby rotating the turbine connected
to it. The useful power that can be extracted from the wind depends on the size and
length of the turbine blades. Theoretically, when the speed of wind doubles, wind
power potential increases by a factor of eight. The domestic wind turbines also help
in reducing the large power plant setups that are used for storing and transporting
the energy in the case of commercial large-scale wind mills [3].
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2 Literature Survey

In the year 2015, a total of 422 GWwind power generation was installed worldwide,
with an increase of 60 GW in 2015 and it is aimed to reach 760 GW in 2020 [4]. India
is in the fifth position in the harvesting of wind energy with an installed capacity of
around 25 GW [5]. A. D. Sahin proposed a solution toward the usage of renewable
energy, after the oil crisis in European countries that occurred in 1973. A lot of studies
have been carried out on wind-energy history, wind turbine innovations and tech-
nologies, wind-energy potential all over the globe [6]. Kaoshan Dai and R. Saidur
proposed on the environmental issues which occur due to large-scale commercial
wind energy and wind farms conversion, provided highly technical aspects in the
various environmental aspects, and concluded on the less impact toward the envi-
ronment. Various energy policies that are already used and the necessary policies
for future implementation are thoroughly studied since energy policies play a major
role in changing the energy harvesting methods [7, 8]. National Research Council in
Advancing the Science of Climate Change declared that excessive consumption of
conventional sources like coal, petroleum, and natural gases for energy production
and the emission of carbon dioxide is increasing drastically. It is predicted to increase
up to 36 billion metric tons globally in the year 2020 and with a drastic impact on
climate changes [9]. Allaei, Daryoush Andreopoulos, Yiannis proposed an innova-
tive duct shape for increasing the velocity of the wind thereby producing more power
from the available wind speed. This was proposed to prove that an industrial-scale
model of 18.288 m height can increase the velocity of the wind by 1.5 times [10].
Dong Xiang Jiang, Qian Huang, Liangyou Hong studied the mechanical problems
that occur in the wind turbines in their working cycle like unbalance in rotation
based on the number of blades. A special rig is developed for testing these faults by
taking the vibration values while the turbine is rotating [11]. Most of the research
in wind turbines is going on large-scale wind turbines of 2 to 3 MW rated turbines
like onshore and offshore turbines. These large-scale plants need a very huge invest-
ment and supporting systems to connect them to the grid [12]. In this perspective,
domestic wind turbines provide a very good solution to tackle the financial problems,
transportation, and connection problems as they are very cheap and can be installed
very easily because of the portability and can be connected to the particular house
very easily.

The ducted wind turbine is a very innovative idea which has a huge potential for
domestic scale power production, its potential lies in its simplicity.

Power = 0.5 ∗ E f f iciency ∗ Density ∗ Swept area ∗ Veloci ty3

It is very obvious from the equation that the power is directly proportional to the
cube power of the wind velocity. This implies, a small increase in the wind causes
a significant amount of power to rise. Taking this as an advantage a duct shape is
introduced in front of the turbine in order to increase the velocity of the wind striking
the turbine blades. This duct shape is highly advantageous in areas where there are
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Fig. 1 Industrial-scale
duct-shaped wind turbine
[10]

irregular winds and low wind speeds. This also nullifies the directional changes of
wind since it works with the wind coming from any direction.

3 Experimental Methodology

3.1 Industrial Model

The ducted turbinemade by the INVELOX [10] is initially validated on a small scale.
This is carried out by making a prototype of the duct shape using steel rods and
tarpaulin, then it is covered from all the sides by covering tarpaulin and conducting
experiments on it as shown in Fig. 1. The validation is done to see the applicability
of the INVELOX turbine for domestic purposes.

3.2 Full-scale Model

The full-scale model developed by the INVELOX for commercial purposes is shown
in Fig. 1. This model is scaled down for checking the applicability on a domestic
scale.
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Fig. 2 Scaled model of
INVELOX duct

3.3 Scaled Model

Figure 2 represents the scaled model of the industrial prototype which is reduced by
a factor of 0.05, this was done to ease the prototype making with available materials.
The fabrication of the prototype is made by welding the bent rods around the ring to
obtain the duct shape [13, 14]. The tests are conducted on this prototype to check the
validity of the model on a domestic scale as shown in Fig. 3. Tests are conducted on
this prototype by placing the ducts in an open area and measuring the wind velocity
at the inlet and at the outlet 3 times a day and for 3 days.

3.4 Experimental Results

The experiment is conducted by placing the prototype in an open space and measure-
ments are taken three times a day for three consecutive days. The wind velocity is
measured by a portable wind anemometer of velocity measuring a range of 0–30 m/s
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Fig. 3 Prototype of the scaled model

and the least count of 0.1 m/s. The wind velocity is measured once at the inlet of the
duct and other at the exit of the duct.

The measured reading of the experiment is presented in Tables 1, 2 and 3.
The wind velocity is increased by a factor of 1.25 on an average based on the

experimental results conducted on the prototype.

Table 1 Test reports on
prototype wind turbine on day
1

S.No Time Inlet Velocity (km/h) Outlet Velocity (km/h)

1 9:00 8.7 11.2

2 13:00 11.1 12.9

3 18:00 12.5 15.6

Table 2 Test reports on
prototype wind turbine on day
2

S.No Time Inlet Velocity (km/h) Outlet Velocity (km/h)

1 9:00 9.2 11.5

2 13:00 10.8 13.5

3 18:00 12.3 15.4
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Table 3 Test reports on
prototype wind turbine on day
3

S.No Time Inlet Velocity (km/h) Outlet Velocity (km/h)

1 9:00 8.4 10.5

2 13:00 11 13.75

3 18:00 12.1 15.2

Table 4 Results obtained
from industrial model [10]

S.No Inlet Velocity (km/h) Outlet Velocity (km/h)

1 6.71 10.6

3.5 Industrial Results

In the commercial model of the INVELOX [10], the velocity of the wind outside the
duct with the help of cup anemometer and the velocity of wind at the wind turbine
with help of a venturi are measured. 1.5 times the increase in the velocity from the
entrance of the tower to the wind turbine is observed from the data collected. The
average of the data collected from the wind turbine is presented in the Table 4.

4 Results and Discussions

4.1 Power Produced

The power produced from the kinetic energy of the wind is

Power = 0.5 ∗ E f f iciencyDensi ty ∗ Swept area ∗ Veloci ty3 (3)

The density of air = 1.2 kg m-3.
The diameter of the turbine, d = 12 cm.
Wind velocit = 15.6 km/h.
Efficiency= betz limit* transmis-
sion efficiency

= 58

Betz limit = 59.3%
Transmission efficiency = 99%.

The swept area of a wind turbine is the total area swept by the turbine wings
while rotating, and the power increases proportionally to it. Betz limit indicates the
practical limitation of the wind turbines with respect to the efficiency with which
the energy from the wind’s kinetic energy is utilized, because if the complete kinetic
energy ofwind is utilized then thewind at the turbinewill have zero velocity blocking
further wind coming onto it.
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Fig. 4 Designed model to
produce 0.5 units of power
daily

4.2 Targeting for 0.5 Unit of Power Daily

For producing power of half unit, the diameter of the turbine can be increased to
60 cm and placed in a wind velocity of 6 m/s as shown in Fig. 4, which increases the
swept area of the turbine. By producing the ducted shape with a very smooth surface,
i.e., with smooth plastic, the velocity increasing factor can be further increased to
make it work in much more low wind speed regions.

4.3 Simulation Validation

Figure 5 is the simulated model in the CFD FLUENT which increased the velocity
of the air by a factor of 1.4 and is similar to the result as predicted in both prototype
and predicted model. Free stream velocity of air = 6 m/s (given as input in the
FLUENT simulation) the exit velocity from the model = 8.6 m/s as seen from the
above-predicted model.
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Fig. 5 Symmetric turbine model with meshing and boundary conditions

Figure 6 is the simulation results showing velocity contours of the wind flowing
into the duct and coming out from it with increased velocity.

In the above symmetric model as shown in Fig. 5, air is made to flow parallel to
the ground.

Power = 0.5 ∗ E f f iciencyDensi ty ∗ Swept area ∗ Veloci ty3

= 0.5 ∗ 0.593 ∗ 0.99 ∗ 1.2 ∗ ((π/4) ∗ 0.6∧2) ∗ 6∧3
= 21.253Watts

Units = (21.253/1000)* 24 = 0.5.

To produce 0.5 units of power 6 m/s wind speed is required at the turbine, but
because of the duct based on the above calculations, the turbine can produce this at a
wind speed of 4.2 m/s, which will be the average wind speed in most of the regions
in India.
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Fig. 6 Simulation of the proposed model in FLUENT

5 Conclusions

This studyperformedon the innovativewindharvestingmethods for lowand irregular
wind speeds showed that the duct-shapedwind turbine has huge potential in lowwind
speed regions. Test results have proved that thewind speed can be increased up to 1.25
times from the prototype that was made, which can be further improved by refining
the shape and material furthermore. In addition, proposed a design that is capable of
producing half a unit daily and validated with simulation in CFD FLUENT.
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Novel CAMMechanism-Based
Life-Support Ventilators in Animal
Healthcare

Prem Dakshin and Shashank Khurana

1 Introduction

Animal health care is being developed by almost all the countries in the world. The
main idea is to protect the health of various animals and also prevent the extinction
of endangered species. A serious outbreak of animal related diseases can harm the
entire environmental ecosystem as sectors like farming [1], dairy, and many more
are depended on animals. Also many diseases which originated and communicated
from animals have had a significant impact in the humans’ life. Various policies and
guidelines are created and followed by many leading nations alongside international
organizations to keep a track on Global animal health care [1].

1.1 Animal Healthcare Ventilation

Animal healthcare ventilation is the process for artificially inducing the process of
respiration, when the animal is unable to breathe on its own. It is considered to be
one of the most challenging processes in animal healthcare as it requires a great level
of precision and accuracy [2]. The process of artificial mechanical ventilation is need
undermany conditions and unpredicted circumstances [2–5]. The respiratory process
depends on the lung size of the animal, age, body weight, and other health factors
like respiratory infections like pneumonia [1, 5] and many more. Other conditions
including Hypoxemia and Hypercapnia [3] are caused due to changes in the levels
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(a) HEN (b) SNAKE

(c) ZEBRA (d) TURTLES

Fig. 1 Ventilation in different animals [4]

of different gases during the respiratory process. Apart from the basic requirements,
the health condition of the patient should be evaluated and the required tidal volume
must be calculated before initiating the artificial respiration process. The required
rate of respiration and the tidal volume are greatly influenced by the above-mentioned
health factors and a wrong value of tidal volume could be fatal. For this reason the
ventilators must be able to provide different modes of ventilation [5].

The tidal volume is the amount of air that’s entering and leaving a patient’s lungs
for one complete breath (Fig. 1). It is defined by the size of the patient’s lungs
and hence the same value cannot be used for different animals. The tidal volume
is calculated based on the body weight of the animal, however, the final values
are also influenced by other health conditions of the animal-like respiratory illness,
pulmonary diseases, and many more [6, 7]. The respiration rate is defined as the
number of breaths required in one minute, it also depends upon the animal and the
condition under which it is ventilated. Considering all the circumstances, a vast range
of tidal volume and rate of respiration is needed for different animals under different
conditions. The tidal volume requirement of different animals based on weight is
shown in Table 1 [8]. The table categorizes animals based on their body weight.
Smaller animals’ category has animals with a weight range of 0.5–120 kg and larger
animals category has animals with weight range of 50–300 kg. A small overlap exists
between the weight range 50–120 kg, where animals are placed based on other health
and body conditions [8].



Novel CAM Mechanism-Based Life-Support Ventilators … 419

Table 1 Estimated tidal volume requirements [8]

S.No Kilogram Pounds Large animal
(11 ml/kg)
(in milliliters)

Small animal
(14.3 ml/kg)
(in milliliters)

1 0.5 1.1 − 7

2 1 2.2 − 14

3 2 4.4 − 29

4 3 6.6 − 43

5 4 8.8 − 57

6 50 110 550 715

7 60 132 660 858

8 70 154 770 1001

9 80 176 880 1144

10 90 198 990 1287

1.2 The Existing Challenges

The health conditions of animals in forests are closely monitored and treated if
necessary, especially if the species are endangered. If an animal is critically wounded
or ill, it may require a detailed health recovery or even a surgery [9]. The health care
of animals in zoo is also challenging as a wide range of animals are housed [4, 10]. In
addition to the above-mentioned applications, many other places require a ventilator
for animals with a wide range of tidal volumes to treat different animals. There are
a number of ventilators available for different animals [2, 10] but are not accessible
everywhere due to output limitations, cost, and size. This research work aims to
develop a single system that can provide a wide range of tidal volume output, yet
being cost-efficient using the Frustum CAM (FC) Mechanism.

2 The Frustum CAM (FC) Mechanism

The Frustum CAM mechanism is an improved version of a circular eccentric cam
mechanism. Unlike a lobed cam, a circular eccentric cam has a circular cross-
sectional area with the camshaft machined at a required eccentric distance from
the center and it provides a follower lift at a constant speed. Dakshin and Khurana
[11] proposed the novel FrustumCAMMechanism. Themechanism uses the concept
of variable valve lift to control the lift length of the controlling valves and by that
controlling the flow rate of air. The Frustum CAM is a modified circular eccentric
cam with a tapered body (Part 1 in Fig. 2). The dimensions are based on the range
of valve lift required. The system has other supporting mechanisms (Part 3 in Fig. 2)
which help the movable camshaft (Part 2 in Fig. 2) along with the frustum CAM to
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1

2

3

1 – FRUSTUM CAM
2 – MOVABLE CAMSHAFT
3 – SUPPORTING MECHANISM

Fig. 2 Frustum CAM Mechanism

experience two types of motion at the same time, linear, and rotational. The valves
are positioned over the body of the Frustum CAM at the exact required point by
effectively rotating and moving the camshaft. The valves experience different lift
values at different contact positions.

2.1 Supporting Mechanisms

The required flow rate for air can be achieved only by effectively positioning the
valve over the surface of the Frustum CAM. The main objective of using supportive
mechanism (Part 3 in Fig. 2) is to assist the camshaft with two degrees of motion to
position the valves. Any possible combination of existing systems can be used for
this purpose. A modified rack and pinion mechanism is a possible mechanism [11].
The supporting mechanism is subjective to alterations or improvisations based on
requirements. Specialized bearings are used to support the camshaft at both the ends
as it will experience two degrees of motion simultaneously.
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2.2 Working of FC Mechanism

The Frustum CAM is manufactured with dimensions based on the range of valve lift
requirements. The linear moment of the camshaft is achieved using servo motors.
The motors are controlled using an Arduino controlling system. Based on the input
given, the control system calculates and moves the camshaft at the required point of
contact with the valves using themotors as shown in Fig. 3. The valves are positioned
using spring action in such a way that the valves completely close and open as per
the rotation of the camshaft [11].

Position 1 in Fig. 3 shows the valve positioned at the smallest end, at this position
the valve will experience the most minimum lift for one complete rotation. Position
2 and 4 in Fig. 3 shows the valve positioned at the center of the cam, where the valve
will experience a central lift value in the range. Position 3 in Fig. 3 shows the valve
positioned at the big end, at this point the valve will experience the greatest lift for
one complete rotation of the camshaft.

The rate of flow of air is defined based on how much the valve opens and closes.
The flow rate will be very high in a given period of time if the valves have greater
lift (Position 3 in Fig. 3) and vice versa. In this case, the lift range of the valve is
defined based on the diameter of the CAM. By effectively moving and positioning
the Frustum CAM at the exact point with the valve, the required valve lift can be
achieved, which in turn achieves the required rate of flow. The follower experiences
wear due to the rubbing over the CAM surface over a period of time. The wear
is minimal as the speed of rotation and liner movement is very slow. This can be
reduced by replacing a roller type follower or a ball point follower. The wear can
also be reduced by proper lubrication. The waveform of flow is controlled by the
rotation speed of the camshaft.

Fig. 3 Working cycle of Frustum CAMMechanism with follower
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The variables t, θ , andd correspond to time, angle of rotation, and the displacement
of follower in percentage, respectively. The time t keeps increasing the corresponding
stages to show the complete rotation of the camshaft. However, the time can vary
based on the rotating speed of the camshaft, which defines the rate of respiration.
The displacement of the valve d achieves 50% at opposite angles 90˚ and 270˚ and
the maximum valve lift height is achieved at θ = 180˚.

3 FC Mechanism in a Ventilator

The existing ventilators have two valves to control the respiratory process—The
inspiratory valve to control the flow of air to the patient and the expiratory valve to
control the expiratory gases from the patient. These are controlled using a number
of various actuation mechanisms and in this system the FC mechanism is replaced
as the actuation mechanism.

3.1 Ventilator Layout

The FCmechanism can be integrated or developed as a ventilator, as shown in Fig. 4,
which will have pressurized gas as the input and the patient on the operational end,
the conditions for ventilation is fed using electronic system and the mechanism
is positioned and controlled using mechatronics or any other controlling system.
Ventilators use 2 valves—inspiratory and expiratory valves to achieve the breathing
cycle. In this system, both the valves are actuated by two Frustum CAM’s, machined
on a single camshaft as shown in Figs. 5 and 6. The identical faces of the CAM’s face
in opposite directions. One complete rotation of the camshaft completes one cycle
of operation and is divided into two stages—inspiration stage and expiration stage.

Inspiration Stage. The process of inhaling is achieved in this stage. The FC
Mechanism is positioned as shown in Fig. 5. In his stage, the pressurized air flows

Fig. 4 FC Mechanism in Ventilator
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Fig. 5 Inspiration stage b Expiration cycle

Fig. 6 Expiration cycle

into the patient’s lungs through the inspiratory valve. The expiratory valve remains
closed.

Expiration Stage. The process of exhaling is achieved in this stage. The FC
Mechanism is positioned as shown in Fig. 6. In this stage, the exhaled air from the
patient’s lungs flows out into a low-pressure zone through the expiratory valve. The
inspiratory valve remains closed at this point.

The inspiration stage occurs during the first half of rotation of the CAM (first
180˚), followed by the expiration stage on the second half of the rotation. Both the
valves remain open for some time during this process, during this time the fresh
pressurize air from the inspiratory valve flushes out the remaining residual air from
the patient through the expiratory valve.

4 Tidal Volume Calculation

The required tidal volume for a patient is calculated based on the body weight using
the equations [4, 12, 13]

T idal V olume = (Weight in KG ∗ 10)/1000L (1)
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Table 2 Tidal volume
calculation

Weight 20 kg

Required tidal volume 200 ml/0.2L {From Eq. (1)}

ET diameter 10 mm [14]

Cross-sectional area 78.54 mm2 {From Eq. (2)}

Velocity of air at orifice 2.547 m/s

Volume of flow 200,041.38 mm3 {From Eq. (3)}

Output volume achieved 200.041 ml

Cross − sectional area = (πd2)/4 (2)

Volume of Flow = Cross − sectional area ∗ Veloci ty o f Flow (3)

The standard weight chart categorizes all the animals based on their weight into
two categories, small and big [8]. The tidal volume requirements are calculated using
the above equation and summarized in Table 2. The standard Endotracheal or the
ET tube to be used for animals based on weight is summarized by Kristen Hunyady
[14]. The calculations are done for a healthy dog weighing 20 kg. The required ET
diameter is identified [14] and the velocity of air at the orifice is set to 2.547 m/s. The
required tidal volume, cross-sectional area, and the volume of flow are calculated
using Eqs. (1), (2) and (3). The achieved tidal volume is 200.041 ml, and the required
tidal volume for a 20 kg healthy dog is 200 ml [8]. By making fine adjustments to
input velocity of air and the valve position, the accuracy can be improvised.

The calculated tidal volume can be achieved by effectively positioning the valve
over the body of the Frustum CAM and the input pressure and velocity of air. An
Arduino-powered mechatronic control system can effective be used to achieve the
above with a great precision. A single system can be built to achieve the complete
required range of tidal volume [8], this can be done by modeling and manufacturing
the Frustum CAM with dimensions required to achieve the needed levels of valve
lift with an accurate supporting mechanisms and controlling unit.

5 Conclusion

In this research, it is demonstrated that the presented novel cam mechanism can
be used to develop a single ventilator for different animals. The dimensions of the
frustum CAM can be altered to achieve a wide range of required output flow and
tidal volume. By integrating a mechatronic control unit, a single system can be used
to treat a wide range on patients by giving in the required inputs with an effective
and simple user interface. This ventilator will be of great use in zoos, wildlife parks,
drug development testing on animals, and many other related places where a single
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system can be used to treat all the different animals rather than having individual
ventilators for different species.
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Multi-body Topology Optimization
of Connecting Rod Using Equivalent
Static Load Method

G. Lakshmi Srinivas and Arshad Javed

1 Introduction

The IC engine is a prime mover for the automobile industry applications [1]. In IC
engine, connecting rod plays an important role between crank and piston for motion
transmission. When the connecting rod operates in a working cycle, it is subjected to
highdynamic loadswith high-stress values. To improve the dynamic performance and
reduce the weight of the system, topology optimization techniques are implemented.
Topology optimization is the well-established approach to distribute the material in
the design space [2].

As per the available literature review, the connecting rod of IC engine was opti-
mized using topology optimization considering linear static analysis [3]. Themass of
the connecting rod was reduced by 11.7%, and stress is also minimized compared to
the initial design. The topology optimization is conducted using MSC-NASTRAN
software. However, the design space is not considered properly because the same
optimization loop removed the material from big end of the crank. Du and Tao
were conducted numerical simulations of topology optimization on IC engine piston
[4]. The topology optimization analysis was conducted using HyperWorks software,
and the piston mass was minimized by 30%. Similarly, the four-wheeler connecting
rod is optimized using topology optimization using ANSYS software [5]. The final
model is 10.38% lighter compared to the optimized model. The stress analysis was
compared among different materials such as forged steel, aluminum, and titanium. A
two-stroke engine connecting rod was optimized topologically using finite element
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analysis [6]. Most of the researchers are focused on the optimization of IC engine
components, considering static loading conditions. However, when the engine oper-
ated at high speed, its components are subjected to dynamic loads. The equivalent
static load (ESL) method is adopted to conduct a dynamic analysis of the connecting
rod for topology optimization [7]. The ESL method computes the dynamic values
based on the varying static loads with time step [8, 9].

In the present work, connecting rod is optimized topologically, considering
dynamic loading conditions. Themulti-body of the IC engine components ismodeled
using SOLIDWORKS software. The boundary conditions of the connecting rod, such
as force and torque values, are analyzed dynamically usingAltair INSPIRE software.
The topology optimization study is conducted based on ESL method using Altair
Inspire software. The numerical simulations are performed for various volume frac-
tions ranging from 0.3 to 0.9. The obtained final topology is again analyzed to capture
the performance values such as deflection and Von-Mises stress. The proposed
method is useful to obtain light-weight components in automobile industries to
improve the performance of the engine.

1.1 Equivalent Static Load Method

Equivalent static loads are set of static loads, which generate the same displacement
effect as static analysis at each time step for non-linear dynamic analysis [10, 11].
In ESL process, multiple loads are calculated with respect to the time, as shown in
Eq. 1.

M(z)D̈N (t) + KN(z, DN (t))DN (t) = F(t) (1)

where ‘M(z)’ is the mass matrix of design variable, ‘F(t)’ is the force at each time
step value. ‘KN’ is the stiffness matrix for non-linear analysis, and ‘z’ is the design
variable. The displacements from non-linear analysis (DN ) aremultiplied by stiffness
matrix of linear study (KL) to capture the ESL at time step, as shown in Eq. 2.

FESL(ta) = KLDN (ta) (2)

where ‘FESL’ is the load or force at the given instance (ta). The several loading condi-
tions are successfully handled by structural optimization without much computa-
tional time. The optimization is conducted using ESLwill update the design variables
based on non-linear analysis.
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1.2 Topology Optimization Approach

Topology optimization is the subcategory of structural optimization, which is a
promising method to distribute the needful material in design area [12, 13]. The
objective function is chosen as maximizing the stiffness or minimization of compli-
ance (C), which is subjected to constraints such as force vector (FESL), volume
fraction (f ), and density variable (z), as shown in Eq. 3.

min
z

:C(z) = DT
LKLDL

s.t : v(z)

v0
= f

FESL = KLDL

0 < zmin ≤ ze ≤ 1

⎫
⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

(3)

where ‘v(z)’ is the final design space after topology optimization and ‘v0’ is the initial
design space. ‘zmin’ and ‘ze’ are the minimum and element design variable. The ESL
method updates the design variable until it converges.

2 Modeling and Dynamic Analysis of the IC Engine

IC engines are playing a significant role in the automobile industry. When the engine
operates at high speed, the machine components are subjected to huge unbalanced
forces and high stress [14]. To improve the dynamic performance of the IC engine
block, a topology optimization study is conducted. In this section, modeling and
dynamic analysis of the IC engine is detailed.

2.1 Modeling of the IC Engine

Initially, to analyze the dynamic nature of components, the IC engine block is
modeled using SOLIDWORKS 2019 software. The assembly components mainly
consist of a piston, connecting rod, crank, and Plummer block, as shown in Fig. 1. The
connecting rod is the crucial component in the IC engine, connecting the piston and
crank in the IC engine. It converts the reciprocating motion of the piston into rotary
motion at the crank. To simplify the study connecting rod is selected for topology
optimization process. When the connecting rod is in motion, it is subjected to the
varying loading conditions at the joints. These boundary conditions, such as forces
and torques, are captured using the ESLmethod with Altair INSPIRE-2019 software
at each joint.
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Fig. 1 Schematic diagram of the IC engine block and its components

2.2 Dynamic Analysis of Connecting Rod

The model of the IC engine block is imported into Altair Inspire software for
dynamic analysis. Initially, the joints are defined relative to the mechanical compo-
nents such as fixed joint between Plummer block and ground; hinge joint between
crankshaft and Plummer block; pin joint between connecting rod and crankshaft;
hinge joint between piston and connecting rog; finally, a planar joint between piston
and grounded cylinder. Various materials are assigned to the IC engine components,
as shown in Table 1.

The connecting rod is operated for a full range of motion at a speed of 600 rpm
of the crank using servo motor in Altair INSPIRE software. The input velocities
are predefined as per the acceleration and deceleration phase of motor, known as
trapezoidal profile. The simulations are performed in motion study option, which
calculates the force and torque values using ESL technique. The post-processing
results of force and torque at connecting rod big end small end with respect to the
time is shown in Fig. 2. The obtained boundary conditions using proposed method

Table 1 Assigned material
for various components of the
IC engine

Component name Material

Plummer block Cast iron

Crank and crankshaft Micro-alloyed steel

Connecting rod Carbon steel

Wrist pin Nodular cast iron

Piston Al-Si-Cu-Mg alloy
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Fig. 2 a Force and b torque readings at the big and small end of the connecting rod

are used for topology optimization load cell. The process of obtaining topology
optimization of connecting rod is detailed in the next section.

3 Topology Optimization of the Connecting Rod

The application of dynamic loading is very important in topology optimization
method when the engine components are in motion [15]. The obtained results of
dynamic analysis of the connecting rod are used as boundary conditions for topology
optimization. The connecting rod of IC engine is isolated and imported into Altair
INSPIRE software, as shown in Fig. 3.

The connecting rod space is divided into two parts, such as design space and non-
design region (NDR). The big end and small end of the connecting rod are included in
NDR, which means in topology optimization study, these regions are not included.
The remaining area is considered a design space; the topology optimization loop

Fig. 3 Initial design space of the connecting rod
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Fig. 4 Flow chart of
obtaining topology
optimization of the
connecting rod

removes the needless material from this region. The process of obtaining topology
optimization for connecting rod using ESL method is shown in Fig. 4. Initially,
the design variables are considered as very small to avoid the singularity of stress.
The non-linear dynamic analysis was conducted to obtain the linear stiffness and
non-linear displacement vector. The obtained ESL results in motion study are used
for topology optimization of connecting rod using Altair INSPIRE software. If the
obtained results are converged, the loop terminates and plot the results, or else the
design variables update and continue from the beginning.

4 Results and Discussions

The results obtained from the Altair INSPIRE software are presented here. The
topology optimizationmethod is conducted to find the optimized connecting rodwith
various volume fractions ranging from0.3 to 0.9. After the topology optimization, the
obtained structure is again analyzed to find performance values such as deflection
and Von-Mises stress. The failure criteria for minimum volume fraction are also
analyzed in this theoretical study.

4.1 Before Topology Optimizations

The connecting rod is analyzed dynamically before applying the topology optimiza-
tionmethod. The results of the deflection and stress for a solid link are shown in Fig. 5.
The maximum deflection and stress are recorded as 0.1632 mm and 72.14 MPa,
respectively. The obtained performance values are in safe limits, the region which
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Fig. 5 a Deflection and b stress of connecting rod before topology optimization

are in safe limits can be removed using topology optimization method because these
elements are not bearing any load, which is known as stress-free zone. The topology
optimization method is implemented for various volume fractions with performance
values that are detailed in the next section.

After Topology Optimization. As detailed earlier, the needless material is elim-
inated using topology optimization method considering ESL technique. In this
approach, objective function is chosen as maximization of stiffness or minimiza-
tion of compliance. The volume fraction is selected from 0.3 to 0.9, with a step value
of 0.2. The ESLs captured in the motion study are used as boundary conditions for
topology optimization method. To obtain better manufacturability of the topology,
different shape controls are implemented to the design space, such as symmetry and
split draw. The obtained topologies for various volume fractions with performance
values are shown in Table 2.

From Table 2, it is evident that the deflection and stress values are increasing
when volume fraction decreases. For volume fraction 0.7, the performance values of
deflection (0.145mm) and Von-Mises stress (61.74MPa) are reduced by 11.09% and
14.42%, respectively, when compared to the solid connecting rod. This is because
of reduction in mass of the connecting rod [3]. Since it significantly contributes
to the dynamic loading, the reduction in mass by 30% brings better performance
values. The volume fraction less than 0.7; the performance values increases compared
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Table 2 Topology optimization of connecting rod at a various volume fraction

VF Topology Deflection (mm) Von Mises Stress (MPa) 

0.3 

0.5 

0.7 

0.9 

to the connecting rod before topology but which are in safe limits. However, at
volume fraction 0.3, the deflection and stress values are calculated as 0.2824 mm
and 167.4MPa, respectively, as expected. These values are very highwhen compared
to the initial conditions and not under the safe limits.

5 Conclusions

This paper mainly focused on the multi-body topology optimization of the IC engine
connecting rod using ESL method. The connecting rod was a crucial component
in the IC engine to improve dynamic performance because it was subjected to
more unbalanced forces. Thus the weight reduction of connecting rod was attempted
using a topology optimization technique. The complete model of IC engine block
was modeled using SOLIDWORKS software and imported into Altair INSPIRE to
conduct the dynamic analysis. The boundary conditions were captured using ESL
method, which will be used for topology optimization study. The topology optimiza-
tion study was conducted for connecting rod at various volume fractions ranging
from 0.3 to 0.9. After topology optimization, again, dynamic analysis was conducted
to capture the performance values such as deflection and stress. It is noticed that, at
volume fraction 0.7, the performance values of deflection (0.145mm) andVon-Mises
stress (61.74MPa) are reduced by 11.09% and 14.42%, respectively, when compared
to the solid connecting rod. The failure condition of connecting rod for volume frac-
tion is also noticed at 0.3. The volume fraction can be selected based on the factor
of safety of the engine components. The proposed method is useful to obtain the
light-weight components of the IC engine parts. This method is also applicable for
other mechanical members which subjected to dynamic loading conditions.
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Challenges in the Design
of a Laparoscopic Surgical Forceps

Md. Abdul Raheem Junaidi , Harsha Sista , Y. V. Daseswara Rao,
and K. Ram Chandra Murthy

1 Introduction

Laparoscopy is a minimally invasive surgical process for performing operations on
the abdominal region since it contains more organs and is relatively easier to access.
Small incisions are made to pass instruments and a camera, showing the operating
region on a monitor. The complexity of the operation is minimized in laparoscopy,
reducing the mortality rate to 0.1% [1]. However, surgeons experience discomfort
(fatigue) in performing laparoscopic procedures due to instrument exchange and
extending all movements to the site through their hands [2]. Besides running the risk
of trauma, exchanging instruments disrupts the flow of the procedure and increases
the operating time [3, 4]. Around 40–60% of surgeons complain about the discom-
fort related to the laparoscopic approach, instrument design, and repetitive usage of
instruments [5]. Challenges faced by surgeons include stress caused by improper
placement of monitor, minimal access to the operating area, restricted degrees of
freedom, lack of direct visualization in the operating area, and ergonomic limita-
tions due to poor instrument design. These challenges, along with reusability and
multi-functionality of instruments and avoiding their re-insertion are addressed in
this article while prioritizing the patient’s safety.
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Fig. 1 Currently used Maryland forceps (Source https://www.teleflexsurgicalcatalog.com/pilling/
product/728014-maryland-dissector-forceps-rotating-monopolar)

2 Overview of the Laparoscopic Procedure

Three slits are made for laparoscopic surgery: one for introducing forceps meant for
grasping or cutting, another for a camera to view the operating area on a monitor, and
a third for a Suction-Irrigation (S-I) device. The forceps employed in laparoscopic
procedures have long shafts and are introduced into the abdominal region through
trocars. The handle mechanism actuates the jaws at the end of the long rod, enabling
the surgeon to perform activities such as grasping and cutting. The cable at the end
in Fig. 1 is used for bipolar power supply to cauterize the infected tissue, while the
knob is used to orient the jaws according to the requirements of the surgeon.

The S-I device is used to clean and disinfect the operating region by removing
blood and other bodily fluids through the suction feature and irrigating a disinfectant
such as saline water through the irrigation feature. A typical S-I apparatus is shown
in Fig. 2.

Carbon dioxide (CO2) is insufflated into the abdomen before the procedure to
maintain stable pressure and give more operating room for the surgeon, increasing
his field of view as well. Multiple insertions and removals of instruments result in
this pressure going down, due to which CO2 has to be pumped into the abdomen
again.

3 Basic Components of the Proposed Instrument

Our proposed instrument combines the functionality of the forceps, the S-I device,
and the CO2 insufflator into a single instrument, which can be sterilized and re-
used with ease. This instrument does not require multiple re-insertions, leading to
a stable CO2 pressure in the abdomen. Each component has its specific purpose
and contributes to the overall functionality of the instrument. The characteristics,
features, functions, and materials of every component are explained briefly in this
section. The details of this instrument are described in the patents [6, 7]. The fits and
tolerances of each of the components described below should be such that the entire
mechanism operates smoothly without play.

https://www.teleflexsurgicalcatalog.com/pilling/product/728014-maryland-dissector-forceps-rotating-monopolar
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Fig. 2 Suction-irrigation apparatus

1. Jaws

Jaws are one of the essential components of the instrument as they directly operate
on the tissue. The jaws, as shown in Fig. 3, are used to grasp, manipulate, cauterize,
and seal the tissue. They are replaceable with other suitable forceps heads for other
laparoscopic procedures. Stainless steel of the martensitic 420 series is a preferred
material for the jaws. The required features of the jaws are as follows:

• outer edges and corners of the jaws have to be smooth and rounded to avoid injury
to tissues.

• withstand sterilization and surgical procedures, as they are subjected to thermal,
chemical, and mechanical stresses.

• a high surface finish, strength, and toughness.

Fig. 3 Pair of jaws
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Fig. 4 Actuating connector

2. End Effector Assembly

The end effector comprises the jaws, four-bar mechanism, and the head, as seen in
Fig. 4. The head encases the four-bar linkage and is used to open and close the jaws.
Two of the four bars are connected to the jaws while the other two bars are hinged to
the head. The end effector continuously comes in contact with different fluids; hence
it is made of 304 series stainless steel. The required features of this end effector
assembly are as follows:

• should be sleek and strong enough to bear the stresses exerted during the operation.
• links should be compact to fit inside the head and should have bettermachinability.
• head, jaws, and four-bar linkage are subjected to a high-frequency current supply

and are constantly in touch with body fluids. So, the material should be non-
corrosive and be able to withstand damage over multiple sterilization cycles.

3. Inner Rod and Outer Tube

The inner rod and the outer tube are major components of laparoscopic forceps. The
inner rod is 2.5 mm in diameter and transmits the motion of the handle to the four-bar
mechanism near the jaws. A metallic outer tube of 3.5 mm outer diameter encloses
the inner rod, as shown in Fig. 5. It is coveredwith an insulatingmaterial like PEEK to
prevent leakage of electric current. The inner rod and outer tube aremade of austenitic
stainless steel of 316 series due to material requirements like corrosion resistance,
toughness, rigidity, hardness, and mechanical strength. The required features of the
inner rod and outer tube are as follows:

• should incorporate threading and small drill holes for dimensional accuracy.
• the inner rod should be able to transmit the motion of the handle to the jaws.
• the outer tube should be biocompatible to prevent inflammation or allergic

reactions as it comes in contact with the tissue.
• both of them should be easily sterilizable.

Fig. 5 Outer sleeve enclosing the inner rod
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4. Outer Sleeve

The outer sleeve is important because it acts as a suction-irrigation channel to either
irrigate disinfecting saline or suck the body fluids from the patient’s abdominal
cavity, as shown in Fig. 5. It is restricted in two extreme positions over the connector
to serve multiple purposes. At the extreme left end position of the sleeve, the suction
or irrigation process is carried out. While, at the extreme right end of the sleeve,
the jaws are exposed and grasping, dissection or cauterization is performed. The
recommended material is 304 series stainless steel. The required features of the
outer sleeve are as follows:

• must ensure the fluid is sucked or irrigated within the channel only, and leakage
should be avoided.

• ease of assembling, disassembling, and effective sterilization.
• the distal end near the jaws should be rounded without sharp edges to avoid injury

while inserting it inside the abdominal cavity.

5. Actuating Connector

The actuating connector is a link which connects the inner rod and the handle, as
shown in Fig. 4. A small ball and socket joint is used to connect the inner rod to the
actuating connector. Stainless steel of 304 series is a recommended material. The
required features of the actuating connector are as follows:

• should be rigid, tough, and strong enough to bear the loads.
• it should impart rotary motion of the knob to the jaws using a ball and socket

joint.

6. Handle

The handle is a primary component that is held by the surgeon and provides access
to the instrument functions. The end at which the handle is located is known as the
‘proximal end.’ It comprises the fixed handle and movable handle. The fixed handle
is used to rest the surgeon’s fingers while the movable handle is used to transmit the
motion to a four-bar mechanism near the jaws. The conventional instrument handle
uses different grades of stainless steel and PEEK (Polyetheretherketone) material.
The desirable material properties of a handle are chemical resistance, toughness,
rigidity, hardness, and mechanical strength. The required features of the handle are
(Fig. 6) as follows:

• provision to accommodate the high-frequency electrical power cable for electro-
cauterization operation.

• ergonomically designed to enable surgeons to hold it longer durations without
causing strain or injury.

• it should be properly insulated against electrical shock to both surgeon and patient
during electrocauterization.
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Fig. 6 Design of handle

Fig. 7 Inner rod and outer tube front view

7. Knob

Its purpose, as shown in Fig. 8, is to facilitate the surgeon to orient the jaws in the
desired direction. It is connected over the outer tube and imparts 360° rotation to the
jaws. PEEK material is recommended for the knob, whose required features are as
follows:

• should have a firm grip over the outer tube such that the rotation of the knob
rotates the outer tube and, eventually, the jaws.

• the spacing between the protrusions should be ergonomically suitable for the
surgeon to operate using fingers.
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Fig. 8 Knob

8. Connector

Its function is to restrict fluid flow in one direction and to hold the outer sleeve in two
extreme positions. The outer sleeve slides over the rubber washers, which prevent
the leakage of fluids. The connector is provided with a groove on the collars for
the locking pin to slide into, which restricts the axial motion of the outer sleeve, as
shown in Fig. 9. The recommended material for the connector and collars is 304
series stainless steel, which has good corrosion resistance. Biocompatible rubber is
recommended for the two washers close to the right end. The required features of
the connector are as follows:

• must prevent fluid from oozing out of the device during surgery.
• rubber washers must facilitate the easy movement of the outer sleeve.

9. Link

The purpose of the link, as shown in Fig. 10, is to convert the angular motion of
the handle to the translatory motion of the actuating connector such that it imparts

Fig. 9 Connector
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Fig. 10 Link

movement to the end effector assembly. The preferred material is 304 series stainless
steel.

10. Outer Cap

The outer cap, as shown in Fig. 11, is threaded to hold the inner rod and the handle
assembly together. The preferred material is 304 series stainless steel.

11. Locking Pin and Pins

The locking pin, as shown in Fig. 12a, is used to fix the outer sleeve at two extreme
positions by sliding into the grooves on the collars of the connector. Pins, like those

Fig. 11 Outer cap
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Fig. 12 a Locking pin. b Pins

Fig. 13 a Handle in default position. b Handle position when actuated

in Fig. 12b, are used to join the four bars of the end effector assembly at the two
ends of the link and the pivot of the handle. The preferred material for locking pin
and pins is 304 series stainless steel. The pins should withstand forces experienced
during the actuation of the handle and the jaws.

4 Mechanisms

The previous section describes the various components and their working. In this
section, the different mechanisms connecting the components are described. The
basic mechanisms in our current design of forceps include a four-bar mechanism, a
slidingmechanism for an outer sleeve, the outer sleeve lockingmechanism, a knob to
change the orientation of the jaws, and the handle mechanism with suitable linkages.
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Fig. 14 a Closed configuration of jaws. b Open configuration of jaws

1. Handle Mechanism

It comprises three distinct parts, namely, the fixed hub, the movable handle, and the
link. The movable handle is pivoted to the fixed hub so that it can rotate around that
point within the constraints of the geometry of the hub when moved by the surgeon.
The link joins the movable handle to the connector, transforming the angular motion
of the movable handle into the translatory motion of the connector. The default
position of the handle is shown in Fig. 13a. Therefore, when the handle is moved
toward the fixed handle, the link transmits the motion to the connector, which is
affixed to the inner rod, making it move toward the jaws. This movement activates
the four-bar mechanism encased in the head, which is explained below.

2. Four-Bar Mechanism

The head encloses a four-bar mechanism that connects the two jaws to the end of the
inner rod. The main function of this mechanism is to open and close the jaws. The
bars extending from the two jaws are held together at their center using a pin, which
is one end of the four-bar mechanism. The other end of this mechanism is attached
to the inner rod, as shown in Fig. 14a. When the surgeon actuates the handle, the
inner rod moves to the left, resulting in the jaws being opened, as shown in Fig. 14b.

3. Outer Sleeve and Locking Pin Mechanism

The outer sleeve is capable of sliding over the outer tube of the forceps. It has two
extreme positions, which are defined by the grooves in the connector, as shown in
Fig. 8. The locking pin fixes the outer sleeve into either of these grooves, ensuring that
the outer sleeve cannot move during operation. When the outer sleeve completely
covers the jaws, it is in the S-I mode, as shown in Fig. 15a. When the sleeve is
retracted to the other extreme position, and the jaws are uncovered, the device is in
the Forceps mode, as shown in Fig. 15b.

The locking pin depicted in Fig. 12a is inserted within the groove in the outer
sleeve and the connector. Then the pin is rotated to lock the outer sleeve in either of
the positions described above. This arrangement ensures that the outer sleeve does
not move and disrupt the surgery.
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Fig. 15 a Device in S-I mode. b Device in forceps mode

4. Knob

The surgeon can change the orientation of the jaws as and when required by rotating
the knob clockwise or anticlockwise, as shown in Fig. 7.

5 Challenges and Possible Solutions

1. Four-bar jaws mechanism
This is an intricate mechanism and could result in:

• accumulation of tissue particles during the surgery when the instrument is
operating in the forceps mode.

• higher pressure drop during the S-I process when it operates in the S-I mode.

2. Sliding mechanism for the outer sleeve
The current mechanism constraints the outer sleeve in the radial direction only
at one end. This might lead to the end covering the jaws of the forceps to yaw in
the radial direction. This might affect the ergonomics and S-I capabilities of the
device since the concentric arrangement of the outer tube and the outer sleeve
will be disturbed.

3. Locking mechanism
The proposed locking pin is lightweight, compact, requires minimal effort in
terms of locking torque, is directly mounted on the connector, and provides ease
in actuation. However, there is a chance of the pin slipping during the surgical
process. In addition, the surgeon has to physically remove the pin and reinsert
it to switch between modes of the instrument. Therefore, the following designs
are suggested as improvements to the existingmechanism and address the above
issues:

• Switch with spring: It would be more ergonomically suitable to have a
mechanical switch with a spring, which, when pressed, releases the outer
sleeve to move between the two modes of operation. However, this is more
complicated than the proposed locking pin mechanism.
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• Electrically operated toggle switch: It could be another improvement to
overcome the aforementioned difficulties.

4. Valve mechanism
As mentioned in Sect. 2, the CO2 insufflation and S-I processes require separate
instruments and exchange of multiple devices. This compromises the patient’s
safety in addition to causing fatigue to the surgeon andprolonging the duration of
surgery. These challenges can be addressed by having the outer sleeve act as the
CO2 insufflation pathway in the currently proposed design. This is incorporated
using a three-way valve to allow the S-I fluids and CO2 to flow through the same
pathway.

6 Suggested Improvements

1. The proposed design has a long, inflexible shaft, which makes some regions
inside the abdomen inaccessible and restricts the grasper head in an axial orien-
tation. Adding shaft flexibility will allow an additional degree of freedom to the
head [8].

2. The proposed design can further be universalized by standardizing laparoscopic
and endoscopic devices so that the outer sleeve can be slid over them to enhance
their individual capabilities with the S-I feature.

3. In the current design, the jaws, the four-barmechanism, and the inner rod consti-
tute a single assembly. To change the laparoscopic functionality with a different
set of jaws, the entire assembly must be replaced. This design can be improved
by ensuring that the jaws can be easily detached from the four-bar mechanism.

4. A specially designedminiature 3-axis distal force sensor canbe added to perform
tissue palpation and measure tissue interaction forces at the tip of a surgical
instrument [9]. This feature will lead to the widespread adaption of the proposed
design in robot-assisted laparoscopic surgery.

7 Conclusion

The dissector forceps with long tubes are introduced into the abdominal region
through trocars in laparoscopic procedures. The suction feature of the S-I device
removes blood and other bodily fluids and irrigation feature sprays disinfectant like
saline water. This paper intends to bring about a change in laparoscopic surgical
procedure by combining dissector forceps with the S-I instrument, making it faster
and easier for the surgeon to operate. The new design, therefore, eliminates the need
of multiple insertion and removal of instruments which results in less trauma to the
patient. Further, since the operating time is reduced, there will be minimal fatigue to
the surgeon. Detailed description of individual components and their functionality
in the proposed design is given. The challenges and improvements in design are
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discussed, and suitable materials for the components are suggested. The proposed
instrument is potentially advantageous over other forceps and is recommended for
both educational and surgical purposes.
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Improvement in Wear and Friction
Properties of Heat-Treated Steel Using
Micro-grooved Patterns

Nikhil More and S. S. Lakade

1 Introduction

In recent year, various efforts are being made in surface treatment industry for modi-
fication of surface properties of metals. As there are certain issues related to sheet
metal industries, where forming dies are used for production of sheet metal compo-
nents subject to less productivity, increase in cost per component, and highmachinery
maintenance.

Dies surface wear out is the leading cause for surface damage. Such problem
occurs due to inaccurate clearance between die and punch while setting up dies and
punches on the fixtures. This causes severe damage to the die and punch surface
reducing average working life affects productivity and cost of production ultimately
affecting dimensional accuracy and poor-quality sheet metal component which in
turn increases possibility of rejection in quality check.

The present work has been carried out to get rid of this problem. Improvement
in surface properties such as surface hardness, surface roughness along with tribo-
logical properties such as wear and friction coefficient. It will help to enhance the
productivity and will provide cost-effective solution. This needs to go with some
modern surface modification techniques such as heat treatment, solid lubrication,
and micro-grooving.

The most common material used in forming dies is AISI D2 steel. It is also
called as high carbon high chromium steel noted as HCHCr. High carbon content
provides surface hardness and high chromium provided corrosion resistance. Hence
work is focused on surface modification of AISI D2 steel. There three different
modern techniques which were used are micro-grooving, heat treatment, and solid
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lubrication. Treatments to be done at micron level. Hence nowadays, these three
techniques are viable options and cost effective.

Micro-grooving is carried out using surface texturing. Available techniques for
micro-grooving are grinding and honing, electron-ion etching, chemical etching,
electric discharge machining, and laser beam machining. Among these, laser beam
machining is more appropriate method because it is environmentally friendly, time
saving. As same tool can be used a number of times hence it is cost effective. Trial
and error experimentation is possible. This method is used in the process of surface
texturing for micro-grooving; therefore, it is also called as laser surface texturing
(LST) [14].

Heat treatments are applied to the material to improve surface hardness, surface
roughness, andmicro-roughness. In the present work, plasma ion nitriding is used for
surface hardening. This is a closed chamber process. It is environmentally friendly,
no oxide formation, controlled temperature process (operating temperature less than
570 °C) hence no heat exposure to the atmosphere, minor distortion in dimensions of
processed component. It is pure diffusion process hence no addition to the thickness.
Only nitrides of chromium and ferrous are formed during the process. Control over
process parameters such as voltage, current, frequency, gas ratio are possible, hence
required hardness and depth of hardness is possible to obtain. The improvement
in surface properties provides control over wear and friction coefficient properties.
Change in wear and friction can be determined by Experimentation and Testing. In
the current scenario, to improve above properties, Plasma ion nitriding is used [11].

Experimentation and testing are carried out in dry lubrication condition. Graphite
is used as a solid dry lubricant hence process is also called as Solid lubrication, has
large advantages over liquid lubrication.Graphite,MoS2 are common solid lubricants
used in the market but graphite has comparable high load-bearing capacity, high
working life, and good working reliability in humid and dry environment. Also,
micro-grooves act as a storage spaces for lubricant which ensures necessary supply
during operation increases service life of lubricant [8, 13].

2 Material Processing, Experimentation, and Testing

2.1 Sample Preparation

Disc samples to be prepared for Experimentation. AISI D2 steel (wt.%: 1.46 C, 0.22
Mn, 0.17 Si, 11.10 Cr, 0.48 Mo, 0.23 V, 0.014 P, and 0.012 S). having hardness of 56
HRC, 165× 8 mm in dimensions followed with grinding and polished [12, 13]. The
Pin sample was Alumina (Al2O3, 99% pure) with hardness 80 HRC [4].

Micro-grooved samples were prepared using fiber laser surface texturing. Five
samples grooved with Dimple, Asterisk, Rhombus, Concentric Circles, Cross
Groove, respectively, are prepared. Micro-level texturing is carried out with fiber
laser machine equipped with 0.2% accuracy at 50KW power, 1064 nm wavelength,
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Fig. 1 Micro-grooves with various textures (Images by high resolution, magnification 75x)

Fig. 2 Disc samples

and pulse frequency of 10KHz of laser beam. Grabowski et al. [1, 7] the high-
resolution images are captured with 75× magnification using vision measurement
system are shown in Fig. 1.

Samples are processed for plasma ion nitriding in complete vacuum at 450–500 °C
for 8 to 10 h. Hence total seven samples prepared includes planeD2 steel disc, Plasma
nitrided Disc, and five textured nitrided discs. Tang et al. [10] the processed samples
with and without laser micro-grooving and plasma nitriding are shown in Fig. 2.

3 Experimentation and Testing

Tribological properties of samples are determined using Pin-on-Disc Tribometer
(Fig. 3) as per ASTM wear test standard G-99 with sliding distance of 1000 m,
sliding speed of 2.5 m/s [2].
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Fig. 3 Pin-on-disc
tribometer

Tests were conducted at three different loads 39.24 N, 88.29 N, 127.53 N. Rajpoot
[3, 13] as D2 steel is subjected to higher friction loads, It is required to test the
specimen at higher test load values. Alumina pin, disc specimens are cleaned with
acetone before each test.

Graphite powder is burnished on textured samples for dry lubrication.After testing
the disc samples, reports are generated for friction coefficient. Reports for wear
Depths created due to testing are obtained on vision measurement system having
accuracy of 4µ. The tested samples are shown in Fig. 4.

4 Results and Discussion

According to Archard’s law, “wear rate is proportional to the applied test load”. But
the linear increase in wear with respect to applied loads is not observed. The solid
lubricant using micro-grooved patterns as a storage spaces found to be effective at
higher loads, i.e., 88.29 N, 127.53 N, etc. The graphite used as a solid lubricant
could enhance its ability to reduce wear and friction coefficient significantly for all
micro-grooved textures. Type of wear is adhesive. Hardness of Alumina is 80HRC
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Fig. 4 Tested samples

which is much higher than D2 steel having hardness of 61 ± 1 HRC. Hence D2
steel tested against the Alumina Pin. The wear of Alumina pin observed is found
to be negligible and wear loss is 0.000036 g. The material wear delamination was
observed at higher load of 127.53 N for all samples.

The laser textured micro-grooves storing graphite are getting supplied only when
required contact between pin and disc takes place. Hence life of graphite is increased.
Unlike liquid lubricants, Graphite has high load-bearing capacity and anti-sticking
properties. Hence durability of Graphite is much higher than liquid lubricants.

Figure 5, graph of ‘Wear vs load’, shows that compared to untreated D2 steel,
significant reduction in wear and friction coefficient values occurred for dimple and
rhombus pattern up to 95%. Similarly, in Fig. 6, dimple and rhombus pattern could
show the reduction in friction coefficient up to 80%.
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5 Conclusion

The wear and friction have significant control up to 95% and 80%, respectively,
observed in case of dimple and rhombus pattern when results are compared with
untreated D2 specimen because of the better adaptability with graphite supply during
testing at both low and high friction condition.

The implementation of micro-grooved laser textured patterns for the contacting
surfaces (Die and Punch) where wear and friction are required to control, the dimple
pattern is more feasible for any type of critical geometry of the surfaces as compared
to rhombus pattern.

Hence, for adhesive wear mechanism, dimple and rhombus pattern produced
effective results in presence of graphite for D2 steels.
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Force Optimization for an Active
Suspension System in a Quarter Car
Model Using MPC

Jayesh Narayan, Saman Asghari Gorji, and Mehran Motamed Ektesabi

1 Introduction

In recent years, passenger safety and comfort have emerged as critical areas of
research in automotive design and development.Vehiclemanufacturers are striving to
enhance the comfort level of passengers as well as the drivability experience. Suspen-
sion system has a vital role in the overall vehicle stability, drivability, and passenger
comfort. Over the years, the suspension system has undergone a lot of improvements
from an elementary spring-damper system to the more recent hydraulic and pneu-
matic systems. An active electromagnetic suspension was demonstrated in [1]. It has
been demonstrated in many studies that active suspension system provides superior
ride control and vehicle handling capabilities [2–7]. Due to their high weight, energy
demand, and cost, the active suspension has not been extensively used in mainstream
commercial vehicles. The study conducted in [3] has demonstrated the dynamics and
the regenerative capability of electromagnetic suspension. An in-depth study on the
electromagnetic dampers was conducted in [8]. Gysen et al. [1] has demonstrated a
significant improvement in passenger comfort, road handling, and power consump-
tion using LQR control. Gysen et al. [1, 9–12] have all used LQR control for the
control of semi-active or active suspension systems. Numerous studies have been
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conducted on the control of the suspension system using LQR [1, 9, 10, 12–15]. This
control method has been used extensively in the control of active suspensions. The
LQR is an optimal control problem and solution of these types of control problems
involves the minimization or the maximization of the cost function. The LQR is an
offline optimization method. Vehicle suspension-related parameters like tire stiff-
ness and spring damping offer high sensitivity in a car model [16]. These physical
parameters accumulate tolerance with temperature cycles and mechanical wear.

Model predictive control provides a more elegant solution to this problem. More
recently, automotivemanufacturers have introduced active suspension systemswhich
use the vehicle’s vision system and Light Detection and Ranging (LIDARs) to scan
and preview the road [17]. MPC has the option of reference tracking along with
preview information option. Furthermore, MPC is a finite horizon optimization
problem. Using these options in conjunction with online optimization, the MPC
can provide a much better control scheme for the suspension system.

In this paper section, the control schemes for the LQR and MPC have been
discussed. The cost function using the state, output, and input variable has been
presented and the effect of varying theweights on the cost function has been analyzed.

A. System model for Quarter Car

A Quanser quarter car model as shown in Fig. 1 has been used to describe the
dynamics of the active suspension. Dynamics of the quarter car model has been
defined in state-space format [18] in the equation below.

ẋ = Ax + Bu

y = Cx + Du (1)

A transient road excitation has been considered as perturbation to the system. The
parameters used for the road perturbation have been defined in Table 1.

The state variables and the control input vector were defined by Eq. (2). The state
vectors represent the suspension deflection, sprungmass velocity, road handling, and
the tire velocity. The input variable represents the actuator force. The output vector
was defined as Eq. (3)

x = [
zs − zus żs zus − zr ˙zus

]T

u = [
fact

]T
(2)

Table 1 Parameters for the
transient road input

Parameter Value Unit

Amplitude 0.02 m

Period 3 sec

Pulse width 50 %

Phase delay 0.1 sec
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Fig. 1 Quarter car model

y = [
zs − zus z̈s

]T
(3)

which represents the suspension deflection and vertical acceleration of the sprung
mass. The state vectors, input, output, and the feedforward matrices were defined as

A =

⎡

⎢⎢⎢
⎣

0 1 0 −1
−ks
ms

−ds
ms

0 ds
ms

0 0 0 1
ks

mus

ds
mus

−(ks+kt )

mus

(−ds+dus)

mus

⎤

⎥⎥⎥
⎦

B = [
0 1

/
ms 0 −1

/
ms

]T

(4)

C =
[

1 0 0 0
−ks
ms

−ds
ms

0 ds
ms

]

D =
[

0
1

ms

]

(5)
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Table 2 Parameters for
system simulation of active
suspension

Parameter Description Value Unit

ms Sprung mass 2.45 Kg

mu Unsprung mass 1 Kg

ks Spring constant for sprung mass 900 N/m

kt Spring constant for tire 1250 N/m

ds Damping force of actuator 7.5 N/m/s

dw Damping force of tire 5 N/m/s

2 Control Design

Stability of the Model:

The dynamic model for the suspension system has been defined in the state-space
format by Eq. (4).

Taking the Laplace transform on both sides Eq. (4) can be written as

s X(s) − X(0) = AX(s) + BU (s)X(s) = (s I − A)−1X (0) + (s I − A)−1BU (s)

Y (s) = C X (s) + DU (s)

Y (s) = C((s I − A)−1X (0) + (s I − A)−1BU (s)) + DU (s) (6)

An initial condition of X (0) = 0 has been assumed.

Y (s) = G(s)U (s)

G(s) = C(s I − A)−1B + D (7)

where G(s) is the transfer function and the characteristic equation of the suspension
system model has been defined by

G(s) =
[

G(s) zs −zus
żr

G(s) zs −zus
Fact

G(s) z̈s
żr

G(s) z̈s
Fact

]

(8)

The stability of the above transfer function is evaluated in MATLAB using the
pole-zero plot. The plot obtained in Fig. 2 shows the poles of the transfer function
G(s) in the left-hand side of the complex plane, which from the Nyquist stability
criterion is a sufficient condition for the convergence of a transfer function. The
poles and zeros location below are represented by ‘x’ and zeros by ‘o’.

Controllability and Observability

The controllability of the continuous time-invariant system defined by Eqs. (4), (5)
can be depicted using the controllability matrix P and defined using the equation
below [19].
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Fig. 2 Pole Zero plot for the active suspension model

P = [B AB A2B . . . ..An−1B] (9)

where A is a square matrix with n x n dimension. The system is deemed controllable
if the rank of the controllability matrix P equals n, defined by the dimension. The
controllability matrix has been calculated in MATLAB using the “ctrb” command
and subtracted from the length of the A matrix. From the calculation, it was found
that the system is controllable as well.

LQR Design

Cost function for the LQR control has been defined as a quadratic function which
includes state variables and the control input and has been defined by Eq. (2). The
states have been used as the part of the cost function due to the dynamics of the
model.

J (u) =
∞∑

i=1

xT Qx x + uT Ruu (10)

In the above equation, where Qx and Ru penalizes the state vector x and control
variable u. The control vector u can be denoted as

u = −kx (11)
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and the gain matrix can be expressed as

k = −Ru
−1BT Px (12)

where P is the solution of Ricatti equation given by

P A + AT P − P B Ru
−1BT P + Qx = 0 (13)

Using the system model defined by Eq. (1)–(5) the system was simulated in
MATLAB-SIMULINK.

Transient Response

In this section, a simulation of transient response for the active suspension model is
presented. For the road input, a pulse input with an amplitude of 0.02 m has been
used to provide the perturbation to the system. The amplitude of the road profile
is guided by the road deflection motor in the Quanser active suspension setup [18].
The parameters for the road and the quarter car model have been listed in Table 1
and Table 2.

The simulation is set up as defined in Fig. 3. The weights for states Qx have been
defined as a diagonalmatrix so that theweights havedirect effect on the corresponding
state variable.

Fig. 3 Transient setup for the LQR control
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Qx =

⎡

⎢⎢
⎣

0.9 0 0 0
0 10 0 0
0 0 100 0
0 0 0 0.01

⎤

⎥⎥
⎦

The simulation was conducted to investigate the effect of the input weight Ru .
The input weight Ru was varied from 0.001 to 0.5 and the response of the suspension
deflection based on the overshoot and settling timewas observed. The peak values for
the actuator force and the suspension deflection have been extracted. Furthermore,
the settling time, defined by the time taken for the signal to converge, has been plotted
for the suspension deflection.

MPC Design

In this section, the linear MPC has been defined and the transient response and
the variation of the input and the output weight of the active suspension have been
investigated. The cost function for the MPC has been defined by Eqs. (14)–(16) and
(18).

Jmpc(zk) = Jy(zk) + Ju(zk) + J�u(zk) (14)

Ju(zk) =
∑ny

j=1

p∑

i=1

(u j (k + i |k)Rmpc(u j (k + i |k)T (15)

J�u(zk) =
∑ny

j=1

p∑

i=1

�u(k + i |k)Wmpc�u(k + i |k)T (16)

where Jmpc(zk) is the cost function defined by the output variables, input, and rate
of change of input variables.

Jy(zk) defined in Eq. (18) represents the cost function associated with the output.
Here, ny represents the number of output variables, p signifies the prediction horizon,
and k represents the current control horizon. r j (k + i |k) is the reference signal. Ju(zk)

denotes the cost function for the input. u j represents the input to the system. J�u(zk)

corresponds to the cost function for the rate of change of the input and Qmpc,Rmpc,

and Wmpc represent the weight for Jy(zk), Ju(zk) and J�u(zk).

Transient Response

Since it has already been established that the active suspensionmodel is both control-
lable and observable, this step has been omitted for the MPC section. In this section,
the prediction output, and its relation to the state variables have been defined. The
prediction output y

∧

p for the system model defined using suspension model can be
written as
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Table 3 Conditions for I/O
weights

Input weight
(Actuator force)

Output weight
(Suspension
deflection)

Output weight
(Vertical
acceleration)

0.001 0.1 1.1

0.01 0.2 1.2

0.1 0.3 1.3

1 0.4 1.4

10 0.5 1.5

y
∧

p =

⎡

⎢⎢
⎢
⎣

C A
C A2

...

C Ap

⎤

⎥⎥
⎥
⎦

px1

xk +

⎡

⎢⎢
⎢
⎣

C B
C AB

...

C Ap−1B

⎤

⎥⎥
⎥
⎦

px1

uk +

⎡

⎢⎢⎢
⎢⎢
⎣

D 0 0 0

C B
. . . 0 0

...
. . .

. . . 0

C Ap−2B
. . . C B D

⎤

⎥⎥⎥
⎥⎥
⎦

⎡

⎢
⎣

uk+1
...

uk+n

⎤

⎥
⎦

px1

y
∧

p =

⎡

⎢⎢
⎢
⎣

yk+1

yk+2
...

yk+p

⎤

⎥⎥
⎥
⎦

px1

(17)

The input weight has been varied from 0.001 to 1 in the first scenario. In the
second and third scenarios, the output vectors weights, suspension deflection, and
vertical acceleration, which affect the cost function Jy have been varied. Table 3
outlines the weights that have been used for transient response analysis.

3 Results

The simulation for LQR has been swept for different values of Ru and the corre-
sponding suspension deflection has been plotted (Fig. 4). The plot shows maximum
suspension deflection for Ru = 0.001 and the signal converges to zero. With the
increase in the value of Ru , the suspension deflection decreases but the oscillatory
nature of the signal is observed, which prevents the signal from converging. Oscil-
lations in the suspension deflection (Fig. 4) lead to the transfer of higher frequency
content signal to the vertical acceleration (Fig. 5), which subsequently deteriorates
the passenger comfort. This is evident from Fig. 5, which depicts the output response
of the vertical acceleration. An increase in the input weight Ru exhibits an increase
in the vertical acceleration as well as the ringing behavior of the output.
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From the combined analysis of these plots (Figs. 4, 5 and 6), it can be concluded
that with cheap control, i.e., low input weight, Ru = 0.001, the maximum suspension
deflection occurs, and the settling time is minimum.With the increase in weight, both
the actuator force and the suspension deflection decrease, however, the setting time of
the suspension deflection increases, which is evident from Fig. 7. These oscillations
have a direct impact on the vertical acceleration of the sprung mass, that leads to a
reduction of passenger comfort.

From the simulation performed for MPC, it can be concluded that input weight
variation from 0.001 to 0.01 does not affect the actuator transient response (Fig. 8).
One of the primary observations fromboth the plots (Figs. 8 and 9) is the convergence
of the actuator force and the suspension deflection, which explains the minimization
of the cost function. This is evident fromFig. 9where the transient plots for 0.001 and
0.01 have the same trajectory and can be supported by the output response variation
plot Fig. 8, which clearly shows no change in suspension deflection and the vertical
acceleration. It can also be deduced from Fig. 9 that with an increase in the input
weight outside the 0.001 and 0.01 window causes the magnitude of the actuator
force to decrease and finally become zero at input weight, Ru = 10. This can also
be regarded as a condition where the suspension is passive with zero actuator force.
This is again evident and consistent from the oscillation observed in the suspension
deflection transient response and vertical acceleration response, which depicts a
steady increase in the oscillations with an increase in the input weight.

In Fig. 10 the output weight for the suspension deflection has been swept from
0.1 to 0.5 in steps of 0.1. It can be concluded from the first plot in Fig. 10 that
the suspension deflection converges with an increase in the suspension deflection
weight. The magnitude of the response does not change irrespective of the weight.
It can also be noted that the suspension deflection settling time is inversely affected
by the suspension deflection weight. The second plot in Fig. 10 also depicts that the
output response of the vertical acceleration does not change with the weight of the
suspension deflection.

In the final part of this transient response analysis, the outputweight for the vertical
acceleration is varied and is depicted in Fig. 11. The output weight swept from 1.1
to 1.5. The acceleration response plot shows a difference of ~0.5 m/s2 between the
maximum and the minimum overshoot. The maximum magnitude of the vertical
acceleration is ~2.5 m/s2.

Jy(zk ) =
∑ny

j=1

∑p

i=1

{
[r j (k + i |k) − y j (k + i |k)]Qmpc[r j (k + i |k) − y j (k + i |k)]T

}
(18)
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Fig. 4 Variation of actuator force with input weight using LQR

Fig. 5 Variation of vertical acceleration with input weight for LQR
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Fig. 6 Variation of vertical acceleration with input weight for LQR

Fig. 7 Comparison of the suspension deflection, settling time, and actuator force with input weight
for LQR
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Fig. 8 Variation of vertical acceleration and suspension deflection with input weight for MPC

4 Conclusion

The transient analysis of the MPC control and variation of the input and output
weights was carried out. Same road profile as the one in the LQR transient analysis
was used. The transient response indicated that with a cheap control and an input
weight of 0.001, the maximum actuator force of 6.2 N is required to attain a suspen-
sion deflection of 1.25 cm and a vertical acceleration of 2.75 m/s2. It can be stated
that the MPC control requires approximately 69% less actuator force to attain a 48%
reduction in suspension deflection. The vertical acceleration in theMPC control case
increased by 12%. Since the MPC in comparison to the LQR control performs better
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Fig. 9 Variation of actuator force with input weight in MPC

in two areas, namely, actuator force demand and suspension deflection by a signifi-
cant margin, weights can further be tuned for the input parameter to provide slightly
expensive control. This will compensate for the increase in the vertical acceleration
that has been observed in the transient response simulation. These results provide a
promising insight for further investigation of the LQR and the MPC control using
artificial road profiles.
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Fig. 10 Variation of vertical acceleration and suspension deflection with output weight for MPC
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Fig. 11 Variation of suspension deflection and vertical acceleration with output weight (vertical
acceleration) in MPC
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Mobility Analysis of Coupled System
of Upper Limb Exoskeleton and Human
Arm

Macha Vidyaaranya, Sakshi Gupta, and Ekta Singla

1 Introduction

One of the major issues responsible for the rejection of wearable exoskeletons is
due to the user discomfort arising from misalignments between the human and the
exoskeleton [1]. There are mainly two reasons why misalignments occur: the dif-
ference between the kinematics of human and exoskeleton when decoupled and,
modified kinematics due to the constraints associated with fixing of the exoskele-
ton to human. The first problem is alleviated by analyzing the kinematics of human
and rendering the same motion to the exoskeleton so that the behavior is similar.
For example, the elbow joint is not simply a one DOF revolute joint but it also has
translational motion associated with it. So, when the elbow joint of exoskeleton has
only one DOF revolute joint, misalignments are prone to occur. Many researchers
have tried to compensate for misalignment by utilizing other complex mechanisms
(crossed four-bar linkage, five-bar linkage, etc.) or employing redundant DOFs [2].
Introduction of redundant DOFs in the exoskeleton kinematic chain helps to mitigate
interaction forces at the harness between human and exoskeleton [3].

Although there is a lot of literature on the kinematic analysis of exoskeleton [4–6]
and human arm individually, not much emphasis is given to the kinematic analysis
of coupled mechanism between the exoskeleton and the human arm. This paper
utilizes the concept of redundant DOF in order to compensate for misalignment
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present at the shoulder joint. The primary focus is given to the mobility analysis
of the coupled mechanism as it is an important point of concern in the kinematic
synthesis of any mechanism. It gives us an idea about the total number of DOF
of the mechanism. Chebychev–Grubler–Kutzbach criterion is the most commonly
used method for evaluating the DOF of mechanisms. Although the criterion has
wide applicability, it fails in the cases of complex mechanisms involving parallel
manipulators, redundant joints or closed-loop chains [7]. The criterion breaks down
in such cases because it considers virtual constraints as active constraints, which
do not restrict any motion or in other words, do not affect the number of DOF of
a mechanism. This ultimately results in an incorrect deduction of mobility. In such
cases, screw theory can be used for the analysis of spatial mechanisms. The paper
is organized into five sections: Sect. 2 discusses the methodology to compute the
mobility analysis of coupled mechanism, followed by a brief introduction to screw
theory and its implementation. Demonstration of 2-DOF planar configuration with
and without redundant joints is given in Sect. 3. Section4 utilizes screw theory to
compute the motion and constraint screw systems as well as the overall mobility of
the two mechanisms in consideration. This section also discusses the comparative
parameters in order to differentiate between the twomechanisms. In the final section,
we conclude the outcome of the paper and discuss the future scope.

2 Methodology

2.1 Basics of Screw Theory

A screw consists of two three-dimensional vectors and is defined by a straight line
with a pitch “h” associated with it. It is denoted by six homogenous coordinates also
known as Plucker coordinates:

$ =
[

s
s0 + hs

]
(1)

where s denotes the direction ratios along the screw axis, h is the pitch of the screw,
s0 = r × s is the moment of the screw axis about the origin, and r denotes the
position of vector a point lying on the screw axis [7]. If the pitch of a screw is
zero, it represents a revolute joint. On the other hand, a screw with infinite pitch is
associated with a prismatic joint. Fundamentally, we consider two types of screw
sets for analysis of rigid body motion: motion screw and constraint screw systems.
The first three elements of a motion screw represent rotation about the axis and those
of a constraint screw represents a force along the axis. Two screws are considered to
be reciprocal to each other when they satisfy:
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$T
[
03 I3
I3 03

]
$r = 0 (2)

where 03 and I3 are zero and identity matrices of order three, respectively [7]. As in
the case of sets, the concept of union and intersection in the case of screw systems
are denoted as “∨” and “∧,” respectively. Moreover, the screw systems satisfy the
following properties:

1. dim(S1 ∨ S2)= dim(S1) + dim(S2) − dim(S1 ∧ S2)
2. (S1 ∨ S2 · · · ∨ Sn)r = (S1

r ∧ S2
r · · · ∧ S2

r )

3. (S1 ∧ S2 · · · ∧ Sn)r = (S1
r ∨ S2

r · · · ∨ S2
r )

4. dim(S) + dim(Sr ) = 6

The aforementioned properties find their use while calculating the mobility of
parallel manipulators [8].

2.2 Mobility Analysis of Parallel Manipulator

A parallel manipulator is composed of a fixed base and a movable base. The two are
connected by serial chains which are more than one in number. Suppose, there are
a total of p number of serial chains and each serial link is connected by a total of
ni (i = 1, 2, . . . , p) number of joints. After establishing a global coordinate system,
all the screws associated with joints connected in i th serial chain can be grouped
into a matrix Sbi (i th branch motion screw system) of size (ni × p), where i th row
of the matrix is the screw associated with i th joint of the serial chain. Furthermore,
Srbi (th branch constraint screw system) can also obtain which is nothing but the
reciprocal of and can be obtained from Eq.2 [9]. Based on the above definitions,
union and intersections of the branch systems further yield four different types of
basic systems as follows [8]:

1. S f = Sb1 ∧ Sb2 ∧ · · · ∧ Sbp (m = dim(S f ))

2. Sr = Sb1
r ∨ Sb2

r ∨ · · · ∨ Sbp
r (μ = dim(Sr ))

3. Sm=Sb1 ∨ Sb2 ∨ · · · ∨ Sbp (d = dim(Sm))

4. Sc = Srb1 ∧ Srb2 ∧ · · · ∧ Srbp (λ = dim(Sc))

Also, based on the definitions from above, we can clearly see that S f ⊆ Sm and
Sc ⊆ Sr . According to the references, [8, 9], there are mainly two criterions for
calculating mobility of a parallel mechanism.
Criterion 1: m = 6 − μ, where μ = dim(Sr ), where m denotes mobility.
Criterion 2: This criterion is used when mechanisms consists of virtual constraints.
Each reciprocal screw system can be decomposed as Srbi = Sc ∨ Srci where, S

c ∧ Srci =
φ. In other words, Srci is a matrix of screws which is obtained by removing the matrix
of screws Sc from Srbi . Also, from reference [8], < Src > = Src+ < Srv > (Note:
<.> represents multisets and curly brackets {.} indicates largest set with unique
elements), where {Src } is a largest linearly independent set of screws in < Src > and
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the remaining screwsmake up the virtual constraintmultiset. Combining the relations
Srbi = Sc ∨ Srci and < Src > = {Src } + < Srv > gives us the fundamental constraint
screw decomposition:

< Sr >=< Sc > +{Src }+ < Srv > (3)

The mobility equation is then given as

m = d(n − g − 1) +
g∑

i=1

fi + ν (4)

where, d = 6- λ (λ = dim(Sc)), n is the total number of links, g is total number of
joints fi is the DOF of i th joint and ν = card(< Srv >) (Note: card(S) is a function
that returns the total number of vectors in screw set s) [8].

3 Configuration Selection for Upper Arm Exoskeleton

In this section, we examine and analyze the two configurations of upper-arm
exoskeletons that fundamentally differ in the sense that one mechanism comprises
redundant joints for misalignment compensation and the other does not.

3.1 Upper Arm Exoskeleton Without Redundant DOFs (Type
I Configuration)

Figure1 illustrates the first (Type I) of the two mechanisms taken into consideration.
The coupled mechanism consists of two serial chains OGW and EFP connected at
two bases OE and WP where OE is the fixed base and WP is the movable base. The
serial chain OGW makes up the human limb with joints at O and G as the shoulder
and elbow joints, respectively. Kinematic chain EFP can be considered to be the
exoskeleton chain. It is also important to notice that the axis of rotation of shoulder
and elbow joints are aligned with the joints E and F pertaining to the exoskeleton
chain.

3.2 Upper Arm Exoskeleton with Redundant DOFs (Type II
Configuration

The shoulder joint of the human arm is a ball and socket joint which consists
of three motions: flexion/extension (axis perpendicular to sagittal plane), abduc-
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Fig. 1 Type I mechanism where a 2-DOF exoskeleton is attached to the human arm. Rotational
axes of joints associated with: a Human Arm and b Exoskeleton

Fig. 2 Type II mechanism where a six DOF (two active and four passive) exoskeleton is attached
to human arm. Rotational axes of joints associated with: a Human Arm and b Exoskeleton

tion/adduction (axis perpendicular to frontal plane), and internal/external (axis per-
pendicular to transverse plane) rotation. For the design of the exoskeleton, rotational
axes of flexion/extension and abduction/adduction can be aligned by placing rota-
tional joints on the rear and the side portions of the body. However, the alignment of
the internal/external axiswith an external rotational joint restricts the range ofmotion,
and hence in the first prototype, misalignment compensation is provided only for this
joint. If we do provide compensation mechanisms for flexion and abduction motions,
it would result in added inertia and we intend to reduce it as exoskeleton’s inertia
has a significant effect on the metabolic cost of the user, and minimizing it should
be one of the main objectives in exoskeleton design [10].

The conceptual design of the type II exoskeleton is shown in Fig. 2 where the
total number of joints are eight, with one being a spherical joint located at O. The
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rest of the joints located at A, B, C, D, E, F, and G are revolute joints. The human
arm is represented by the kinematic chain OGW and the points O and G represent
shoulder and elbow joints, respectively. The abduction/adduction axis is along the
line OA and the line OE represents the flexion/extension axis. The kinematic chain
ABCDEFP is representative of the exoskeleton and, the human arm (OGW) and the
exoskeleton are connected by a rigid link WP. Rotational axes of joints at A and E
are along with OA and OE, and these joints provide abduction and flexion motions
respectively. The rotational axes of the rest of the joints B, C, andD are perpendicular
to the plane formed by OA and OE, i.e., they are oriented along the internal/external
rotational axis of the shoulder joint. RRR configuration [1] is achieved by joints B,
C, and D which are responsible for misalignment compensation for rotation about
the internal/external rotational axis. The rotational axis of joints present at F and G
are aligned and are responsible for the flexion/extension motion of the elbow joint.

4 Mobility Analysis of the Two Configurations

4.1 Mobility Analysis of Type I Mechanism

Considering Fig. 1, a global coordinate frame is attached at point O and it is rep-
resented by triad {X0,Y0, Z0}. Rotational axes of the spherical joint present at O
are along the directions {X1,Y1, Z1}. The rotational axes of revolute joints present
at E, F, and G are represented by Y2, Y3, and Y4, respectively. The motion screw
systems for the exoskeleton chain and the human arm are calculated individually and
let them be represented as Sb1 and Sb2, respectively. For obtaining Sb1 is obtained by
a step-by-step calculation of screw vector pertaining to each joint of the exoskeleton
is followed:
Joint E: ω = [0 1 0], r = [0 b1 0], $E = [ω ω × r ] = [0 1 0 0 0 0]
Joint F: ω = [0 1 0], r = [a2 b2 c2] , $F = [ω ω × r ] = [0 1 0 c2 0 − a2]

Sb1 =
[
$E
$F

]
=

[
0 1 0 0 0 0
0 1 0 c2 0 −a2

]
(5)

Similarly, the motion screw system Sb2 is obtained as follows:

Sb2 =
[
$O
$G

]
=

⎡
⎢⎢⎣
1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 1 0 c2 0 −a2

⎤
⎥⎥⎦ (6)

Reciprocal of screw systems Sb1 and Sb2 obtained by using Eq.2
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Srb1 =

⎡
⎢⎢⎣
0 1 0 0 0 0
0 0 0 1 0 0
0 0 0 0 0 1
a2 0 c2 0 0 0

⎤
⎥⎥⎦ (7)

Srb2 =
[
0 1 0 0 0 0
a2 0 c2 0 0 0

]
(8)

The rank of the multiset < Sr > = Srb1 + Srb2 is four, as the screws {Sr11, Sr21} and{Sr14, Sr24} are the same vectors. (Note: Sri j refers to the j th row of Srbi matrix).

Sr =

⎡
⎢⎢⎣
0 1 0 0 0 0
0 0 0 1 0 0
0 0 0 0 0 1
a2 0 c2 0 0 0

⎤
⎥⎥⎦ , μ = dim(Sr ) = 4

Mobility of the coupled mechanism can be computed as
Criterion 1:m = 6 − μ = 2. Hence, the coupled mechanism has a total of two DOF.
The orientation of these DOF is obtained by calculating S f (reciprocal of Sr ):

S f =
[
0 1 0 0 0 0
0 0 0 c2 0 −a2

]
(9)

From S f , It is observed that the platform has 1 − DOF rotation about Y0 axis
and 1 − DOF translation in the X − Z plane.

Criterion 2 : Sc = Srb1 ∧ Srb2 =
[
0 1 0 0 0 0
a2 0 c2 0 0 0

]
, λ = dim(Sc) = 1, d = 6 − λ = 5

This represents every link of mechanism is subjected to a common 1 − DOF con-
straint force along Y -axis and 1 − DOF constraint force in the X − Z plane. Quan-
tities {Src } and < Srv > are calculated as follows:

< Src >=
[
0 0 0 1 0 0
0 0 0 0 0 1

]
(10)

The rank of< Src > is two, as both the screws {Sr,1c , Sr,2c } of the matrix are linearly
independent. Hence, < Src > = {Src }, i.e., < Srv > = φ. Thus ν = card(< Src >) =
0. Furthermore, number of links (n) = 4, number of joints (g) = 4 and total number
of DOF (

∑g
i=1 fi ) = 6.

m = d(n − g − 1) +
g∑

i=1

fi + ν = 2 (11)

Hence, from both the criteria, the mobility of the mechanism is computed to be two.
This implies that the coupled mechanism has only 1 − DOF at the shoulder joint
and 1 − DOF at the elbow joint. The motion is restricted to the sagittal plane only
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and other motions of the shoulder joint such as rotation about the internal/external
and abduction/adduction rotational axes are not possible.

4.2 Mobility Analysis of Type II Mechanism

Considering Fig. 2, we have a global coordinate frame which is attached at point O
and is represented by the triad {X0,Y0, Z0}. The rotational axes of the spherical joint
present at O are along the directions {X1,Y1, Z1}. The rotational axes of revolute
joints present at A, B, C, D, E, F, and G are represented by X2, Z3, Z4, Z5, Y6, Y7,
and Y8, respectively. Similar to the previous case, we have the exoskeleton chain and
the human arm represented as Sb1 and Sb2, respectively. For obtaining Sb1, we follow
step-by-step calculation of screw vector pertaining to each joint of the exoskeleton
chain.
Joint A:
ω = [1 0 0], r = [a1 0 0], $A = [ω ω × r ] = [1 0 0 0 0 0]
Joint B:
ω = [0 0 1], r = [a2 b2 0], $B = [ω ω × r ] = [0 0 1 − b2 a2 0]
Joint C:
ω = [0 0 1], r = [a3 b3 0], $C = [ω ω × r ] = [0 0 1 − b3 a3 0]
Joint D:
ω = [0 0 1], r = [a4 b4 0], $D = [ω ω × r ] = [0 0 1 − b4 a4 0]
Joint E:
ω = [0 1 0], r = [0 b5 0], $E = [ω ω × r ] = [0 1 0 0 0 0]
Joint F: The Y-coordinate of joints F and E are same as the two points lie on the
same plane parallel to the x-z plane, i.e.,ω = [0 1 0], r = [a6 b5 c6] $F = [ω ω × r ]
= [0 1 0 C6 0 a6]

Sb1 =

⎡
⎢⎢⎢⎢⎢⎢⎣

$A

$B
$C
$D
$E
$F

⎤
⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎣

1 0 0 0 0 0
0 0 1 −b2 a2 0
0 0 1 −b3 a3 0
0 0 1 −b4 a4 0
0 1 0 0 0 0
0 1 0 c6 0 −a6

⎤
⎥⎥⎥⎥⎥⎥⎦

(12)

Sb2 is same as the Eq.6 given in the previous section and reciprocal of screw
systems Srb1 and Srb2 is obtained by using Eq.2

Srb1 = φ, Srb2 =
[
0 1 0 0 0 0
a6 0 c6 0 0 0

]
(13)

Here, the rank of Sb1 is six which means that the reciprocal of Sb1 i.e.,Srb1 is a null
set with a rank equal to zero. The rank of the multiset < Sr > = Srb1 +S

r
b2 is two, as

the screws {Sr21, Sr22} are linearly dependent.
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Sr = Srb2 =
[
0 1 0 0 0 0
a6 0 c6 0 0 0

]
, μ = dim(Sr ) = 2

Mobility of the coupled mechanism can be computed as
Criterion 1:m = 6 − μ = 4. Hence, the coupled mechanism has a total of four DOF.
The orientation of these DOF is obtained by calculating S f (reciprocal of Sr ):

S f =

⎡
⎢⎢⎣
1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 c6 0 −a6

⎤
⎥⎥⎦ (14)

From S f , we observe that the platform can rotate about the three axes, i.e., X −
axis, Y − axis, and Z − axis. It also has 1-DOF translation in the X-Z-plane.
Criterion 2 : Sc = Srb1 ∧ Srb2 = null (i.e. φ), λ = dim(Sc) = 0, d = 6 − λ = 6
This represents every link of mechanism is subjected none common constraint force
and constraint couple. Quantities Src and < Srv > are calculated as follows:

< Src >=
[
0 0 0 1 0 0
a6 0 c6 0 0 0

]
(15)

Rank of < Src > is two, as both the screws {Sr,1c , Sr,2c } of the matrix are linearly
independent. Hence, < Src > = {Src }, i.e., < Srv > = φ. Thus ν = card(< Src >) =
0. We also have, number of links (n) = 8, number of joints (g) = 8 and total number
of DOF (

∑g
i=1 fi ) = 10.

m = d(n − g − 1) +
g∑

i=1

fi + ν = 4 (16)

Hence from both the criteria, the mobility of the type II mechanism is computed to
be four. This implies that the coupled mechanism has all three rotational degrees of
freedom about the axes of the shoulder joint and also an additional degree of freedom
at the elbow joint.

Both the coupled configurations are summarized in Table1. The table consists of
a set of comparative parameters to differentiate the performance of the mechanisms.
The type II mechanism with redundant DOFs has more mobility at the end-effector
and experiences fewer constraint forces/couples.

The results for mobility obtained from Eqs. 11 and 16 represent the maximum
mobility possible with the associated configurations. The instantaneous mobility,
however, depends on the coordinates of joints pertaining to both the exoskeleton and
the human arm. These coordinates are in turn a function of the coupled mechanisms’
link lengths, which can be optimized so that no singularities are observed in the
mechanisms’ workspace, thus enabling the mechanisms to operate with complete
mobility.
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Table 1 Comparison between both mechanisms based on end-effector motion, constraints and its
respective mobilities

Type Actuator Mobility Motion at
end-effector

Constraint at
mechanism

Coupled system
without
redundant joint

2-Active 2 − DOF 1 − DOF
rotation about
Y − axis and
1 − DOF
translation in
X − Z plane i.e.
sagittal plane

1 − DOF
constraint force
along Y − axis
and 1 − DOF
constraint force in
the X − Z plane

Coupled system
with redundant
joint

2-Active,
4-Passive

4 − DOF 3 − DOF
rotation about all
axes and
1 − DOF
translation in
X − Z plane i.e.
sagittal plane

No common
constraint force
or couple about
any axis is
subjected on
mechanism

5 Conclusion and Future Work

In this paper, the work presented two variations of upper limb exoskeletons with or
without redundant joints, which fundamentally differ by the fact that one has mis-
alignment compensation associated with it and the other does not. A comprehensive
analysis of mobility is performed to determine each mechanism’s motion and their
constraints are studied as well. It is observed that the type II mechanism, i.e., the
upper limb exoskeleton with redundant DOFs offers greater mobility than the type
I mechanism which restricts motion to the sagittal plane only. The work highlights
the approach of computing mobility and constraints of coupled mechanisms between
the exoskeleton and the associated human limb. In future, more complicated parallel
mechanisms will be investigated where the branches of coupled mechanisms are not
just serial chains but may contain loops as well. Furthermore, kinematic and dynamic
models of the conceptual design can be formulated. The models will help to realize
the concept through simulation and prototype development.
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AHP Integrated TOPSIS Methodology
for Selection of Non-Conventional
Machining Process for Micro-Drilling

Pranav Vijay Deosant, Ashish Ravindra Lande,
Anurag Gopal Vishwakarma, and Hemant P. Jawale

1 Introduction

Conventional machining processes have restricted applications for producing
complex shapes having required tolerance and surface roughness. Hard materials
like tungsten carbide, titanium, ceramics, and refractories are difficult to machine on
conventional machining processes. Therefore, these processes are now replaced by
non-traditional machining (NTM) processes [1]. In NTM the material is removed by
mechanical, thermal, electrical, chemical, or combinations of these energies. InNTM
processes, it’s not necessary that the tool should be harder than workpiece unlike the
conventional machining processes [2]. In most of the NTM processes, there is no
direct contact between the tool and the workpiece, so the wear of tool doesn’t take
place. The NTM processes have high-dimensional accuracy and low surface rough-
ness. The non-traditionalmachines are expensive and need high power formachining.
Their maintenance cost is also high. The selection of optical parametric settings for
these machines is also important for achieving maximum efficiency. In some cases,
the catalogues and data handbooks are consulted by the manufacturer for achieving
maximum efficiency.
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2 Analytical Hierarchy Process (AHP)

AHP is proposed by Saaty in 1980 [3]. It is a measurement theory, based on pairwise
contrast and depends mostly on the expert’s judgment to gain at priority scales. The
expert’s judgment may be unstable. AHP is concerned with the improvement of the
judgments so as to obtain better consistency. The weights and priorities are gained
based on qualitative and quantitative information of multi-objectives. AHP for multi-
response improvement has demonstrated an improvement in universal desirability
in comparison to the use of equal weights [4]. It is applied in a huge variety of
sectors containing planning, selecting the best alternatives, and resolving conflicts.
This process is used to find the individual weightage of each criterion. Allotting
weights and calculating the performance credits of each alternative can help to select
the best alternative.

AHP is of utmost importance for decision-making as it takes into account the
strategic goals set in our mind required for the outcome of project. These goals are
transformed into a set of weighted criteria that can be used as score for the projects.
Thus, our goals can now be prioritized and selected according to our project’s needs.

3 Case Study

In this case study,micro-hole drilling operationwithminimumdiameter tomaximum
depth is considered. While performing an experiment for the above case study
four alternatives have been considered: laser beam machining (LBM), electric
discharge machining (EDM), electron beam machining (EBM), and ultrasonic
machining (USM). The process parameter considered are hole tolerances, operating
volt required, hole depth produced, minimum possible diameter, surface finish, and
cost for operation.

Comparisons of capabilities for different parameters with the different NTM
processes are shown above. The standard values are reported by [5] except cost,
the values of cost for various NTM processes are addressed as shown in Table 1.
Elements of Table 1 are presented by aij.

Table 1 Comparison of capabilities [5]

Parameters(n) LBM EBM USM EDM

Hole tolerance (mm) 0.05 0.025 0.025 0.025

Operating volt (V) 4500 150,000 220 50

Hole depth (mm) 17.5 7.5 25.0 62.5

Minimum diameter (mm) 0.125 0.025 0.075 0.13

Surface finish (µ) 0.4 0.2 0.25 0.05

Cost 4 5 3 2
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Table 2 shows that numerical rating of preferences proposed by Saaty’s scale
reported by [3].

Table 2 helps the decision-maker to compare the parameters that he/she may
be choosing for their outcome of the project. The parameters are compared among
themselves by the decision-maker and allotted a numerical rating as per their prefer-
ence over other parameters. These preferences are recorded for each of the decision
maker’s parameters. However, the preferences allotted to the parameters are totally
dependent on the decision-maker’s choice based on their project outcome. By doing
so, the decision-maker determines its prioritization over the parameters that had been
chosen for the present work.

Table 3 represents the Random Index table given by Saaty [3]. He had performed
various experiments on AHP for prioritization while considering the numbers of
parameters. He developed this table later, which gives the estimated value of RI for a
given number of parameters (n). Table 3 shows values of RI of different parameters
(n) which is later useful for the determination of consistency of weights, beneficial
and non-beneficial criteria. Ideologies and opinions may clash with each other when
a group of mind works together. This does not lead the discussion to any conclusion.
However, some solution is still required. Opinions of each decision-maker are still
considered and the project is continued, but the errors occurring during the project
have to be limited at some point in order to satisfy the demand of each decision-maker.
An RI value provides the limitation to this error. Hence for a number of parameters,
a RI is the value is known which allows only a small amount of error in the whole
decision-making process.

Table 2 Saaty’s scale [3] Preference Numerical rating

Equal importance 1

Moderate importance 3

Strong importance 5

Very strong importance 7

Extreme importance 9

Intermediate values 2, 4, 6, 8

Values for inverse comparison 1/3, 1/5, 1/7, 1/9, 1/2, 1/4, 1/6,
1/8

Table 3 Random index (RI)

n 1 2 3 4 5 6 7 8 9 10

RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49
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3.1 AHP for Multi-Criteria Decision-Making (MCDM)

In order to develop the comparison matrix as per the decision-maker’s preference
for MCDM, AHP is systematically applied. Pairwise comparison matrix for micro-
drilling application by considering various parameters is shown in Table 4. In this
table, Xij represents the elements of the matrix of 6 × 6, as we have considered six
parameters, where “i” is for rows and j is for column.

Table 5 shows normalizing the pairwise comparison matrix for calculating weight
criteria. The value of each individual cell in the above table is obtained by dividing
each cell value of Table 4 by the sum of its corresponding cell column from Table 4.

Mathematically it is given as;

X1ij = (aij�aij)

X1ij11 = (1/9.7500)

= 0.1026 (1)

Table 4 Pairwise comparison matrix

Parameter Hole tolerance Operating volt Depth Min. diameter SR Cost

Hole tolerance 1 2 1/3 1/3 1/2 4

Operating volt ½ 1 1/5 1/5 ½ 1

Depth 3 5 1 1 2 4

Min. diameter 3 5 1 1 4 4

SR 2 2 1/2 1/4 1 2

Cost 1/4 1 1/4 1/4 1/2 1

Sum of columns 9.7500 16.0000 3.2833 3.0333 8.5000 16.0000

Table 5 Normalized pairwise comparison matrix

Parameter Hole
tolerance

Operating
volt

Depth Min.
diameter

SR Cost Criteria
weight =
Avg. of
each row

Hole
tolerance

0.1026 0.1250 0.1015 0.1099 0.0588 0.2500 0.1246

Operating
volt

0.0513 0.0625 0.0609 0.0659 0.0588 0.0625 0.0603

Depth 0.3077 0.3125 0.3046 0.3297 0.2353 0.2500 0.2899

Min.
diameter

0.3077 0.3125 0.3046 0.3297 0.4706 0.2500 0.3292

SR 0.2051 0.1250 0.1523 0.0824 0.1176 0.1250 0.1346

Cost 0.0256 0.0625 0.0761 0.0824 0.0588 0.0625 0.0613
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where X1ij represents the element of matrix as shown in the table.
Values of the individual cell of Table 6 can be obtained by multiplying the criteria

weight of the parameterswith the corresponding elements of Table 4;mathematically,
it is given as X2ij = aij × (Criteria weight) ij, where X2ij represents the elements of
matrix Table 6. In this table, terms named as weighted sum value, criteria weight,
no of parameters denoted which are by (n), “ň” denoting the ratio of weighted sum
value to the weight criteria. The average of ratios is calculating as below:

� λmean = Average of Ratio � λ
= (6.1316 + 6.2172 + 6.2394 + 6.3123 + 6.3462 + 6.1142)/6

� λmean = 6.2268

From ňmean, the term consistency index (CI) is defined as the ratio of the average
weighted sum value and criteria weight to the difference of number parameters:

CI = {( � λmean − n)}/(n − 1)

CI = (6.2268 − 6)/(6 − 1)

CI = 0.0454 (2)

CI gives the information about the logical consistency among the pairwise
comparison matrix.

The standard value 0.1 was set by Saaty to compare the index with an appropriate
consistency index, known as Random Consistency Index (RI). From CI and RI,
consistency ratio is defined as the ratio of CI to RI.

Consistency ratio = (Consistency index/Random Index), for n = 6; RI = 1.24
obtained from random index Table 3.

CI = 0.0454/1.24

CI = 0.0366

Since the calculated value of consistency ratio is less than standard (0.0366 <
0.1); hence, the decision maker’s preferences are consistent and the process is going
to be in the right direction. Inconsistency is acceptable if the value of CI is less than
or equal to 10%; otherwise, it needs to revise the subjective judgment [6]

Beneficial criteria (B) are those whose larger value is required and non-beneficial
criteria (NB) are those lower values that is desired for obtaining the best out of the
alternative. Hole tolerance is considered as the non-beneficial criteria because if the
lower value is desired for application, the lower will be hole tolerance value more
accurate will be the hole as less tolerance. Operating volt is considered as the non-
beneficial criteria because we require an alternative which consumes less power for



494 P. V. Deosant et al.

Ta
bl
e
6

Ta
bl
e
fo
r
co
ns
is
te
nc
y

C
ri
te
ri
a
w
ei
gh

t
0.
12
46

0.
06
03

0.
28
99

0.
32
92

0.
13
46

0.
06
13

W
ei
gh

te
d
su
m

va
lu
e

C
ri
te
ri
a
w
ei
gh

t
R
at
io

(ň
)

H
ol
e
to
le
ra
nc
e

0.
12
46

0.
12
06

0.
09
66

0.
10
97

0.
06
73

0.
24
52

0.
76
40

0.
12
46

6.
13
16

O
pe
ra
tin

g
vo
lt

0.
06
23

0.
06
03

0.
05
79

0.
06
58

0.
06
73

0.
06
13

0.
37
49

0.
06
03

6.
21
72

D
ep
th

0.
37
38

0.
30
15

0.
28
99

0.
32
92

0.
26
92

0.
24
52

1.
80
88

0.
28
99

6.
23
94

M
in
.d

ia
m
et
er

0.
37
38

0.
30
15

0.
28
99

0.
32
92

0.
53
84

0.
24
52

2.
07
80

0.
32
92

6.
31
23

SR
0.
24
92

0.
12
06

0.
14
49

0.
08
23

0.
13
46

0.
12
26

0.
85
42

0.
13
46

6.
34
62

C
os
t

0.
03
12

0.
06
03

0.
07
24

0.
08
23

0.
06
73

0.
06
13

0.
37
48

0.
06
13

6.
11
42



AHP Integrated TOPSIS Methodology for Selection … 495

Table 7 Decision matrix with beneficial and non-beneficial criteria for selection of best alternative

Criteria NB NB B NB NB NB

Alternatives Hole tolerances Operating volt Depth Min. diameter SR Cost

LBM 0.5000 0.0111 0.2800 0.2000 0.1250 0.5000

EBM 1.0000 0.0003 0.1200 1.0000 0.2500 0.4000

USM 1.0000 0.2273 0.4000 0.3333 0.2000 0.6666

EDM 1.0000 1.0000 1.0000 0.1923 1.0000 1.0000

the operation, thus saving the power and cost for the operation. Depth is considered
as the beneficial criteria because its higher value is desired, it requires a hole up
to maximum possible depth. Minimum diameter is considered as the non-beneficial
criteria because we need a hole of minimum possible diameter for micro-drilling
operation. Surface roughness is considered as the non-beneficial criteria because
less will be the surface roughness value in microns’ smother will be the hole finish.
Cost is considered as the non-beneficial criteria because it needs an alternative that
is low in cost for economical operation.

Non-Beneficial Criteria each cell value X3 = {(Min Xij/ Xij) from each row of
Table 1}.

Beneficial Criteria each cell value X3 = {(Xij/ Max Xij) from each row of Table
1}.

X3ij = X3ij represents the elements of matrix Table 7.
Values of an individual cell of Table 8 can be obtained by multiplying the corre-

sponding cell of Table 7 with the criteria weight of the parameter calculated in Table
5; mathematically, it is: X3ij × (Criteria Weight)ij. The performance rating of each
alternative is the sum of corresponding rows for a given alternative. From the perfor-
mance rating of Table 8 (0.7340>0.5647>0.4315>0.2574), it is noticed that EDM
ranks first amongst the other alternatives followed by EBM, then USM, and finally,
LBM.

Table 8 Criteria weights allotted to decision matrix

Criteria
weights

0.1246 0.0603 0.2899 0.3292 0.1346 0.0613 Performance
rating (PR)

Parameters Hole
tolerances

Operating
volt

Depth Min.
diameter

SR Cost

LBM 0.0623 0.0007 0.0812 0.0658 0.0168 0.0306 0.2574

EBM 0.1246 0.00002 0.0348 0.3292 0.0336 0.0245 0.5467

USM 0.1246 0.0137 0.1159 0.1096 0.0269 0.0408 0.4315

EDM 0.1246 0.0603 0.2899 0.0633 0.1346 0.0613 0.7340



496 P. V. Deosant et al.

4 Technique for Order of Preference by Similarity to Ideal
Solution (TOPSIS)

This method is developed by Hwang and Yoon in 1981. It is ranking method in
conception and application. In the standard TOPSIS method, an attempt to choose
alternatives simultaneously that have the shortest Euclidean distance positive ideal
solution and farthest from a negative ideal solution. This method gives a solution that
is not only closest to hypothetical best but also farthest from hypothetical worst [7].
A positive ideal solution maximizes the benefit criteria and minimizes cost criteria,
whereas it is vice versa for the negative ideal solution [7].

Table 9 shows the decision matrix for TOPSIS which is obtained by dividing the
element of each cell with the square root value of the sum of the square of value of
each parameter of Table 1. Mathematically, it is:

Rij = {Xij/[(
√

(
n
σj=1X

2
ij (3)

Rij represents the elements of matrix Table 9.

CoonsideringR11 = {0.05/ (0.052+0.0252+0.0252+0.0252)
√}

R11 = {0.05/ (0.052+0.0252+0.0252+0.0252)
√}

R11 = 0.05/0.06614

Individual value of Table 10 is obtained by multiplying the corresponding R1ij
value from Table 9 to the criteria weight from 5. Ideal best is the smallest value
from the column and ideal worst is the largest value from the column considering
the beneficial and non-beneficial criteria.

Individual value of Table 11 is obtained by calculating the Euclidean distance for
ideal best and ideal worst alternatives. The corresponding values of R1ij value from
Table 10 are used in positive separation measure and negative separation measure
[8]. The formula for calculating the relative closeness from ideal solution to each
alternative is given by:

Table 9 Decision matrix for TOPSIS

Parameters Hole tolerances Operating volt Depth Min. diameter SR Cost

LBM 0.7559 0.0299 0.2502 0.6348 0.7770 0.5443

EBM 0.3779 0.9995 0.1072 0.1269 0.3885 0.6804

USM 0.3779 0.0015 0.3574 0.3809 0.4856 0.4082

EDM 0.3779 0.0003 0.8934 0.6602 0.0971 0.2722
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Table 10 Allotting criteria to decision matrix

Criteria weights 0.1246 0.0603 0.2899 0.3292 0.1346 0.0613

Parameters Hole tolerances Operating volt Depth Min. diameter SR Cost

LBM 0.0941 0.0002 0.0725 0.2089 0.1046 0.0334

EBM 0.0471 0.0603 0.0311 0.0418 0.0523 0.0417

USM 0.0471 0.00009 0.1036 0.1254 0.0654 0.0250

EDM 0.0471 0.00002 0.2589 0.2173 0.0131 0.0167

Ideal best Vj+ 0.0471 0.00002 0.2589 0.0418 0.0131 0.0167

Ideal worst Vj− 0.0942 0.0603 0.0311 0.2173 0.1046 0.0417

Table 11 Calculating the Euclidean distance for ideal best and ideal worst alternatives

Parameter Positive separation
measure(Si + )

Negative separation
measure(Si-)

Performance score(PS)

LBM 0.2712 0.0739 0.2141

EBM 0.2402 0.1891 0.4405

USM 0.1842 0.1462 0.4425

EDM 0.0308 0.2583 0.8934

Si+ = [n�j=1(Vij − Vj+)2]1/2 Positive Separation Measure (4)

Si− = [n�j=1(Vij − Vj−)2]1/2 Negative Separation Measure (5)

PS = Si−/(Si+ + Si−)Relative Closeness to Ideal Measure (6)

Si+ = {[(0.0941–0.0471)2 + (0.0002–0.00002)2 + (0.0725–0.2589)2 +
(0.2089−0.0418)2 + (0.1046–0.0131)2 + (0.0334–0.0167)2]}(1/2).

Si+ = 0.2712.
Since (0.8934 > 0.4425 > 0.4405 > 0.2141).
From the above performance score, we noticed that EDM has a higher value so it

ranked first followed by USM, EBM, and LBM.

5 Result

In this case study, AHP is proposed to calculate qualitative and quantitative factors
using made decision-maker and deployed for determining the weightage criteria
of parameter in the given process such as hole tolerances, operating volt, depth,
minimum diameter, surface roughness, and cost. For assessment of this criterion,
weightage based on decision-maker factor AHP is very useful in industry and social
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life. The Final selection ofmicro-drilling operation consideringweightage parameter
TOPSIS is applied. It is a precise and simple decision-makingmethod with similarity
to ideal solutions. The performance rating values are organized according to priority.
The highest relative closeness value is providing for micro-drilling operation in
addition to micro-machining process. The relative closeness to the ideal solution
gives priority ranking as EDM > USM > EBM > LBM. The most significant micro-
drilling process for the present case study of drilling hole of the smallest possible
diameter and maximum possible depth is evaluated as EDM by this AHP integrated
with TOPSISmethodologywith the value of 0.8934. USMand EBMassessed nearby
giving a promising nature with a value of 0.4425 and 0.4405 followed by LBM with
a value of 0.2141. In this case study, EDM seems to have a ruling power over the
other alternatives. The methodology followed in this paper can be used for finding
the other possible solution of Micro-machining application.

6 Conclusion

(1) A joint TOPSIS–AHP method is proposed that helps in the selection of the
most appropriate NTM process from among available alternatives. While
machining micro-drilling on given work material, the MCDM approach is
deployed for identifying various NTM processes, parameters, selection, and
its interrelations.

(2) This approach takes care of quantitative and qualitative attributes which are
required for selection and gives a systematic, steady, and logical method for
NTM process selection.

(3) In this paper, promising results are calculated with the consideration of accu-
racy, tolerances, dimensional stability, and cost. Also taking into account the
thoughts and ideologies of person when making the decision in industry or
social life problem as well.

(4) Future scope of this paper can be experimentation and the analysis of our
parameters and modifying them as per their needs.
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Design and Development of Acoustic
Metamaterial and Micro-Perforated
Panel by Using 3D Printing

Atharva R. Kshirsagar, D. Job Sandeep Rajprian, and J. Jeyanthi

1 Introduction

Low-mid-frequency noise is common prevailing background noise in urban areas.
Vehicles, aircraft, industrial machines, mining explosions, and air conditioning units
are a common source of this low-frequency noise. Low-mid-frequency noise prob-
lems also occur in the industry presenting a different noise problem to those in homes
and offices [1, 2]. The World Health Organization perceives low-frequency noise as
an environmental problem [3]. It is more difficult to absorb low-frequency sounds
compared to higher frequency sounds.

Metamaterials are artificially designedmaterials that acquire their properties from
internal microstructure than from the chemical composition found in natural mate-
rials. These materials are designed to manipulate the propagation of sound much
different than it is possible using conventional materials [4, 5]. There are various
methods to fabricate the metamaterial, one of which is FDM (fused deposition
modeling) is used for the fabrication of core and MPP structures [6].

Sound absorption is the process bywhich the intensity of soundwaves is decreased
by the conversion of the sound energy into heat due to the material structure. The
sound absorption coefficient, alpha represents the sound-absorbing characteristics
of a material. The absorption coefficient (α) ranges from 0 (total reflection) to 1.00
(total absorption) [7]. Frequency variation results in a significant change in the sound-
absorbing characteristics of materials.

As a means of noise reduction, sound-absorbing materials have been widely used
in interior architecture, transportation, and aerospace engineering. The acoustical
effect of the honeycomb structure on the sound-absorbing performance of an MPP
sound absorber has been studied by the authors [8, 9]. The honeycomb structurewhen
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coupled with the MPPs acts as Helmholtz resonators and attenuates noise in the low-
and medium-frequency bands. These honeycomb structures broaden the frequency
band of sound absorption, thereby making it suitable for many applications [9].
Compared to traditional sound absorption materials, MPPs are more durable, envi-
ronmentally friendly, and plain in structure, so they are suitable for harsh conditions,
such as in high-temperature and high-pressure applications [10]. MPPs can be usable
in a severe and harsh environment. Also, they are more designable than most of the
other sound-absorbing materials [8].

The principle behind using the perforated panel is enhancing the viscous and
thermal losses by perforating numerous sub-millimeter diameter holes in the thin
panel, leading to the desired acoustic resistance and a reduction in the mass reactance
[11].

The sandwich structure comprising a honeycomb core and panels acts as a
Helmholtz resonator and therefore exhibits good sound absorption in the low-mid
frequency range without the need to increase the thickness of the material. It is
lightweight and has excellent mechanical properties and has a high mechanical
strength: weight ratio, so it is widely applied in aerospace, railway vehicle, and
architectural scenarios [10]. Therefore, these metamaterials provide a lightweight
solution in absorbing such low-mid-frequency noise. These can be used in office
buildings, residential, and commercial environments. In aircraft, vehicle cabins, and
machinery, these materials improve the structural strength and at the same time
enhance the absorption frequency range into two or three-octave bands [12, 13].

2 Design and Fabrication

This paper focuses on the honeycomb structure as its lattice structure. Besides, honey-
comb structure enhances the effect of the changes in MPP parameters on the sound
absorption characteristics [9]. Certain variations were added to the simple hexagonal
structure by adding a cylindrical part at the center of the hexagon supported by six
vertical faces. To optimize the design, an octagonal structure with a cylinder and
supported by eight vertical faces were designed.

The design considerations and the dimensions of theMPPwere obtained from the
design formulae in [14, 15]. These formulas yielded the parameters that were then
used to make the MPPs and the core structures. The MPPs were designed with the
following parameters:

Diameter of holes (d): 0.5, 0.6, 0.7, and 0.8 mm.
Distance between holes/perforations (b): 4.5, 5.5, and 10 mm.
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The thickness of the plate (t): 1, 1.5, and 2 mm.
Diameter of MPP (D): 99.9 mm.

2.1 Modelling of Core Structures and Micro-Perforated
Panels

Three core structures and MPPs were designed in the SOLIDWORKS software by
taking into account the parameters in Table 1.

Fig. 1 CAD Model of core structures: a hexagonal structure, b lined hexagonal structure,
c octagonal structure

Fig. 2 CADmodel Mpp with thickness t= 1 mm: a d= 0.5 mm, b t= 0.6 mm and, c d= 0.7 mm;
CAD Model of MPPs with d = 0.8 mm: d b = 10 mm, e b = 5.5 mm, and f b = 4.5 mm
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Fig. 3 Solidworks model of 0.8 mm MPP with thickness a t = 1 mm, b t = 1.5 mm, and c t =
2 mm

Table 1 Geometry and
specifications of various
structures

Structure Geometry Specifications

Hexagonal
structure

Side of the hexagon:
3 mm
Side of the octagon:
3 mm
Inner circle radius:
1.36 mm
Thickness of the faces
and sides: 0.3 mm
Thickness of the sample:
30 mm

Modified hexagonal
structure

Octagonal structure

Fabrication

Fabrication of the core and MPP with sub-millimeter accuracies is a challenge,
especially when the holes are in the sizes of 0.5 mm diameter. Fused deposition
modeling (FDM) is a type of additive manufacturing technique that is employed in
this work to fabricate the required samples. FDM has been proven to be effective
in printing structures with sub-millimeter dimensions [16]. The walls of the core
structures have a thickness of 0.3 mm, which were printed by an FDM machine,
with a 0.3 mm nozzle. PLA (Poly Lactic Acid) is a biodegradable (under the right
conditions) thermoplastic derived from renewable resources such as corn starch, or
sugarcane was used as the base material. PLA was the material used to print the core
structures and the MPPs [17] (Table 2).
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Fig. 4 3D Printed model of a Hexagonal core structure (C1), b Lined Hexagonal core structure
(C2), and c Octagonal structure (C3)

Fig. 5 3D Printed model of MPPs: MPP with a d = 0.5 mm, b d = 0.6 mm, c d = 0.7 mm and
fixed t = 1 mm and b = 5.5 mm

3 Testing and Simulation

3.1 Impedance Tube Test

The sound absorption coefficient of the material is measured using Impedance Tube
Apparatus, which is a system consisting of a glass tube containing a speaker at the
one end and the material sample whose properties are to be measured at the other
end [11].

The system has a pair of 1/2′′ Microtech Gefell microphones separated by a fixed
distance are connected to the glass tube with the help of microphone holders. These
microphones are connected to a data acquisition system [11] (Figs. 1, 2, 3, 4 and 5).

A function generator is used to power the speaker in the impedance tube. For the
absorption coefficient, a rigid backing is also used [6, 11].

The sound absorption coefficients of the multilayer porous absorber samples were
measured with an impedance tube using the transfer function method [6, 11]. The
testing setup was established according to ASTME 1050 and is illustrated in Fig. 6a.
The frequency range of interest was 50–1000 Hz.
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Table 2 Specifications of
impedance tube apparatus

Parameter Specifications

Impedance tube length 1000 mm

Inside diameter 100 mm

Speaker frequency response
range

160–7000 Hz

Signal generator 200–6500 Hz

Sweep in Automated

Number of microphones 2

Sample holding unit 50 mm

Controls PC automated measurements

Software MATLAB

Fig. 6 a Experimental setup of Impedance tube setup, b Schematic diagram of Impedance tube
setup

Simulation

The Absorption coefficient simulation is carried out in the COMSOL 5.5 Multi-
physics software. The porous absorber model is solved in the frequency domain and
provides the absorption coefficient in a frequency range of 50–1000 Hz in steps of
2 Hz.

The inbuiltmodel can be used to performsimulations by changingdifferent param-
eters such as the thickness of the plate, the diameter of holes in the plate, the distance
between the holes, and porosity.

Input Parameters:
Model type: Thin Plate (PLA Material); Hole diameter: Varying from 0.5 mm to

0.8 mm; Plate Thickness: 1 mm; Air Domain height: 30 mm; Fluid Material: Air.
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4 Results and Discussion

4.1 Impedance Tube Test

The following graph was obtained by experimenting on the samples: C1, C2, C3,
C1P, C2P, and C3P. C1P, C2P, and, C3P are C1, C2, and, C3 each coupled with a d
= 0.5 mm, t = 1 mm MPP, respectively.

Figure 7 shows that the core structures C1, C2, and C3 do not offer good acoustic
shielding. The sound absorption through a metamaterial is achieved by viscous and
thermal losses, through anMPP by resonant behavior. Thus, a wide range of frequen-
cies was absorbed when the MPP was coupled with a porous material. For an MPP
with a fixed perforation ratio of 1.1%, Fig. 7 provides a comparison between the
three porous structures and their acoustic performance when accompanied by an
MPP. These single units (C1P, C2P, and C3P) that behave as Helmholtz resonators
are quite effective in broadening the peak over a range of frequencies.

AFoam sample was used as a standard to compare the performance of the test
samples. The acoustic performance of C3Pwas found to be better than C2P, followed
by C1P and foam for the frequency range of 400–700 Hz. For instance, at 550 Hz,
the value of the absorption coefficient by C3P was 0.756, by C2P was 0.6, and by
C1P, it was 0.37. The intricacy of the porous structure contributes to a better acoustic
performance that is evident from the octagonal porous structure (C2P) as well.
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Fig. 7 Comparison of curves of the samples from the sound absorption test
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Fig. 8 Comparison of the absorption coefficient with a change in perforation diameter (d) for t =
1 mm, t = 2 mm, and t = 3 mm and a constant pitch, b = 5.5 mm

Effect of perforation diameter and plate thickness on the absorption coefficient.

Effect of pitch/number of holes on the absorption coefficient.
From Fig. 8 it can be said that, with the increase in the thickness of the MPP, the

absorption coefficient increases and the absorption frequency falls, hence attenuating
lower frequencies better.

It can be observed from Fig. 9 that MPPs with shorter pitch absorb a larger
frequency range compared to, b = 10 mmMPP. With the increase in the diameter of
holes, the absorption efficiency of lower pitch MPPs decreases. With the increase in
the diameter of holes, the curve for lower pitch MPPs flattens.

The higher pitch boosts the absorption for larger diameter MPPs corresponding to
lower frequencies. The MPP with b = 10 mm exhibits a high absorption coefficient

Fig. 9 Comparison of the absorption coefficient with a change in perforation diameter (d) and pitch
(b)
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(~0.97), but the absorption curve is steep; therefore, a small band of frequencies is
absorbed. The objective of the larger diameter MPPs is to absorb the sound in the
low-mid-frequency range, which is effectively being done by the low pitch MPP,
especially 5.5 mm. Also, as we increase the pitch, the absorption coefficient reaches
0 at the higher end of the low-frequency band, but on the other hand, the lower pitch
MPPs have a broad range of absorption.

5 Conclusion

The study showed that the simple hexagonal structured metamaterial when coupled
with an MPP exhibited good sound absorption with an absorption coefficient ~0.8.
The low-mid-frequency rangewas absorbed effectively and the absorption coefficient
was between 0.6 and 0.8 for this range. The Octagonal structure was found to be
better than the modified hexagonal structure in terms of sound absorption.

The simulation study gives the right choice of parameters for fixing theMPP to be
coupled with the metamaterial, so that the combination yields maximum absorption
coefficient, It can be told that, with the increase in the thickness of the MPP, the
absorption coefficient increases, the frequency corresponding to maximum absorp-
tion falls, hence attenuating the lower frequencies is better. It is observed that MPP
with a higher pitch offered a higher absorption coefficient for different hole diam-
eters, but the curve was steep and therefore attenuating a narrow frequency band.
Hence, MPPs with shorter pitch (b = 5.5, 4.5 mm) though exhibiting less absorption
coefficient are preferable since the frequency band is broader. The design can be
improved further to achieve better results.
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Study of Effect of Angle of Contact
and Angle of Extension of Wear Plate
on Maximum Stress Induced
in Horizontal Pressure Vessel

Aniruddha Nayak and Pravin Singru

1 Introduction

Pressure vessels are tanks that are used to store fluids. Pressure vessels often have
a combination of high-pressure and high-temperature fluids in them along with this
the fluids might also be highly flammable or poisonous in nature. Because of such
hazards, if any accident occurs with pressure vessels, it can cause a large number of
fatalities. Because of such risks and hazards, pressure vessels have to follow strict
rules and regulations during design process.

Pressure Vessels are classified as Horizontal, Vertical, or Spherical. Horizontal
pressure vessels are supported by two saddle supports near its end. One of the saddle
supports is sliding in nature to accommodate the changes in the length of the vessel
due to the temperature changes in the vessel. Pressure load and self-weight induce
membrane stresses, bending stresses, and shear stresses in the shell of the vessel.
Pressure vessels are designed based on various International codes to assure their
safety in their operating conditions. Common pressure vessel codes used for design-
ing are ASME Boiler and Pressure Vessel Code Section VIII, European committee
for Standardization, and British Standards Institution. In this paper, we have used
ASME Boiler and Pressure Vessel Code Section VIII [1].

The vessel can be supported by a saddle in two ways: (1) The saddles are welded
along the periphery of the vessel. (2) The vessel is freely kept on the saddle support.
The prior option is more commonly used. When a vessel is supported by a saddle
support, a saddle acts as a stiff support and when the saddle is connected to the vessel
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there is a sudden change in the stiffness as the shell is relatively less stiff as compared
to the saddle support. Therefore, we see a stress concentration in the shell of the vessel
near the saddle horn. This highest localized stress is termed circumferential stress.
There are some methods by which we can reduce this peak stress value at the saddle
horn. (1)We can add awear platewhich extends above the saddle between the support
and the vessel making the transition from the support to the vessel less intense. (2)
In the case of loose-fitting saddle supports we can increase the radius of the saddle
slightly than the outer radius of the vessel. This method introduces a gap between
the vessel and the saddle at the unloaded condition and when loaded the vessel can
deform radially outwards up to some limit and hence the pinching effect of the saddle
on the vessel is reduced. (3) Designing saddle supports which are more flexible at
the saddle horn. (4) Adding stiffening rings in the vessel near the saddle supports,
which increases the stiffness of the shell and thus the stress concentration will be
reduced.

2 Literature Review

Zick et al. [2] studied the different stresses in large horizontal cylindrical pressure
vessels on two saddle supports. Megysey [3] explained the detailed procedure for
designing horizontal pressure vessels and saddle supports. The saddle support should
be placed at a distance less than 0.2 times the tangent length from the head to utilize
the stiffening effect of the head. Khan [4] studied the variation of the distance of
saddle support from the head of the vessel and calculated the maximum stress values.
It is found that, when the saddle is placed at a distance of 0.25L from the head, it
gives the best configuration. He also studied the effect of slenderness ratio (L/R) in
this configuration and studied that L/R values below 16 give the minimum value of
stress concentration. Ong and Lu [5] performed a parametric study for determining
the optimal support radius for loose-fitting saddle support for cylindrical pressure
vessel. It was found that the peak localized stress arising from the saddle support can
be reduced by using a clearance fit saddle. El-Abbasi et al. [6] performed a three-
dimensional finite element analysis study on pressure vessels resting on loose-fitting
saddle supports taking into consideration the frictional contact between the saddle
and the vessel and using thick shell elements. The results showed that increasing the
saddle radius by 1–2% over the vessel radius causes a stress reduction up to 50% in
the vessel, also an extension of thewear plate by 5–10 degrees caused stress reduction
of 25–40% in the vessel. Seng [7] presented a theory to analyze the effectiveness
of incorporating a wear plate at the saddle support of a cylindrical pressure vessel.
According to this theory, it is found that peak stresses in the vessel at the saddle horn
can be reduced by 15–40% when using a wear plate which has the same thickness as
the vessel and it extends 5◦ or more above the saddle horn. Ong and Lu [8] in their
study developed two geometric parameters and then provided a chart with parametric
curves to determine the stress reduction caused due to different configurations of the
saddle possible.
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A detailed FEA study in which the parameters of a saddle support are changed to
notice the changes caused in the localmaximumstress values is not found in literature.
This study is important as thiswill show the dependence of themaximumstress values
for different configurations of the saddle support. Knowing this, selection of the best
configuration which passes the ASME code can be made.

3 Problem Statement

A pressure vessel has the function to hold gases or fluids at a substantially higher
pressure than the surrounding. A horizontal pressure vessel is supported by two
saddle supports and these saddle supports must hold the weight of the vessel plus
the weight of the fluid without causing critical stress concentration on the shell of
the vessel. A saddle acts as a stiff support and when the saddle is connected to the
vessel there is a sudden change in the stiffness as the shell is relatively less stiff as
compared to the saddle support. Therefore, there is a stress concentration in the shell
of the vessel near the saddle horn. To reduce the effect of this stress concentration, a
wear plate is added, which acts as a buffer so that the change in stiffness is not very
drastic. It is the surface of the wear plate that is welded to the shell of the vessel. Even
after adding the wear plate the stress concentration at the saddle horn still exists but
is reduced substantially. The parameters of a saddle support that can be changed in
order to change the value of local stress concentration are (1) angle of contact of the
saddle, (2) the width of the saddle and wear plate, (3) thickness of the wear plate,
and (4) extension of the wear plate over the saddle horn. These parameters directly
govern the values and location of maximum local stress concentration in the shell.

A detailed FEA study inwhich these parameters are changed to notice the changes
caused in the local maximum stress values is not yet done. This study is important
as this will show us the dependence of the maximum stress values for different
configurations of the saddle support, knowing this selection of the best configuration
which passes the ASME code can be made.

4 Objective

The objective of the present study is to perform an FEA study and find the trends in
local stress concentration in the shell of a pressure vessel for different configurations
of saddle. In this study, saddle supports with the angle of contact 120, 130, 140,
150, 160, and 170 degrees is considered. We selected 120◦ as our lowest angle since
according to ASME code requirements, it is the least angle of contact that can be
used. Extension of wear plate by 0, 2, 4, 6, 8, 10 degrees on each side is considered
for study for the angle of contact of 120, 130, 140, and 150 degrees. In 160◦ case,
0, 2, 4, 6, 8 degrees of extension on each side and in 170◦case 0, 2, 4 degrees of
extension on each side are studied as the remaining configurations will lead to a total
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angle greater or equal to 180◦. The width of the wear plate is kept constant for all
configurations.

5 Problem Formulation and Design

The dimensions of the pressure vessel that we considered had an external radius of
2m, thickness of the vessel was 8mm, the total length of the pressure vessel from one
tangent end to another was 10m, the head type selected was Elliptical (2:1), the head
thickness was 12mm, the position of the saddle from one tangent end was 1.5m,
width of wear plate was 24cm, thickness of wear plate was 16mm, width of saddle
support was 20cm, thickness of rib plates and base platewas 20mm, thickness ofweb
plate was 30mm. Thematerial that we selected for the Pressure Vessel; the wear plate
was SA 516 Grade 70. The material properties are as follows: Density= 7800kg/m3,
Modulus of elasticity = 200GPa, Poison’s ratio= 0.29, Maximum allowed stress=
260MPa. The material that we selected for theWeb, Rib, and Base plate was IS 2062
Grade A36. The material properties are as follows: Density= 7850kg/m3, Modulus
of elasticity= 200GPa, Poison’s ratio= 0.26, Maximum allowed stress= 260MPa.
These material properties are obtained from ASME Section II Part D [9]. The oper-
ating conditions of the pressure vessel were considered as follows. Density of fluid=
1000kg/m3, Temperature of fluid= 298K, Operating pressure= 1MPa (Fig. 1).

(a) Isometric view (b) Front view

Fig. 1 Views of the saddle support



Study of Effect of Angle of Contact and Angle of Extension … 515

Fig. 2 Sliced Geometry with Loading in the FEA model (120-6 configuration)

6 Methodology

In this study, we kept the width of saddle support a constant and changed the value of
angle of contact and angle of extension of wear plate of a saddle and studied the effect
on the max stress in the vessel. The aim of this study is to find the most optimum
configuration of saddle to pass the ASME requirements according to ASME Section
VIII Division-2 [1] (Design by Analysis) while keeping the material costs at the
minimum.

The pressure vessel was modeled in SolidWorks 2019 and the 3D FEA analysis
study was completed in ANSYS 2020 Release [10]. The loading and boundary
condition on pressure vessel is as per Fig. 2. Gravity load due to self-weight, internal
hydrostatic pressure, and internal pressure of 1MPa is considered for the study. There
is fixed support at one end of saddle and frictionless support at the other end (Sliding
end). Solid Shell 190 (SOLSH190) elements, shown in Fig. 3, were used in meshing
of the shell and wear plate to give an accurate representation of bending in the thin
shell. SOLSH190 is used for simulating shell structureswith awide rangeof thickness
(from thin to moderately thick). The element possesses the continuum solid element
topology and features eight-node connectivity with three degrees of freedom at each
node: translations in the nodal x-, y-, and z-directions.

It is a 3Dsolid element free of locking in bending-dominant situations.Unlike shell
elements, SOLSH190 (Fig. 3) is compatible with general 3D constitutive relations
and can be connected directly with other continuum elements. SOLSH190 utilizes a
suite of special kinematic formulations, including the assumed strain method (Bathe
and Dvorkin [11] to overcome locking when the shell thickness becomes extremely
small. SOLSH190 employs enhanced strain formulations (Simo and Rifai [12], Simo
et al. [13] to improve the accuracy in in-plane bending situations. The satisfaction
of the in-plane patch test is ensured. Incompatible shape functions are used to over-
come the thickness locking. These are the strong reasons to consider SOLSH190
for analysis of the pressure vessels. Three elements were used along the thickness
to give an accurate representation of the bending of the shell. The finite element
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Fig. 3 Schematic of
SOLSH190

Table 1 Mesh Convergence test results on the 120◦ angle of contact saddle support with 4◦ exten-
sion of wear plate

Number of elements Maximum local stress concentration in shell

685554 261.92 MPa

1023768 281.44 MPa

1468242 293.33 MPa

3536219 299.17 MPa

3750086 299.35 MPa

analysis is a numerical technique and a convergence study is required to be done.
In this work, convergence study was done on the saddle support and the vessel to
confirm the accuracy of the results up to 0.05%. A sample result for one case of
the 120◦ angle of contact saddle support with 4◦ extension of wear plate is as per
Table 1.

7 Results and Discussions

The complete model shown in Fig. 2 is discretized using SOLSH190 with loading
and boundary conditions as mentioned in the methodology. The simulation result
shown in Fig. 4 is for the case of 120◦angle of contact and 4◦ extension on both

Fig. 4 A simulation image of 120◦ angle of contact and 4◦ extension on both sides (deformation
is exaggerated)
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Fig. 5 Stress distribution of
the vessel in the saddle
region (deformation is
exaggerated)

sides. In Fig. 5, the stress distribution in the vessel in the saddle region is shown. The
deformation is exaggerated and it is clear that there is stress concentration is in the
vessel at the saddle horn.

The stress distribution in all configurations is similar to that shown in Fig. 4 and
the location of the local circumferential stress concentration in all configurations is
similar to that shown in Fig. 5 at the saddle horn. Figure 6 shows variation of the max
local stress concentration in all the saddle configurations as per FEM simulations.
The value of the maximum allowable stress is also plotted as a straight line. All
the saddle configurations in which the value of the maximum stress falls below this
maximum value are safe and are eligible for use as it passes ASME requirements
according to ASME Section VIII Division-2 (Design by Analysis) while keeping the
material costs at the minimum.

Seng [7] has derived stress reduction factor at the saddle horn by use of wear
plate. The effectiveness of the wear plate (or saddle top plate) in reducing the peak
circumferential stress at the saddle horn can be quantified effectively by defining the
stress reduction factor Kt as follows:

Kt = Peak stress (wi th the wear plate)

Stress at saddle horn (wi thout the wear plate)
(1)

In this paper, an attempt is made to calculate the same after performing finite element
analysis of the vessel under different conditions as discussed in the methodology
section. The values of Kt , the stress reduction factor found by Seng [7] and K f found
by FEA is as per Table 2.

It is found that the % difference in the values of Kt and K f varies from 0 to 8.9%.
The practical limits as per ASME Section VIII Division-2 mentions that angle of
contact of 120–150◦ with the angle of extension of 4–8◦ are advisable in horizontal
pressure vessel design to pass the design criteria. The maximum difference in the
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Fig. 6 Plot of the stress concentration values of all the configurations together

Table 2 Comparison of stress reduction factor found by theory and FEA
Angle of exten-
sion ofwear plate
on both sides

4 6 8 10

Angle of contact
of the saddle sup-
port

K f Kt % diff K f Kt % diff K f Kt % diff K f Kt % diff

120 0.77 0.8 3.8 0.68 0.65 −4.62 0.61 0.56 −8.9 0.46 0.44 −4.55

130 0.78 0.8 2.5 0.67 0.65 −3.08 0.56 0.56 0 0.46 0.44 −4.55

140 0.76 0.8 5 0.61 0.65 6.15 0.54 0.56 3.57 0.46 0.44 −4.55

150 0.87 0.8 −8.7 0.68 0.65 −4.62 0.6 0.56 −7.1 0.56 0.44 −27.3

values of Kt and K f is observed in the case of 150◦ angle of contact with 10◦
extension and is equal to 27.3%, but it is observed in the FEAmodel that the location
of the maximum stress value is along the edge of the wear plate and not near the
saddle horn. Thus, we can see a higher deviation of the value of K f from Kt as
the Kt is calculated from parametric curves which are accurate if the stress is in the
saddle region. This particular case is anyway not important fromASME Section VIII
Division-2 requirement. So, we can consider this particular case as an exception for
the time being.
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8 Conclusions

From the results, we can conclude the following points:

(1) We can see that as the angle of contact increases from 120◦ to 170◦ the value
of the maximum stress concentration decreases. There is a 40.8% decrease in
maximum stress on the increase of angle of contact from 120◦ to 170◦.

(2) The increase in wear plate angle also causes the maximum stress concentration
to drop. There is an average reduction of 35% in maximum stress concentration
on increasing the wear plate angle from 0◦ to 6◦ on both sides.

(3) For our given case, we found that the following configurations are eligible: For
angle of contact of 120◦ configurations with angle of extension of 8◦ and above,
for angle of contact of 130◦ configurations with angle of extension of 6◦ and
above, for angle of contact of 140◦ configurations with angle of extension of 6◦
and above, for angle of contact of 150◦ configurations with angle of extension of
4◦ and above, for angle of contact of 160◦ configurations with angle of extension
of 2◦ and above, and all configurations with 170◦ angle of contact are eligible.

(4) For our given case it is found that the saddle configuration with angle of contact
120◦ and extension of 8◦ on both sides of the saddle is the best.
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Effect of Number of Stiffening Rings,
Their Position and Cross Section
on Stress Concentration Near Saddle
Support in Horizontal Pressure Vessels

Aniruddha Nayak and Pravin Singru

1 Introduction

Pressure vessels are tanks, vessels that are used to store, transport or receive fluids.
Pressure vessels come in any size depending on the requirement but mostly come
in three shapes—Horizontal, Vertical and Spherical. Horizontal pressure vessels are
supported by two saddle supports near its end. One of the saddle supports is sliding
in nature to accommodate the change in length of the vessel due to temperature
changes in the vessel. Pressure load, self-weight and other loads due to the different
attachments induce membrane stresses, bending stresses and shear stresses in the
shell of the vessel.

Pressure vessels often have a combination of high-pressure and high-temperature
fluids in themalongwith this thefluidsmight also be highly inflammable or poisonous
in nature. Because of such hazards, if any accident occurs with pressure vessels, it
can cause a large number of fatalities. Because of such risks and hazards, pressure
vessels have to follow strict rules and regulations during the process of design.
Pressure vessels are designed based on various international codes to assure their
safety in their operating conditions, commonpressure vessel codes used for designing
are ASME Boiler and Pressure Vessel Code Section VIII, European Committee for
Standardization and British Standards Institution. For our study, we will be using
the ASME Boiler and Pressure Vessel Code Section VIII [1] as it is very commonly
used and is accepted in most parts of the world.
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In case of long pressure vessels, having just two saddle supports is not sufficient
to hold the structure. The stiffness of the shell is not enough to withstand the bending
force due to self-weight and due to the weight of fluid. When a vessel is supported
by a saddle support, a saddle acts as a stiff support and when the saddle is connected
to the vessel there is a sudden change in the stiffness as the shell is relatively less
stiff as compared to the saddle support. Therefore, we see a stress concentration in
the shell of the vessel near the saddle horn. This highest localized stress is termed
circumferential stress.

There are some methods by which we can reduce this peak stress value at the
saddle horn.

(1) We can add a wear plate which extends above the saddle between the support
and the vessel making the transition from the support to the vessel less intense.

(2) In the case of loose-fitting saddle supports we can increase the radius of the
saddle slightly than the outer radius of the vessel. This method introduces a gap
between the vessel and the saddle at the unloaded condition and when loaded
the vessel can deform radially outwards up to some limit and hence the pinching
effect of the saddle on the vessel is reduced.

(3) Designing saddle supports which are more flexible at the saddle horn.
(4) Adding stiffening rings in the vessel near the saddle supports. This will increase

the stiffness of the shell and thus the stress concentration will be reduced.

Using stiffening rings, the thickness of the vessel can be further reduced as the
stiffening rings increase the combined stiffness of the vessel so that a thinner wall
thickness can alsowithstand the bending and shear forces of the load. Thus, stiffening
rings are a popular way of controlling the stress concentration at certain regions in
the vessel as they are cost-effective and easy to assemble.

2 Literature Review

Zick [2] studied the different stresses in large horizontal cylindrical pressure vessels
on two saddle supports. Megyesy [3] explained the detailed procedure for designing
horizontal pressure vessels (with and without stiffening rings) and saddle supports.
Also, according to Megyesy, the saddle supports should be placed at a distance less
than 0.2 times the tangent length from the head to utilize the stiffening effects of the
head. Merlin Thattil and Pany [4] performed FEA analysis on pressure vessels with
different head types and found that torispherical heads had lower stress values at
the junction between the head and the cylinder as compared to a hemispherical head
type. Nitin Bhinde and Rajanarsimha [5] also performed FEA analysis of pressure
vessels with Flat, Hemispherical, Ellipsoidal, Conical and Torispherical heads and
also came to a conclusion that pressure vesselswith torispherical heads had the lowest
stress concentration followedby elliptical head, conical head, hemispherical head and
finally flat head. Said Golabi et al. [6] performed FEA analysis and found out a new
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approach of reducing the head thickness of pressure vessels with internal pressure by
attaching a stiffener ring on the head. The pressure vessel with torispherical head was
considered and found that a stiffening ring of rectangular cross section is best suitable
for this purpose. It was found that using the right dimensions of the stiffening ring and
attaching the stiffening ring at the right location would lead to usage of 30% thinner
plates as compares to the no stiffening ring case. This method of using stiffener rings
on the head is especiallymore effective in the case of larger head sizes andwill lead to
a lesser material cost followed by reduced manufacturing costs. Their findings were
also verified experimentally. Khot et al. [7] performed an FEA study to quantify the
role of stiffening ring in a pressure vessel in presence of a nozzle. A nozzle in the
shell of the pressure vessel created instability in that region and add a stiffening ring
in the vicinity of the nozzle will balance this instability.

3 Problem Statement

A pressure vessel has the function to hold gases or fluids at a substantially higher
pressure than the surrounding. A horizontal pressure vessel is supported by two
saddle supports and these saddle supports must hold the weight of the vessel plus
the weight of the fluid as well as the weight of any extra attachments on the vessel
without causing critical stress concentration in the shell of the vessel. A saddle acts
as a stiff support and when the saddle is connected to the vessel there is a sudden
change in the stiffness as the shell is relatively less stiff as compared to the saddle
support. Therefore, we see a stress concentration in the shell of the vessel near the
saddle horn. To reduce the effect of this stress concentration, there is an extended
wear plate added, the wear plate acts as a buffer so that the change in stiffness is not
very drastic. It is the surface of the wear plate that is welded to the shell of the vessel.
In long pressure vessels even after adding the wear plate, there is significant stress
concentration in the vessel at the saddle horn region. To reduce this stress value and
make the vessel acceptable according to international codes, stiffener rings can be
added inside the vessel which makes the entire shell stiffer.

Stiffener rings come in varied shapes and dimensions. The parameters of stiffener
rings that can be changed to study their effect on the maximum stress in vessel are
(1) The cross-sectional shape of the stiffener ring. (2) The cross-section dimensions
of the stiffener ring. (3) The total number of stiffener rings used. (4) The positioning
of the stiffener rings. Choosing an appropriate stiffening ring is very crucial.

A detailed FEA study inwhich these parameters are changed to notice the changes
caused in the local maximum stress values is not yet done.

This study is important as this will show us the dependence of themaximum stress
values for the different configurations of stiffener rings used. With this knowledge,
we can understand the dependences of the different parameters on the overall stress
distribution in the vessel and then select the best configuration which passes the
ASME code, saving material costs.
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4 Objective

The objective of the present study is to do an FEA study and find the trends in local
stress concentration in the shell of a pressure vessel for different configurations of
stiffener rings.

In this study, we considered stiffening ring of square, rectangular and T-cross
section. The square sections selected are 60 mm × 60 mm and 80 mm × 80 mm
in dimension. The rectangular cross section had a dimension of 20 mm × 80 mm
and 30 mm × 60 mm. The T-section had dimensions of 2 × (20 mm × 80 mm)
(Refer Fig. 1). The different configurations that were simulated for all the cross-
section shapes were as follows: two stiffener rings (one above each saddle), three
stiffener rings (one above each saddle and one placed symmetrically between both
the saddles and five stiffener rings (one above each saddle and the remaining three
placed symmetrically between both the saddle supports) (Refer Fig. 2). Along with
these configurations, we also simulated case of two parallel stiffener rings above the

Fig. 1 T cross-section

(a) Two stiffener rings (b) Three stiffener rings

(c) Five stiffener rings

Fig. 2 Different stiffener ring configurations
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(a) Stiffener rings with 10cm gap
(Case A).

(b) Stiffener rings aligned with the
wear plate (Case B).

Fig. 3 Different parallel stiffener ring configurations

saddle support for the cross section of 20 mm × 80 mm and 30 mm × 60 mm. For
the parallel case, we considered two configurations; first, configuration in which the
distance between the inner faces of the two stiffener rings is 10cm (Refer Fig. 3a)
and the second configuration in which the external faces of the stiffener rings is
aligned with the faces of wear plate (Refer Fig. 3b). For all the configurations, width,
extension and thickness of the wear plate are kept constant.

5 Problem Formulation and Design

The dimensions of the pressure vessel that we considered had an external radius of
2m, thickness of the vessel was 8mm, the total length of the pressure vessel from
one tangent end to another was 10m, the head type selected was Elliptical(2:1), the
head thickness was 12mm, the position of the saddle from one tangent end was
1.5m, width of wear plate was 24cm, thickness of wear plate was 16mm, width
of saddle support was 20cm, angle of contact was 120◦, and the extension of wear
plate was 6◦ on each side. The material that we selected for the Pressure Vessel, the
wear plate and stiffening ring was SA 516 Grade 55. The material properties are as
follows: Density = 7750kg/m3, Modulus of elasticity = 200GPa, Poisons ratio =
0.29, Maximum allowed stress = 207MPa. These material properties are obtained
from ASME Section II Part D [8]. The operating conditions of the pressure vessel
were considered as follows. Density of fluid = 1000kg/m3, Temperature of fluid =
298K, Operating pressure = 1MPa.

6 Methodology

In this study, all the saddle support parameters are constant for all the stiffening ring
configurations. A saddle support with an angle of contact 120◦ and an extension of
wear plate of 6◦ on each side was selected. This choice was made because according
to ASME requirements a minimum contact angle of 120◦ is necessary. The aim of
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this study is to find the most optimum configuration of saddle to pass the ASME
requirements according to ASME Section VIII Division-2 (Design by Analysis) [1]
while keeping the material costs at the minimum.

The pressure vessel and stiffening rings were modelled in SolidWorks 2019 and
the 3D FEA analysis study was completed in ANSYS 2020R1 [9].

The loading and boundary condition on pressure vessel is as per Fig. 4. Gravity
Load due to self-weight, internal hydrostatic pressure and internal pressure of 1MPa
is considered for the study. There is fixed support at one end of saddle and frictionless
support at the other end (Sliding end). Solid Shell 190 (SOLSH190) elements, shown
in Fig. 5, were used in meshing of the shell and wear plate to give an accurate
representation of bending in the thin shell. SOLSH190 is used for simulating shell
structureswith awide range of thickness (from thin tomoderately thick). The element
possesses the continuum solid element topology and features eight-node connectivity
with three degrees of freedom at each node: translations in the nodal x-, y- and z-
directions.

It is a 3D solid element free of locking in bending-dominant situations. Unlike
shell elements, SOLSH190 is compatible with general 3D constitutive relations and
can be connected directly with other continuum elements. SOLSH190 utilizes a

Fig. 4 Sliced Geometry with loading condition in the FEA model

Fig. 5 Schematic of
SOLSH190
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suite of special kinematic formulations, including the assumed strain method (Bathe
and Dvorkin [10]) to overcome locking when the shell thickness becomes extremely
small. SOLSH190 employs enhanced strain formulations (Simo and Rifai [11], Simo
et al. [12]) to improve the accuracy in in-plane bending situations. The satisfaction
of the in-plane patch test is ensured. Incompatible shape functions are used to over-
come the thickness locking. These are the strong reasons to consider SOLSH190 for
analysis of the pressure vessels. Three elements were used along the thickness to
give an accurate representation of the bending of the shell.

The complete model is shown in Fig. 4 is discretized using SOLSH190 with
loading and boundary conditions as mentioned in methodology.

The stress distribution in all 2-stiffener ring configurations, 3-stiffener ring con-
figurations and 5-stiffener ring configurations is similar to that shown in Fig. 6a, b
and c, respectively. Figure 7a shows the stress concentration at the saddle horn region
(no stiffening ring). Figure 7b shows how adding the stiffener rings eliminates the
stress concentration at the saddle horn. Mesh convergence study was done on the
pressure vessel, stiffener rings and the saddle support to confirm the accuracy of the
results up to 0.1% (Table1).

(a) Two stiffener rings

(b) Three stiffener rings

(c) Five stiffener rings

Fig. 6 Simulation images of different 20 mm × 80 mm stiffening ring configurations
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(a) In the case of no stiffening ring. (b) In the case of 20mmx80mm
parallel stiffening rings separated

by 10cm.

Fig. 7 Stress distribution in the saddle region

Table 1 Mesh Convergence test results on the 20 mm × 80 mm parallel stiffening rings separated
by 10 cm configuration

Number of elements Maximum local stress concentration in shell
(MPa)

634492 140.53

1849188 155.08

2131398 158.39

2646714 158.55

7 Results

Maximum stress concentration in the pressure vessel with no stiffening
ring=235.32MPa. Maximum allowed stress value in pressure vessel = 207MPa.
Table 2 shows maximum local Stress concentration (in MPa) for the different con-
figurations of stiffening rings.

Table 3 shows the maximum local stress concentration (in MPa) for the configu-
rations illustrated by Fig. 3a. In these configurations, there are two parallel stiffener
rings on both the saddle supports.

The stress distribution in all the configurations is similar to that as shown in
Fig. 6. The location of the local circumferential stress concentration in Fig. 7a is at
the saddle horn. Figure 7b shows the stress distribution after adding the stiffener rings.
It is clearly observed that the stress concentration near the saddle horn is reduced
substantially. It is also seen that there is a new local stress concentration, along the
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Table 2 Maximum local Stress concentration (inMPa) for the different configurations of stiffening
rings

No. of stiffener rings 2 3 5

Cross section of the
stiffener rings

20 mm × 80 mm 157.89 157.36 156.42

20 mm × 80 mm
(T-section)

170.87 168.71 167.24

30 mm × 60 mm 182.61 177.69 174.27

60 mm × 60 mm 202.04 198.14 194.85

80 mm × 80 mm 185.65 183.70 182.29

Table 3 Maximum local Stress concentration (in MPa) for the different configurations of parallel
stiffening rings

Position of parallel stiffener
rings

Parallel stiffener rings with
10cm gap in between. (Case
A)

Parallel stiffener rings with
outer faces aligned with wear
plate. (Case B)

Cross section of the stiffener
rings.

20 mm × 80 mm 158.39 179.63

30 mm × 60 mm 160.40 189.63

bottom edge of the stiffening rings in the pressure vessel, but the value of this stress
concentration is way less than the value of stress concentration in the no stiffening
ring case.

8 Conclusions

From the results, we can conclude the following points.

(1) All the stiffening ring configurations reduce themaximum local stress concentra-
tion under the allowable value. The maximum reduction in stress concentration
achieved was equal to 33.5% for the 20 mm × 80 mm and 5 stiffening ring
configurations.

(2) There is no significant decrease in maximum stress concentration if the number
of stiffening rings are increased from 2 to 3 and from 3 to 5. So, adding a greater
number of stiffening rings is not essential and only two stiffening rings will
suffice.

(3) Increasing the thickness of the stiffening ring also does not help in further reduc-
tion in maximum local stress concentration, instead of increasing the thickness
of the stiffener ring gives a lesser reduction in maximum stress values.



530 A. Nayak and P. Singru

(4) In the case of parallel stiffener rings configuration, it is observed that the value
of maximum local stress found in Case A is lesser than the maximum local stress
values in Case B. Thus, what we can conclude from this point is, it is preferable
to contain the parallel stiffeners within the saddle for better stress reduction.

(5) From the results, we can see that all the stiffening ring configurations have the
value of the maximum stress value below the allowable maximum stress value
making all configurations eligible for use as they all pass the ASME require-
ments according to ASME Section VIII Division-2 (Design by Analysis). So
the optimum configuration must be selected based on the quantity of material
required tomanufacture the given configuration to save onmaterial costs. For the
given case, it is found that the two 20 mm × 80 mm stiffener ring configuration
is the best choice as it has one of the lowest maximum local stress concentration
value and also has the least material cost.
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Water Wave Interaction with Very Large
Floating Structures

Kottala Panduranga and Santanu Koley

1 Introduction

In recent years, as the population increases and land becomes more expensive and
scarce, various government and private organizations are putting emphasis on land
reclamation. In this regard, very large floating structures (VLFSs) are often used and
deployed in the nearshore regions. The horizontal dimensions of the VLFSs are large
compared to the incident wavelength, and due to this fact, the structural deflection of
theVLFS is negligible. Due to this advantage, VLFSs can be used as floating airports,
bridges, temporary wave barriers for strategic amphibious military operations, etc.
In general, the floating airport is having a length of 5 km, a width of 1 km, and a
draft few meters [1], and deployed in shallow and intermediate water depth regions.

In 1970, Japanese researchers and naval architects constructed the world’s first
floating airport, Kansai international airport, on Osaka Bay (see [2, 3] for details). In
1995, the Japanese government built and studied the hydroelastic behavior of 1km
long Mega-floating-type VLFS in Tokyo bay through the Technological Research
Association of Megafloat (TRAM) performs usual land airport activities. It was
observed that these Megafloat type VLFSs are relatively stable, and the durability of
these structures is relatively longer. The analysis of moving loads due to the airplane
landing and take-off, mooring requirements, connector system, and anti-corrosion
protection due to ocean waves interaction demands a sophisticated mathematical
approach to analyze the water wave interactions with VLFS [4, 5].

In this regard, several researchers carried out extensive research to build suit-
able mathematical models and related efficient solution methodologies to study the
hydroelastic responses of the VLFSs, particularly the structural deflection of Mega-
floating airport. Kashiwagi [1] and Ohmatsu [6] used the modal expansion method
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to study the transient elastic deformation of a pontoon-type VLFS due to the landing
and take-off mechanisms of airplanes. The results show that the airplanemoves faster
during the take-off than the structural waves generated in the early stage. However,
as the aircraft’s speed decreases to zero, the speed of the structural waves can over-
take the aircraft’s speed. Similar results are observed during the landing except that
the structural waves develop slowly in the early stage. Loukogeorgaki et al. [7] ana-
lyzed the hydroelastic behavior of a flexible mat-shaped floating breakwater under
the action of oblique wave interactions. Endo [8] studied the deflection of a VLFS
during an airplane take-off/landing process. In this study, FEM is used to analyze the
structural deflection and Wilson’s θ method to analyze the hydrodynamic effects on
the VLFS.

In order to prevent the motion of the floating VLFSs due to the drift forces, it
is always recommended that the floating structures be connected with the mooring
lines. Using the connector’s support, [9] studied the hydroelastic responses of flexible
VLFSs. It was found that VLFS with a hinge line connector for smaller incident
wavelength provides better structural stability than rigid connectors. Karmakar and
Soares [10] analyzed the deflection of the elastic plate with the moored lines at the
edges, floating over the water domain having finite and shallow depths. It was noticed
that, due to the presence of moored lines, the deflection of the floating plate reduced
significantly. Moreover, these mooring lines act as wave absorbers. Mohapatra and
Guedes Soares [11] analyzed the water wave interaction with the moored floating
elastic plate with the submerged flexible membrane. It was observed that the floating
plates behave more stable for higher mooring stiffness constants. In the context of
the above-outlined state of the art, this paper presents a mathematical model for the
oblique wave interactions with VLFS, i.e., mega-floating airport. Here, it is assumed
that the length and breadth of floating VLFS are significantly larger than the draft.
The hydroelastic response of the floatingVLFS is studied using the boundary element
method (BEM)-basednumerical solution technique.Theoverall structure of the paper
is as follows. Section2 contains the mathematical formulation of the boundary value
problem (BVP) associated with the water wave interactions with VLFS. In Sect. 3,
the BVP is solved using the BEM in the water region, and the finite difference
scheme is used to discretize the plate equation of motion. Section4 contains various
results associated with the structural deflection of the VLFS. Finally, in Sect. 5, the
conclusions of the present study are provided.

2 Mathematical Formulation

In this section, oblique water wave interaction with floating VLFS is studied based
on small-amplitude linear water wave theory. The associated BVP is studied in a 3D
Cartesian coordinate system with xy-plane being the horizontal plane, and the z-axis
is taken vertically upward. Here, it is assumed that floatingVLFS occupied the region
0 < x < L ,−∞ < y < ∞with L being the length of floatingVLFS. The side edges
of the floating VLFS are connected with mooring lines to prevent drift motion due to
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Fig. 1 Top view of the floating VLFS

the incoming waves. Further, assuming that the flow is inviscid, incompressible, and
its motion is irrotational and time-harmonic. The heading angle of the incident wave
(with the x-axis) is θ as shown in the Fig. 1, so that the fluid motion can be expressed
using the velocity potential �(x, y, z, t) = Re{φ(x, z)ei(βy−ωt)} with ω being the
angular frequency and β = k0 sin θ . Therefore, φ(x, z) satisfies the reduced wave
equation in the fluid region

(
∂2

∂x2
+ ∂2

∂z2
− β2

)
φ = 0. (1)

The free surface and bottom boundary conditions (BCs) are expressed as follows:

∂φ

∂z
− σφ = 0, at z = 0,−∞ < x < 0 ∪ L < x < ∞,

∂φ

∂z
= 0, at z = −h, (2)

where σ = ω2/g, and g = 9.81m/s2. The vertical displacement of the floating elas-
tic VLFS can be represented as W (x, y, t) = Re

{
w(x)ei(βy−ωt)

}
with w(x) being

the deflection amplitude. Further, the dynamic pressure pd acting on the floating
elastic VLFS is given by [12]

E I

(
d2

dx2
− β2

)2

w − mpω
2w = pd , z = 0, 0 < x < L , (3)

where E I is the flexural rigidity of the VLFS, and mp is the mass of the floating
VLFS per unit length. Further, the hydrodynamic pressure ph acting on the surface
of the water represented by

ph = iρωφ − ρgw, on z = 0. (4)
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Fig. 2 Side view and computational domain of the physical problem

Assuming pd = ph at z = 0, Eq. (3) gives

E I

(
d2

dx2
− β2

)2

w + (ρg − mpω
2)w = iρωφ, z = 0, 0 < x < L . (5)

The kinematic B.C on the floating plate is given by

∂φ

∂z
= −iωw(x), z = 0, 0 < x < L (6)

Assuming that the mooring lines are connected to the floating plate at free edges, as
shown in Fig. 2. It is to be noted thatwithin the framework of linearwaterwave theory,
the wake-induced effects on the very large floating structure and the wave breaking
phenomena are neglected. The zero shear force and bending moment conditions are
represented by [13]

E I
∂

∂x

(
∂2

∂x2
− (2 − ν)β2

)
w = q

∂w

∂x
,

(
∂2

∂x2
− νβ2

)
w = 0, at x = 0, L ,

(7)
where q is the mooring stiffness. Here, the edge conditions due to the effect of the
mooring stiffness are only considered. Therefore, the hydrodynamic forces acting
on the mooring lines and the vortex-induced vibration of the mooring chains are not
taken into account. Finally, the far-field radiation conditions are expressed as

{
φ = (eiαx + R0e

−iαx )Z0(z), as x → −∞,

φ = T0eiαx Z0(z), as x → ∞,
(8)
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where α =
√
k20 − β2 and Z0(z) =

(−igH

2ω

)
cosh k0(z + h)

cosh k0h
with H being inci-

dent wave height and k0 being the positive real root of the dispersion relation
σ = k tanh(kh).

3 Solution Methodology

In this section, the BEM-based numerical solution technique is applied to the water
region to determine the velocity potential. On the other hand, the finite difference
method (FDM)-based solution scheme is applied to the plate equation to determine
the deflection of the floating VLFS. It is to be noted that an appropriate coupling
between the BEM and FDM is done at the interface boundary, i.e., at the plate
boundary surface.

3.1 Coupled BEM–FDM Solution Technique

Applying Green’s second identity to φ and the free space Green’s function G in the
fluid region bounded by Γ = ⋃5

k=1 Γk as shown in Fig. 2, we get

− 1

2
φ(x, z) =

∫
Γ

(
φ

∂G

∂n
− G

∂φ

∂n

)
dΓ, (x, z) ∈ Γ, (9)

where G(x, x̄) = − 1

2π
K0(βr),

∂G

∂n
= β

2π
K1(βr)

∂r

∂n
with x = (x, z) and x̄ =

(x0, z0) and r = dist(x, x̄). Here, K0, K1 are the modified zeroth- and first-order
Bessel functions of the second kind, respectively (see [12] for further details). Using
the boundary conditions (2), (6), and (8) into (9), we get the following integral equa-
tion:

−1

2
φ(x, z) +

∫
Γ1

(
∂G

∂n
− iαG

)
φ dΓ +

∫
Γ2

φ
∂G

∂n
dΓ +

∫
Γ3

(
∂G

∂n
− iαG

)
φ dΓ

+
∫
Γ4

(
∂G

∂n
− σG

)
φ dΓ +

∫
Γ5

∂G

∂n
φ dΓ + iω

∫
Γ5

G w dΓ

=
∫
Γ1

(
∂φ0

∂n
− iαφ0

)
G dΓ. (10)
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To convert the above integral equation (10) into a matrix equation, the entire bound-
aries of the fluid and plate region are divided into a finite number (say, N ) of elements,
and the values of φ and ∂φ/∂n are assumed to be constants over each element. So,
Eq. (10) can be written as

nb1∑
j=1

(
Hi j − iαGi j

)
φ j +

nb2∑
j=1

Hi jφ j +
nb3∑
j=1

(
Hi j − iαGi j

)
φ j +

nb4∑
j=1

(
Hi j − σGi j

)
φ j+

nb5∑
j=1

Hi jφ j + iω
nb5∑
j=1

Gi jw j =
nb1∑
j=1

(
∂φ0 j

∂n
− iαφ0 j

)
Gi j , (11)

where the expressions for Hi j and Gi j are given by

Hi j = −1

2
δi j +

∫
Γ j

∂G

∂n
dΓ, Gi j =

∫
Γ j

G dΓ. (12)

In Eq. (11), the deflection of the VLFS w j ’s are unknown. Therefore, to solve Eq.
(11), the equation of motion associated with the VLFS deflection (Eq. (5)) has to be
discretized. Here, FDM-based numerical solution technique is adopted to discretize
the associated plate equation. Applying the central-difference formulae to Eq. (5)
over the j th element (see [12] for details), we obtain

(
w j+2 − 4w j+1 + 6w j − 4w j−1 + w j−2

Δ4
j

)
+ A′

(
w j+1 − 2w j + w j−1

Δ2
j

)
+

B ′w j = C ′φ j , (13)

where A′ = −2β2, B ′ = β4 + (ρg − mpω
2)/E I and C ′ = (iρω)/E I . Now, from

Eq. 7, the discretized form of the edge conditions at x = 0, L are given as

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

w j+1

Δ2
j

−
(

2

Δ2
j

+ νβ2

)
w j + w j−1

Δ2
j

= 0,

1

Δ3
j

w j+2 −
[(

2

Δ3
j

+ 2 − ν

Δ j
β2

)
+ q

E I Δ j

]
(w j+1 − w j−1) − 1

Δ3
j

w j−2 = 0

(14)

Now, Eqs. (11), (13) and (14) are solved together to get the required unknowns φ j

and w j ’s. With these values of φ j and w j ’s, various physical quantities of interests
are evaluated.
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4 Results and Discussions

In this section, a number of results are provided to investigate the effects of structural
and wave parameters on the deflection of the floating VLFS under the action of the
oblique incident wave. In the present analysis, various physical parameters are taken
as h = 15 m (water depth), L/h = 10 (length of the floating VLFS), E = 6 GPa
(Young’s modulus), ρp/ρ = 0.9 (ρp is density of the plate and ρ is the density of
the water), d = 1.0 m (plate thickness), ν = 0.3 (Poisson’s ratio) unless otherwise
mentioned.
Figure3a, b show the variation of VLFS deflection |w|/H for various mooring
stiffness q constants and non-dimensional wave numbers k0h, respectively, for the
normal incident wave case. It is noticed that the overall deflection |w|/H of theVLFS
decreases for larger values of the mooring stiffness q. The reason is, as the mooring
stiffness becomes higher, a higher amount of forces act at the VLFS edges to prevent
structural deflection. Figure3b depicts that the deflection |w|/H of the floatingVLFS
reduces with a raise in k0h. This due to VLFS just float in the longwave, whereas the
shorter wave interacts much with floating VLFS. Moreover, the VLFS deflection is
oscillatory in nature for a higher k0h, i.e., in the short wave regime.

In Fig. 4a, the deflection |w|/H of the VLFS is plotted for different values of the
stiffness q with the angle of incidence θ = 30◦. The deflection of the VLFS |w|/H
decreases with an increase in the stiffness q of the mooring lines. The reason behind
the same is explained in the discussion of Fig. 3a. Further, the pattern of the VLFS
deflection |w|/H becomes hump-shaped curves for higher values of the mooring
stiffness q. Figure4b shows that the oscillatory pattern of theVLFS deflection |w|/H
diminishes for higher values of the angle of incidence θ . This happens as a normal
incident wave impinges on the VLFS with a greater amount of force.

InFig. 5a, the deflection |w|/H of thefloatingVLFS is plotted for various values of
Young’s modulus E of the plate. It is observed that the oscillatory pattern and related
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Fig. 3 Variation of the VLFS deflection |w|/H for different a mooring stiffness value (q) and b
non-dimensional wave numbers k0h with θ = 0◦
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Fig. 4 Variation of VLFS deflection |w|/H for different a mooring stiffness q with θ = 30◦ and
b angle of incidence θ with q = 106N/m
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Fig. 5 Variation of the VLFS deflection |w|/H for different a Young’s modulus E and b thickness
d of the plate with θ = 30◦

amplitude of the plate deflection |w|/H decreases for higher values of Young’s
modulus E . This happens as the flexible VLFS becomes a rigid plate for higher
values of Young’s modulus E . In Fig. 5b, the deflection |w|/H of the floating VLFS
is plotted for different values of plate thickness d. It is noticed that the plate deflection
and related oscillatory pattern diminishes with an increase in the plate thickness. This
is because the E I of the VLFS increases with an increase in the plate thickness d,
and the flexible plate behaves like a rigid plate.
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5 Conclusions

In the present study, oblique water wave interaction with floating VLFS connected
with mooring lines is investigated using small-amplitude water wave theory. A cou-
pled BEM-FDM method is used to obtain the velocity potential in the water region
and the floating plate deflection. It is observed that increasing the mooring stiffness
can significantly reduce the deflection of the VLFS. This is much needed to use the
floating VLFS for airplane landing and take-off processes. Further, incident wave
angle with the floating VLFS plays an important role in the VLFS deflection. There-
fore, the position of the floating VLFSw.r.t the incident waves is crucial to reduce the
VLFS deflection. Moreover, higher values of Young’s modulus significantly reduces
VLFS deflection. However, the wave forces acting on the rigid VLFS will be more
compared to the flexible VLFS. So, this will reduce the durability of the VLFS. The
deflection of thin VLFS is more than the thick VLFS. However, with an increase in
the thickness, the flexible VLFS will act as a rigid VLFS, and the wave impact on
the VLFS will be more. In summary, it is concluded that without compromising the
durability of the VLFS, suitable combinations of the mooring stiffness and the angle
of incidence can reduce the VLFS deflection considerably. The present model can
easily be extended to analyze the hydrodynamics of VLFS connected with catenary
moorings.
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Annual-Averaged Performance
of Oscillating Water Column Wave
Energy Converter Devices in Real Sea
Conditions

Kshma Trivedi and Santanu Koley

1 Introduction

Due to scarcity of non-renewable resources like crude oil, coal, and natural gases, the
global warming arises because of the emission of toxic gases like carbon dioxide in
the environment during the process of producing the electricity. To handle this issue,
renewable energy sources are contemplated as an alternative source of energy. In
this regard, wave energy will play a vital role in the near future. Out of various wave
energy converter devices, the concept of the OWC device is the primary and most
used technique to transform wave energy into electricity. These devices consist of a
submerged collector chamber which is open at both the ends and an axial-flowWells
turbine is situated at the top of the device chamber [1]. Theoretical development on
the mathematical modeling of OWC devices started in 1980 by several researchers.
Reference [2] used the Galerkin method to analyze the efficiency of an OWC device
under the assumption of potential flow theory. Various important parameters related
to the efficiency of the OWC devices such as radiation susceptance and radiation
conductance, volume flux inside the chamber, and maximum efficiency of the OWC
are analyzed for various values of physical parameters associated with the device.
Two different resonance mechanisms are highlighted to get maximum efficiency
in the OWC device. [3] developed a theoretical model to perform a hydrodynamic
analysis of an OWC installed on a steep coast. In this work, the effect of air com-
pressibility on absorbing wave power over a broad range of incident wave frequency
was explained. Further, it was shown that the efficiency of the OWC device strongly
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depends on the angle of incidence. Reference [4] used the eigenfunction expansions
and the BEM to analyze the performance of a dual-chamber OWCdevice placed over
the stepped bottom. It was observed that the existence of bottom steps in front of the
OWC device enhances the hydrodynamic performance of an OWC device. Further,
the dual-chamber OWCcan effectively work inwider frequencies of incomingwaves
compared to the OWC device having a single chamber. Reference [5] analyzed the
performance of an OWC device placed over a sloping bed using a higher-order BEM.
It was concluded that the geometric parameters of an OWC device, nonlinearity of
the incident waves, and slopes of the bottom bed play a crucial role in the efficiency
of the OWC–WEC. Recently, [6] studied the performance of an OWC placed over
an undulated bottom bed using the coupled eigenfunction expansion–BEM method.
It was reported that for long waves, a protrusion type bed profile could enhance the
performance of an OWC device. However, for incident waves having intermediate
and short wavelengths, the depression type bed profile is appropriate to enhance the
efficiency of the OWC device. Further, the number of ripples and ripple amplitudes
of the sinusoidally varying bottom bed has a vital effect on the performance of the
OWC device. In the aforementioned research works, the working mechanism of the
OWC device is analyzed under the action of the regular incident wave.

However, in real sea conditions, the ocean waves are random in nature. Therefore,
to study the OWC device in real sea conditions, often irregular incident waves are
considered. Reference [7] presented a theory-based model to simulate the energy
conversion of an OWC plant under irregular waves. The model for the air-flow con-
trol mechanism to enhance the performance of the OWC device was also provided. It
was concluded that the amount of energy production by the plant could be increased
substantially using the control valve. Reference [8] developed a stochastic model to
investigate the annual-averaged plant efficiency of a rectangular OWC device under
random incident waves. It was reported that controlling the rotational speed of the
turbine enhanced the efficiency of the device more as compared to the control valve
system. Reference [9] usedMonte Carlo simulations to analyze the performance of a
U-OWC device under random incident waves. It was shown that an appropriate tun-
ing of various parameters associated with the OWC device during the design process
could increase the efficiency of the OWCdevice. Reference [10] investigated the per-
formance of a rectangular OWC device placed over the stepped bottom numerically
and experimentally under the irregular incident waves, and it was concluded that
incident wave frequency and damping coefficient of the turbine play a crucial role
to enhance the efficiency of an OWC device compared to the incident wave height.

The structure of this manuscript is the following. Section2 consists of boundary
value problem and related solution based onBEM. Section3 contains the expressions
related to the performance of the OWC in random waves environment. Sections4
and 5 contain various results and conspectus of the present study.
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2 Boundary Value Problem

Here, the mathematical modeling of a rectangular OWC device placed over a bottom
foundation is provided. For the sake ofmodeling, the 2DCartesian coordinate system
is considered with the horizontal and vertical axes to coincide with the x- and z-axes,
respectively (see Fig. 1). The OWC device is made up of a rigid surface-piercing
front wall having submergence depth a, and uniform thickness d intersects z = 0
at x = L − b. Moreover, the rigid rear wall of the device is placed at x = L , and
the length of the chamber is b. The height of the bottom foundation is b f with
respect to the uniform bottom bed z = −h. The total free surface is divided into two
parts: (i) internal free surface �4 and (ii) external free surface �6 as shown in Fig. 1.
Now, to get a bounded domain for the physical problem, a fictitious boundary �1 is
considered at x = −l. Further, the boundaries �2 and �3 represent the total bottom
boundary and the rear wall of the device, respectively. Moreover, the submerged
boundaries of the device are denoted by �5. The fluid follows the potential flow
theory and the motion is assumed to be harmonic in time, the velocity potential
is written as �(x, z, t) = � {

φ(x, z)e−iωt
}
. With this background, the governing

equation is written as

∇2φ(x, z) = 0, ∇ ≡ ∂2

∂x2
+ ∂2

∂z2
. (1)

It is to be noted that the hydrodynamics effects such as vorticity, separation of flow,
and the effect of turbulence are not considered. To solve the aforementioned physical
problem, we decompose the total velocity potential φ into scattered potential φS and
radiated potential φR (see [6] for details). Now, the boundary condition (bc) at z = 0
is given by

Fig. 1 Schematic diagram
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∂φS,R

∂n
− KφS,R =

{
δ, on �4,

0, on �6,
(2)

where K = ω2/g. Here, δ = 1 for φR and δ = 0 for φS , respectively, and ∂/∂n
represents the derivative in the normal direction. Now, the bc on the impermeable
boundaries �2 ∪ �3 ∪ �5 is given by

∂φS,R

∂n
= 0, on �2 ∪ �3 ∪ �5, (3)

Finally, the radiation bc on �1 is provided as

∂φS,R

∂n
− ik0φ

S,R = δ

(
∂φ I

∂n
− ik0φ

I

)
on �1, (4)

where φ I (x, z) =
(−igA

ω

)
cosh k0(h + z)

cosh(k0h)
eik0x is the incident velocity potential. In

Eq. (4), δ = 1 for φS and δ = 0 for φR , respectively. Here, k0 is the real positive root
of ω2 = gk tanh(kh) and A represents the amplitude of the incoming wave.

To solve the aforementioned BVP, the BEM is used. In this solution methodology,
firstly, we transform the BVP corresponding to the φR and φS into the Fredholm
integral equations. Now, these integral equations are transformed into the system of
equations using the BEM. Green’s function G(x, z; x0, z0) is given as (see [11] for
detailed derivations)

G(x, z; x0, z0) = 1

4π
ln((x − x0)

2 + (z − z0)
2), (5)

Now, applying Green’s theorem on φR,S and G(x, z; x0, z0), and using the boundary
conditions (2), (3) and (4), the following integral equations forφR andφS are obtained
as

−1

2
φR +

∫

�1

φR
(

∂G

∂n
− ik0G

)
d� +

∫

�2+�3+�5

φR ∂G

∂n
d� +

∫

�4

φR
(

∂G

∂n
− KG

)
d�

+
∫

�6

φR
(

∂G

∂n
− KG

)
d� =

∫

�4

Gd�, (6)

−1

2
φS +

∫

�1

φS
(

∂G

∂n
− ik0G

)
d� +

∫

�2+�3+�5

φS ∂G

∂n
d� +

∫

�4

φS
(

∂G

∂n
− KG

)
d�

+
∫

�6

φS
(

∂G

∂n
− KG

)
d� =

∫

�1

G

(
∂φ I

∂n
− ik0φ

I

)

d�. (7)
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Now, the BEM is used to transform Eqs. (6) and (7) into the system of equations. In
this method, constant boundary elements are used (see [11]). The collocationmethod
is used to get the system of equations in the following matrix form:

([H ] − ik0 [G])
[
φR

]∣∣∣
�1

+ [H ]
[
φR

]∣∣∣
�2

+ [H ]
[
φR

]∣∣∣
�3

+ ([H ] − K [G])
[
φR

]∣∣∣
�4

+ [H ]
[
φR

]∣∣∣
�5

+ ([H ] − K [G])
[
φR

]∣∣∣
�6

= [G]|�4 , (8)

([H ] − ik0 [G])
[
φS

]∣∣
�1

+ [H ]
[
φS

]∣∣
�2

+ [H ]
[
φS

]∣∣
�3

+ ([H ] − K [G])
[
φS

]∣∣
�4

+ [H ]
[
φS

]∣∣
�5

+ ([H ] − K [G])
[
φS

]∣∣
�6

=
(

∂φ I
j

∂n
− ik0φ

I
j

)

[G]

∣∣∣∣∣
�1

. (9)

These systems of Eqs. (8) and (9) are solved using the standard method to obtain the
discrete values of φ and its normal derivative over each boundary of the domain.

3 Annual-Averaged Efficiency of the OWC in Irregular
Waves

In real sea conditions, incident waves are highly irregular in nature, and the local
wave climate is represented by a suitable spectrum along with a number of sea
states. The free surface displacement is generated by a Gaussian random process.
The instantaneous pressure P , and the volume flux QS across the Wells turbine
are also assumed to follow the Gaussian process. Therefore, the expression for the
chamber pressure standard deviation σp is written as (see [10]).

σ 2
P =

∞∫

0

Sinc(ω)

∣∣∣∣
p(ω)

Ai (ω)

∣∣∣∣

2

dω, p =
(
∧ + D̃ − iC̃

)−1
qS, (10)

where Ai (ω) = √
2Sinc(ωav

i )
ωi is the incident wave amplitude for each regular
wave component. Here, Sinc represents the incident wave spectrum and the afore-
mentioned model does not take air compressibility into account. Further, qS repre-
sents the volume flux due to the scattered potential, C̃ and D̃ are termed as radiation
susceptance and conductance coefficients respectively. The expressions for C̃ and D̃
are given by

C̃ = ω

ρg
�{qR}, D̃ = ω

ρg
�{qR}. (11)
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where qR is the radiated volume flux. Now, the average efficiency of an OWC is
written as

η = W

P
, (12)

where W and P are the averaged available power to the Wells turbine and the aver-
age incoming wave energy flux, respectively, along with the expressions W = ∧σ 2

P

and P = Lρg
∫ ∞

0
Sinc(ω)Cg(ω)dω. Here, Cg is the group velocity of the incoming

waves and L represents the chamber width along the y-direction.
The annual-averaged plant efficiency of an OWC is obtained from Eq. (12) by

replacing Sinc with Sinc,ann as following

ηann = Wann

Pann
, (13)

where Wann and Pann are termed as annual-averaged power to the wells turbine and
annual-averaged incident wave energy flux, respectively.

4 Results

Now, the efficiency of the OWC device under the random waves is analyzed in a
detailed manner. The parameters related with the OWC device configuration and
random incident waves are taken as follows: h = 10 m, ρ = 1025 kg/m3, g = 9.81
m/s2, L = 30 m, l = 30 m, b = 10 m, a = 5 m, d = 0.5 m, bh = 1 m, V0 = 1050
m3, γ = 1.4, ρa = 1.25 kg/m3, and pa = 1.013 × 105 Pa. For the analysis, the
Bretschneider spectrum is considered as the incident wave spectrum and the form
for the same is given by

SI (ω) = 131.5H 2
s T

−4
e ω−5 exp(−1054T−4

e ω−4), (14)

along with the sea states and corresponding frequency of occurrences are taken same
as provided in [8].

Figure2a and b show the variation of the free surface elevation ζ for various values
of (a) chamber length b/h and (b) submergence depth a/h, respectively. In Fig. 2a, it
is seen that the amplitude of the free surface elevation ζ increases outside the chamber
as the chamber length b/h increases. In addition to this, a certain phase change in the
free surface elevation ζ occurs with the variation in chamber length b/h. Figure2b
shows that the amplitude of the free surface elevation ζ decreases as the submergence
depth a/h becomes higher. For a/h = 3/4, the changes in the free surface elevation
are very less, and this happens as the submergence depth a/h becomes higher, the
OWC device chamber behaves like a closed rectangular tank. As a result, only a
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Fig. 2 Variation of ζ for various a b/h and b a/h with Kh = 1.0

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
b/h=0.5
b/h=1.0
b/h=1.5
b/h=2.0

(a)

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
0.3

0.4

0.5

0.6

0.7

0.8

0.9

a/h=1/8
a/h=1/4
a/h=1/2
a/h=3/4

(b)

Fig. 3 ηann versus ∧ for various a b/h and b a/h

small amount of water can enter into the OWC device chamber and therefore reduces
the height of the free surface displacement ζ . Further, certain phase changes are also
observed for different values ofa/h. InFig. 3a andb, the variationof annual-averaged
plant efficiency ηann are plotted against the turbine damping coefficient∧ for various
values of (a) chamber length b/h and (b) submergence depth a/h, respectively. It
is observed that the annual-averaged plant efficiency ηann becomes higher as the
chamber length b/h and submergence depth a/h increases. This happens as the
chamber length b/h and submergence depth a/h takes higher values, the chamber
pressure standard deviationσp becomes higher. Further, it is observed thatηann attains
maximum formoderate values of the turbine damping coefficient 0.005 < ∧ < 0.01.
This range of turbine damping coefficient ∧ is essential to design an efficient OWC
device.

In Fig. 4a, the surface plot of annual-averaged plant efficiency ηann is plotted as
a function turbine rotational speed N and rotor diameter D. It is observed that for
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higher values of the turbine rotational speed N , the efficiency ηann increases with an
increase in the rotor diameter D. However, for lower values of N , the efficiency ηann

becomes lower as D takes higher values. On the other hand, for fixed values of D,
the efficiency ηann initially increases with an increase in N , attains maximum, and
decreases for further increase in N . To get suitable combinations of rotor diameter
D and rotational speed N for maximum efficiency ηann , Fig. 4b shows the contour
plot of ηann as a function of N and D. It is observed that for certain combinations of
N and D, annual-averaged plant efficiency ηann = 0.8 can be achieved. For further
analysis, we have considered the pair of values (N , D) for which ηann = 0.8. With
these values, we have found best-fitted lines:

N = 46.3158 D − 4.2632

N = 34.6667 D − 0.1333

to achieve ηann = 0.8.

5 Summary

The annual-averaged performance of a rectangular shape OWC device is studied in
real sea conditions. For the analysis, the local wave climate of the OWC plant site
Pico, Portugal is taken as the incident wave spectrum. It is observed that the free
surface elevation amplitude decreases with an increase in the draft of the seaside
wall of the OWC–WEC, and an opposite pattern is observed for larger values of the
chamber length. The annual-averaged plant efficiency increases for higher values of
submergence depth and chamber length. Further, the annual-averagedplant efficiency
attains maximum for moderate values of the turbine damping coefficient 0.005 <

∧ < 0.01. Moreover, it is found that for appropriate combinations of turbine rota-
tional speed N and rotor diameter D with the relations: N = 46.3158 D − 4.2632
and N = 34.6667 D − 0.1333, 80% annual-averaged efficiency in the OWC device
plant can be achieved. These results are essential to design the appropriate geometry
of the OWC device and also helpful to design Wells turbine with relevant turbine
parameters. In near future, this model will be extended to incorporate the exact
geometry of an OWC plant and the associated numerical results will be validated by
comparing them with the experimental results.
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Inverse Kinematic Model
of a Cable-Driven Continuum
Manipulator

Vipin Pachouri and Pushparaj Mani Pathak

1 Introduction

The continuum manipulators gained the attention of researchers due to its limit-
less capabilities like handling variety (shape, size, and material) of objects,
highly dexterous and compliance behaviors, safer human-robot interaction, and
excellent ability of obstacle avoidance, to name a few. These countless features
of continuum manipulators are due to their structure and mechanism of actuation
system are inspired from biological life-forms existing in nature like the elephant
trunk [1], octopus arms [2, 3], snake’s [4] exoskeleton and locomotion, tube feet in
starfish, squid, earthwork, etc. The modeling of this new class of robot can be either
constant curvature [5] or variable curvature [6] in nature, both giving different levels
of capabilities.

Best to the author’s knowledge, the first-ever written evidence on continuum
manipulators is presented by Anderson et al. in 1970, popularly known as ‘Tensor
Arm Manipulator’ which includes a series of plates which are interconnected by
universal joints [7]. Later Robinson and Davies [8] presented a more clear picture of
the fundamental difference between discrete, serpentine, and continuum robot. They
had also introduced some control issues and the field of application of these ‘state
of the art’ robots. Hannan and Walker [9, 10] proposed a kinematic approach for
modeling continuummanipulator by parameterizing a curve in terms of its curvature
and arc length followed by a well-proven Denavit–Hartenberg (D–H) procedure.
Webster et al. [11] presented a thorough review on the various design principles and
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kinematic modeling of constant curvature continuum robots. The D–H-based direct
kinematic modeling works well for rigid robots consisting of constant link length.

In contrast, for continuum robots, the scenario is different, for these state-of-
the-art robotic systems, as links are always bending and follow a curvature, so D–
H-based direct kinematic approach does not fit appropriately to continuum robots,
whereas if the number of links/frames are increased to a relatively more significant
number with a compromise on computation cost, then it seems to be worth noting to
represent the kinematics of continuum robots using theD–H approach. Inderjeet et al.
[12] proposed the two quantitative approaches based on Newton–Raphson iterative
method and damped least square method to solve the IK applicable to compact
bionic handling assisted (CBHA) manipulator using the forward kinematic model
proposed by Escande et al. [13, 14]. Their approach relies on the initial guess, which
goes wrong if hardware in-loop feedback is not available.

This article presents direct and inverse kinematics (IK) of a planar cable-driven
continuum manipulator (CDCM) based on the geometry of the manipulator. The
same methodology can also be extended for spatial manipulators. Initially, the math-
ematics for multisection planar CDCM presented briefly followed by the simulation
results. Finally, a geometric-based IKmodel is presented based on a uniform bending
assumption. The source of inspiration for the structure and mechanism of the actu-
ation system of the proposed continuum manipulator, obtained by replicating the
anatomy of themuscles arrangement in the octopus arm, as shown in Fig. 1. Figure 2a
shows the model of the planar CDCM based on the anatomy shown in Fig. 1. These
types of robots have numerous applications in industry, agricultural work, navigation
in unstructured environments, etc.

Fig. 1 Schematic of muscle arrangement in the octopus arm inspired from its anatomy (where ‘L’
represents the longitudinal muscle, that extends the octopus arm axially, ‘T ’ shows the transverse
muscle producing bending and radial contraction described as cables for actuation, ‘O’ represents
the oblique muscle responsible for torsional motion, and ‘N’ is the neutral axis, acting as the
backbone of continuum manipulator)



Inverse Kinematic Model of a Cable-Driven Continuum Manipulator 555

Fig. 2 a Schematic of Tendon/Cable actuated planar continuum manipulator, b Vertebra at rest,
c Vertebra after actuation (bending), d Geometry of single vertebra after actuation (bending)

2 Forward Kinematics

The initial length of the backbone, right and left cables of continuum robot before
bending for a single vertebra at rest represented mathematically as (ho and H) are
geometrical parameters of continuum manipulator shown in Fig. 2(b))

L0 = LRI = LLI = H/2 + h0 + H/2 = H + h0 (1)
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For one section consisting ‘n’ vertebras, the initial length is not only multiplied
by n, but a distance of ‘H/2’ is added due to the geometry of the robot backbone, as
shown in Eq. (2).

L0 = LRI = LLI = n(H + h0) + H/2 (2)

The final cable length for single-section continuum backbone robot having ‘n’
vertebras is

{
LRF = n(H + hR) + H/2 = n(H + hR) + H/2
LLF = n(H + hL) + H/2 = n(H + hL) + H/2

}
(3)

where the values of nhR and nhL are calculated for a section consisting ‘n’ vertebras
from the geometry of a single vertebra after bending as [15]

{
nhR = n[h0 cos(θJ/2) + d sin(θJ/2)]
nhL = n[h0 cos(θJ/2) − d sin(θJ/2)]

}
(4)

Using the trigonometric property
[
cos

(
θJ
2

) = 1 − 2 sin2
(

θJ
2

)]
, the above expres-

sion can be rearranged as

{
nhR = n h0 + n

[
d sin(θJ/2) − 2 h0 sin2(θJ/4)

] = n(h0 + A)

nhL = n h0 − n
[
d sin(θJ/2) + 2 h0 sin2(θJ/4)

] = n(h0 − B)

}
(5)

where A and B are
[
d sin

(
θJ
2

) ∓ 2 h0 sin2
(

θJ
4

)]
sequentially. The overall length of

the right and left cables for ‘n’ vertebras after bending obtained mathematically as
(shown in Fig. 2c)

{
LRF = L0 + n

[
d sin(θJ/2) − 2 h0 sin2(θJ/4)

]
LLF = L0 − n

[
d sin(θJ/2) + 2 h0 sin2(θJ/4)

]
}

(6)

where ‘θJ’ and ‘n’ are the joint angle of each vertebra and the total number of vertebras
per section, respectively. The relation between joint angle (θJ ) of the vertebra and
overall bending angle (θR) of the section of a continuum manipulator is obtained by
calculating (LRF − LLF ), i.e.,

θR = n θJ = 2 n sin−1

(
LRF − LLF

2 n d

)
(7)

The maximum permissible bending angle of each vertebra is restricted based on
the geometry of each vertebra after bending as
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(θmax )Joint = 2 tan−1

(
h0
d

)
(8)

The right and left cables are actuated via respective motors connected to the
pulley of radius ‘r’ to bend the backbone of the continuum robot from its initial
configuration, as represented in Eq. (9).

{
θmR= r−1(LRF − L0)

θmL = r−1(LLF − L0)

}
(9)

2.1 Actuator Space to Configuration Space

The mapping of the actuator space with the configuration space of the planar CDCM
is done geometrically as shown in Fig. 3a. The mathematical relation of curvature
and bending angle of curvature are expressed in terms of right and left cable lengths.
Finally, the curvature of the cables in terms of cable lengths is calculated as shown
in Eq. (11).

{
RR = R − d

2 = LR
θC

RL = R + d
2 = LL

θC

}
;

{
θC = (LL−LR)

d

K = 2
d

(
LL−LR
LL+LR

)
= 1

R

}
(10)

{
KR = θC

LR
= 1

RR
= 1

R−d/2 = (LL−LR)

dLR

KL = θC
LL

= 1
RL

= 1
R+d/2 = (LL−LR)

dLL

}
(11)

Fig. 3 a Geometry of the planar cable-driven continuum section (where (PR and PL ) represents
right and left cables pulleys and (MR and ML ) represents the right and left motors, respectively),
b Geometric representation of the continuum robot backbone for inverse kinematic analysis
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2.2 Independent Transformation

The coordinates of the tip of the section with respect to the base can be thought of
as a rotation about Y-axis by an angle of θC followed by translation by an amount of
P.4

T =
[
RY (θC) P

0 1

]
; RY (θC) =

⎡
⎣ cos θC 0 sin θC

0 1 0
− sin θC 0 cos θC

⎤
⎦; P =

⎡
⎣ R(1 − cos θC)

0
R sin θC

⎤
⎦
(12)

T =

⎡
⎢⎢⎣

cos θC 0 sinθC R(1 − cos θC)

0 1 0 0
− sin θC 0 cos θC RsinθC

0 0 0 1

⎤
⎥⎥⎦ (13)

3 Workspace and Inverse Kinematics

The workspace is the region of space in which the tip of the robot can maneuver. For
workspace, first, a restriction is imposed on the extreme postures of the curvature of
the section,which is directly dependent on the geometric parameters of the continuum
manipulator. The maximum permissible bending angle of a continuum manipulator
is calculated from the allowable joint angle of the section using Eq. (8). Using the
permissible joint angle of each vertebra, the maximum and minimum limits of the
actuation unit are evaluated. And using this range, the right and left cable lengths
can be calculated, as shown in Eq. (14).

{
LR = r θmR + L0

LL = r θmL + L0

}
(14)

The curvature angle of the section is calculated by substituting the cable lengths
from Eq. (14) in a different way than that specified in Eq. (10). And the obtained
curvature angle is used to calculate the curvature or radius of curvature as shown in
Eq. (15).

θC = 2(LL − L)

d
= (2L − LR)

d
; K = 1

R
= θC

L
(15)

where L = (LL + LR)/2, represents the length of the backbone, calculated using
Eq. (14). Finally, the tip coordinates of the backbone of the continuum manipulator
are obtained after substituting Eqs. (15) in the transformation matrix as indicated
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by Eq. (13). The art of knowing the cable lengths of the section in terms of the
position and orientation of center point coordinates of the tip of the backbone is IK.
Let (x1, z1) and (x0, z0) are the coordinates of the tip and base of the manipulator,
respectively, shown in Fig. 3b.

From geometry (trigonometrically), the distal end distance with respect to the base
coordinate of the manipulator can be calculated as

AB = M =
√

(x1 − x0)
2 + (z1 − z0)

2 (16)

From geometry (trigonometrically),

{
x1 = R(1 − cosθC)

z1 = RsinθC

}
(17)

The sum of angles of triangle ABC (from Fig. 3b), ∠a + ∠b(= ∠a) + ∠θC = 1800

∠a = 90 − θC

2
(18)

From right-angled triangle ADB,

tan a =
(
z1
x1

)
= tan

(
90 − θC

2

)
= cot

(
θC

2

)

θC = 2 cot−1

(
z1
x1

)
: Curvature angle of the section

R = x1
1 − cos θC

= x1

1 − cos
(
2cot−1

(
z1
x1

)) = 1

K
: Radius of curvature (19)

Using the relation of the sum of cable length, the below equations are obtained.

{LL − LR = dθC , LL + LR = 2L} ↔
{
LR = (2 − Kd)θC

2K
, LL = (2 + Kd)θC

2K

}

(20)

In Eq. (20), the curvature (K ) and angle of curvature (θC) are only independent
variables to determine the cable lengths in terms of desired trajectory having center
point coordinates of the tip of the section’s backbone. Substituting Eq. (19) in Eq.
(20) and finally substituting the obtained resultant in Eq. (9), the desiredmotor angles
are calculated and the objective of the IK model is achieved. Figure 4 portrays the
bending profiles of a planar two-sectionCDCMfor inter-vertebral joint angle varying
from−4° to−9°. The friction of each inter-vertebral joint is assumed to be identical,
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Fig. 4 Bending profile for inter-vertebral joint angle varying from −4° to −9°

which leads to an equal bending angle of each joint of a section due to a change
in cable lengths. This is similar to the constant curvature assumption. The IK for a
single section is relatively very simple, but for multi-section, the scenario of multiple
solutions incorporates complexity as depicted in Fig. 5.

Fig. 5 Portraying multiple inverse kinematic solutions, extreme bending posture (A and B) and
home position of multi-section planar CDCM
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Fig. 6 Bending profile (portrayed by black and red curves) and distal end orientation (cyan line) of
planar two-section CDCM for uniform bending of each section (red dot at tip represents the tip of
left cable and the blue dot at tip represents the tip of right cable, yellow diamond markers represents
the coordinates of desired trajectory)

From Fig. 5, it is clear that the IK of a continuum manipulator has multiple
solutions as they belong to the class of under-actuated robotic systems. Due to this
property, the unique solution exists rarely except at the maximum bending profile of
themanipulator as represented by curvesAandB inFig. 5. But if the entireworkspace
is observed precisely, then there exist criteria of uniform bending profile that leads
to a unique IK solution, compromising on the dexterity of the robotic system. As this
research article is mainly focusing on developing a unique geometrical IK solution
applicable to a wide variety of multi-section continuummanipulators, so the concern
about the dexterity of the manipulator is not given so much consideration and will be
adressed in future. Also, the dexterity of continuum manipulators can be enhanced
by serially stacking multiple sections over one another. The uniform bending profile
assumption leads to the same radius of curvature for each section which simplifies
the complexity in solving IK and leads to a unique solution. This assumption is more
practical than the closed-form IK solution obtained from knowing the tip coordinates
of the individual section separately. The simulation results portrayed in Figs. 6, 7
and 8, validates the proposed IK algorithm.

4 Conclusion

This research article presents a geometrical procedure for obtaining the inverse
kinematics of planar multi-section CDCM. Initially, the workspace of the proposed
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Fig. 7 Backbone length, left and right cable lengths of CDCM under uniform bending assumption
following a semi-circular path

Fig. 8 aBackboneCurvature, left and right cable curvature of CDCM for uniform bending assump-
tion following a semi-circular path, b Left and right cable motor rotation of CDCM under uniform
bending assumption for the tip of manipulator following a semi-circular path
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continuum manipulator is calculated using the forward kinematic model of under-
actuated CDCM based on the rotation of each vertebra. The upper and lower motor
angle limits are set based on the geometric parameters of the vertebras of the
continuum manipulator. These limits restrict the extreme postures of curvature. The
shape of the workspace comes out to be circularly symmetric about the home posi-
tion of the manipulator. Friction on each vertebra joint is set to uniform so that each
section follows the constant curvature assumption. To have a unique solution, the
uniform bending approach is selected, and based on the proposed IK approach, the
tip of the continuum manipulator is shown to follow a semicircular path. In future,
the non-uniform bending approach will be investigated for the spatial multi-section
CDCM with varying inter-vertebral joint angles. Also in future, the IK proposed in
this research article will be used for calculating the initial values for dynamic analysis
for these types of continuum manipulators.
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Task Space Reconstruction in Modular
Reconfigurable Manipulation System

Athul Thaliyachira Reji, Anubhav Dogra, Shashi Shekhar Jha,
and Ekta Singla

1 Introduction

Modern robots are designed to be reconfigurable and adaptable to cater to the flexi-
ble manufacturing systems of modern industries [4]. The conventional robotic arms
are designed to perform a specific task for a specific environment. Such systems
have fixed configurations and have workspace limits. For different environments
and non-repetitive tasks, a robotic arm with alternate attributes is required; thus, a
fixed and conventional configuration may not prove effective. Moreover, specially
designed manipulators are not economical nor feasible every time. In such scenarios,
reconfigurable manipulators are a better fit. Reconfigurability of a mechanism is best
achieved using a modular approach [1]. Many researchers have worked on modu-
lar robots, mainly on self-reconfigurable robots and manually reconfigurable robots.
Modules are designed as link modules, joint modules, and end-effector modules [4,
16]. These modules can be assembled in different ways to get the required configu-
ration of the manipulator. Few researchers have focused on task-based configuration
designs [7, 9], but less emphasis is given on the design studies based on cluttered
environments.
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Our objective is to provide a framework for task-based customized design of
manipulators which can operate in prescribed workspaces. These customizedmanip-
ulator designs are task-based; thus, automatic reconstruction of the task-space is
required to create a virtual model for the integration of the workspace in the design
algorithms for task-based customization and design studies. Secondly, it can be inte-
grated with the developed customized robotic systems for demonstrating path plan-
ning. An entire workspace cannot be specified by making real-world measurements
since it could be out of scale. It might not take into consideration all the obstacles
and can consume a lot of time and resources. These challenges will become tougher
as the environment gets more complex. Moreover, the preparation of a CAD model
every time the workspace undergoes changes is not efficient. Therefore, the process
of creating a model of the workspace of a manipulator up to scale is automated in
this paper and used for design planning.

Scene reconstruction techniques are used for creating the model of the workspace
accurately [17]. We have utilized RGB-D cameras to capture the color and three-
dimensional geometric features of the workspace. Various pre-processing activities
like timestamp matching and point cloud generation are performed. Subsequently,
camera pose estimation is performed using local image features [14] and RANSAC
[6]. The environment is integrated and stored using an efficient and scalable voxel-
based representation [5].

The main contributions of the paper can be summarized as follows:

1. A framework for the reconstruction of the cluttered task-space is presented, which
is utilized for the configuration synthesis of modular manipulators.

2. Designing a modular library for the realization of modular configurations.
3. Integration of the reconstructed task-space model and modular configuration in

Robotic Operating System (ROS)—a framework for quick modeling, visualiza-
tion, and task execution.

The overall methodology of the work is shown in Fig. 1. The procedure is shown
in three phases. Phase one consists of collecting the environmental data using a depth

Fig. 1 Framework is shown
in three phases. Phase one
consists of collecting the
external data and model
reconstruction. In phase two,
the model environment is
integrated with a modular
manipulator synthesizer.
Finally, in phase three, the
reconstructed environment
and the resulted modular
configuration are integrated
using ROS framework for
path planning
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camera and processing it for the reconstruction of the environment in STL format,
as explained in Sect. 2. In phase two, the reconstructed model is integrated with the
modular manipulator’s configuration synthesis algorithm, as described in [10]. In
phase three, the reconstructed environment and resulted modular configuration are
integrated with ROS framework for execution of the tasks defined.

2 Methodology

In this section, various stages of the scene reconstruction pipeline are discussed in
detail.

2.1 Pre-processing

Depth cameras or RGB-D cameras are used to record real-world scenes for 3D scene
reconstruction. There are mainly two separate and independent components inside a
depth camera, viz., the depth measurement module, and the color measurement mod-
ule, and these work at different frequencies and phases. Hence, the recorded images
will have different time sequences and are unsynchronized. Ideally, a set of pairs of
color and depth images recorded simultaneously is required for processing the data
accurately. However, due to the temporal mismatch, amechanism is needed for frame
associations. We have used the nearest timestamp heuristic to establish associations
as the magnitude of the time difference is low (of the order of milliseconds), and the
camera won’t be able to move much in such a short period of time. In this approach,
the color image having the closest timestamp to the available depth image is together
taken as an associated pair and assumed to have been recorded at the same time over
the same location. Besides, it is made sure that the resolution of the color images and
the depth images are the same so that a one-to-one correspondence can be defined
over the pixels of the color and the depth images.
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Algorithm 1: Registration using Local Image Features and RANSAC
Input: Two-point cloud and RGB image pairs, (P1, I1) and (P2, I2) measured with respect

to frame-1 and frame-2, respectively, the number of local features to detect N , the
maximum number of iterations max I ter , the number of points in the inlier
hypothesis M , the threshold for inliers and outliers θ1, the threshold to check the
quality of the estimated transformation θ2.

Output: The transformation matrix, T1
2 from frame-2 to frame-1.

1 emin ← +∞
2 T 1

2best ← null
3 C1 ← findLocalFeatures(I1)
4 C2 ← findLocalFeatures(I2)
5 〈F1, F2〉 ← matchFeatures(N , C1, C2, P1, P2)
6 for i ← 1 to max I ter do
7 H ← φ � Hypothetical Inliers
8 L ← φ � Consensus Set
9 for j ← 1 to M do

10 r ← randomNumberBetween(1,N ) � r should not repeat

11 H ← H ∪ {〈F1
r , F2

r 〉}
12 end
13 S1 ← {

F1
r : 〈F1

r , F2
r 〉εH where rε [1, M]

}

14 S2 ← {
F2
r : 〈F1

r , F2
r 〉εH where rε [1, M]

}

15 T 2
1 ← SVDMinimization(S1,S2)

16 for f 1εS1 and f 2εS2 do
17 e = ∥∥ f 1 − T 2

1 f 2
∥∥
2

18 if e < θ1 then
19 L ← L ∪ {〈 f 1, f 2〉}
20 end
21 end
22 if |L| > θ2 then
23 L ← L ∪ H
24 L1 ← {

F1
r : 〈F1

r , F2
r 〉εL where rε {1, . . . , |L|}}

25 L2 ← {
F2
r : 〈F1

r , F2
r 〉εL where rε {1, . . . , |L|}}

26 T 2
1 ← SVDMinimization(L1,L2)

27 e ← 1
|L|

∑

〈 f 1, f 2〉εL

∥∥ f 1 − T 1
2 f 2

∥∥
2

28 if e < emin then
29 emin ← e
30 T 1

2best ← T 1
2

31 end
32 end
33 end
34 return T 1

2best
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2.2 Local Camera Pose Estimation Using Local Image
Features and RANSAC

After the successful pre-processing of the depth and color images, local image reg-
istrations are performed over the sequence of RGB-D images. Given two RGB-D
images recorded at different camera poses with sufficient overlap, the local camera
pose estimation’s objective is to find the relative transformation matrix that brings
one of the RGB-D images into the camera frame of the other image. The fixed camera
frame can be selected arbitrarily out of the two choices. The point cloud constructed
from the fixed camera frame is called the modal point cloud (P1), and the one to be
transformed into the fixed frame is called the source point cloud (P2).

Local image features are used to establish correspondences and create matching
pairs of points between the source point cloud and the modal point cloud. In this
approach, given a pair of RGB-D images, the local features (such as blobs, edges,
corners, and ridges) in the two RGB images (I 1 and I 2) are detected and described
using feature detection methods and feature descriptors such as SIFT, SURF, ORB,
BRISK, and BRIEF [14] to form a set of ordered pairs of feature vectors and their
respective image coordinates: C1 and C2. Each ordered pair of the set C1 (of feature
vectors) is compared with ordered pairs in C2, and the pairs having the highest sim-
ilarity of feature vectors are considered a corresponding pair. This feature matching
creates a one-to-one correspondence from C1 to C2.

It is assumed that any pixel in the depth image corresponds to the pixel at the
same pixel coordinates in the RGB image, i.e., a one-to-one mapping exists between
the pixels of the RGB image and its corresponding paired depth image. This is valid
because the timestamps of the RGB image and the depth image only differ by a
small magnitude, and the resolution of the depth image and the RGB image is the
same. Hence the image coordinates from C1 and C2 are used to find the depth values
from the corresponding coordinates in the depth images. Only these depth values
are then converted to point clouds (F1, F2) instead of the entire depth image. This
dramatically reduces the number of computations as the depth images can have over
105 pixels. F1 and F2 represent the locations of the matched features in 3D space
and are a subset of P1 and P2. The size of F1 and F2 remains the same and depends
on the confidently matched features from C1 and C2. Hence, this procedure results
in sampling the point clouds along with matching.

Now that we have a set of sampled points having high correspondence, the next
step is to find the optimal relative transformation that best aligns F1 and F2. The
objective function (error metric) to be minimized for deriving the transformation is
the sum of the squares of Euclidean distances between corresponding points in P1

and P2 i.e.:

E = 1

N

N∑

i=1

∥∥p1i − T1
2 p

2
i

∥∥
2 (1)

where p1i εF
1, p2i εF

2 are the corresponding points, N is the number of points in F1

and F2, and T1
2 is the relative transformation between the two camera frames. The
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objective function (E) in Eq.1 is minimized using Singular Value Decomposition
(SVD) minimization [15] to find the optimal value of T1

2. Here, SVD minimization
helps to find the transformation matrix that best minimizes the objective function
and thus best aligns the two point clouds in different frames.
RANSAC-Based Outlier Removal The local camera pose estimation method (dis-
cussed above) can still result in errors due to outliers or false positive matches. False
negative matches do not arise in local camera pose estimation usually because for
false-negative matches to occur, a point should be matched to a wrong point in the
presence of its correct match, but the algorithm checks for the best match among all
possible points making it exhaustive, thus preventing false negative matches. This is
caused due to sensor noise, which can distort the image details leading to the wrong
description of the local geometry and color. This effect gets compounded by the need
to register overlapping images correctly. Thus, in practice, the number of false posi-
tives becomes large and can outnumber the number of true positives. Further, using
such false positive pairs for calculating the relative transformation, T 1

2 can result in
huge errors.

To eliminate such outlier pairs, we employ the RANdom SAmple Consensus
(RANSAC) method for outlier detection [6]. The minimum number of pairs of cor-
responding 3D points required to perform SVD minimization are three. Hence, the
set of hypothetical inliers (H ) is constructed by randomly sampling three distinct
corresponding pairs from F1 and F2. The hypothetical inliers are used to perform
SVD minimization to find a hypothetical model, which in this case, is the relative
transformation T 1

2 . Next, all the corresponding pairs which are not in the hypothetical
inliers are checked to see if they fit with the hypothetical relative transformation T 1

2
given some tolerance level θ1. The ones that fit T 1

2 are collected to form the consen-
sus set L . If the number of pairs in the consensus set is more than a threshold θ2,
then the hypothetical inliers are combined with the consensus set, and the same is
used to estimate an improved relative transformation using the SVD minimization
procedure. The procedure is repeated for a fixed number of iterations, and the trans-
formation matrix giving the minimum error is chosen as the best model. If no model
was found meeting the threshold criteria, the model with the maximum number of
inliers is considered the best model.

Algorithm 1 describes the whole process of local camera pose estimation using
local image features and outlier removal using RANSAC.

3 Modular Library

The modular library being used consists of the link modules and joint modules, as
shown in Fig. 2. The Joint modules are designed to incorporate the actuator and its
adjustment in terms of connecting with other modules and the required twist angle.
It consists mainly of three components, as shown in Fig. 2a. They are an actuator,
an unconventional twist unit, and two casings for the input and output section of the
actuator.
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Fig. 2 The modular library consisting of a Assembled joint module, b actuator, c Actuator casings
d Adaptive twist unit, e Link modules

To design the modular joint assembly, KA-Series actuators from Kinova [3] are
used in thiswork. TheKA-series actuators are available in two variants as K A − 75+
and K A − 58 and are connected to each other in series using a 20-pin flat flex cable.
Each variant of actuator connects in a daisy chain, which makes it perfect for the
modular assembly of serial manipulator configurations.

The adaptive Twist Unit is designed to incorporate the twist angles adjustment
between the two frames, according to Denavit–Hartenberg (DH) convention. The
twist adjustment can be made in two ways. One is the angle between the two adjacent
intersecting joint axes, and the other is the angle between two adjacent skew joint axis
[10]. In this design, a pivotal extension from the actuator casing, Fig. 2b, is assembled
with a pivot of twist adjusting unit, see Fig. 2c. The twist unit has a semi-circular
slot with a resolution of 10◦ ranges from 0 to +90◦ and −90◦ in both clockwise and
anticlockwise direction, as shown in Fig. 2c. The input unit can rotate about a pivotal
axis in the twist unit to adjust the twist angle. Besides, there are two connection ports
provided orthogonal to each other and are provided with 12 holes with a resolution
of 30◦ to adjust the twist angle.

3.1 Architecture Validation and Visualization

A ROS-based platform is developed to visualize the working of the developed mod-
ular manipulators. Here, it is proposed to convert the prescribed DH parameters of
modular configurations into the Unified Robot Description File (URDF) formats.
URDF is an XML-based file format that is widely used for the modeling and analy-
sis of robotic systems in software like ROS, v-rep, OpenRave, Matlab and so forth.
URDF describes various elements of a robot, such as links, joints, and frames. It
also stores the geometrical and inertial parameters of each link. Each element of the
modular library presented in Sect. 3 is converted into STL files and are incorporated
in URDFs for better visualization.

Figure3 shows the rendered versions of different modular configurations based
upon the prescribed DH parameters. Figure3a shows 2-DoF planar configuration,
Fig. 3b shows 3-DoF modular standard configuration and c shows 3-DoF modular
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Fig. 3 URDF visualization of modular configurations in ROS. a 2-DoF planar configuration, b
3-DoF standard configuration, c 3-DoF configuration with twist of 45◦ in joint 3 and d 6-DoF
standard configuration

configuration with a twist of 45◦, and Fig. 3d shows a 6-DoF standard modular
configuration. Through this, the standard and unconventional required set of modular
assembly combinations are verified.

4 Results

We have used the TUM dataset [11] as the source of the environment for demon-
strating the framework. The parameter values of Algorithm 1 was set to: N = 100,
max I ter = 1000, θ1 = 0.06, θ2 = 20 when it was run on the dataset. SIFT [8] fea-
tures were used for feature description and detection. Open3D, OpenCV, and Python
were used to implement Algorithm 1.

The resultant reconstructed workspace in STL format along with the task space
locations are taken as input for the configuration design synthesizer. The optimal
configuration is obtained by finding the minimum DoF of the manipulator using
Lagrangian optimization and simulated annealing [10]. The output from the algo-
rithm is the DH parameters of the modular manipulator. According to these DH
parameters and modular assembly sequence, the URDF is generated. It is then used
with the MoveIt! [12] within the ROS environment to integrate the path planning
libraries with the modular robot. MoveIt! Setup Assistant provides a GUI interface
to generate the specific files for setting up the modular manipulator and workspace
in a single framework. MoveIt! configures the simulation by generating the Collision
Matrix and configuring the Planning Groups. Moveit uses packages like ompl [13]
for path planning and trac-IK [2] for inverse kinematics computation of the generated
robot.

To demonstrate in this paper, a 3-DoF modular manipulator configuration and
the reconstructed workspace are integrated into the ROS framework are shown in
Fig. 4. Two task-space locations are shown as A and B. Figure4b is shown in start
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Fig. 4 a Reconstructed mesh with color features, b modular configuration in developed environ-
ment at position A, cmodular configuration in developed environment at position B, d Planned path
of the modular configuration from A to B

position of the robot with its end-effector at task-location A and Fig. 4 c shows the
goal position where the robot has to reach. Figure4d shows the path traced by the
end-effector of the 3-DoF modular manipulator while reaching for task-location B
from A by avoiding collisions with obstacles.

5 Conclusion

A framework for reconstructing the workspace of a manipulator and subsequently
using it for manipulator design and path planning is delineated in this paper. A scene
reconstruction pipeline was used to create the model of the workspace accurately to
scale. The resultant model was then used for designing themodular robot. Finally, the
modular robot was integrated with the environment model, and the end-effector of
the designed robot was moved from one task-location to another in the environment
avoiding collisions.
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The reconstructed environments can have enormous sizes; thus, it can slow down
path planning and other processes. Hence, ways to reduce the size of the model
while preserving relevant information should be investigated. The framework could
be extended to operate a real-timemodular configuration by integrating the hardware
controller and the ROS control package.
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13. Şucan, I.A., Moll, M., Kavraki, L.E.: The open motion planning library. IEEE Robot. Autom.

Mag. 19(4), 72–82 (2012). https://ompl.kavrakilab.org
14. Szeliski, R.: Computer Vision: Algorithms and Applications. Springer Science & Business

Media (2010)
15. Umeyama, S.: Least-squares estimation of transformation parameters between two point pat-

terns. IEEE Trans. Pattern Anal. Mach. Intell. 4, 376–380 (1991)
16. Yun,A.,Moon,D., Ha, J., Kang, S., Lee,W.:Modman: an advanced reconfigurablemanipulator

system with genderless connector and automatic kinematic modeling algorithm. IEEE Robot.
Autom. Lett. 5(3), 4225–4232 (2020)

17. Zollhöfer, M., Stotko, P., Görlitz, A., Theobalt, C., Nießner, M., Klein, R., Kolb, A.: State of
the art on 3d reconstruction with rgb-d cameras. In: Computer Graphics Forum, vol. 37, pp.
625–652. Wiley Online Library (2018)

https://ompl.kavrakilab.org


Design Analysis and Experimental
Validation of Modular Handling System
for Satellite Ground Application

G. A. Srinivasa, Shashank Srivastava, and Saurabh Chandraker

1 Introduction

The spacecraft’s AIT operations involve various assembly processes and testing till
the launch of satellite, and all these to be carried out by lifting the spacecraft with
the help of spacecraft’s handling system which is one of the major applications in
MGSEs. For any spacecraft’s lifting, the conventional/modular handling systems are
used. The MHS is user-friendly with less manpower and less lead time for assembly
with provision of variable pitch length adjustment over the conventional handling
system as shown in Fig. 1. MHS may consist of two-, three-, four-, or six-point
handling system depending on shape and weight of the spacecrafts; Fig. 2 shows
four-point MHS and it consists of major and important structural parts which are
aluminum (Al) extruded profiles [1]whichwith sufficientmoment of inertia (MI) acts
an intermediate member between the spacecraft’s assembly and crane with sufficient
Factor of Safety (FOS), and this ensures that there are no undue load present on the
spacecraft’s handling system and other parts ofMHS are handling shackle, CGfinder,
eye end and fork end, and wire rope bracket [2]. TheMHSmay be used with/without
CG finder depending on requirements of the project.

The Finite Element Analysis (FEA) of Al extruded profiles of complex cross-
section assembly is extensively studied by Serkan Güler Hira Karagülle in 2016[3]
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Fig. 1 Conventional
handling

Fig. 2 Modular handling
system

with 1D beam element structures for natural frequencies and mode shapes are
compared with experiment results, and the complications of 3Dmeshing of complex
cross sections are also noticed. The sameAl profiles with bolted joints are studied for
some mechanical behaviors like slip, shear, and pull-out experimental tests results
are compared with the numerical models by Luigi Fiorino et all in 2014[4]. As there
are no research papers found based on these profiles, analysis by 2D shell element
method, 1D beam element which is used only for approximate estimation as well as
for prediction of failure of structure, and for detailed estimation and analysis 2D/3D
elements are used [5], but in our present analysis 2D element method is used because
of simple and less solver time compared to 3D elementmethod. 2D shell elements are
used for all mid-surfaces in FEA [6, 7] of extruded profiles and other components of
MHS assembly analysis for vonMises stress and deflection. The element size is opti-
mized and the peak stress locations are important in FEA because of the singularities
[8] present in the model. The extruded profiles’ mid-surface extraction and meshing
is validated by considering the different cross-section profiles under cantilever beam
condition and compare the results of 1D beam, 2D shell element method as well
as analytical cantilever beam calculations [9] and finally the von Mises stress and
deflection results of MHS assembly from FEA are compared with the experimental
results [10] obtained from static analysis of MHS by using the strain gages [11, 12].
The scope of this work is to validate the cross-section profiles for the realization of
complete MHS assembly and to optimize the MHS using FEM simulation.
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2 Methodology

Here the experimental results used to interpret the results obtained in FEA for static
analysis of MHS are discussed and analytical method is used to validate the extruded
profile 2D mid-surface meshing under cantilever beam condition.

2.1 Analytical Method

The Al extruded profiles are meshed by using 2D shell elements and 1D beam
elements, these are analyzed under simple cantilever beam condition for FEA results,
and the results are compared with the analytical calculations by using the following
equations:

Deflection equation of cantilever beam with point load and self-weight

δ = PL3

3EI
+ wL4

8EI
(1)

Von Mises stress equation of cantilever beam with point load and self-weight

σ = (wL + P)L

I
C (2)

where P = load applied in N, L = length of the beam in m, E = Young’s modulus
of the beam material in MPa, I=moment of inertia of c/s in m4, w= self-weight of
the beam/unit length, and C = extreme surface location from the neutral axis in m.

2.2 Finite Element Analysis (FEA) Method

FEA involves three steps, namely, pre-processing, processing, and post-processing.
The first step involves meshing, providing material information, application of
boundary conditions and loads, etc.; here, Altair HyperMesh has been used for pre-
processing, Optistuct used for solving, and finally for post-processing again Altair
HyperMesh is used. Before meshing, the geometry cleanup and mid-surface extrac-
tion of all the components of the MHS assembly are done. The geometry cleanup
involves removal of small holes, gaps, sharp fillets, etc., which are not necessary for
the analysis, and this activity helps in mid-surface creation as well as in obtaining
quality mesh. Mid-surface is extracted by dividing individual cross sections of each
component by approximating the cross-section profile to match the area moment of
inertia and finally assign the properties like thickness and homogeneous, isotropic
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a) b) c)

Fig. 3 a 90 × 180 actual 3D profile, b 2D shell element approximated profile, and c comparison
of 2D and actual 3D profiles

material. Figure 3 shows the 90 × 90 Al extruded profile and Fig. 4 shows the fork
end of MHS assembly.

The MHS assembly interconnecting screw joints are done by using Rigid body
element (RBE2) shown in Fig. 5a and b which is having one independent node
and multiple dependent nodes, the sole purpose of the RBE2 transfers the load in
such a way that all the dependent nodes have zero relative deformation after load
application.

The Single Point Constraint (SPC) which is number of degrees of freedom of
fixed location and the force which is the loading point are specified along with the
magnitude and direction as shown in Fig. 5c. Finally, the MHS assembly is analyzed
in Optistruct solver for linear static analysis of maximum deflection and von Mises
stress.

a) b)

Fig. 4 MHS fork end. a 3D part model. b 2D shell element model

a) b) c)

Fig. 5 a and bMHSRBE2 element connections for joints and cMHS loading and fixed constraints
representation
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2.3 Experimental Method

Weneed to select the appropriate cross-section profiles forMHS to handle the satellite
or panel assembly weight during each AIT operations. The selection of these profiles
is strength-based approach [2] where the load factors are considered as follows:

(a) Working Load Limit(WLL) = Shock factor × Safe Working Load(SWL)

= 1.5× SW (3)

(b) Test ing load l imi t (TLL) = 2 × SWL (4)

(c) Proof Load Limi t (PLL) = 2 × WLL = 3 × SWL (5)

(d) Desi gn Load Limi t (DLL) = 1.5 × PLL = 4.5 × SWL (6)

The MHS is designed for design load limit by using Eqs. (3), (4), (5) and (6)
which are mainly depends on the standard cross section profiles used. The Table
1 shows profile specifications of MHS considered for the experimental test in the
present work.

To validate the results obtained from the FEA, we have selected three locations
for measuring strains by using three-element rectangular rosette gages [10] as shown
in Fig. 6a. At location-1, 2 mm strain gage and at location-2 and 3, 1 mm strain gages
are used. The MHS assembly is tested for Testing Load Limit (TLL), and the test
setup is shown in Fig. 6b along with the load cell and laser detector. Load cell is used
to apply the required load and laser detector is used to measure the deflection of the

a) b) c)

Fig. 6 a Three-element rectangular rosette gages’ locations. b MHS experimental setup for load
test. c P3 strain indicator and recorder

Table 1 MHS specifications

Sl no. Type of handling
system

Pitch size (mm) Main beam profile Auxiliary beam profile

1 MHS-1 1659 × 1250 90 × 180 profile 90 × 90 profile
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main beam at the center. The directional strains of each strain gage are recorded with
the help of P3 strain indicator and recorder as shown in Fig. 6c.

Principle stresses for linear, isotropic, and homogeneous material are calculated
from measured three-directional strains by neglecting the transverse sensitivity of
the gages.

σ1 = E[ (εA + εC)

2(1− μ)
+ 1

2(1+ μ)

√
(εA − εC)

2 + (2εB − εA − εC)
2 (7)

σ1 = E[ (εA + εC)

2(1− μ)
− 1

2(1+ μ)

√
(εA − εC)

2 + (2εB − εA − εC)
2 (8)

where E = modulus of elasticity in GPa; μ = Poisson’s ratio; and εA,εB, and εC are
strain gage readings at 0°, 45°, and 90°, respectively.

The von Mises stress is calculated from the principle stresses

σvon =
√

σ12 + σ22 − σ1σ2 (9)

The calculated von Mises stress from Eq. (9) is compared with that of the von
Mises stress results obtained in FEA with respective locations.

3 Results

The static FEA of MHS assembly is compared with that of experimental results, and
before that some cantilever beam analysis for 1D and 2D shell element is carried
out to compare with analytical results, one of the cantilever beam deflection and von
Mises stress results are verified for convergence test also with different element sizes
as plotted in Fig. 7 and the corresponding results are listed in Table 2.

The cantilever beam analysis results with corresponding analytical calculations
are shown in Table 2, and by changing the element size the deflection values never

I II

Fig. 7 90× 180 profile Von Mises stresses (I) Plots of element size. a 10 mm. b 7.5 mm. c 5 mm.
d 2.5 mm. e 1.5 mm. f 1 mm. (II) Values measured location in FEA
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Table 2 90 × 180 profile cantilever beam deflection and vonmises stress

Length of the beam L = 1000 mm, load applied P = 30 KN, 2D profile moment of inertia I =
2130.16 cm4, analytical deflection δ = 6.7 mm, analytical stress σ = 123.2 MPa

Sl no. Element size
(mm)

FEA
deflection
(mm)

Error % of
deflection

Vonmises
stress (MPa)

Error % of
vonmises
stress

1 10 6.69 0.15 122.7 0.4

2 7.5 124.3 0.9

3 5 126.7 2.8

4 2.5 130.2 5.7

5 1.5 131.8 6.9

6 1 132.6 7.6

deviate but von Mises stress values deviate and never converge because of singu-
larities in the model and single point constraints [8], so to avoid complexity of the
model the element size for all the 2D profiles is taken 5mmbased on the convergence
results.

After finalizing element size, the deflection and simple average von Mises stress
plots for both 1D beam and 2D shell elements of some profiles are shown in Figs. 8
and 9 and the corresponding results with respect to analytical calculations are listed
in Table 3.

I II

Fig. 8 (I) 90 × 180 profile and (II) 90 × 90 profile. a 1D beam deflection. b 2D shell element
deflection. c 1D beam von Mises stress. d 2D shell element von Mises stress

I II

Fig. 9 (I) 90× 19 profile and (II) box profile. a 1D beam deflection. b 2D shell element deflection.
c 1D beam von Mises stress. d 2D shell element von Mises stress
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Table 3 shows the percentage of error for all the variants considered in the present
work are <8.5% for deflection and <7.2% for average von Mises stress compared
with the analytical calculations, which are acceptable range in FEA and the errors
are mainly due to the following three major reasons that are observed.

a. The MI of the 2D profile and actual 3D profiles itself showing some error.
b. For von Mises stress calculations, we have considered only bending stress by

neglecting shear stress.
c. Method of taking von Mises stress results from FEA tools, here we have

considered the simple average method for von Mises stress comparison.

Based on the above results we conclude that these standard extruded profiles can
be meshed by using 2D shell elements for further static analysis of MHS assembly.

3.1 Static Analysis of Modular Handling System (MHS)

A four-point MHSwith specifications listed in Table 1 is analyzed in FEA for deflec-
tion and Von Mises stress but the required von Mises stress from FEA is measured
only at specified three locations as shown in Fig. 10 where the strain gages are fixed
during experimental static analysis ofMHS. Table 4 readings show the strain readings
measured from P3 strain indictor at three locations during experimental method.

The von Mises stresses are calculated using Eqs. (7), (8), and (9) and the corre-
sponding values are listed in Table 5, the central deflection of MHS is having 15%

Fig. 10 MHS-1. aOverall deflection of system. b vonMises stress at location-1. c vonMises stress
at location-2. d von Mises stress at location-3

Table 4 P3 strain indicator reading of strain at 3 locations

Sl no. Strain gauge readings Location-1 (με) Location-2 (με) Location-3 (με)

1 εA 0° angle 102 131 825

2 εB 45° angle 49 84 316

3 εC 90° angle 162 316 226
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I II

Fig. 11 MHS-1 (1659 × 1250 mm pitch) (I) Deflection plots and (II) von Mises stress plots.
a 1200 Kg load, b 2700 Kg load and c 5400 Kg load

Table 5 FEA and experimental results comparison of deflection and vonmises stress

Type of handling system: MHS-1, pitch size: 1659 × 1250 mm, testing load applied: 2700 Kg

Sl no. Central deflection
in (mm)

Vonmises stress in MPa

Location-1 Location-2 Location-3

01 FEA 1.69 FEA 1.21
×
10–13

FEA 24.9 FEA 37.28

Experimental 2 Experimental 44 Experimental 28 Experimental 41

Error % 15.5 Error % 100 Error % 11 Error % 9

error and the von Mises stresses are 100%, 11%, and 9% at location-1, 2, and 3,
respectively. The FEA von Mises stress value at location-1 is almost zero and the
corresponding experimental value is 44 MPa, it is because at location-1 in FEA
model used RBE2, so the strain gage placement at this location for experimental
method was incorrect, and here the results are compared and concluded based on the
location-2 and 3 only.

From the experimental results validation with the FEA results, we conclude that
the finite element models with appropriate meshing are used for static analysis and
we can design any type of MHS for the specific application of load. Figures 11 and
12 show the deflection and von Mises stress plots for MHS-1 and MHS-2 at SWL,
TLL and DLL loads, and the same results are tabulated in Table 6.

I II

Fig. 12 MHS-2 (1510 × 1300 mm pitch) (I) Deflection plots and (II) von Mises stress plots.
a 1425 Kg load, b 2850 Kg load and c 6415 Kg load
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Table 6 Deflection and vonmises stress results

Sl no. Type of
handling
system

Pitch size
(mm)

C/S used Load (Kg) Deflection
(mm)

Average
vonmises
stress (MPa)

01 MHS-1 1659 ×
1250

90 × 180 and
90 × 90

SWL = 1200 0.719 28.3

TLL = 2700 1.69 65.8

DLL = 5400 3.44 133.6

02 MHS-2 1510 ×
1300

90 × 180 SWL = 1425 0.45 31.1

TLL = 2850 0.93 63.8

DLL = 6415 2.13 145.8

Table 7 Component level vonmises stress results

Sl no. Type of
handling
system

Material Component
showing max
stress

Load (Kg) Designer
vonmises
stress (MPa)

Yield Stress of
the material
(MPa)

01 MHS-1 Steel Eye end DLL
= 5400

198 356

Al Auxiliary
beam

157 276

02 MHS-2 Steel Eye end DLL
= 6415

216 356

Al Main beam 134 276

From the static analysis results of the MHS-1 and 2, it is observed that the deflec-
tion and simple average vonMises stresses arewellwithin the limits for SafeWorking
Load (SWL), similarly at Testing Load Limit (TLL) and Design Load Limit (DLL),
especially the von Mises stresses are less than the yield stress of both the steel and
aluminum materials at all load types.

Further, the component-level analysis for aluminum and steel is also carried out
and the von Mises stress values are measured based on the designer experience,
for MHS-1 and MHS-2, out of the components having steel material the eye end
showing the maximum von Mises stress at DLL which is 198 MPa for MHS-1 and
216 MPa for MHS-2 which are less than the yield stress of steel, i.e., 356 MPa.
Similarly, for aluminum material in MHS-1, the auxiliary beam showing maximum
stress which is 157 MPa and in MHS-2 the main beam showing maximum stress
which is 134 MPa, both these stresses are less than the yield stress of aluminum, i.e.,
276 MPa as explained in Table 7.

4 Conclusion

This study presents an FEA and experimental approach to investigate the static anal-
ysis of the satellite MHS by standard aluminum profiles. These profiles are validated
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under cantilever beam case for deflection and von Mises stress by using FEA of
1D beam and 2D mid-surface meshing, and the results are closely matching to the
analytical calculations so that 2D mid-surface meshing is used further for all the
components of MHS. Based on the agreement of standard aluminum profile results,
further these profiles under MHS assembly applications for satellite’s handling are
considered which helps to select the proper cross-section profiles and required pitch
size of MHS assembly for the specific satellite weight requirement. The component-
level analysis based on the material yielding, i.e., aluminum and steel help to identify
the critical stress locations at design load limit.

References

1. Rexroth Bosch Group: Rexroth profiles catalogue. Bosch Group, MGE 13.1 (2016)
2. Srivatav, S., Sekar, A., Sundaram, N.S., Govinda, K.V.:Modular design ofmechanical handling

system for spacecraft applications. ISME J. Mech. Des. 01(1), 01–8 (2018)
3. Güler, S., Karagülle H.: Finite element analysis of structures with extruded aluminum profiles

having complex cross sections. Latin Am. J. Sol. Struct. 1679–78252755 (2015)
4. Fiorino, L., Macillo, V., Mazzolani, F.M.: Mechanical behaviour of bolt-channel joining

technology for aluminium structures. Constr. Build. Mater. 73, 76–88 (2014)
5. Waia, C.M., Rivai, A., Bapokutty, O.: Modeling optimization involving different types of

elements in finite element analysis. Mater. Sci. Eng. 50, 012036 (2013)
6. Altair University: Practical Aspects of Finite Element Simulation A Study Guide, 3rd edn.

Altair University (2015).
7. Altair University: OptiStruct for Linear Analysis. Altair University (2015)
8. Sönnerlind, H.: Singularities in Finite Element Models: Dealing with Red Spots. COMSOL

Blog (2015)
9. Bansal, R.K.: A Text Book of Strength of Materials, 4th edn. Laxmi Publications (P) Ltd.

(2009)
10. Dally, J.W., Riley, W.F.: Experimental Stress Analysis, 3rd edn. McGraw-Hill Inc.
11. TML: Strain Gauges Catalog. pam E-1007C (2017)
12. Calculating Principal Strains using a Rectangular Strain Gage Rosette



Numerical Investigation on Dynamic
Stability of a Pick and Place Robot Arm

B. Upendra , B. Panigrahi, K. Singh, and G. R. Sabareesh

1 Introduction

For linear systems, in order to determine the equation of motion, the classical method
by mode superposition technique is utilized. This can be used further to explain the
general problem of the rotating cantilever beam with tip-mass vibrations. In the case
of nonlinear systems, these approaches do not work, as they will customarily be
based on the superposition principle. The beam, the Euler–Bernoulli model, was
presumed to be for a homogeneous and thin beam. Dynamic analysis of a beam
rotating hub has latterly gained a great deal of significance due to numerous prac-
tical applications, including flexible manipulator, rotary blades, etc. In most of the
literature, the pick and place robot arm with mass holding is modelled as a cantilever
beam with a tip mass attached at its free end. However, the dynamic stability of the
model is predicted by considering a small amplitude motion. As such linear vibration
modelling is proposed, since for small amplitude oscillations, linear equations and
boundary conditions can aptly characterize the responses of a deformable body. In
vying, as the oscillation amplitude increases, nonlinear effects dominate the dynamic
behaviour of the system and the response is completely different from its counterpart
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linear model. In such cases, achieving dynamic stability of the system is cumber-
some, and hence it demands a detailed investigation of the nonlinear aspects and its
contributing parameters. The fulcrum of the nonlinearities in such systems may be
geometric, inertial,material in nature, or from thenonlinear external forces. For aflex-
ible arm, the geometric nonlinearity may be precipitated by nonlinear stretching or
large curvatures. Nonlinear stretching of the midplane of a deformable body appends
its transverse vibrations if it is supported in such a way as to impede the movement
of its ends or edges. The effect of tip mass, excitation in the transverse direction and
the stability of the beam are then of prime concern and need to be examined.

To compute the vibration frequencies of a rotating beam with a tip mass, the finite
element model is generated and adopted [1]. In the Rayleigh–Ritz method, natural
frequencies and mode shapes of a twirled uniform cantilever beam with tip mass are
analysed using a collection of beam characteristic orthogonal polynomials [2]. In a
subsequent work, the effects of sinusoidal excitation of axial acceleration, speed and
displacement on the stability of the revolving beam were then observed [3]. In this
analysis, a modal formulation approach is also used to measure the modified angular
velocity of a rotating beamwhere resonance occurs [4]. The high amplitude vibration
of the first spatial mode of the Timoshenko beam involving shear deformation and
rotary inertia effectswas shown [5]. The spinning beammode formswith a condensed
mass are also greatly affected by the two dimensionless parameters [6]. The dynamic
performance of the centrifugal cantilever beam with tip mass through theoretical
study and modal test under tension state and compression test was recorded [7]. The
outcome revealed that the geometric and physical parameters of the tip mass greatly
influence the critical values of bifurcation and buckled equilibrium [8]. The effects
of the spring–mass mechanism position upon the spinning frequencies of the beam
and the direction of the spring have a substantial impact on nonlinear frequencies
perceived [9].

An analytical model for an extensive free excitation of an uneven, axially loaded
beam that carries a transversely and axially offbeat tip mass was suggested [10]. An
iterative technique to catch the nonlinear system behaviour of the spinning FGM
Timoshenko beam was discussed [11]. Driven vibration utilizing Ritz process of
a revolving composite beam with an associated mass was resolved [12]. In recent
papers, the dynamic model was used to predict the dynamic response of a spin-
ning cantilever beam with an offset peak mass [13]. Nonlinear vibration of evenly
distributed load and revolving three-dimensional tapered beam was explored [14].
The dynamic stiffness matrix was [15] used to demonstrate the effect of centrifugal
stiffening on the dynamic response of a beam.

For the purposes of geometrical nonlinearity, the nonlinear strain–displacement
relationships, such as vonKarman form, and the related linear stress are implemented
in the present Euler–Bernoulli beam model. Nonlinear motion equations, along with
related boundary conditions, having tip-mass inertia, are obtained from Hamilton’s
theorem. This paper aims to present amethod, based on themethod ofmultiple scales,
which enables us to find the nonlinear response of a transversally exciting pick and
place robot arm carrying weight. With the presence of tip mass in the form of weight
carried by the robot arm, the excitation in the transverse direction becomes crucial
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to the dynamic stability of the robot arm in a transverse direction. Therefore, the
study of the possible nonlinear behaviour of such a system will enable the designers
to design the system for its dynamical stability.

Nomenclature

b, h, L Width, thickness and length of the beam, respectively.
T Centrifugal force.
t1, t2 Two different time instants.
x, y, z Coordinates along with the length, width and thickness directions, respec-

tively.
A The cross-sectional area of the beam.
E, ρ Young’s modulus and mass density of beam per unit length, respectively.
MTM Tip mass.
I The second moment of area.
TS kinetic energy, strain energy, respectively.
w, w

∧

Dimensional and non-dimensional, respectively.
(·), (··) Single dot and double dots represent single and double time derivatives,

respectively.
(‘), (“) Partial derivatives with respect to single and double x, respectively.
u, w Axial and transverse displacements, respectively.
ψ Rotation of the beam cross section due to bending.
r The radius of gyration of the beam cross section.
ρAr2 Mass moment of inertia.
N Axial force.
N0 Pre-tension in the beam.
ω The natural frequency of the system.
� The angular speed of rotation of the hub.
R The radius of the hub.

2 Methodology

In the present work, a flexible arm of a pick and place robot holding the weight is
modelled as a beam with a uniform cross section with a tip mass at one end, and the
other end is connected to a rotating hub as shown in Fig. 1. Large amplitude motion
is modelled by considering the midplane stretching. von Karman nonlinear strain
displacement relation is considered as εx .

εx = ∂u

∂x
+ 1

2

(
∂w

∂x

)2

(1)
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Fig. 1 Rotating beam model
with tip mass

In Eq. (1), u and w are the displacement fields in an axial and transverse direction,
respectively. Considering the existence of centrifugal stiffening due to the rotation
of the beam along with the rotating hub, the load potential due to centrifugal force
can be given as

V = 1

2

L∫

0

Tu0dx ≈ 1

2

L∫

0

T

(
∂w

∂x

)2

dx (2a)

T =
∫

x

ρA�2(R + x)dx + MTM�2(R + L) (2b)

In Eq. (2a), T is the centrifugal force which can be given as in Eq. (2b), where �

is the angular speed of rotation of the hub, ρ is the density and MTM is the tip mass.
Kinetic energy (Ts) and the potential energy (U) of the system are written as

Ts =1

2

L∫

0

[

ρA

(
∂u

∂t

)2

+ ρA

(
∂w

∂t

)2

+ ρAr2
(

∂ψ

∂t

)2
]

dx + MTM

2

(
∂w

∂t

)2

x=L

U =1

2

L∫
0

[

E I

(
∂ψ

∂x

)2

+ E Aε2x

]

dx (3)

Applying Hamilton’s principle,

t2∫

t1

δ(Ts −U + Wext )dt = 0

Here, Wext will be considered as the load potential V caused by the centrifugal
forces. Applying Hamilton’s principle, one can obtain

E I

(
∂2ψ

∂x2

)

− ρAr2
(

∂2ψ

∂t2

)

= 0 (4)
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ρA

(
∂2w

∂t2

)

+ MTM

(
∂2w

∂t2

)

x=L

− E A

[
∂u

∂x
+ 1

2

(
∂w

∂x

)2

+ T

E A

]
∂2w

∂x2
= 0 (5)

ρA

(
∂2u

∂t2

)

− E A
∂

∂x

[
∂u

∂x
+ 1

2

(
∂w

∂x

)2
]

= 0 (6)

It is a well-known fact that the axial inertia is very small compared to the other
directions. Therefore, neglecting axial inertia, an equation can be obtained as

E I

(
∂2ψ

∂x2

)

− ρAr2
(

∂2ψ

∂t2

)

= 0 (7)

ρA
∂2w

∂t2
+ MTM

(
∂2w

∂t2

)

x=L

− N
∂2w

∂x2
= 0 (8)

where the N can be given by

N = E A

[
∂u

∂x
+ 1

2

(
∂w

∂x

)2

+ T

E A

]

= N0 + E A

2L

L∫

0

(
∂w

∂x

)2

dx + T

L

L∫

0

dx (9)

In Eq. (9), N0 is the pre-tension in the beam. Combining Eqs. (7) and (8), one
may obtain

E I
∂4w

∂x4
+ ρA

∂2w

∂t2
+ MTM

(
∂2w

∂t2

)

x=L

− ρAr2
∂4w

∂x2∂t2
− N

∂2w

∂x2
= 0 (10)

∴ I = Ar2

∂4w

∂x4
+ ρ

Er2
∂2w

∂t2
+ MTM

E I

(
∂2w

∂t2

)

x=L

− ρ

E

∂4w

∂x2∂t2
− N

E I

∂2w

∂x2
= 0 (11)

Non-dimensionalization of the above equations is done considering the following
quantities:

t̂ = ωt, x̂ = x

L
, ŵ = w

L
(12)

Substituting these equations in (11) and simplifying, one can obtain the governing
equation as mentioned in the (13)
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∂4w
∧

∂x
∧4 + ρL2ω2

Er2
∂2w

∧

∂t
∧2 +MTML2ω2

E I

(
∂2w

∂t2

)

x=L

− ρL2ω2

E

∂4w
∧

∂x
∧2

∂t
∧2 − N

E I

∂2w
∧

∂x
∧2 = 0

(13)

In order to solve Eq. (13), displacement is assumed in variable separable form as
mentioned in Eq. (14)

w(x, t) = ϕ(x)q(t) (14)

In Eq. (14), ϕ(x) is the spatial function for nth mode (nth mode shape) of the
corresponding cantilever Euler–Bernoulli beam, which can be taken as mentioned
in Eq. (15) as mentioned in [16], which can be completely known with the help of
appropriate boundary conditions.

ϕ(x) = C1sinβx + C2cosβx + C3sinhβx + C4coshβx (15)

Substituting Eq. (14) into Eq. (13) one may derive the equations as

qϕ′′′′ +
[
ρL2ω2

Er2
ϕ + MTML2ω2

E I
ϕ(L)

]

q̈ − ρL2ω2

E
ϕ′′q̈

− N0

E I
ϕ′′q − EA

2L
q2

1∫

0

(ϕ′)2dx 1

E I
ϕ′′q − T

E I
qϕ′′ = 0

Further, simplifying the equations by collecting various coefficients of a different
order of q, one can rewrite the above equation, as mentioned in Eq. (16).

[
ρL2ω2

Er2
ϕ + MTML2ω2

E I
ϕ(L) − ρL2ω2

E
ϕ′′

]

q̈ +
[

ϕ′′′′ − N0

E I
ϕ′′ − T

E I
ϕ′′

]

(16)

[
ϕ′′′′ − N0

E I ϕ′′ − T
E I ϕ′′]q −

[

1
2Lr3 ϕ′′

1∫

0
(ϕ′)2dx

]

q3 = 0

Equation (16) can be further simplified by considering the orthogonality of the

modes using Galerkin’s Method. Multiplying Eq. (16) by
1∫

0
ϕdx , one may deduce

the expression as

[
ρL2ω2

Er2
f1 + MTML2ω2

E I
f5 − ρL2ω2

E
f2

]

q +
[

f4 − N0

E I
f2 − T

EI
f2

]

q

+
[

− 1

2Lr2
f2 f3

]

q3 = 0

where
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f1 =
1∫

0

ϕ2dx, f2 =
1∫

0

ϕϕ′′dx, f3 =
1∫

0

(ϕ′)
2

dx

f4 =
1∫

0

ϕϕ′′′′dx, f5 =
1∫

0

ϕϕ(L)dx

The equation has now been reduced to general form Duffing’s equation as

α1q̈ + α2q + α3q
3 = 0 (17)

Equation (17) is solved by the multiple-scale analysis given by [17].
Here the coefficients αi are given by

α1 =ρL2ω2

Er2
f1 + MTML2ω2

E I
f5 − ρL2ω2

E
f2

α2 = f4 − N0

E I
f2 − T

EI
f2

α3 = − 1

2Lr2
f2 f3 (18)

3 Validation

By choosing the appropriate boundary conditions, spatial function ϕ is determined.
For the linear free vibration of cantilever beam, the parameter β, the first characteristic
value 1.875 is used [16]. Subsequently, fi’s (i = 1, 2, … 5) and then αi’s (i = 1, 2, 3)
are determined for different values of parameters such as length, rotating speed and
tipmass. In order to validate themethodology explained earlier firstly, a zero tipmass
is considered, and the results obtained from the present methodology are compared
with that of Banerjee [15]. Non-dimensional rotational speed (η) is considered as
η2 = ρA

E I L
4�2. Table 1 insures the accuracy of the results obtained from the present

analysis. However, the novelty of the present work focuses on the effect of tip mass

Table 1 Comparison of
frequencies with [15]

η Present Banerjee [15]

0 3.4798 3.4798

1 3.6450 3.6445

2 4.0981 4.0971

3 4.7563 4.7516

4 5.5385 5.5314

5 6.3951 6.3858
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Fig. 2 Comparison of
linear-to-nonlinear frequency
ratio for various amplitudes
of vibration

on the nonlinear behaviour of the vibratory response, which is not considered in the
referred articles.

Nonlinear frequencies are compared for zero tip mass and zero rotational speed
with that of [5] in Fig. 2. The results show very good agreement with that of the
referred results. It is to be noted here that, since the referred results are provided in the
form of nonlinear periods, compared results are converted in the ratio of frequencies
(linear-to-nonlinear frequencies). Material properties for this comparison and for
all subsequent analysis are taken as E = 70 GPa, Poisson’s ration = 0.3 and ρ =
2700 kg/m3. Geometric parameters are taken for beam cross section A = 256 mm2

and L/r = 10.
Figure 3a and b demonstrates the effect of tip mass and rotational velocity on

linear-to-nonlinear frequency ratios. From Fig. 3a, it can be identified that with the

Fig. 3 a Frequency ratio versus MTM. b Frequency ratio versus η for various MTM
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rise in the tip mass, the ratio decreases significantly. It can also be noticed in Fig. 3b
that with the rise in rotational speed, the ratio increases. The truth is that the linear
frequency decreases in the case of tip mass with the increase in tip mass. Therefore,
the decrement in the ratio of linear-to-nonlinear frequency can be explained quite
convincingly. Similarly, due to an increase in rotational speed, the centrifugal stiff-
ening effect is causing an increase of linear frequency and hence the increment in
the frequency ratio. Here the results are compared with cantilever Timoshenko beam
[5] and rotating non-uniform Timoshenko beam [15].

4 Conclusion

The flexible arm of a pick and place robot with a holding mass is designed as a
cantilever beam with a tip mass. It is presumed that the fixed end of the beam is
connected to a rotating hub. In the form ofDuffing’s formula, the nonlinear governing
equation of motion of the rotating beam with tip mass is obtained and reduced. The
equation is solved using the well-developed multiple-scale analysis. The ratio of
linear-to-nonlinear frequency of the system is found to decrease with the increase in
tip mass. On the other hand, these ratios are found to increase with an increase in the
rotating speed of the hub.
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AMethod for Evaluation of Welding
Performance of SMAW Electrodes

Brajesh Asati and Ravi Shanker Vidyarthy

1 Introduction

Shielded Metal Arc Welding (SMAW) is an arc welding process where metals are
joined by heat generated from an arc maintained between a flux-coated electrode
and the workpiece being welded. The welding current to the arc passes through the
core wire and provides metal for the joint being welded. Electrode coating provides
stable arc and protects the weld pool from the atmosphere with gases generated from
decomposition of the coating under heat produced from the welding arc [1]. The
shielding provided, other constituents in the coating and the core steel wire primarily
control the mechanical performance, chemistry and metallurgy of the weld zone as
well as the welding arc characteristics of the electrode. Composition of the electrode
coating depends on the type of electrode, e.g. rutile, cellulose, etc. [2]. EWNR-grade
wire rod (complying to BIS 2879) is generally used for production of arc welding
stick electrode as per BIS 814—2004 standard. This grade contains low Si (<0.03%),
the full specification of which is given in Table 1. However, for low-end applications
AWSA5.1 specification is preferred which does not have any chemistry specification
for core steel wire. The acceptance is based on all-weld chemical composition, which
is specified in Table 2. The accepted Si content in the weld metal is up to 1 wt%
for E6013. The common concerns with presence of high Si (more than 0.03%) in
electrode core wire are [3] as follows (Table 3):
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Table 1 Steel chemistry specification (in wt %)

Electrode wire
specification

C Mn Si S P Al V Ti

BIS2879 0.1 max 0.38–0.62
max

0.03
max

0.025
max

0.03
max

0.012
max

0.005
max

0.003
max

EWNR 0.046 0.54 0.025 0.007 0.01 0.005 – –

Table 2 Chemistry specifications of all-weld as per AWS 5.1 (in wt %)

C Mn Si P S Ni Cr Mo V

E6013 0.20 1.2 1.0 – – 0.3 0.2 0.3 0.08

Single values are maximum values

(1) Si increases the electrical resistivity of steel and therefore during welding
process overheating of the electrodemay take placewhich in extreme condition
would lead to de-bonding of flux from the electrode.

(2) There is a common concern that Si increases spatter during welding.
(3) Si is a substitutional alloying element and thereby it strengthens steel. Drawing

of high-strength steel would incur more wear in the die and the process would
become more expensive.

In SMAW, the weld pool is shielded by covering of (a) slag deposited on the
surface of the weld bead and (b) non-reactive gases produced from thermal break
down of coating materials on the core steel wire (Fig. 1). However, type of coating
used on the core wire mainly influences the degree of protection of the weld pool.
Cellulosic flux generates substantial quantity of inactive gases for weld protection
while other fluxes form slag in sufficient quantity to protect the weld pool. The weld
pool shielding by means of inactive gases is ineffective due to two reasons: (a) gases
produced by thermal breakdown of coating fluxes do not necessarily form protective
cover around the arc andweld pool and (b) continuousmovable arc and varied arc gap
during SMAW process further reduces the usefulness of shielding gas. Therefore,
SMAW weld joints are mostly contaminated and not used to develop critical joints
[4]. Thickness of the base plate being welded largely controls the welding current
used for producing sound weld joints in SMAWprocess [5]. Generally, thicker plates
require more heat input to ensure proper melting, weld penetration and deposition
rate. Increased heat input means requirement of more welding current which leads
to the use of large diameter electrode. SMAW electrode is commercially available
in various sizes and commonly available range is 1–12.5 mm.

This work evaluates the different standard product of the same AWS specification
in terms of all-weld chemical composition, all-weld tensile strength, weld spatter
measurement and weld bead profiles. Three different E6013 electrodes (Electrodes
A,B andC) of diameter 3.15mmwere used for thiswork. ElectrodeAwas formulated
and manufactured indigenously while Electrodes B and C were purchased from
market. Core wires of all three electrodes were evaluated for electrical resistivity,
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Fig. 1 Shielded metal arc
welding (SMAW) process

flux composition and tensile strength. All-weld chemical composition and all-weld
tensile strength were also evaluated as per AWS A5.1 requirements.

2 Materials and Experimental Procedure

2.1 Electrodes Used and General Characterization
of Wire/Wire Rods

Three AWS A5.1 E6013 rutile electrodes were used in this study to carry out the
welding performance evaluation. Electrodes B and C are commercially available
electrodes from two different manufacturers and purchased from reliable vendor.
Electrode A formulation as well as the manufacturing was done in house.

The chemical analysis of the flux was carried out using spectrometer and LECO
carbon sulphur analyser. Tensile properties were evaluated employing Instron 5582
testing machine at a cross-head velocity of 5 mm/min with 180 mm total length of
wire. Figure 2 represents the tensile properties of the core wires used in different
electrodes. Ultimate tensile strength (UTS) and yield strength (YS) values of Elec-
trode B and Electrode C wires are almost similar. However, Electrode A wire has
shown slightly lower UTS andYS values than the Electrode B and Electrode Cwires.
This kind of high strength is obvious with cold-drawn microstructure in these core
wires.

2.2 Electrical Resistivity Measurement

For measuring the electrical resistivity of steel wire, a four-probe setup was used
(Fig. 3a). A known DC current was passed through the wire using a precise DC
power source; the voltage difference was measured across a known length using a
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Fig. 2 Represents the tensile properties of the core wires used in different electrodes

Fig. 3 Schematics show a diagram of the four-probe setup. b Electrical connections made on the
sample; inner leads are for measuring voltage whereas outer lead is for passing current

nanovoltmeter (Agilent). Measuring the diameter of the rod with a Vernier calliper,
the resistivity of the sample could be calculated using the following formula:

ρ = V A

i L
(1)

where V = potential difference, A = area of wire rod, i = current and L = length
across which potential was measured. Figure 3b depicts the electrical connections on
the samples. The inner leads are for measuring voltage drop and the outer leads for
applying current. The electrical resistivity measured on the core wires is presented
in Table 4. Slight variation can be observed arising out of minute changes in the
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Table 4 Resistivity of core
wires

Brand Experimental resistivity (µ�-cm)

Electrode A 14.66 ± 0.10

Electrode B 14.84 ± 0.21

Electrode C 14.64 ± 0.33

core wires’ chemical composition as electrodes were collected from three different
sources.

2.3 Spatter Measurement

Welding experiments were carried out on M.S plates having dimensions 300 × 300
× 12 mm3 using Fronius make magic wave 4000 power source. Electrodes were
dried in an oven for 1 h at 135 ˚C as per AWS A 5.1 recommendations. To measure
the spatter generated during welding experiments, anti-spatter spray was sprayed
(Fig. 4a) on M.S Plates before start of welding. Anti-spatter spray helps in easy
removal of spatter after welding otherwise spatter sticks to the plate and is difficult
to remove. Figure 4b demonstrates the SMAW process on the plate after spraying
And after that welding spatter was collected from the plate. Figure 4c shows the plate
after removal of the spatter. Ultrasonic cleaning was done to remove the dirt from
the spatter and subsequently the spatter was weighed on weighing balance as shown
in Fig. 4d.

Fig. 4 Welding experiments setup and weighing balance machine
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3 Results and Discussions

3.1 Spatter Analysis

Spattermeasurement was done after welding as per procedurementioned in Sect. 2.3.
Figure 5a–c shows the spatter loss in DCEP, DCEN and AC power sources, respec-
tively. Spatter values shown here are average spatter at each current level. Three
tests were conducted at each current level. Spatter is found increased with increasing
welding current irrespective of polarity. At higher welding current, more spatter may
be attributed to highermelting rate of electrode [2, 6, 7]. Spatter loss is more in DCEP
mode than the AC andDCENmodes. In DCEPmode, electrodemelting rate is higher
and penetration is higher while in DCEN mode electrode melting rate is slower and
penetration is less thus DCEP results in higher spatter loss while DCEN produces
lower spatter. In DCEP mode (Fig. 5a), Electrode C produced least spatter while
Electrode B produced large spatter among three electrodes. In AC mode (Fig. 5c),
Electrode A produced least spatter at both lower and higher currents (110 A, 130 A)
while Electrode C wire produced large spatter. In DCEN mode (Fig. 5b) at lower
current (110 A), Electrode A produced least spatter and at higher current. Elec-
trodes A and B produced slightly less spatter than the Electrode C. Spatter loss was
substantially higher when welding was carried out using DCEP (reverse polarity)
and spatter was minimum when DCEN (straight polarity) was used. Spatter amount
in AC welding was less than the DCEP but more than DCEN. Electrode A produced

Fig. 5 Schematics show the spatter obtained during welding in a DCEP, b DCEP and AC current
modes
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fewer spatters than the Electrode B in almost all current levels. Maximum spattering
in DCEP and minimum in DCEN may be attributed to the flow direction and hence
striking of electron on electrode in DCEP. This results in higher heat generation on
electrode and consequently more melting and spattering from electrode side [8, 9].

3.2 Visual Inspection and Chemical Analysis of the Weld
Metal

The gap between the twoMSplates has been filledwithweldmetal using the required
electrode. After removing the spattering from theweldments, weld plates were radio-
graphed to evaluate the soundness of the weld metal. Once the weldments were
confirmed free from any internal and external cavity or crack, the weldments were
used for mechanical property study. To determine the chemistry of the weld metal,
the electrode is used to prepare a weld metal pad on a mild steel base plate as shown
in Fig. 6c. It was subsequently grounded to flat and then used for determining the
steel chemistry. Weld metal chemistry conforms to AWS A5.1 requirement (Table
5).

Fig. 6 Schematics show a base plate orientation during welding, b weldments top surface and
c weld pad developed for chemical analysis

Table 5 Weld metal chemistry

Sl. no. Electrode used C Mn Si S P

1 AWS A5.1 required 0.2 max 1.2 max 1 max NS NS

2 Electrode A 0.054 0.23 0.101 0.019 0.030

3 Electrode B 0.058 0.23 0.101 0.019 0.023

4 Electrode C 0.057 0.23 0.101 0.019 0.025

NS Not specified in AWS A5.1 standard
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3.3 Bead Profile Analysis

The cross-sectional view of the weld beads formed using three electrodes with
different polarities (viz. AC, DCEP and DCEN) were photographed using a stereo
microscope and presented in Figs. 7, 8 and 9. It is evident from these images that the
weld beads formed usingDCEPmode are showing themaximumdepth of penetration
when compared to AC and DCEN modes. This is applicable for all three electrodes
used in this work. This is because in DCEP mode the arc strikes the substrate rather
than hitting the electrode. Hence, more heat is produced in the base metal than the
electrode. Thereby the melting rate of base metal is higher than that of the electrode.
In case of DCEN mode, the polarity reverses (i.e. the arc strikes the electrode) and
electrode melting rate exceeds the base metal melting rate and thereby results in
a shallower weld bead. For AC power source, because of alternating polarity, both
the base metal and electrodes are melted at equal rate and thereby produces weld
bead with moderate penetration. Difference in weld bead geometry during welding
in different polarities may be attributed to the current density and distribution [10].

Fig. 7 Macrostructure of the
DCEP weldments

Fig. 8 Macrostructure of the
DCEN weldments
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Fig. 9 Macrostructure of the
AC weldments

A close examination of these data indicates all the three electrodes produced the
similar kind of weld bead when the same mode was used. Hence, it can be concluded
from this study that the electrodes under same classification having similar chemical
composition do not affect the weld bead profile.

3.4 Tensile Behaviour

Cylindrical tensile samples were machined out of the weld metal as per the ASTM
standard. The gauge length, gauge diameter, griping length and griping diameter
were kept 54 mm, 12.5 mm, 40 mm and 16 mm, respectively. The tensile samples
were loaded in an Instron make universal tensile machine using 5 mm/min cross-
head speed. From the stress–strain response, the yield strength (YS), ultimate tensile
strength (UTS) and ductility were calculated. All the samples were failed from the
base metal during tensile testing. Tensile test results along with the tensile sample are
shown inFig. 10. Itwas observed that tensile strengths of all theweldments (Electrode
A, Electrode B and Electrode C) were significantly higher than that of the AWS
A5.1 standard requirement. Ultimate tensile strengths (UTS) and yield strengths
(YS) of the weldments were too close to compare individually. Minor difference in
the UTS and YS among them could be attributed to the chemical composition of the
weldments.

4 Conclusions

On the basis of the current work, following conclusions have been drawn:

1. Current setting needs to be done as per recommended setting for the particular
electrode since inappropriate current setting will result in either unstable arc or
in excessive heating of electrode.
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Fig. 10 Schematics shows the tensile test properties and the tensile test sample

2. Selection of appropriate current polarity is important while choosing E6013
electrode for a particular application. DCEN and AC polarities result in less
spatter and controlled penetration. DCEP polarity results in more spatter and
higher penetration.

3. Occasional problem of spatter experienced by customer may be due to flux
composition and baking points that need to be addressed by the electrode
manufacturer.

4. All weld chemistry and tensile strength are not significantly influenced for
different brand electrodes; however, to achieve higher productivity by means
of reduced weld spatter, appropriate weld bead profile, it is recommended to
choose the electrode with due diligence.
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Modeling and Kinematic Analysis
of a Robotic Manipulator for Street
Cleaning Applications Using Screw
Theory

Neel Gandhi, Garlapati Nagababu, and Janardhan Vistapalli

1 Introduction

Waste management is a major problem in all developing nations. To counter this
problem, the Indian Government has introduced Swachh Bharat Abhiyan that
involves making India a clean and hygienic nation. Inspired by the mission, portable
vacuum cleaners as shown in (Fig. 1a) were made available for instant cleaning of
garbage lying on the streets. However, most of them still require human intervention
to manipulate its suction hose. The human has to take many precautions since he has
to work in highly unsafe conditions, which are not recommended. To address this
issue, a robotic manipulator is designed as shown in Fig. 1b, which can be attached to
the suction hose of the portable vacuum cleaners as shown in Fig. 1c. Thus providing
an integrated solution for waste management without any human intervention.

To realize the proposed robot, the fundamental step is to generate the motion
trajectories for the end effector and find the joint angles accordingly. To achieve
this, it is necessary to perform the kinematic analysis of the robotic manipulator.
Many conventional mathematical techniques such as Denavit–Hartenberg parame-
ters, Euler Angles, quaternions and screw coordinates, etc. can be used to define
the kinematics of the robot. Screw coordinates have the advantages of singular
free approach and geometric association with the kinematics of robot [1, 2]. Many
researchers [3–8] in the recent times have used screw theory to depict the kine-
matic and dynamic behavior of their robot due to the aforementioned advantages.
Screw theory plays a vital role in its implementation for a manipulator as it provides

N. Gandhi · G. Nagababu
School of Technology, Pandit Deendayal Petroleum University, Gandhinagar, India
e-mail: Nagababu.Garlapati@sot.pdpu.ac.in

J. Vistapalli (B)
School of Engineering and Applied Sciences, SRM University, Andhra Pradesh, India
e-mail: Janardhan.v@srmap.edu

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
Y. V. D. Rao et al. (eds.), Advances in Industrial Machines and Mechanisms,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-16-1769-0_55

609

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-1769-0_55&domain=pdf
mailto:Nagababu.Garlapati@sot.pdpu.ac.in
mailto:Janardhan.v@srmap.edu
https://doi.org/10.1007/978-981-16-1769-0_55


610 N. Gandhi et al.

Fig. 1 Street cleaning manipulator anatomy. a Practical street cleaning equipment operated by
human b Proposed robotic manipulator c Street cleaning equipment with the robotic manipulator
attached d Line diagram of the manipulator

compact representation, device-independent features, visualizations, andmanymore
advantages compared to conventional kinematic representation [9, 10].

Forward kinematics of the robot is used to compute the position and orientation of
the end effector form specified joint solutions. Inverse kinematics (IK) of the robot is
a complex task for a serial link robot as compared to forward kinematics [2]. Here the
former one mainly computes the joint solutions given a homogenous transformation
matrix (HTM), which encloses the rotation and position of the end-effector frame.
Inverse kinematics using the Denavit–Hartenberg approach is mainly implicit and
varies for differentmanipulator designs and thus it cannot be generalized for different
manipulator designs. Whereas solving the inverse kinematics of the robot using
Paden–Kahan sub-problems which utilizes fundamentals of screw theory leads to an
explicit, compact, and precise IK solution [11] for the robot. The most commonly
used sub-problems are stated in [2] but they still need to satisfy some pre-requisites
to use them. However, there exist manipulators [11–14] that do not satisfy these
conditions and thus various researchers over the years have tried to modify these
sub-problems to generate IK solutions for them.

On the other hand, the conventional numerical inverse kinematic algorithms are
also used to solve the inverse kinematics. They do converge fast to the solution,
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Table 1 Description of joints and link lengths for 3-DOF manipulator

Joint Link, length (meter) Kinematic constraint Axis of rotation Range of motion

Joint-1 Link-1, 0.850 Revolute constraint Z-axis −90z to 90z

Joint-2 Link-2, 1.92 Revolute constraint Y-axis −45z to 45z

Joint-3 Link-3, 1.66 Revolute constraint Y-axis −120z to 120z

based on the condition that the initial guess of joint variables should be close to a
true solution [1, 15]. In this article, both the geometrical algorithm and numerical
algorithm for the street cleaning manipulator will be portrayed to determine which
one is the most effective strategy for the manipulator, along with its mathematical
progress.

Section 2 of this paper mainly deals with the design of the manipulator that
has been proposed for the street cleaning process. Section 3 mainly approaches to
define the mathematical rigor required for obtaining the IK solutions using PK sub-
problems. Whereas in Sect. 4 results for the street cleaning manipulator will be
discussed, and the methodology used to obtain IK solution for the designed manip-
ulator and its simulation in the V-REP environment will be presented. In Sect. 5,
conclusions of this research will be presented.

2 Anatomy of the Street Cleaning Manipulator

The design of the street cleaning manipulator (Fig. 1b) mainly consists of four links
with three revolute joints in between and Fig. 1d depicts its line diagram. The spec-
ification of the joint along with the rotational axis and link length is shown in Table
1. Link lengths are designed taking into consideration the length of suction pipe for
the manipulator, while the range of motion chosen is based on the interference of
two links from the Computer-Aided Design (CAD) model.

3 Inverse Kinematics Modeling for 3-DOF Street Cleaning
Manipulator

To automate the street cleaning process using portable vacuum cleaners, the manip-
ulator needs to reach the desired location where the garbage lies. To achieve the
desired task, the manipulator needs to know two configurations, the current config-
uration of the robot and the goal configuration from where the garbage picking has
to be done. The manipulation task involves two parts: find the goal configuration of
the robot and design a suitable trajectory to approach the goal configuration. Once
the trajectory is designed, inverse kinematics for the manipulator at each point of
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the trajectory needs to be executed to find the joint trajectories corresponding to the
desired motion of the end effector.

3.1 3-DOF Street Cleaning Manipulator

The CAD model shown in Fig. 1b is designed using SolidWorks software for
automating the garbage collection process. The basic foundation required for
acquiring tools to model rigid body system using screw theory can be referred from
[2].

As mentioned before, to complete manipulation task, the current configuration or
the home configuration of the robot is required. The home configuration of the robot
is given denoted as gst(0), which includes orientation and position of the end-effector
frame w.r.t the base frame, at the beginning when no joints are actuated. gst(θ ) is
found using Product of Exponentials (POE).

gst (0) =

⎡
⎢⎢⎣

1 0 0 3.580
0 1 0 0
0 0 1 0.850
0 0 0 1

⎤
⎥⎥⎦ (1)

The desired configuration of the end effector is given by Eq. 2 which is known as
product of exponentials

gst (θ) = eξ1eξ2θ2eξ3θ3gst (0) (2)

where ξ is a six-dimensional vector representing linear and angular velocities for
each joint, named as twist. Since there are three joints for 3-DOF Street cleaning
manipulator their corresponding twists can be calculated as shown in Eq. 3.

ξ1 =
[ −ωi × qi

ωi

]
(3)

where qi represents point on joint axis andωi represents direction of angular velocity.
The twists corresponding to the home configuration are given below:

ξ1 =
[
0 0 0 0 0 1

]T
, ξ2 =

[
−0.8500 0 0 0 1 0

]T

ξ3 =
[
−0.8500 0 1.9200 0 1 0

]T
, q1 = [0, 0, 0]T , q2 = [0, 0, 0.850]T

q3 = [1.920, 0, 0.850]T , ω1 = [0, 0, 1]T , ω2 = [0, 1, 0]T , ω3 = [0, 1, 0]T
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Fig. 2 Flowchart for the paper

Using the twists defined above, the desired configuration to perform forward
kinematics can be written as given in Eq. 2 [2]. The desired orientation and position
for the forward kinematics corresponding to gst(θ ) are given in Eq. 4. and Eq. 5,
respectively.

R(θ) =
⎡
⎣
cos(θ2 + θ3) ∗ cos(θ1) − sin(θ1) sin(θ2 + θ3) ∗ cos(θ1)
cos(θ2 + θ3) ∗ sin(θ1) cos(θ1) sin(θ2 + θ3) ∗ sin(θ1)

− sin(θ2 + θ3) 0 cos(θ2 + θ3)

⎤
⎦ (4)

P(θ) =
⎡
⎢⎣

(cos(θ1) ∗ (83 ∗ cos(θ2 + θ3) + 96 ∗ cos(θ2)))/50

(sin(θ1) ∗ (83 ∗ cos(θ2 + θ3) + 96 ∗ cos(θ2)))/50

17/20 − (48 ∗ sin(θ2))/25 − (83 ∗ sin(θ2 + θ3))/50

⎤
⎥⎦

(5)

The desired trajectory is formulated as a cubic polynomial function of time based
on the break points obtained using the CAD model designed in SolidWorks and
flowchart of the paper is shown in Fig. 2.

3.2 Inverse Kinematics of Street Cleaning Manipulator Using
Paden–Kahan Sub-Problems

Paden–Kahan sub-problems from mathematical point of view can be studied from
[2]. To implement Paden–Kahan sub-problems, the manipulator needs to fulfill some
pre-requisites, such as rotation to a given distance for applying sub-problem 3 and
rotation about two subsequent axes for sub-problem 2. Satisfying these, the street
cleaning manipulator mainly utilizes two sub-problems. The approach to implement
Inverse Kinematics (IK) for current robot is as follows.

Once the configurations corresponding to the desired end-effector trajectory is
obtained, the Paden–Kahan (PK) sub-problems can be implemented, taking into
consideration gst (θ ). To implement PK sub-problems, two points P and Q with
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coordinates (3580, 0, 850), (0, 0, 850) in mm are considered from the home config-
uration. Now let us multiply Eq. 2, with point P on both sides as shown in Eq. 6.
Since point P lies on the end-effector frame at its home configuration, and point Q
lies on the intersection of the first two joint axis rotation, actuating the first two joints
does not change the norm of the vector between points P and Q. Subtracting point Q
from both sides of Eq. 6 as given in Eq. 7a and taking its norm in Eq. 7b set a perfect
precondition require to execute Paden–Kahan sub-problem 3.

eξ̂1θ1eξ̂2θ2eξ̂3θ3 P = gst (θ)gst(0)
−1P (6)

eξ̂1θ1eξ̂2θ2eξ̂3θ3 P − Q = gst (θ)gst (0)
−1P − Q (7a)

∴ ‖eξ̂3θ3 P − Q‖ = ‖gst (θ)gst(0)
−1P − Q‖ (7b)

By reviewing [2] and using Eq. 8a, θ3 can be solved as shown in Eq. 8b.

θ0 = a tan 2
(
ωT

(
u′ × v′), u′T v′

)
(8a)

θ3 = θ0 ± cos−1

( ||u′||2 + ||v′||2 − δ′2

2||u′||||v′||
)

(8b)

eξ̂1θ1eξ̂2θ2eξ̂3θ3 P = gst (θ)g−1
st (0)P (9a)

∴ eξ̂1θ1eξ̂2θ2 P ′ = R,where P ′ = eξ̂3θ3 P, R = gst (θ)g−1
st (0)P (9b)

Here u’, v’, and δ’ are the projections of vector u (p-r), v (q-r), and δ (p-q) on
the plane perpendicular to ω3, and r is the point on the axis of rotation. Now since
multiple solutions for θ3 are known. Multiplying P on both sides of Eq. 2 leads to
Eq. 9a. Thus forming a base to apply sub-problem 2 and generate multiple joint angle
solution for θ1, θ2 which can be analyzed from [2] for the desired goal configuration
of the manipulator.

Thus, applying these two sub-problems one can find multiple solutions for joint
angles, for any desired end-effector configuration. Using the aforementioned criteria,
an algorithm has been developed for solving inverse kinematics of street cleaning
manipulator.

4 Results and Discussions

To verify the precision of the Paden–Kahan inverse kinematic algorithm, a random
set of joint angles are chosen as
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θ1 = Pi /3, θ2 = Pi /6, θ3 = Pi /4 (10)

Using these joint angles as an input to the products of exponential in Eq. 2,
the desired homogenous transformation matrix (HTM) consisting of rotation and
position of the end-effector frame w.r.t space frame is generated. Taking this desired
configuration as an input to the Paden–Kahan inverse kinematics algorithm, multiple
solutions of joints angles are generated as shown in Table 2.

The results generated above show that the second set of joint angles are in good
agreement with the joint angle of Eq. 10 which verifies the efficiency and precision
of the inverse kinematic algorithm. Furthermore, to verify the performance of the
inverse kinematic algorithm and its proficiency in a real-world application, curved
trajectory has been designed that has to be traced by the end effector of the manipu-
lator. The trajectory consists of 200 discrete samples of homogenous transformation
matrices which represents the goal pose of the end effector at each of these sample
points. Applying the Paden–Kahan inverse kinematics algorithm at each of the poses
generates a joint trajectory which is taken as an input to the forward kinematics
algorithm and Fig. 3 shows its animation in the MATLAB environment. The same
set of joint angles generated by the Paden–Kahan IK algorithm is taken as an input in
the@V-REP simulation environment for the designed manipulator, as seen in Fig. 4,
generates a trajectory that is perfectly aligned with the animation generated by the
mathematical model in Fig. 3 thus adding further reliability to the performance of
the IK algorithm.

To show the computational efficacy of the Paden–Kahan-based inverse kinematic
algorithm, the results are compared with the Newton–Raphson numerical inverse
kinematic algorithm. Both the algorithms are used to solve inverse kinematics for
the curved trajectory shown in Fig. 3, in the MATLAB environment (Windows 64
bit, Intel Core i3, 2.40 GHz, 4 GB RAM) and computational time was enlisted for
solving the given trajectory for 100 times. A comparison of the results obtained can

Table 2 Solution set for
inverse kinematics

No. Joint θz

1 1 −120.0000

2 108.4662

3 45.0000

2 1 60.0000

2 30.0000

3 45.0000

1 −120.0000

3 2 150.0000

3 315.0000

1 60.0000

4 2 71.5538

3 315.0000
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Fig. 3 Mathematical model animation using PK IK joint solutions

Fig. 4 Simulating trajectory of street cleaning manipulator in V-REP environment

Fig. 5 Difference inPositions ofEnd effector bydifferent algorithms for desired trajectoryaError in
PositionGenerated byNRNumerical Algorithm bError in PositionGenerated by PK IKAlgo-rithm
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Table 3 Comparison
between two algorithms

Mean time (sec) Max time (sec)

P-K IK algorithm 0.0396 0.0553

N-R IK algorithm 0.2355 0.3248

be seen in Table. 3. It can be observed that Paden–Kahan-based inverse kinematic
algorithm is more potent in determining the solutions compared to a numerical-
based inverse kinematic algorithm. As it requires a mean time of 0.0396 s to provide
solutions compared to 0.2355 s for the numerical IK algorithm, mainly because
of its association with Screw theory which provides geometric characteristics, free
of complex matrix computation and precise multiple joint solutions compared to
Newton–Raphson IK algorithmwhich requires complexmatrix inversematrix multi-
plication. Moreover, the results of the max time computation time also show that
the Paden–Kahan inverse kinematic algorithm is preferable than the other one. The
difference in the positions of the end effector for the desired and generated trajectory
is also found and is depicted as error in Fig. 5. The error for the position in meter as
depicted in Fig. 5b is in the range of 10–15 for the x- and y-components and in 10–11

for the z-component of the positions by Paden–Kahan algorithm. Whereas it is in
the range of 10–4 in x-component and 10–3 for the y- and z-components as shown in
Fig. 5a for the Newton–Raphson iterative algorithm. The variance and computational
efficiency by Paden–Kahan algorithm is mainly because of its geometrical associa-
tion provided by screw theory and free from lack of uncertainty to converge as it does
not depend on initial guess which all the iterative algorithm like Newton–Raphson
do, thus displaying the reliability of the Paden–Kahan Ik algorithm for the current
robot.

5 Conclusion

A robotic manipulator attachment for street cleaning applications is proposed in
this work. Formulation of forward kinematic for the proposed manipulator is done
using screw theory. The joint motion trajectories for the robot are obtained using
Paden–Kahan sub-problems for inverse kinematic solutions. The advocated inverse
kinematic method using Paden–Kahan sub-problems can generate multiple solutions
quickly due to its associationwith screw theory. Inverse kinematics for street cleaning
manipulator can be easily obtained by reducing it into two subsequent sub-problems
adding simplicity and getting rid of inverse matrix multiplication. Results obtained
from the inverse kinematic algorithm for tracing a curved trajectory by the end
effector are computationally efficient and accurate compared to the solutions obtained
from numerical techniques like Newton–Raphson method. IK solutions based on
Paden–Kahan sub-problems can meet real-time operational requirements. In future,
the dynamic behavior of the street cleaning manipulator would be analyzed using
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screw theory to design the actuation system and to implement it on the robotic
manipulator.
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Dynamics and Isolation Capabilities
of a Magnetic Spring-Based Quasi-Zero
Stiffness Vibration Isolation Mechanism
for Passenger Vehicle Seat Isolation

Prajapati Brijeshkumar and B. Santhosh

1 Introduction

Vibration at low excitation frequencies (0.5–5 Hz) affects the health of driver and
passengers and reduces working efficiency [1]. To improve riders comfort, these
low-frequency excitation vibrations need to be isolated. From last few decades, a lot
of research have been performed for vibration isolation at low frequencies. Micro-
or low-frequency vibration isolation by active, passive, and hybrid techniques was
discussed by Liu et al. [2]. The linear isolators are effective for frequency ratio greater
than

√
2. By using passive vibration isolation techniques, the vibration isolation at

lower frequency is possible using the concept of high-static low-dynamic stiffness
(HSLDS). HSLDS can be practically achieved by quasi-zero stiffness (QZS) based
on negative stiffness concept. Carella et al. [3] obtained negative stiffness by using
two linear springs which are obliquely arranged with respect to a vertical spring.
Apart from oblique spring arrangement, buckled beam arrangement and magnetic
spring mechanism as negative stiffness correctors were studied both analytically
and experimentally [4]. Influence of asymmetry on the performance of QZS-based
vibration isolation system was also investigated [5].

The development of QZS-based isolation system using oblique springs or buckled
beams has limitation as there is contact between the moving points which lead to
friction and thus reduces the performance efficiency. Magnetic spring-based isola-
tion system overcomes the abovementioned difficulty. Ring-type permanent magnets
were used to create negative stiffness and attachedwithmechanical springs and inves-
tigated by Zheng et al. [6] for vibration isolation capability.
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Passenger seat with passive isolation for better comfort at lower frequency isola-
tion with negative stiffness was investigated by DanhL et al. [7]. This paper proposed
a system with two negative stiffness structure (NSS) in parallel with positive stiff-
ness structure. NSS mechanism used with active isolation and parametric study was
performed. NSS mechanism is used with active isolation and parametric study was
performed by Liang et al. [8]. Magnetic spring can be possible with permanent
magnets or electromagnets. Electromagnets are advantageous because the magnetic
strength can be changed adaptively.

In this work, the vibration isolation capabilities of a magnetic spring-based neg-
ative stiffness isolator to isolate the low-frequency vibrations in a passenger seat
are investigated numerically. Human body is modeled as a multi-degree-of-freedom
system. The isolation capabilities are investigated using transmissibility plots. The
results are compared with that of a conventional linear isolator to bring out the merits
of the nonlinear isolator in isolating low-frequency vibrations.

2 Model and Design of Negative Stiffness Magnetic Spring
Isolator

2.1 Model Setup

A geometric model of ring-type magnetic spring is shown in Fig. 1a adapted from
the earlier study of Zheng et al. [6]. The mechanical spring and magnet arrangement
of the model is shown in Fig.1b. The radial thicknesses are given by T1 and T2, height
of magnets are 2L1 and 2L2, and radius of magnets are R1 and R2 for inner and outer
magnets, respectively. The relative permeability μ of the magnet is taken as 1.05.

Fig. 1 Magnetic spring isolator a geometric parameters of the magnets b schematic model [6]
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2.2 NSMS Isolator Arrangement for Passenger Seat

The negative stiffness model with two ring-type magnets and a mechanical spring
is applied to passenger seat application as shown in Fig. 2. Outer ring-type magnet
is fixed with base and the mechanical spring is connected with inner magnet at one
end and with base at other magnet. When the base is excited by external excitation,
it will displace the mechanical spring, which moves the inner magnet in the upward
direction. The magnetic force is exerted due to relative displacement of magnets and
it is in a direction opposite to the force generated by mechanical spring achieving
low-dynamic stiffness. The seat is assumed to be excited harmonically at the base.

The equation of motion for the model can be expressed as

mẍ1 + cẏ + ky = Fm(y) (1)

wherem, c, and k mass, damping, and stiffness of the system. x1 is the displacement
of the seat and y = x1 − x0 is the relative displacement of the mass with the base.

2.3 Design of Geometric Parameters of NSMS for Passenger
Seat Isolator

For applying NSMS isolator in the passenger seat application, geometric parameters
are designed as per the procedure outlined in [6]. Linear spring stiffness is considered
as 1.5 × 105 N/m in this study. For the conditionofQZS, themagnetic stiffness should
be near to −1.5 × 105 N/m. Here, negative sign indicates that magnetic spring force
is in the opposite direction in relation with mechanical spring force. The effect of
magnetic flux density, height, gap, and radial thickness of magnets on the stiffness
has been studied in [6]. The geometric parameters and the magnetic strength used in
the simulation are given in Table 1.

Fig. 2 Passenger seat with negative stiffness isolator
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Table 1 Geometric and magnetic parameters used for simulation

B (T) R1 (mm) T1 (mm) T2 (mm) L1 (mm) L2 (mm) G (mm)

NSMS1 3 30 7 7 15 25 6.5

NSMS2 4 30 7 14 15 25 6.5

NSMS3 4 30 7 12 15 25 6

NSMS4 4 30 7 13 15 25 6

Fig. 3 Magnetic stiffness selection based on geometric parameters

NSMS1 in Fig. 3 is chosen arbitrarily, which has more than the required negative
stiffness as shown and not fit to the QZS model. To achieve higher negative stiffness,
the flux density and the outer magnet thickness are increased in NSMS2. Magnetic
stiffness is close to the required stiffness value but nonlinear in nature. Reducing
gap between two magnets and radial thickness of outer magnet give linear magnetic
stiffness as shown for NSMS3 in Fig. 3. At final to achieve magnetic stiffness in
linear nature and close to mechanical stiffness, radial thickness of outer magnet is
changed and stiffness curve for NSMS4 satisfies the required stiffness value for QZS.
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Fig. 4 a Magnetic flux lines bMagnetic force vs displacement simulation and curve fitting

2.4 Magnetic Simulation and Magnetic Force, Stiffness
Equations for NSMS

Geometric parameters of the magnet are designed as given in previous section.
Numerical simulations are performed with designed parameters in the software FEM
magnetics. Magnet arrangement about axis of symmetry and magnetic flux lines are
shown in Fig. 4a. The simulation provides the variation of magnetic force with dis-
placement as shown in Fig. 4b with red circle and cubic curve fitting is used to get
the relation of magnetic force with displacement of inner magnet. From simulation
results and with curve fitting, magnetic force equation is given by

Fm(H) = 106y3 + 3.7 × 10−10y2 + 1.4 × 105y − 3.7 × 10−14 (2)

The magnetic stiffness can be derived from the first derivative of magnetic force.
Here, the restoring force produced by magnetic spring is in opposite direction to
the magnetic force. The magnetic stiffness for designed NSMS is given in Eq. (3).
Quadratic term ofmagnetic force in Eq. (2) is small and thus it is neglected for further
study in this paper. The magnetic stiffness is obtained by differentiating the force
equation and is given below:

Km(H) = −3 × 106y2 − 7.4 × 10−10y − 1.4 × 105 (3)

3 Results and Discussions

In this section, the magnetic spring-based QZS isolation system is included in a
passenger vehicle seat with human body modeling it as a single degree-of-freedom
system and also as a five degree-of-freedom system. The transmissibility plots are
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obtained and compared with that for a system without QZS isolator to bring out the
merits of the nonlinear isolator.

3.1 Single Degree-of-Freedom Modeling

The equation of motion for the system is given by Eq. (1). The magnetic spring force
is given by

Fm(y) = f1y + f2y
3 (4)

The values of f1 = 1.4 × 105 N/m and f2 = 106 N/m3. The human body is modeled
as a single degree-of-freedom system and the transmissibility plots are obtained for
different values of passenger weights. The closed-form expression for transmissibil-
ity is given by [6]

T R =
√
1 +U 2 + 2U

β2
(β2U +U + 3

4
δU 3) (5)

whereU is the response amplitude, β is the frequency ratio, and δ = − f2X0

k− f1
with X0

is the amplitude of base excitation.
The transmissibility plot for passenger mass of 80 kg with and without NSMS

is shown in Fig. 5, and other parameters of isolator are mechanical spring stiffness
which is 1.5 × 105 N/m and damping co-efficient which is 1450 Ns/m. The exter-
nal excitation is considered 0.02 cos(ωt). It is found that the addition of magnetic
stiffness improves the low-frequency vibration isolation.

Fig. 5 Comparison of the
transmissibility plots for sdf
linear and QZS isolation
system
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3.2 Human Body Model with QZS Isolator as a Five
Degree-of-Freedom System

In this section, the human body along with the QZS isolator system is modeled
as a five degree-of-freedom system as shown in Fig. 6. The equations of motion
considering the QZS isolator placed between the ground and the seat m1 are given
below:

m1 z̈1 + (c1 + c2)ż1 − c2 ż2 + z1(kQZS + k2) − z2k2 − c1 ż0 − kQZSz0 = 0 (6)

m2 z̈2 − c1 ż1 + (c2 + c3 + c4)ż3 − c3 ż3 − c4 ż4 − k2z1
+(k2 + k3 + k4)z2 − k3z3 − k4z4 = 0 (7)

m3 z̈3 − c3 ż2 + (c3 + c5)ż3 − c5 ż4 − k3z2 + (k5 + k3)z3 − k5z4 = 0 (8)

m4 z̈4 − c4 ż2 − c5 ż3 + (c4 + c5 + c6)ż4 − c6 ż5
−k4z2 − k5z3+(k4 + k5 + k6)z4 − k6z5 = 0 (9)

m5 z̈5 − c6 ż4 + c6 ż5 − k6z4 + k6z5 = 0 (10)

Fig. 6 Human body with
QZS isolator system
modeled as a five
degree-of-freedom system
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Fig. 7 Transmissibility plots a without NSMS b with NSMS

In the above equation, kQZS is the quasi-zero stiffness and is given by

kQZS = −k + f1y − 3 f2y
2 (11)

The equations of motion are integrated numerically and the transmissibility plots
for all human parts without negative stiffness magnetic spring (NSMS) and with
NSMS are shown in Fig. 7. The following parameters are used in the
simulation,m1 = 10kg,m2 = 36kg,m3 = 5.5kg,m4 = 15kg,m5 = 4.17kg, k2 =
49340 N/m, k3 = 20000 N/m, k4 = 192000 N/m, k5 = 10000 N/m, k6 =
134400N/m, c1 = 1450Ns/m, c2 = 2475Ns/m, c3 = 330Ns/m, c4=909.1Ns/m,

c5 = 200 Ns/m, and c6 = 250 Ns/m [8]. The percentage improvement compared to
the linear system is given in Table 2. With NSMS system an improvement of up to
57.29% in the seat and 44.31% in lower torso is observed. There are discomforts due
to low-frequency vibration like general discomfort between 4 and 9 Hz, lower jaw
symptoms 6–8 Hz, chest pains 5–7 Hz, muscle contraction 4–9 Hz, and abdominal
pains 4–10Hz given in [9]. These discomfort can be eliminated usingNSMS isolator.
All human body parts are isolated well below the discomfort frequencies as shown in
Table 2. Thus, NSMS isolator provides better vibration isolation compared to linear
isolator for different parts of human body.

The percentage improvement in the low-frequency vibration isolation when QZS
isolator is implemented is shown in Table 2. This study can be further extended by
considering more sophisticated models for human body as well as vibration isolation
in six directions to completely understand the dynamics.
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Table 2 Vibration isolation comparison

Component Isolation frequency without
NSMS with NSMS

% improvement

Seat 4.8 2.05 57.29

Lower torso 4.4 2.4 44.31

Viscera 6.25 3.25 48

Upper torso 6.6 3.35 49.24

Head and neck 6.75 3.45 48.88

4 Conclusions

In this paper, the vibration isolation capability of a quasi-zero stiffness (QZS)-based
vibration isolator to isolate the low-frequency vibrations in a passenger seat is inves-
tigated numerically. The QZS isolator is obtained by using the negative stiffness
magnetic springs (NSMS) in combination with a vertical spring. The seat along
with the passenger is first modeled as a single degree-of-freedom and also as a
five degree-of-freedom model. The magnetic spring characteristics are obtained by
performing simulations in FEMM software and the curve fitting revealed that the
stiffness characteristics are cubic in nature. The equations of motions are derived
and the transmissibility plots are obtained by numerically integrating the equations.
From the transmissibility plots, it is found that the QZS isolator provides better iso-
lation compared to the conventional linear isolator. By modeling human body as
a four degree-of-freedom system, it is possible to obtain the transmissibility plots
for different body parts. It is found from the simulation results that the passenger
seat with QZS isolator is able to isolate all low-frequency vibrations which produce
discomfort to the passengers.
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Vertical Vibrations of the Vehicle Excited
by Ride Test

Massimo Cavacece, Giorgio Figliolini, and Chiara Lanni

1 Introduction

The influence of a rough road surface on vehicle vertical vibrations and on the
driver and passengers is an important research among automotive manufacturers [3].
ISO international standard defines the terminology of vehicle dynamics and road-
holding ability. In addition, ISO international standard proposes the test procedures
for steady-state circular driving behavior and lateral transient response characteris-
tics against step steering input, sinusoidal steering input, random steering input, and
braking in a turn [6]. The standardized test procedure of a double-lane-change test
as a severe lane-change maneuver is proposed [2]. In order to estimate the influence
of vertical vibration on seated human body, the apparent mass of the human body is
evaluated by mechanical lumped models [4]. In this research, a mechanical equiv-
alent model has been developed to characterize the response of the vehicle excited
by road profiles. The mechanical equivalent model offers a quantitative evaluation
of accelerations of vehicle along vertical axis in terms of natural frequencies and
dissipative properties of vehicle. In order to calibrate the mathematical model, an
experimental design has been developed by the ride test.
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2 Suspension System

The mass ms represents the suspended mass (equal to a quarter of the mass of the
entire vehicle) (Fig. 1). The unsprung mass associated with the suspension-wheel
system is mu . The variables zs and zu represent, respectively, the displacements,
with respect to a horizontal reference axis, of the center of gravity of the suspended
and unsprung mass. The quantity zr describes the profile of the road surface. The
stiffness constant ku represents the elasticity of tire. The parameters ks and cs are,
respectively, the elastic constant and the damping coefficient of the part passive
suspension. The rest lengths of the corresponding springs are Ls and LW . The force
generated by the actuator between the wheel and the vehicle is F (t) [1]. The g term
is the acceleration of gravity. Model suspension system is described by the following
equations:

ms z̈s (t) = ks [zu (t) − zs (t)] + cs [żs (t) − żs (t)] + ks Ls − msg + F (t)

muz̈u (t) = −ks [zu (t) − zs (t)] + cs [żs (t) − żs (t)] − ks Ls

+ ku [zr (t) − zu (t)] + kuLu − mug − F (t) .

(1)

From the equilibrium equations corresponding to the null values of zr and F , we
obtain

z̄s = Ls + Lu −
(
ms

ks
+ ms + mu

ks

)
g

z̄u = Lu − (ms + mu)

ku
g .

(2)

Equation (2) represents the positions of the center of gravity of the suspended mass
and of the unsprung mass in static conditions, under the action of gravity. The fol-
lowing notation is introduced:

Fig. 1 Vehicle suspension
system
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δzs (t) = zs (t) − z̄s,

δzu (t) = zu (t) − z̄u
δzr (t) = zr (t) − z̄r = zr (t) .

(3)

We obtain the following system of equations:

msδz̈s (t) = ks [δzu (t) − δzs (t)] + cs [δżs (t) − δżs (t)] + F (t)

muδz̈u (t) = −ks [δzu (t) − δzs (t)] − cs [δżs (t) − δżs (t)]

+ ku [δzr (t) − δzu (t)] − F (t) .

(4)

State vectors are defined

x (t) =

⎧⎪⎪⎨
⎪⎪⎩

δzs (t)
δzu (t)
δżs (t)
δżu (t)

⎫⎪⎪⎬
⎪⎪⎭

, u (t) =
{

δzr (t)
F (t)

}
. (5)

The equations become

ẋ = Ax (t) + Bu (t) , (6)

with

A =

⎡
⎢⎢⎢⎢⎢⎣

0 0 1 0
0 0 0 1

− ks
ms

ks
ms

− cs
ms

cs
ms

ks
mu

− (ks + ku)

ms

cs
ms

− cs
ms

⎤
⎥⎥⎥⎥⎥⎦

, B =

⎡
⎢⎢⎢⎢⎢⎣

0 0
0 0

0
1

ms
ku
mu

− 1

mu

⎤
⎥⎥⎥⎥⎥⎦

. (7)

The model’s output variables are the vertical acceleration of the vehicle as (t) and
the variation of the contact force between the wheel and the road with respect to the
force value static contact:

δFc (t) = Fc (t) − F̄c = ku [δzu (t) − δzr (t)] . (8)

with F̄c = (ms + mu) g. We obtain

y (t) =
{

as (t)
δFc (t)

}
= Cx (t) + Du (t) (9)

with
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C =
⎡
⎣− ks

ms

ks
ms

− cs
ms

cs
ms

0 ku 0 0

⎤
⎦ D =

⎡
⎣ 1

ms
0

0 −ku

⎤
⎦ . (10)

Equation (10) constitutes a state-space representation of the system. The dynamic
system is invariant not strictly proper, of order 4, with two inputs and two outputs
(MIMO systemmodel). The first input can be seen as a disturbance, while the second
is the control variable.

3 Open-Loop Transfer Functions

Considering the open loop, the inputs are δzr and F and outputs are as and δFc [1].
The transfer functions between the two inputs and the two outputs are the following
relations:

G11 (s) = As (s)

Zr (s)
= μ11s2 (1 + sτ1)(

1 + 2ξ1s
ωn1

+ s2

ω2
n1

) (
1 + 2ξ2s

ωn2
+ s2

ω2
n2

)

G12 (s) = As (s)

F (s)
=

μ12s2
(
1 + s2

α2
n1

)
(
1 + 2ξ1s

ωn1
+ s2

ω2
n1

) (
1 + 2ξ2s

ωn2
+ s2

ω2
n2

)

G21 (s) = Fc (s)

Zr (s)
= μ21s2 (1 + sτ1) (1 + sτ2)(

1 + 2ξ1s
ωn1

+ s2

ω2
n1

) (
1 + 2ξ2s

ωn2
+ s2

ω2
n2

)

G22 (s) = Fc (s)

Zr (s)
= μ22(

1 + 2ξ1s
ωn1

+ s2

ω2
n1

) (
1 + 2ξ2s

ωn2
+ s2

ω2
n2

) .

(11)

There are two resonance conditions for the system: one at ωn1 and another at
ωn2 . The damping factors associated with the conjugated complex pole pairs are low
values. In addition, the functions G11 (s), G12 (s), G21 (s), and G22 (s) contain a
double derivative action.

The effect of the road profile on vertical acceleration is analyzed, in the absence
of control actions. Figure 3 shows the Bode diagram of the magnitude of the G11 (s)
transfer function. The values of the transfer function G11 (s) show high values in the
medium- to high-frequency range. The transfer function G11 (s) peaks at the natural
frequency ωn2. An effective suspension system mitigates the values of peaks.

The vehicle is equipped with passive suspension. Vehicle speed is v = 10 km/h ∼=
2.8 m/s on a rectangular bump. Table 1 shows input data of mathematical modeling
and simulation. The profile of the bump is shown in Fig. 2.

Thewheel hits the bump at t = 1 s. Thewheel leaves the bump at t = 3 s. Figure 4
shows the time trends of vertical acceleration and contact force caused by the bump
profile. If the road profile presents an irregular appearance, described by a random
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Fig. 2 Ride test

Fig. 3 Bode diagram

sign, the trends of accelerations and forces in time domain are proposed in Fig. 5.
The Bode diagrams of the function G12 (s) express the effect of the input F (t) on
the vertical acceleration (Fig. 3).

Two zeros at 0 Hz increase the transfer function G11 (s) from 0 to 7 rad/s. Zero
at about 10.0 rad/s of the transfer function G11 (s) generates 40 dB from 6.92 rad/s
to 14 rad/s (Table 2).

4 Experimental Design

In order to evaluate ride performance (Fig. 2), an accelerometer is attached at vehicle
floor as shown in figure. An Axivity 6-axis accelerometer is used to measure the
vibrations of six components of acceleration at a vehiclefloor.Thevertical component
of the acceleration is utilized. The frequency range is from 0.5 to 1000 rad/s. A
rectangular-shaped cleat bar on a road, shown in Fig. 2, is chosen for an impact
object driving test [5]. The height and width of rectangular-shaped cleat bar are,
respectively, 20 and 20 mm. The test speed is constant at 50 kph while front and
rear tires are passing over the cleat bar. The experimental investigations consider the
vertical vibrations of the elegant car during four ride tests (Figs. 6, 7, 8, 9, 10, 11,
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Fig. 4 Vertical accelerations of mass ms and contact forces of open-loop system with rectangular
bump (v = 10 km/h)

Fig. 5 Vertical accelerations of mass ms and contact forces of open-loop system with random sign
(v = 10 km/h)

12, and 13). The car is excited by road profiles. The time interval after impact is
considered to estimate the vertical vibrations of vehicle.

5 Discussion

The impact object driving test characterizes the vehicle running over various impact
objects. The frequencies of impact ranges from 1.5 to 50 Hz. Experimental inves-
tigations indicate relevant movements of the human body during vibration in the
range from 4.5 to 7 Hz [5]. The vertical components of accelerations are obtained
by ride test. The seat-rail vibrations are analyzed in terms of vertical components
of accelerations in time and frequency domains (Figs. 6, 7, 8, 9, 10, 11, 12, and
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Fig. 6 Vertical accelerations
of mass ms during Ride Test
1 in time domain

Fig. 7 Vertical accelerations
of mass ms during Ride Test
1 in frequency domain

13). The comparison between acceleration values obtained by mathematical model
and ones obtained by experimental investigation is shown in Figs. 6, 8, 10, and 12.
The comparison offers a good agreement (84–99%) between acceleration values
obtained by mathematical model and ones obtained by experimental investigation
in time domain. The mathematical simulation and the experimental investigation
concern short and single impact test. The circular frequencies of vertical accelera-
tions of vehicle excited by ride tests lie in three different regions 0–10, 10–20, and
20–80 [rad/s] (Figs. 7, 9, 11, and 13).

If rear tires are passing over the cleat bar, the peak value of the vertical component
of vehicle increases. After the impact of rear tires, the vertical component is not easily
damped out. One reason for the low damping is that the irregularities of road profile
excite the vehicle after the impact between a vehicle and a rectangular-shaped cleat
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Fig. 8 Vertical accelerations
of mass ms during Ride Test
1 in time domain

Fig. 9 Vertical accelerations
of mass ms during Ride Test
1 in frequency domain

bar on a road. Figure 14 illustrates damping ratio versus damped frequencies of the
vehicle evaluated by ride test.

Table 3 shows the values of the composite weighted level and the fourth power
vibration dose VDV for ride test (v = 50 km/h).
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Fig. 10 Vertical
accelerations of mass ms
during Ride Test 2 in
frequency domain

Fig. 11 Vertical
accelerations of mass ms
during Ride Test 3 in time
domain

Table 1 Input data

Symbol Description Numerical value

ms Suspended mass 400
[
kg

]
mu Unsprung mass 50

[
kg

]
ku Elasticity of tire 2.5 · 105 [N/m]

ks Stiffness coefficient of the
passive suspension

2 · 104 [N/m]

cs Damping coefficient of the
passive suspension

2 · 103 [
Nsm−1

]
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Fig. 12 Vertical
accelerations of mass ms
during Ride Test 3 in
frequency domain

Fig. 13 Vertical
accelerations of mass ms
during Ride Test 4 in time
domain

Table 2 Natural frequencies, damping ratio, zeros, gain, and time constant of function G11

Zero Pole Damping ratio Frequency Time constant

[rad/s] [s]

0 −2.21 ± i6.56 0.32 6.92 0.453

−10 −20.30 ± i69.40 0.28 72.30 0.05
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Table 3 Composite weighted level AW, fourth power vibration dose VDV for ride test (v =
50km/h)

Description ride test ID AW
[
m · s2] VDV

[
m · s1.75]

1 0.7698 0.6652

2 0.6432 0.5225

3 2.376 1.864

4 0.825 0.6688

Fig. 14 Damping versus
damped frequencies

Table 4 Symbols

Symbol Description

ms Suspended mass

mu Unsprung mass

nz Zeros

np poles

zs Displacements of the center of gravity

zu Displacement of unsprung mass

zr Profile of the road surface

ku Elasticity of tire

ks Stiffness coefficient of the passive suspension

cs Damping coefficient of the passive suspension

Ls , LW Rest lengths of the corresponding springs

F Force generated by the actuator

g Acceleration of gravity

v Vehicle speed
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6 Conclusion

A mechanical equivalent model has been developed to characterize the response of
the vehicle excited by road profiles. The mathematical model is calibrated by the ride
test. During the tests, the accelerations represent objective measurement variables to
illustrate the vehicle motion variables. The subjective assessment variables can be
represented in mathematical formulation. Physical perception variables are related
to the vehicle motion variables.
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Investigation of Dynamic Forces
and Moments in the Neck Region
of the Driver of a Vehicle

Raj Desai, Anirban Guha, and P. Seshu

1 Introduction

It is widely established that there exist a high risk of health impairment due to
prolonged exposure to whole-body vibration [1]. Vehicle occupants commonly expe-
rience this situation. So, an understanding of the human body and vehicle dynamics
can help in reducing the health risk of vehicle drivers. Vehicle ride comfort is an
essential and vital criterion in vehicle dynamics [2]. The comfort experienced by
humans varies considerably as different people respond in different ways to the
same situation. It has been shown that human body response to vibration depends
on posture, excitations (magnitude, frequency and direction) and individual anthro-
pometry. Studies have shown that the effects of vibrations on humans could be quite
detrimental and, in some cases, may give rise to physical and psychological health
impairments [3]. Research has also revealed that intervertebral disc degeneration
[4] and chronic low-back pain as a result of constant exposure to vibrations occur
more frequently among drivers than in the general population [5]. However, forces
in the neck region are of particular concern since they lead to headache and motion
sickness [6, 7]. Thus, study of forces in the neck region and their mitigation should
be an important area of research.

Since it is the road roughness which generates the motion to the human body,
all the components which are involved in transmission of this motion to the neck
region need appropriate modelling. Different kinds of vehicle models have been
used to study vehicle dynamics and human body response.Most of thesemodels have
lumped parameters and are limited to one-dimensional analysis. For an integrated
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human-vehicle analysis, it is critical to have a model that is both reasonable in its
complexity and accurate enough to demonstrate predictions close to the experimental
results. Thus, a two-dimensional human body model is needed to simulate vertical
and horizontal forces and rotational moment at different locations of the human body.

Thiswork describes such amodelwhich allows the depiction of themotion of body
masses as close as possible to reality for vibration attenuation. Previously developed
and validated 12 DoF [8–11] multibody human body and nonlinear cushion contact
force models are integrated with a full car model through a multi-compression seat
suspension system. This allows accurate prediction of forces in the neck region while
keeping modelling complexity within a reasonable level. The damping characteristic
of the cushioning material plays an important role in supporting the body, isolating
vibration, improving ride quality, and maintaining head-neck posture. Thus, for a
better understanding of the dynamic seat performance, the influence of the cushion
damping parameter on neck region forces has been studied. Different road classes
and vehicle speeds have been investigated.

2 Mathematical Modelling

The detailed formulation, description and numerical data of the human body and
nonlinear cushion contact force models used in this study and its integration with the
full vehicle model are presented in previous works [12, 13] and are shown in Figs. 1,
2 and 3.

The human bodymasses are connectedwith the help of rotational and translational
springs and dampers. Each human body mass (m1 − m4) exhibits three degrees of
freedom (vertical displacement, fore-aft displacement and rotational motion).

The Newtonian method is used to formulate the equations of motion [14]. The
framework of equations for mass 1 is represented as

m1 ẍ1 = − f1x − fc1x − fc2x (1)

m1 z̈1 = − f1z − fc1z − fc2z (2)

I1θ̈1 = f1x l1 j1v + f1zl1 j1h − fc1zl1c1h − fc1x l1c1v + fc2zl1c2h − fc2x l1c2v − fr1
(3)

The 12 degree-of-freedom (DoF) two-dimensional multibody human body model
(m1 −m4) and a nonlinear seat human contact force model (Fcu) are integrated on a
full [15] car vehicle model as represented in Fig. 4 through a seat suspension system.
The force developed by the seat suspension framework is represented by FSS . The
human body model and nonlinear cushion models are validated using experimental
data. The experimental data used for human body model validation was for seat to
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Fig. 1 (DOFs) Backrest supported seated human body

Fig. 2 DOFs joint representation

head transmissibility and for the cushion model, it was contact force corresponding
to three different levels of excitation. The road disturbance input is zr1 − zr4.
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Fig. 3 Free body sketch for Mass 1

Fig. 4 DoF human-full car vehicle human model integration [10]

3 Road Input Modelling

Vehicles moving on a random irregular profiled road are subjected to vibration gener-
ated due to tyre-road interactions and acceleration-braking forces. These are harmful
to both the riders and the vehicle. The disturbances observed by the occupant when
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a vehicle moves over an irregular and inconsistent road are distinctly different from
those notices for an abrupt bump or pothole. These motions not only adversely affect
the comfort but also lead to safety issues if the human being loses contact with the
seat. As a consequence, the primary function of a better seat suspension system is
to ensure good ride comfort to occupants and minimize the seat roll, pitch and yaw
motions for a variety of road conditions.

3.1 Random Road Disturbance

Road disturbance is generated using a random process. The road roughness is called
a stationary random road in the time domain if the car moves at a constant speed.
The mathematical equation for stationary road harshness is given by Eq. (4) and can
be simulated in MATLAB-SIMULINK. Random road modelling through numerical
simulationwas carried out using Eq. (4) [16] in the time domainwhile the vehiclewas
running at a constant speed. Figure 5 illustrates the random roadprofile corresponding
to grade C (as per Table 1) and vehicle moving at a constant speed of 72 km/hr.

q̇(t) + 2πn0νq(t) = √
2πGrνω(t) (4)

Here, white noise signal = ω(t); vehicle velocity = ν; road roughness = q(t);
cutoff spatial frequency = n0 = 0.01 cycle/m.

Fig. 5 Random constant
velocity road profile

Table 1 Road-roughness coefficients Gr (m2/cycle/m) [15, 17]

Road class A
very good

B
good

C
average

D
poor

E
very poor

Gr (10–6) 4 16 64 256 1024
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Fig. 6 Bump road profile

3.2 Bump Road Profile

The seat suspension performance is examined for a vehicle moving at a constant
speed of v = 15 km/hr subjected to single bump road disturbance, as shown in
Fig. 6. This road profile is employed to the front and rear wheels with the same peak
amplitude but a time delay of

(
l f + lr

)
/v. The plot is generated using Eq. (5) [18]:

zr (t) =
{

a
2

(
1 − cos

(
2πv
l t

))

0
, 0 ≤ t ≤ t

v

, t > t
v

(5)

Here a equals 80 mm for both right and left sides of the vehicle.

4 Neck Region Parameters

The driving of the vehicle leads to vertical and fore-aft forces and rotational joint
moments in the neck region, which in turn leads to headache, motion sickness and
neck pain [6, 7]. The damping characteristic of cushioningmaterial plays an essential
role in supporting, isolating vibration, improving ride quality and head-neck posture
[19]. Thus, to improve drive comfort, it is necessary to study the influence of the
cushion damping parameter on neck region forces. This section reports such a study
for various road classes and vehicle speeds.

4.1 Variation in Road Roughness

The road roughness coefficient is varied in Eq. (4) according to the values presented
in Table 1 with the intention of generating different classes of road profiles. The same
dataset of white noise has been used in all the cases. Neck region force parameters for
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Fig. 7 RMS value of neck region parameters due to variation in road roughness and cushion
damping coefficient (speed 72 km/hr): a rotational moment, b fore-aft and c vertical force

different grades of road are presented in Fig. 7. With an increase in road roughness,
the moments and forces in the neck region rise continuously. With an increase in
cushion damping, the neck region parameters tend to be lower. A cushion with a
higher value of damping dissipates a more significant amount of vibrational energy.
This will lead to improvement in human comfort. The influence of cushion damping
on neck region parameters is more for rough roads than for smooth roads. This may
be due to the higher vibrational energy generated in rough roads.

Effect of vehicle speed

The variation in human body parameters (neck region force and moment) for various
vehicle speeds for random and bump road profiles is reported in the current sub-
section (Fig. 8). The study is limited to the random road of class C.

With an increase in vehicle speed, all the parameters rise continuously, leading to
deterioration in human comfort. Similar trends are expected for other road profiles.
With an increase in cushion damping, neck region parameters tend to be lower,
leading to improvement in human comfort. The consequence of variation in cushion
damping is more evident at a higher velocity than in lower velocity.

The neck region parameter variation for bump road profile for twodifferent vehicle
speeds is presented in Fig. 9. The higher effect of vehicle speed variation for bump
road profile is observed on fore-aft forces. Overall, the effect of changes in cushion
damping on neck region parameters is similar to those observed for the random road
profile.



650 R. Desai et al.

Fig. 8 RMS value of neck region parameters due to variation in vehicle speed and cushion damping
coefficient (c-class): a rotational moment, b fore-aft and c vertical force

Fig. 9 Maximum value of neck region parameters due to variation in vehicle speed and cushion
damping coefficient: a rotational moment, b fore-aft and c vertical force

5 Conclusions

This paper uses an integrated human-cushion-seat suspension-vehiclemodel to study
the neck region forces of a vehicle occupant. The consequences of the variation in
cushion damping parameter on neck region moment and forces have been studied
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for different grades of roads and vehicle speeds. With the rise in road roughness,
the moment and forces in the neck region tend to rise continuously. An increase
in cushion damping tends to lower the neck region parameters. The consequence
of variation in cushion damping is more apparent at higher velocities. The most
significant impact of variation in cushion damping is observed for neck region fore-
aft force. For a road bump, a high influence of vehicle speed variation is witnessed
on the fore-aft direction force. This detailed analysis of variation of human body
neck region parameters due to change in road roughness, vehicle speed and cushion
damping parameters can assist seat manufacturers in designing high-performance
vibration isolation seats or modifying existing seats for the comfort of drivers.
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Analysis of Design of Head Restraints
of Car Seat Considering Indian
Anthropometry

Radhika Tekade, Girish Ramteke, and P. V. Kane

1 Introduction

1.1 Why Evaluation of Head Restraint is Important?

The crashes at speeds even as low as 30 miles per hour [1] can generate forces
large enough that the mass of the head pulls the neck apart from the body. Due to
the physics of the body, the head is likely to lag behind the movement of the torso,
causing the neck to bend back and stretch. This motion is commonly called whiplash,
and although not life-threatening, it can lead to severe injuries. The primary function
of the head restraint is first to support the head and push it forward with the torso
and slow the rate of deceleration while coming back, minimizing the sudden jerk
on the neck by providing an anchoring point. The effectual head restraint is directly
behind the occupant’s head that is very close to it and comes at least as high as the
occupant’s ears. Many head restraints are adjustable to adjust for both short and tall
occupants.
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Fig. 1 Anthropometric data of a person sitting on the car seat

2 Methodology

2.1 Candidates Seated in Car Seat for Measurements

For this study, measurements have been taken for the positions of the head and head
restraints by asking candidates of different heights as shown in Fig. 1. The study
subjects are selected accordingly so that the results and conclusions of the analyses
apply to average Indian anthropometric measurements. This data collection leads to
understanding, evaluation, and analysis of the following factors: the human posture
in the car’s driver seat with the help of stick figures, the mean resting position of
the individual aid in understanding how the back of the body rests on the seat of
the vehicle, and point of contact of the head with a head restraint which is a crucial
point for evaluating the position of the head where it will hit the headrest during a
rear-end collision. The neck length has also taken into consideration which is used
for estimating the whiplash injury due to head extension during rear-end collisions
(Fig. 1).

2.2 Car Seat Dimensions

In this study, themeasurement of only the car’s driver seat is taken into consideration.
The following are the attributions used for taking themeasurements of the commonly
used car seats [2]. As shown in Fig. 2, these attributes are specified as: A—head
restraint length (minimum position), B—head restraint length (maximum position),
C—insert back length, D—sitting posture length, E—height of seat bottom from the
base of the vehicle, and F—sitting posture width.

The following table (Table 1) shows the measurement taken for some commonly
used cars in India.

Car models’ names are kept anonymous for confidentiality.
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Fig. 2 Car seat measurement attributes

Table 1 Car seat dimensions

Car name A (cm) B (cm) C (cm) D (cm) E (cm) F (cm)

IJK 22 28 60 47 29 43

LMN 19 26 61 49 26 45

OPQ 21 27 59 51 30 42

RST 18 25 57 47 28 41

UVW 19 NA 57 48 28 51

XYZ NA NA 74 44 17 45

NA—Feature not available

2.3 Designing Aspect of the Project

Designing car seat

Figure 3 shows the final seat designed in SolidWorks using the car seat dimensions.
The following figure shows the solid model for the driver seat with the dimensions
of the car seat used in the model of one of the aforementioned cars.

Test Dummy Model

Figure 4 displays the dummy model of a 50th percentile Indian male according
to the dimensions given earlier. Three views of the model are shown below for
understanding geometry.
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Table 2 Results of static analysis of head restraint

Car model Adjust Height lock Tilt lock

Down Up Back Front

IJK No No Yes Yes

LMN No No Yes Yes

OPQ No No Yes Yes

RST No No No No

UVW X Yes No Fix Fix

XYZ X Fix Fix Fix Fix

Car model Head restraint down (CM) Head restraint up (CM) Overall rating

HD VD HD VD

IJK 4 3 4 −3 Good (Zone 1)

LMN 3 5 3 −2 Good

OPQ 7 6 7 0 Acceptable (Zone
2)

RST 9 10 9 3 Marginal (Zone 3)

UVW 6 9 6 X Marginal

XYZ 8 11 8 X Poor (Zone 4)

Fig. 3 Car seat designed in SolidWorks

3 Analysis

3.1 Static Analysis of Head Restraint

The proximity of the head with restraint has been shown in Fig. 5 to help reducing
whiplash injury. With that in mind, the Research Council for Automobile Repairs
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Fig. 4 Test dummy model designed in SolidWorks

Fig. 5 Head restraint rating zones

(RCAR) has issued a procedure to evaluate head restraints based on geomet-
rical criteria. This procedure applies to these types of head restraints, such as
integrated/fixed, adjustable, active, and automatic.

Head Restraint rating overview

Each restraint shall be classified into one of the four geometric zones, as defined by
its height and backset measurements. In this classification, Zone 1 is considered a
“good” zone where the head restraint is not more than 7 cm from the back of the
head and not more than 6 cm down from the top of the head. Zone 2 is regarded as an
“acceptable” zone where head restraint is 7 to 9 cm from the back of the head and/or
6 to 8 cm down from the top of the head. Zone 3 is considered “marginal” where it
is 9 to 11 cm from the back of the head and/or 8 to 10 cm down from the top of the
head. Zone 4 is rated as a “poor” zone that exceeds one or both of the “marginal”
measurements as shown in Fig. 5 [3].
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According to the head restraint overview given earlier, readings were noted for
various cars and their zones of head restraint were devised as our final outcome.

3.2 Dynamic Analysis During Collisions

In this work, ANSYS workbench [4] was used for dynamic modeling analysis of the
collision phenomenon. The car seat and the dummy modeled using solid modeling
techniques were imported. The material properties were applied to these models.
Contact regions and body interactions such as bonded, frictionless, frictional, etc. as
per the physics of the problem under study are assigned. Themeshing was carried out
to avoid errors for solving finite elements solver. Meshing used a patch conforming
algorithm with the method of tetrahedrons. Finer meshing was provided at sensitive
regions like the neck or chest. Nodeswere calculated to be about 11,000 and elements
nearly 50,000 for the dummy model with element size ranging from 2 to 8 mm. The
initial conditions for collision such as velocity applied to the body, supports (fixed
or displacement according to conditions), etc. were applied for simulations. The
portion of the seat where the thighs come in contact, once seated, was applied with
a fixed contact. The aforementioned conditions were selected after trial-and-error
simulations till a convergence in the results was observed relevant to the theorized
values. The rest of the body was free to move under the impact forces experienced.
Various settings for simulations involve specifying several cycles, end time, etc. The
model was simulated and solved to obtain total shear deformations aswell as stresses.
The results obtained are shown in Figs. 6 and 7.

Results

Figure 6 shows the total deformation of the individual after the impact in front-end
collision.

Figures 7 and 8 show equivalent and shear stress acting on the individual during
the impact in front-end collision.

Fig. 6 Total deformation in front-end collision



Analysis of Design of Head Restraints of Car Seat … 659

Fig. 7 Equivalent stress in front-end collision

Fig. 8 Shear stress in front-end collision

The results of the rear-end collision are as follows. Figure 9 shows the total
deformation of the individual after the impact.

Fig. 9 Total deformation in rear-end collision
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Figures 10 and 11 show equivalent and shear stress acting on the individual during
the impact.

The dynamic analysis performed revealed maximum stress and deformation
regions and also numerical value associated with it. Thementioned numeric values in
the images were at a velocity of 20 m/s. 5 milliseconds timespan was used to deduce
the total velocity and acceleration undergone by the individual. The value of total
velocity change in front-end and rear-end collisions is 10 m/s and 24 m/s, respec-
tively. Similarly, the total acceleration change in front-end and rear-end collisions is
1.5 g m/s2 and 5 g m/s2. Maximum deformation and maximum stress undergone by
the body are 52 cm and 14 MPa for front-end collision and 80 cm and 17 MPa for
rear-end collision.

The values for rear-end collision are high as compared to front end for the same
velocity impact indicating clearly that rear-end collisions are more perilous than
front-end collisions. The image (Fig. 10) for equivalent stress in rear-end collision

Fig. 10 Equivalent stress in rear-end collision

Fig. 11 Shear stress in rear-end collision
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Fig. 12 Responses from individuals not wearing seat belts

shows a red spot on the neck revealing the high-stress values experienced by an
individual during whiplash injury that is the major risk during rear-end collisions.

Studies conducted by ARAI and NCAP [5] have revealed that the maximum
velocity impact the human body can endure is 25 m/s. It has also been noted that to
induce failure stress in the neck (vertebrae—2MPa) or in the body (femur—17MPa),
a human body has to undergo a sudden velocity impact of 4 to 8 m/s.

The simulations conducted for dynamic analysis of collisions of vehicles did not
involve the use of a seat belt. This is because, after static analysis of seat belts, it was
clear that the seat belt does not cause harm in wrong positioning. The reason for that
is the portion of seat belt length present in car side chassis that smoothens out the
effect of sudden momentum during the crash and also helps in adjusting comfortable
position during normal driving. The seat belt, if stretched, increases flexibly to the
desired length, just enough to direct the head into the center of the airbag which will
further assuage the sudden jerk.

The crucial role of the seat belt is to prevent internal injuries by spreading the force
of a collision across two of the human body’s powerful areas: the pelvis and upper
chest. But it came to our realization that a lot many people do not feel comfortable
wearing seat belts after surveying the general public (Fig. 12). Hence, the simulations
carried out were focused on understanding the effects of collisions on people who
were not even incorporating minimal safety devices.

3.3 Head Restraint Rating

A questionnaire was prepared to consist of nearly 20 questions for a quick 5-min
survey by the general public. The statistical data collected from about 60 drivers
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Fig. 13 Survey about head restraint rating

were used to understand the problems of uncomfortableness by the seatbelt, muscu-
loskeletal disorders (MSDs) experienced like lower back or neck pain, the comfort
of car seats, etc. One of the questions involved rating of head restraint depending on
the support and positioning of a head restraint for seated individuals. Here, a graph
(Fig. 13) of rating values (from 1 to 5, where 1 is the worst and 5 being the best) (on
X-axis) versus number of people who rated (on Y-axis) is drawn. Bold values above
the bars show the percentage of people who rated.

4 Conclusion and Future Scope

Safety devices in cars are beneficial and sometimes essential in both static and
dynamic scenarios. For example, the head restraint is necessary at all times, that
is, both in static and dynamic conditions. Whereas the seat belt and airbags are
pivotal during dynamic circumstances. The project focuses on the rating of the head
restraint in static analysis and its responses to front-/rear-end collisions with the help
of a simulated environment. It was very clear from the simulation that rear-end colli-
sions are fatal than front-end collisions, though front-end collisions can be equally
dangerous at times. This signifies the need to innovate and improve head restraint
designs that conform to various anthropometries.

The analysis performed in this project can be taken to a larger extent. More cars
can be involved in data collection. The analysis of safety devices can be improved
by improving the techniques as well as the software infrastructure for carrying out
the analyses.

Considering the derived factors of safety and comfort of the car seat in this work,
new improved components can be designed.A standard head restraint designmethod-
ology adopted in the market for a range of anthropometry can helpfully reduce the
safety-related issues discussed in this study. As the project implied that the Indian
anthropometry does not conform to current car seat designs precisely and on a large
scale, a similar study can also be conducted in various states or other countries to
verify the same.
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Novel Method for BSR Test Cycle
Generation

K. J. Sarat and C. Lakshmikanthan

1 Introduction

Recently in the automotive industry, there has been a rise in ride comfort by the
customers, continuous improvements in the technology combined along with better
awareness on safety and comfort that has given the design and analysis process used
in the automotive business to an advanced level. Buzz, Squeak, and Rattle are the
noises produced in parts, and they are the result of relativemotion among the installed
parts that interact only sometimes in specific environmental conditions.

Buzz generates from the assembly of the body (above 2000 Hz) Squeak from
friction between parts (200 Hz – 10,000 Hz) and Rattle by impact (20 Hz – 2000 Hz).
BSR is an eminent cause of risky irritation to the car driver and general observation
of the vehicle. BSR sound is noticeable owing to its erratic behavior which comprises
a noise of frequency content in which sound covering reduces. An automobile with
less BSR is related with high quality and therefore, it is vital for OEMs to attain this.
Masking levels are established lesser and lesser, particularly in electric automobiles
which also create problems for preventing BSR noises. Material selection, precise
tolerance chains, and structural and chassis design are critical parameters to study.
Other than them there is also an issue of the frequency content. If the level of vibration
is correct, the test won’t be qualified not until the frequency content is not correct.
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1.1 Literature Survey

In [1],Chang,Lee, andHong considered analytical and experimentalways for Squeak
and Rattle issues in a door component on how to solve the issues in ways to enhance
the Squeak and Rattle performance in a better way. A FE-based procedure was devel-
oped using the model of the test setup for inspection of general friction-induced
vibration problems. The test outcome exhibited correlations between friction coef-
ficients and the loudness of the sound. The FE-based procedure was used on the
door components on both trim and un-trim components. As a conclusion, there were
resemblances with the experimental end result which shows that the numerical way
of predictionwasmore supportive in finding the points with protentional S&R issues.

In [2], Rajesh agreed on a code that was developed so that could use in both labora-
tory and on-road simulated data and also on-road operational data. They concluded
that this would assist in decreasing testing and acquisition time but also helps in
obtaining good results.

In [3], Tatari, Fard, Naser, andMahjoob proposed controlling structural dynamics
of the seat as this is a strong upfront resolution for enhancing seat in BSR. Dual
experimental analysis was done for that. In the primary analysis, a setup was created
to distinguish the resonant frequencies of the seat and the equivalent structural mode.
The second analysis carried out calculated radiated noise of the seat when the seat is
under vibration excitation. The conclusions of both the analysis of experiment proved
developed CAE of the model. It revealed both low vibration frequencies (<50 Hz) for
major torsion and fore-aft curving structural modes where the structures were more
likely to clatter. The conclusion of the analysis and the corresponding CAE model
simulation was consonant.

In [4], Vikram. T. Pawar proposed a procedure for charting the service usage
with the development of BSR performance vehicle which has to be progressed and
successfully executed and observed for decreasing the BSR failure with utilization
and toughness with the good value experimental procedure and result for BSR.

In [5], B. P. Naganarayana, S. Shankar, and V. S. Bhattachar proposed FEM-based
methods which are used for the analysis discussed and that would result in a better
connection around 75 percent between experimental and the analysis results. The
results were assessed using FFTs in both the frequency domain and also in the time
domain. As a conclusion, high ranking index were created to calculate squeak and
rattle. BSR hotspots were found andmatchedwith test locations to prove the software
and procedure.

In [6], Nikhil. G. Takalkar and Prof. DR. M. K. Nalawade proposed a method that
can be applied to component level in vehicle design to investigate the rattle occur-
rences also with the help of FEA analysis; also, if the displacement is greater than
the allowable gap between the components, the rattle will occur. As the results were
obtained, the Displacement versus Time plot is obtained using the same procedure,
and the absolute displacement at the tip comes out to be greater than the initial gap
between them. Also, in this way, rattle is predicted in the initial stages using FEA,
and for the validation of the FEA process, a physical test is conducted. The results
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of the test and simulation match with each other. This process can be used to check
real parts like panel, lift-gate, doors, etc. as no physical prototype is required, initial
development cost also comes down, and the time cycle for the development process
is less.

In [7], Su-Hyun Shin and Cheolung Cheong proposed an experiment in which
excitation of the jig was devised to produce the argument value without distortion
for the roads, and successive experiments were conducted for classifying important
BSR hotspots areas according to sound metrics. As a conclusion, in the frequency
between 300 to 1200Hz occurrence of impact and occurrence by slip stick in between
the 2 parts, the rattle was more supreme than the squeaks.

In [8], Santosh S Gosavi conducted BSR analysis on a coupled tire road simulator
four poster and found the main factor for the process on the four wheels. As a
result, the method for charting the development performance of BSR accompanied
with vehicle service usage has been progressed plus successfully executed to find
and reduce BSR with utilization and toughness and evaluate and implement the
BSR-related issues before production.

2 Materials and Method

The following methods were used in sequence to collect the data.

Collection of Road Load Data

The first step was to collect the raw road load data by mounting the tri-axial
accelerometer on the vehicle. The sensor was connected with data acquisition
systems. The vehicle was driven under different road conditions. The setup used
for the trial is shown in Fig. 1. The vehicle was driven at various speeds to simulate
diverse road conditions. The driving cycles were selected such that all the frequen-
cies were excited. This includes events like speed breakers, potholes, patchworks,
rough roads, concrete roads, etc. The sensor collected the acceleration in all three
directions, along with the time. The speed of the vehicle was kept constant.

Pre-Processing of Raw Data

For pre-processing of data, time t is marked as a position for making logical road
information datawhich is related to specific road segments. This information includes
vibration data from the road and vehicle speed at which it is driven along that road.
The signal collected were filtered based on the time spent by the vehicle over the
various road conditions. The data is then combined and repeated to simulate long
driving conditions with road conditions that are found normally.

Temporal Analysis

For temporal analysis, common approaches were used. The maximum amplitude for
each road condition was found by using a peak-based method. The high amplitude
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Fig. 1 Experimental Setup

vibrations which represent the bumps and potholes were detected using the above
method.

Spectral Analysis

Wavelet analysis can be used for examining the data which has localized, non-
stationary power at dissimilar frequencies. It was appropriate for analyzing vibration
data of road as its frequency values could alter according to the existence of the
specific road condition. For this study, wavelet function was used with zero mean
which is localized in time and frequency spaces. For this purpose, theMorlet wavelet
was used. Using the results of the wavelet analysis, max. and avg. power per octave
were implemented as spectral features of vibration signals. This hypothesizes that for
a specific road anomaly, an equivalent octave(s) is excited or its power is increased.

Road Anomaly Classification

After considering the spectral and temporal characteristics of vibration signals, they
were used for road anomaly classification. At first, these characteristics were tested
to ensure their statistical meaning. It is done to minimize the no. of features. Later,
the road anomaly classification was done considering all external factors.

3 Experimental Setup and Procedure

The complete vehicle or sub systems were placed in a test rig and tested normally by
the industries since driving the vehicle for thousands of kilometers to test it for various
road load data conditions was difficult, time-consuming, and also an expensive task.
Therefore, a typical test cycle data was generated and used in the test rigs. The test
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cycles were created using the road load data. In this project, we propose a technique
to reduce the test cycle generation time. Normally, a test cycle consists of road
load characteristics that were experienced by the vehicle. The parameters collected
were minimum and maximum amplitude, short-duration frequencies, long-duration
frequencies, and noise level of the signal for a particular road condition. These
parameters were used to create a new set of signals. These reconstructed signals
would have the complete characteristics of the road load test cycles. A detailed
discussion about the experiment to collect the road load data is discussed in the
remaining portion of this chapter.

The power supply was given to the data acquisition system, which has a six-
channel capacity. The three signals from the three axes of the accelerometer were
connected to the first three ports of the data acquisition system. In the driver software,
the configurations of the sensor (tri-axial ICP accelerometer) were changed such as
channel ON/OFF and channel name type of the sensor, and the sensitivity range was
configured. The driver was ready to record the measurements simultaneously since
the configuration was completed. A series of tests was conducted once again for
different road types.

The collected signals were analyzed using wavelet transform. The results of the
analysis clearly showed the difference in the pattern of signals at various road condi-
tions. This method created a new methodology to extract the salient features of the
physical data thereby providing an accurate data for increasing the accuracy of the
duty cycle.

4 Results and Discussion

BSR studies for the sub systems were conducted as durability tests because a small
gap generated between two parts due to wear is one of the major contributors. But
all these studies needed a driving cycle to produce the necessary vibrations. These
vibrations were getting generated due to the presence of irregularities or features
on the surface of the road. As discussed in the previous chapter, the road load data
was collected for various features present in a typical rural load. The following
results show the key parameters which define and distinguish these features from
one another.

A typical rural road consists of smooth, rough, patchwork, stone, and speed
breaker as its typical features. Table 1 shows the acceleration values obtained from
the experiment for various types of road features.

The above values show that each feature has unique representation in terms of the
parameters obtained from them using the experiment. The above phenomenon was
noticed in the values obtained by transforming the time domain acceleration signal
to the frequency domain. Table 2 shows the amplitude and frequency of the time
signals representing the various road features. The following figures show the data
of different road conditions.
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Table 1 Acceleration values at the door mount for various road features

Smooth road AXIS X in m/s2 Y in m/s2 Z in m/s2

Rough road MIN −3.87658 −4.4086 −4.33943

MAX 3.694265 4.020661 3.033008

AXIS X Y Z

MIN −4.3188 −1.92183 −2.4079

Patchwork MAX 4.120777 2.49874 1.291909

AXIS X Y Z

Stone road MIN −4.35879 −4.4086 −4.33943

MAX 4.358791 4.408602 4.339432

AXIS X Y Z

Speed breaker MIN −4.35879 −4.4086 −3.79267

MAX 4.358791 4.408602 4.339432

AXIS X Y Z

MIN −3.32396 −1.89012 −1.41329

MAX 3.001374 1.533097 1.100397

Table 2 Amplitude and frequency values of various road features

Smooth road AXIS X Y Z

Rough road Amplitude in m/s2 0.187575 0.146171 0.148187

Frequency in Hz 288 288 288

AXIS X Y Z

Patchwork Amplitude in m/s2 2.104211 0.736514 0.641156

Frequency in Hz 96 288 192

AXIS X Y Z

Stone road Amplitude in m/s2 2.104211 0.736514 0.641156

Frequency in Hz 96 288 192

AXIS X Y Z

Speed breaker Amplitude in m/s2 0.201812 0.197792 0.123093

Frequency in Hz 192 192 288

AXIS X Y Z

Amplitude in m/a2 0.158625 0.632172 0.621398

Frequency in Hz 96 288 288

Figures 2, 3, 4, 5, and 6 show the typical time signals of the various features of
the road. Figure 7 shows the combined signal of all the above signals.
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Fig. 2 Patchwork signal

Fig. 3 Rough road signal

Fig. 4 Smooth road signal



672 K. J. Sarat and C. Lakshmikanthan

Fig. 5 Speed breaker signal

Fig. 6 Stoned road signal

Fig. 7 Combined signal
from the above signals
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5 Conclusion

The aim of the project was to develop a better methodology for the generation of
driving cycles for BSR studies of sub-assemblies. A door assembly of an SUV was
selected as sub-assembly to be studied. Themeasurement locationwas selected based
on the typical mounting location of the assembly. Based on the location selected,
accelerometers were mounted. A typical rural road consists of features like smooth
section, rough section, patchwork, speed breaker, and stone road. Vehicle mounted
with accelerometer was driven through these features. The data collected as time
signal was separated as individual features using wavelet transform. The critical
parameters which represent a feature uniquely were identified from each feature.
Finally, a typical road consisting of all the features was created. The above method
can be extended further to create any type of road if the details of the feature are
available. This reduces the expensive and time-consuming road profiling.
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Feasibility of Adoption of Double-Crank
Inversion of Four-Bar Chain
as a Substitute for a Gear Box

Akshay Anant Pachpor , Jayant Pandurang Modak,
and Prashant Brajmohan Maheshwary

1 Introduction

The four-bar chain is the basic kinematic chain which forms a basis for the synthesis
and development of most of the mechanisms [1]. The double-crank mechanism is
one of the inversions of class I type four-bar chain. This inversion can be obtained
by fixing the shortest link of the class I type four-bar chain [1].

The literature review indicates that considerable investigations have taken place
toward kinematics and dynamics of crank–rocker inversion of four-bar chain. The
third inversion double rocker is also done because in many of the six link chains
two four-bar chains, namely, crank–rocker and rocker–rocker are in series. In fact,
many process units have been developed with these two linkages [2–5]. As compared
to crank–rocker and double-rocker mechanism applications of double-crank mech-
anism are scanty [1]. Some applications of double-crank mechanism are Selective
Bell Pepper Harvester [6], Double-Crank External GenevaMechanism [7], a Simple-
type Potted Rice Seedling TransplantingMechanism [9], Clamping unit with Double
Crank [10], etc.

The double-crank linkage is primarily used as a coupling between two parallel
non-inline shafts generating nonuniform motion of the driven shaft [11]. However,
in the presented research paper, a case of double-crank linkage is graphically inves-
tigated for the possibility of generating a uniform circular motion of the driven
shaft from the coupler of double-crank linkage. In the forthcoming section, a kine-
matic analysis of the points of the coupler with predefined dimensions of a double-
crank linkage is presented. The analysis justifies the feasibility of the adoption of
double-crank mechanism as a substitute of gear box.
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Fig. 1 A double-crank mechanism

2 Kinematic Analysis of Double-Crank Mechanism

2.1 Position Analysis of Coupler Points

In this section, a complete kinematic analysis of coupler points of coupler AB of a
double-crank inversion of a four-bar chain O1ABO2 is discussed. Figure 1 represents
a kinematic linkage O1ABO2, where O1O2 = 15 cm (fixed link), O1A= 40 cm (input
crank), AB= 35 cm (coupler link), and BO2 = 50 cm (output crank). For the analysis
purpose, consecutive points, viz., G1, G2, G3, G4, G5, and G6 are considered at a
distance of 5 cm, 10 cm, 15 cm, 20 cm, 25 cm, and 30 cm, respectively, from end A
of coupler AB.

Let the input crank O1A be rotating anticlockwise about point O1 with some
constant angular velocity ω rad/s (Fig. 1), and θ be the input crank angle measured
in an anticlockwise sense with respect to fixed link O1O2. The kinematic analysis
of coupler AB is carried out at 12 different positions of input crank where positions
of input crank are defined in terms of input crank angle, such as 1st position at θ =
00, 2nd position θ = 300 up to 12th position at θ = 3300. Graphically constructing
the configuration of double-crank four-bar mechanism O1ABO2 corresponding to
these 12 positions of input crank O1A shows that each point on the coupler traces a
circular path (Fig. 1b).

2.2 Velocity Analysis of Coupler Points

Figure 2 shows velocity analysis of the double-crank mechanism at angular velocity
ω= 1 rad/s and angular position θ= 600 of input crank O1A. The velocity analysis is
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Fig. 2 Velocity analysis of double-crank mechanism at θ = 600

carried out with the relative velocity method. Let us consider the vectors Va, Vb, Vg1,
Vg2, Vg3, Vg4, Vg5, and Vg6 represent the absolute value of the velocity of coupler
points A, B, G1, G2, G3, G4, G5, and G6, respectively. The values of these vectors
are determined by plotting a velocity vector polygon (Fig. 2b). In the velocity vector
polygon velocity vector, Vg2 is only represented for the sake of simplicity. Likewise,
velocities of coupler points A, B, G1, G2, G3, G4, G5, and G6 at 12 different angular
positions of input crank O1A is calculated and tabulated under Table 1.

From the velocity analysis of coupler points (Fig. 3), it can be observed that the
coupler points are rotatingwith variable angular velocities. These points exhibit some
specific band of angular velocity variation. The maximum percentage variation in

Table 1 Absolute values of velocity of coupler points

Sr. No Input Crank
Angle, θ

Va
mm/s

Vg1
mm/s

Vg2
mm/s

Vg3
mm/s

Vg4
mm/s

Vg5
mm/s

Vg6
mm/s

Vb
mm/s

1 00 400 436.2 482.8 537 596.8 660.6 727.4 796.4

2 300 400 426.0 455.6 488.2 523.1 560.0 598.54 638.32

3 600 400 413.2 428.4 445.2 463.6 483.4 504.3 526.2

4 850 400 406.5 414.7 424.5 435.6 448.1 461.9 476.7

5 1200 400 398.9 399.6 402.2 406.6 412.6 420.3 429.6

6 1500 400 392.1 386.5 383.3 382.4 384.1 388.1 394.5

7 1800 400 384.8 372.6 363.6 358.1 356.2 358.1 363.6

8 2100 400 378.0 359.9 346.2 337.9 334.8 337.4 345.4

9 2400 400 373.0 351.6 336.7 329.3 329.77 338.1 353.8

10 2600 400 371.7 350.7 338.4 335.6 342.6 358.7 383.0

11 3000 400 380.2 374.8 383.5 406.34 440.8 484.41 534.94

12 3300 400 408.2 435.0 477.4 531.6 594.3 663.2 736.6
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Fig. 3 Graphical representation of velocity variation of coupler points

Table 2 Maximum percentage variation in angular velocity

Absolute Velocity Va
mm/s

Vg1
mm/s

Vg2
mm/s

Vg3
mm/s

Vg4
mm/s

Vg5
mm/s

Vg6
mm/s

Vb
mm/s

% variation 0 8.4 17.29 25.77 33.25 40.59 46.77 51.78

angular velocity of coupler points is found out to be 8.4% at point G1 to 51.78% at
end B of the coupler AB. The values of percentage variation in angular velocity for
coupler points are given in Table 2.

Further, kinematic analysis is carried out by selecting the points on the coupler
AB Vc1, Vc2, and Vc3 at a distance of 6 cm, 7 cm, and 8 cm, respectively, from end
A of coupler AB and corresponding values of velocity of the points are calculated
(Table 3). The variation of velocities can be represented graphically as shown in
Fig. 4. It can be observed that coupler points Vg1, Vc1, Vc2, and Vc3 account for the
least band of angular velocity variation (Table 4).

3 Double-Crank Mechanism as a Substitute of Gear Box

It is evident from the preliminary kinematic analysis of the coupler AB that each
point on the coupler describes a complete circle and performs rotation with some
specific band of variation in angular velocity. The analysis shows possibilities of
transforming the rotational motion of input crank O1A to the rotational motion of
other links with different angular velocities. The rotational motion of coupler point
G1 can be tapped out by connecting a shaft S1 to the coupler point G1 through a
link G1S1 as shown in Fig. 5. The output speed with a variation of 8.4% in angular
velocity (refer Sect. 2) can be obtained from shaft S1 and, subsequently, shaft S1 can
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Table 3 Values of absolute velocities of coupler points

Sr. No Input Crank Angle, θ Vg1 Vc1 Vc2 Vc3

1 00 436.25 444.9 453.87 463.21

2 300 426.03 431.69 437.48 443.41

3 600 413.26 416.15 419.11 422.15

4 850 406.56 408.07 409.65 411.29

5 1200 398.94 398.94 399.02 399.17

6 1500 392.12 390.81 389.6 388.48

7 1800 384.84 382.15 379.58 377.13

8 2100 378.02 374.97 370.28 366.67

9 2400 373.09 368.33 363.8 359.51

10 2600 371.76 366.94 362.42 358.21

11 3000 380.29 377.87 376.13 374.99

12 3300 408.23 412.19 416.88 422.28

Fig. 4 Graphical representation of velocity variation

Table 4 Maximum percentage variation in angular velocity

Absolute Velocity Vg1 Vc1 Vc2 Vc3

% variation 8.40 10.17 11.97 13.75

be coupled to some appropriate process unit. Similarly, different output speeds can
be obtained from other shafts S2, S3, and O2 connected to the coupler points G2, G3,

andB, respectively. This type of linkage configurationwithminimum speed variation
can be used as a gear box for providing different speed ratios. There aremany process
units like low-capacity crusher, chopper, cutter, mixer, plastic shredders, etc., [2–5]
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Input Link: O1A; 
Coupler: AB;  
Output Link: BO2, G1S1, G2S2, G3S3

Input Shaft: O1

Output Shaft: S1, S2, S3, O2

Fig. 5 Pictorial representation of three views of double-crank mechanism

where output speed with a very low band of variation of angular velocity could be
acceptable. For mechanical energy transmission, such a new concept of gear box can
be used instead of a conventional gear box.

4 Conclusion

The literature on double-crank inversion has been very scanty as compared to crank–
rocker and rocker–rocker inversions of four-bar chain. Many process units have been
developed with crank–rocker and rocker–rocker mechanisms. However, there are
applications which involve double-crank linkage asmean for obtaining a nonuniform
circular motion.

This paper presents the kinematic analysis of the coupler of a double-crankmecha-
nism. The velocity analysis shows that the path traced out by coupler points is circular
and different speed ratios can be obtained by tapping out motion from these points
with a percentage variation of 8–54% in angular velocity. The coupler points in the
range of 5 cm–8 cm from the crank end of coupler show the least band of variation
of about 8.4–13.75% in angular velocity.
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With the proper arrangement of links, the assembly could be used as a gear box for
the transmission of different speed ratios with minimum variation in output speeds.
This concept could possibly eliminate the requirement of synchromesh and toothed
gears itself of a conventional gear box.
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Structural Synthesis and Classification
of Epicyclic Gear Trains: An Acyclic
Graph-Based Approach

V. R. Shanmukhasundaram , Y. V. D. Rao , S. P. Regalla ,
D. Varadaraju, and E. Pennestrì

1 Introduction

One of the important steps in the conceptual design stage of mechanical
devices/mechanisms is the listing of all the distinct kinematic chains. The synthesis
of kinematic chains is performed after knowing the information which includes: type
ofmechanism, degree of freedom, nature ofmotion required (planar/spatial), number
of links, and pair connections (joints). Graph theory is used to represent the kine-
matic structure [1]. Precisely, the topology of a graph would convey the information
regarding all the links along with their inter-associativity through different joints
existing in the kinematic chain. Using graph-based algorithms, an atlas of feasible
concepts can be synthesized in the form of representative non-isomorphic graphs
[2, 3].

This work deals with the synthesis of epicyclic gear trains (EGTs) which are a
class of geared kinematic chains having many applications in modern machinery
such as automobile transmissions, machine tool gearboxes, wind energy systems,
pulley blocks, harmonic drives, watches, crane hoists, and robotic wrists. EGTs are
characterized by the simultaneous presence of turning and gear pair connections in
their kinematic structure. A graph model for EGTs was introduced for the first time
in the work of Buchsbaum and Freudenstein [4]. In Freudenstein [5], the concepts
of rotation graph and displacement graph are detailed.
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Using the information in a rotation graph, the angular velocity equations can be
written with respect to the links of an EGT. Every non-isomorphic rotation graph
corresponds to an EGT with a unique kinematic structure. Displacement graphs
can be generated from a rotation graph. Basically, with respect to a rotation graph,
turning pair edges are labeled in differentways thereby yielding displacement graphs.
A displacement graph contains all the information obtainable from a corresponding
rotation graph and in addition gives details of the axes levels of the turning pair
connections. The turning pair axes levels are necessary so as to sketch an EGT from
a certain displacement graph.

For a given number of links and DOF, the task of structural synthesis is aimed
at enumerating the complete set of rotation as well as displacement graphs [6–8].
The synthesis problem of EGTs necessarily involves detection and elimination of
isomorphic graphs as well as those graphs containing degenerate structure/s [9, 10].

For enumerating rotation graphs, there exist two different approaches, namely,
recursive and non-recursive schemes. The recursive method builds candidate graphs
through addition of graph components to predecessor EGTs [11]. But the drawback
with this method is that the enumerated solution is not complete (i.e., combinato-
rially). Technically, only a non-recursive scheme can enumerate the complete set
of rotation graphs [12]. The conventional non-recursive scheme is not only hard to
execute on a computer, but also computationally demanding with too many parent
graphs [13, 14]. Experience suggests that it is particularly difficult to enumerate
EGTs with more than 6-link complexity because of the above-mentioned reasons.
So, there is a need for a simpler non-recursive method which enumerates the entire
set of rotation graphs and in turn displacement graphs.

In thiswork, rotation graphs for a certain number of links andDOF are enumerated
using a method involving the usage of acyclic graphs of same number of vertices
(i.e., as that of links), as parent structures. This method is non-recursive in nature.
The correspondence between an edge-labeled tree and an acyclic graph is exploited
here. Since the edge labels are apparent in an acyclic graph, therefore, all feasible
circuits containing the gear pair connections can be derived. Upon combining the
circuits, rotation graphs are generated. It is a fact, that, the entire collection of these
acyclic graphs, for a certain number of vertices (links), is an exhaustive set of edge
labeled trees. Therefore, it is justified that, with the usage of all the distinct acyclic
graphs for generation, thereby ultimately leads to the enumeration of rotation graphs
that are combinatorially complete.

This paper is organized in the following manner. Section 2 deals with the basis
of graph structures, namely, acyclic graphs. Later the proposed method is explained
with examples followed by a classification scheme for rotation graphs. Section 3
is devoted to a discussion, highlighting the advantages of the proposed method in
comparison to that of conventional non-recursive scheme. Finally, some conclusions
are drawn in Sect. 4.
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2 Non-Recursive Scheme Using Acyclic Graphs as Parents

In the graph of an EGT, vertices correspond to links and edges to that of pair connec-
tions. Some characteristics are mentioned in the graph-theoretical framework [4, 5],
which need to be satisfied by the graph of an EGT and those are summarized here.

• The edges are colored to distinguish turning and gear pairs.
• The turning pair edges are labeled with axes levels.
• The edge set of turning pairs are connected and constitute a spanning tree with

respect to the graph of EGT.
• Further, the same labeled edges must not be disjoint in the graph.
• Every gear pair gives rise to a fundamental circuit (FC). The FC comprises a walk

of turning pair edges connecting the either ends of the gear pair edge.
• The turning pair edges within every FC possess any one of the two different

labels existing in the circuit. A transfer vertex (TV) in the FC separates the two
differently labeled components.

• The DOF of an EGT is numerically equal to the difference between the number
of turning and gear pair edges.

A rotation graph will contain the information regarding all the gear pairs along
with their respective TVs. The remainder of this section will deal with acyclic graphs
and its usage in enumerating rotation graphs.

2.1 Trees, Edge Labeled Trees, and Acyclic Graphs

Trees are geometric combinatorial structures consisting of vertices and edges. Let T
be a tree with v vertices. T possesses the following properties:

(1) Any two vertices of T are connected by one and precisely one path.
(2) T contains (v-1) edges.
(3) Whenever any two arbitrary vertices of a tree are joined by an edge, the resulting

enlarged graph has a unique cycle or circuit.

By applying the last property, it is possible to derive the FCs of EGT graphs
derivable from a tree. In order to form a FC, the path of a tree needs to be closed
with a gear paired edge.

In a tree, every pair of vertices is connected by means of a path. The number
of paths of an N-vertex tree is therefore equal to C2

N. Among these, paths of length
1 (i.e., only one edge) need to be excluded as connecting these would cause the
formation of loops which are incapable of forming a FC. Therefore, the number of
paths capable of forming FCs is C2

N − (N − 1). Now, every one of these paths may
not give rise to an FC. This is because the set of turning pair edges constituting the
FC must possess exactly two labels separated by a TV. This cannot be ascertained
unless all of the turning pair edges are labeled. For this reason, every edge labeling
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possibility of a tree needs to be determined. Some guidelines for labeling the edges
of a spanning tree, for it to correspond to an EGT are as follows:

Statement 1

The minimum and maximum bound for the number of edge labels of the spanning
tree corresponding to any EGT graph is given by, 2 ≤ Edgelabels ≤ (N − 1).

The minimum number of edge labels to which the edge set of any N-vertex tree
can be distributed to must be two. This is because to form any fundamental circuit
requires at least two different labels. Therefore, in an edge-labeled spanning tree with
only 2 edge labels, the same pair of edge labels is common for all the fundamental
circuits derivable from the same. The maximum number of edge labels, the edge set
of a tree can be distributed to is (N − 1), in which case every edge of the tree has
assigned to it, a different label. Hence, none of the fundamental circuits have the
same pair of edge labels separated by their transfer vertices.

Statement 2

Any like labeled set of edges cannot be disjoint and is therefore a tree in itself. All
like labeled edges are therefore a single component subgraph of the spanning tree.

This statement comes as an offshoot of the concept of pseudo isomorphism in
EGTs [4, 8]. Turning pair edges possessing the same labels are also connected as a
tree and vertices of such a tree imply coaxial links of an EGT chain.

Statement 3

For a certain number of vertices (N), the set of all edge-labeled trees can be
represented in the form of corresponding acyclic graphs.

The usage of acyclic graphs was introduced in the works of Hsu and others [15,
16], for representing the displacement graphs of EGTs. In the acyclic graph repre-
sentation, the edge labeling of turning pair edges is affected by using single edges
and/or polygons. A polygon is used to denote a connected graph component, all
of whose edges are labeled alike. The order of polygon being numerically equal to
number of vertices of the tree containing all the like labeled edges. The number of
distinct labels existing in the acyclic graph is equal to the number of single edges
and/or polygons.

The advantage of using an acyclic graph is that there is no need for labeling the
axes level on each edge. All exhaustive labeling possibilities of the tree of turning
pair edges of an EGT can be replaced by an acyclic graph of same number of vertices
(i.e., as that of the spanning tree of EGT graph). In fact, these acyclic graphs can be
synthesized in a systematic manner [17].

Table 1 shows the distinct trees for 3 and 4 vertices along with the edge labeling
possibilities. In the last column, equivalent acyclic graphs are given also indicating
possible TVs, from which FCs can be generated with the connection of a gear pair
edge. Once FCs are generated, rotation graphs can be synthesized by combining
them in different ways. This is explained in the subsequent sections.
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Table 1 Trees and their edge labeling possibilities along with acyclic graph equivalents
Number of 
vertices 

 Edge labeling  
possibilities  

Equivalent acyclic graph 

3

4

Tree

2.2 Generation of Rotation Graphs

The equivalence of acyclic graph with edge labeled trees was discussed previously.
Therefore, given an acyclic graph, all the vertex pairs for addition of gear pair connec-
tions can be established. One thingwhich is apparent from an acyclic graph is transfer
vertices (TVs). Any vertex of an acyclic graph incident with at least two single edges
or two polygons or combinations of single edges and polygons is a plausible TV
of fundamental circuits (FCs) derivable from the same [16]. Through each of these
TVs, the set of feasible paths for FCs can be determined. The process of genera-
tion of N-link, F-DOF rotation graphs of an EGT is equivalent to that of choosing
(N − F − 1) FCs at a time from the set of determined feasible paths through all the
TVs.

The number of rotation graphs derivable from a given N-vertex acyclic graph,

= C (N−F−1)FCs corresponding to as many feasible paths
Number of feasible through all the plausible TVs of the given acyclic graph (1)

The chosen set of (N − F − 1) FCs must consist of all the vertices belonging
to the vertex set of the acyclic graph. This is a problem in combinations, and it is
illustrated with an example.
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Example—Generation of 7-link, 1 DOF rotation graphs from acyclic graph.

For the 7-vertex acyclic graph given in Fig. 1, the plausibleTVs are vertex-1, vertex-2,
and vertex-3. At each 3 TVs, the pairs of vertices suitable for gear pair edge addition
are tabulated in Table 2. There exist a total of 6 possible pairs of vertices across the
3 TVs that give rise to fundamental circuits (FCs). In order to generate 7-link EGTs
of 1 DOF, the corresponding rotation graphs are obtained by combining 5 FCs at a
time from among the 6 possible pairs of vertices. The C5

6 (i.e., 6) rotation graphs are
shown in Fig. 2.

Out of these generated graphs, some are eliminated because the vertex set does
not contain all the 7 vertices of the original acyclic graph taken in this example. The

Fig. 1 A 7-vertex acyclic
graph

Table 2 The gear pairs giving rise to FCs with respect to acyclic graph of Fig. 1

Single edges and polygons incident 
at a particular TV 

Vertex pairs for addition 
of gear pair edges 

Fundamental 
circuit 

(2, 4) 1-2-4 

(2, 5) 1-2-5 

(1, 3) 2-1-3 

(1, 6) 2-1-6 

(3, 6) 2-3-6 

(2,7) 3-2-7 
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Fig. 2 The 6 rotation graphs of 1 DOF derived from the acyclic graph of Fig. 1

rotation graphs in Fig. 2d−f must be eliminated because their vertex set does not
contain all the 7 vertices of the original acyclic graph.
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2.3 Grouping of Acyclic Graphs into Classes

For a general structural synthesis problem, it may seem that rotation graphs need to
be generated from all the acyclic graphs followed by test for isomorphism thereby
resulting in the generation of the complete set of candidates. But instead of utilizing
all the acyclic graphs as parents, the acyclic graphs can be grouped into classes such
that a representative fromeach class is enough for carryingout the generation of all the
rotation graphs, some of which are as well obtainable from remaining acyclic graphs
of the same class. This way, the computational efficiency of the overall synthesis
procedure can be reduced.

As an example, considering the two acyclic graphs for 4 vertices shown in Table 3
alongside with their possible vertex pairs for addition of gear pair edges, both of them
have vertex-1 as the TV. The acyclic graph with three different labels for the edges
1–2, 1–3, and 1–4 has all those vertex pairs for addition of gear pair edges which
are also obtainable from the other acyclic graph (i.e., possessing two different labels
for edge 1–2 and polygon 1–3-4). Therefore, the former acyclic graph (with three
different labels) is a representative of the two. As a result, a representative acyclic
graph has the potential of enumerating all those rotation graphs as its subset, which
are also obtainable from the remaining acyclic graphs belonging to the same class.

In order for different acyclic graphs to fall in the same class, they must necessarily
possess the same number of TVs. Having said that, all acyclic graphs possessing the
same number of TVs need not fall under the same class.

For a particular number of vertices, all the maximum labeled acyclic graphs corre-
spond to the non-isomorphic tree topologies. All these maximum labeled acyclic
graphs can be considered as independent class representatives in themselves. The
acyclic graphs having polygons which are associated with single TV only are a
subset of the maximum labeled acyclic graphs (trees). Figure 3a is a maximum
labeled graph. The acyclic graphs in Fig. 3b–e are all subset of the graph of Fig. 3a.
This is because the polygons present in the graphs are associated with only one TV.
A simple practice is to number the vertices of the graphs and verify that the vertex

Table 3 Two acyclic graphs for 4 vertices belonging to the same class

The two 4-vertex acyclic graphs possessing a 
single TV Vertex pairs for addition of gear pair edges

{(2, 3); (2, 4)} 

{(2, 3); (2, 4); (3, 4)} 
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Fig. 3 A maximum labeled 7-vertex acyclic graph; b–e It’s subset acyclic graphs each having
polygon/s common to only one TV

pairs (for gear pair addition) that can be obtained from graph of Fig. 3a is a superset
of all those derivable by the rest (Fig. 3b–e). Hence, rotation graphs that can be
generated from acyclic graph of Fig. 3a can also be generated from the other graphs
in Fig. 3b–e.

The remaining acyclic graphs (i.e., having polygons common to more than one
TV) can be grouped into different classes. The criterion for different acyclic graphs to
belong to a common class is that, all of them have 1:1 correspondence between their
respective TVs, precisely, each TV must be incident with the same number of edges
(for the case of n-vertex polygon, an equivalent of (n − 1) edges can be considered).
The representative of a class of acyclic graphs is the one which possesses the most
number of edge labels. As an example, Fig. 4a–c shows 3 acyclic graphs having
one or more polygons common to more than one TV and at each TV there exists 1:1
correspondence among the graphs and therefore all the 3 graphs belong to a common
class. These 3 graphs cannot be represented by any maximum labeled acyclic graph
as seen in the case of Fig. 3. Of these, Fig. 4a has more labels (precisely 5) than

Fig. 4 Examples of acyclic
graphs possessing at least
one polygon associated with
more than one TV; with the
graph in (a) possessing more
labels and therefore it is
“representative” of graphs of
(b) and (c)
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those of Fig. 4b, c (4 and 3 labels, respectively). Therefore, the graph of Fig. 4a is
representative of the other two.

In Table 4, all 5-vertex acyclic graphs are grouped into 4 different classes. In class
1, all the acyclic graphs have vertex-1as TV with each of them incident with 4 edges
(or equivalent polygons). Among these, the one withmaximum labeled having all the
4 edges labeled differently is chosen as the representative. Similarly, for class 2, both
the acyclic graphs have same number of edges incident at TV 1 and TV 2. Of these
two, the one having all its edges labeled differently is chosen as the representative
for the class 2. For classes 3 and 4, there is only one graph and therefore they are
the respective class representatives. In this manner, out of the 8 acyclic graphs, just
four of them originating from as many classes are sufficient for carrying out the
enumeration of rotation graphs.

Tables 5 and 6, respectively, contain the 6-vertex and 7-vertex acyclic graphs
grouped into classes. All the 21 acyclic graphs for 6 vertices are grouped into 10
classes and all the 58 acyclic graphs for 7 vertices are grouped into 25 different
classes. The enumeration of 6-link and 7-link rotation graphs can be proceeded by
making use of 10 and 25 representative acyclic graphs, respectively, as parents.

3 Summary of Generation of Rotation Graphs Using
Method of Acyclic Graphs

The following steps were executed in order to enumerate rotation graphs of N-link
and F-DOF EGTs:

(1) Enumerate the set of all acyclic graphs for N-vertices.
(2) Classify acyclic graphs into classes and determine representative for every

class.
(3) From every acyclic graph (representative of a class), determine all the possible

pairs of vertices capable of giving rise to FCs along with their respective TVs.
(4) Obtain combinations of (N −1−F) FCs thereby giving rise to rotation graphs.
(5) Perform step 3 and 4 for all the representatives determined in step 2.
(6) Detect isomorphism among all the generated graphs so as to arrive at the set

of rotationally non-isomorphic graphs.

In this work, all rotationally non-isomorphic graphs with and up to 7 links are
enumerated. The topological information was stored in the form of vertex-vertex
adjacency matrices which are square and symmetric and whose elements are given
by:

A(i, j) =

⎧
⎪⎨

⎪⎩

1, If transfer vertex i is associated with a vertex j belonging to a gear pair egde
2, Vertex i and vertex j are connected by a gear pair edge
0, Otherwise (includingi = j)

(2)
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Table 4 The 5-vertex acyclic graphs grouped into 4 classes with “representative” mentioned

Class 
Vertex pairs for 
addition of gear pair 
edges 

Representative 

1

{(2, 3); (2, 4); (2, 5); 
(3, 4); (3, 5); (4, 5)} 

{(2, 4); (2, 5); (3, 4); 
(3, 5); (4, 5)} 

{(2, 4); (2, 5); (3, 4); 
(3, 5)} 

{(2, 3); (2, 4); (2, 5)}

2

{(1, 3); (4, 5); (2, 4); 
(2, 5)} 

{(1, 3); (2, 4); (2,5)} 

3 {(2, 3); (1, 5); (1,4)} 

Acyclic graphs 

(continued)
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Table 4 (continued)

4 {(1, 5); (3, 5); (2, 4); 
(3, 4)} 

Figure 5a shows a 5-link rotation graph, and its topological information using
adjacency matrix is given alongside in Fig. 5b. Spectral method involving the usage
of eigenvalues and eigenvectors was used to detect isomorphism [18]. Degeneracy
testing was also performed to discard those rotation graphs containing immobile
sub-chains.

4 A Basis for Classification of Rotation Graphs Using
Structural Similarities

Recalling that a rotation graph contains the information of gear pair edges along
with their respective TVs. A rotation graph can therefore have a minimum of one
TV associated with all its gear pairs and a maximum number of TVs equaling the
number of gear pairs in which case every gear pair will have a unique TV. For the
case of N-link 1 DOF EGTs, the number of TVs can be 1, 2, 3…… (N − 2). TV
implies the carrier link of EGT, and this can be used as a classification criterion. As
illustrated in Table 7, the 5-link rotation graphs can be classified as 1-carrier system,
2-carrier system, and 3-carrier system based on whether they contain 1 TV, 2 TVs,
and 3 TVs, respectively.

As a second level of classification, for all the rotation graphs having same number
of TVs, another criterion can be enforced as to how many FCs are associated with
each TV. This is nothing but the number ways of integer partitioning the gear pair
edges with the partitioning integer numerically equal to the number of TVs. For
example, 2-carrier system rotation graphs for 6-link 1 DOF EGTs can be classified
into 2 categories: Out of the 4 gear pairs or FCs, each of the 2 TVs associated with
two FCs; 3 FCs having a common TV and the other TV associated with another FC.
In this manner, all the 27 6-link rotation graphs of 1 DOF are classified in Table 8.
The ID numbers of the non-isomorphic graphs are used same as in the work of Tsai
[11].
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Table 5 The 6-vertex acyclic graphs grouped into 10 classes with “representative” mentioned
Acyclic evitatneserpeRshparg

1

2

3

4

5

Class

(continued)
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Table 5 (continued)

6

7

8

9

10 

5 Comparison of Proposed Scheme with Conventional
Method

In the literature, the usage of acyclic graphs in the synthesis of EGTs was limited to
only the generation of displacement graphs [16]. However, in the previous sections, it
was shown that acyclic graphs can also be used as parent structures for enumerating
rotation graphs. Thismethod is computationally simpler than the conventionally used
non-recursive scheme.

The conventional non-recursive method involves the steps as mentioned in Table
9. Firstly, all the parent graphs are synthesized. The parent graphs have N-vertices
(same as links of EGT to be enumerated) and edges equal to the sum of turning and
gear pairs. The number of turning and gear pair connections is calculated based on
the required DOF, using Gruebler’s equation. In the second step gear pair, edges are
distributed in different ways in the parent graph. At this stage, the geared graphs that
do not meet the fundamental rules of the EGT graph are discarded. In the final step,
TVs are identified for each circuit, thereby leading to generation of rotation graphs.
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Table 6 The 25 class representatives for 58 acyclic graphs of 7 vertices
Class Representative acyclic graph 

1

2

3

4

5

6

7

8

(continued)
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Table 6 (continued)

9

10 

11 

12 

13 

14 

15 

16 

(continued)
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Table 6 (continued)

17 

18 

19 

20 

21 

22 

23 

24 

25 
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Fig. 5 a A 5-link rotation graph; b Its adjacency matrix

Table 7 The 6 rotation graphs for 5-link EGTs classified based on number of carriers

ID No. as in  
Tsai (1987) 

5-link rotation graphs 

1-carrier system: 
{TV-1 (3 FCs)} 

5201 

5301 

2-carrier system: 
{TV-1 (1 FC); TV-2 (2 FCs)} 

5103 

5101 

5302 

3-carrier system: 
{TV-1 (1 FC); TV-2 (1 FC); TV-3 (1 

FC)}
5102 

Classification based on number of TVs

One of the difficulties encountered in writing a computer program for executing
the conventional non-recursive method is the problem of identifying TV for each
FC. This decision-making is generally difficult to automate. However, in the new
non-recursive scheme developed herein, the TVs can be easily interpreted from an
acyclic graph and given as input. An algorithm can then generate all feasible circuits
from every TV, followed by combining them in groups so as to generate rotation
graphs. This way, the generation process automation becomes simple.
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Table 8 The 27 rotation graphs for 6-link EGTs classified based on number of carriers

Classification type 
ID No. as 
in  
Tsai (1987) 

Rotation graphs 

1-carrier system: 
{TV-1(4 FCs)} 

6401 

6503 

6601 

2-carrier system:  
{TV-1 (2 FCs); TV-2 (2 FCs)} 

6201 

6203 

6206 

6306 

6403 

6506 

Ravisankar 
&

Mruthyunjaya 
graph (1985)

2-carrier system: 
{TV-1 (1 FC); TV-2 (3 FCs)} 

6101 

6103 

6301 

6305 

(continued)
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Table 8 (continued)

6402 

6404 

6501 

6502 

3-carrier system: 
{TV-1 (1 FC); TV-2 (1 FC); TV-3 (2 FCs)}

6102 

6202 

6205 

6302 

6303 

6304 

6504 

6505 

4-carrier system: 
{TV-1 (1 FC); TV-2 (1 FC); TV-3 (1 FC); 
TV-4 (1 FC)} 

6204 

In Figs. 6 and 7, acyclic graphs are given. For the 5-vertex acyclic graph in Fig. 6a,
vertex-3 is the transfer vertex, and therefore it is the carrier link. If we consider
vertex-2 as planet link, and vertices: 1, 4, and 5 as suns then we end up with the
rotation graph in Fig. 6b and whose schematic is the commonly known transmission,
namely, “Minuteman cover drive”. Similarly, the generation of the “Simpson Gear
Train” transmission from a 6-vertex acyclic graph is shown in Fig. 7. Therefore, the
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Table 9 Illustration of the conventional scheme through generation of 4-link rotation graphs

noitartsullIpetS

Parent graphs: 
Set of Non 
colored 
graphs  

Distribution 
of gear edges 
in the parent 
graph 

Determination 
of the transfer 
vertex for 
fundamental 
circuits and 
generation of 
rotation
graphs 

proposed scheme is a new direction for synthesizing EGTs while also envisaging the
structural features intended by an EGT designer.

In Table 10, first column, the details for number of parent graphs employed in
Yang and Ding [6] using the conventional scheme is given. In column 2 of the same
table, the total number of distinct acyclic graphs is given. As per the new scheme,
the number of acyclic graphs required for enumerating the complete set of rotation
graphs can be pruned from the total number of distinct acyclic graphs, based on the
concept of “representative classes” as explained earlier and it is mentioned in column
3. It can be seen that, as the number of links increases, the parent graphs required
according to the conventional scheme simply proliferates; whereas the total number
of acyclic graphs is much lesser and in fact these numbers can be pruned further. In
this work, we applied the proposed method and obtained 27 and 152 rotation graphs
for 6-link and 7-link 1 DOF EGTs. The results are in agreement with existing works
[6, 8].

Structures such as Baranov trusses and Assur groups are popular in mechanisms
community for their usage in the synthesis of basic kinematic chains [19, 20]. Like-
wise, acyclic graphs and their potential for synthesizing EGTs of higher number of
links is a topic worth exploring by future works. The total number of acyclic graphs
with and up to 8 links is verified with that of Hsu and Hsu [16]. Our result of 494
9-link acyclic graphs is new and can be verified by other researchers. The atlas of all
the acyclic graphs can be found in the doctoral thesis of the first author [21].
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Fig. 6 a A 5-vertex acyclic
graph; b Its derived rotation
graph of 1 DOF;
c Corresponding schematic
“Minuteman cover drive”

6 Conclusions

The main advantage of going for a non-recursive scheme for synthesizing the kine-
matic structure of EGTs is because in principle it is capable of obtaining all the combi-
natorially possible concepts (graphs). In this regard, there exists a non-recursive
method in the literature for generating the rotation graphs of EGTs, given the number
of links and DOF. This has been applied by many scientific works during the last
50 years. In this work, a new non-recursive scheme is offered which utilizes acyclic
graphs of a certain number of vertices (same number as links of the EGTs derivable
from same) as parent graphs. In the first step, all the feasible pairs of vertices for addi-
tion of a gear pair edge are determined from an acyclic graph. Each of these gear pair
edges gives rise to a unique FC with respect to the acyclic graph, in accordance with
the graph-theoretic framework for EGTs. When the plausible FCs (determined in the
first step) are combined in different ways, they yield rotation graphs. The number of
circuits to be combined depends on the DOF of the EGT to be synthesized.
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Fig. 7 aA6-vertex acyclic graph;b Its derived rotation graph of 1DOF; cCorresponding schematic
“Simpson gear train”

Table 10 Comparison of parent graphs used by conventional method and with the new scheme

Number of links Parent graphs required
according to
conventional
non-recursive method

Number of acyclic
graphs

Parent acyclic graphs used
according to newly
proposed non-recursive
method in this work (after
pruning into
representative classes)

3 1 1 1

4 1 3 2

5 3 8 4

6 14 21 10

7 82 58 25

8 780 164 Not attempted in this work

9 9983 494 Not attempted in this work
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In addition to the simple nature of the outlined synthesis steps, a significant feature
of the discussed approach is that, it uses lesser number of parent graphs than the
conventional non-recursivemethod, in order to enumerate the complete set of rotation
graphs. Therefore, by using thismethod, enumeration ofEGTswith 8 ormore number
of links can be carried out in a computationally efficient manner.

Further, it was shown that the catalogue of rotation graphs of same number of
links and DOF can be classified. This classification will benefit the EGT designer in
enabling him/her to recognize particular structural features in the graph of an EGT.
This can, for instance, pave way for selectively enumerating EGTs sharing similar
structural characteristics. Interestingly, this can actually be realized by generating
EGTs using a certain class of parent acyclic graphs.
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Fuel Economy and Drivability Trade-Off
for Mild Hybrid Electric Vehicle
Architectures

Neeraj Shidore, Norman Bucknor, and Madhusudan Raghavan

1 Introduction

Hybrid vehicle technology is considered as a bridge to develop affordable electric
vehicles. Especially, hybrid vehicle technologies that retain key components of the
conventional powertrain, i.e., electrify the conventional powertrain, are especially
attractive as low-cost solutions to improving fuel economy. ‘Mild’ hybrid vehicles,
wherein the engine is themain source of traction power, are examples of such hybrids.

Propulsion system architectures (for any type of powertrain, i.e., conventional,
hybrid, and electric) have an impact on three important customer-facing features.
These features are––cost, fuel economy, and drive quality, i.e., customer perception
of how the vehicle responds to accelerator pedal, brake pedal, and steering inputs
from the driver. Among these, fuel economy and drive quality are strictly functions
of propulsion system architecture, component sizing, vehicle control and calibration.
These factors will be the focus of this paper, for mild hybrid powertrains. It should
be noted that all the plots showing time axis data and numerical results in the paper
are based on simulation results. The simulations were undertaken for the study that
culminated in this research paper.
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1.1 Common Mild Hybrid Architectures

Hybrid architectures are commonly described in terms of the location of the motor
on the driveline, relative to the location of the engine and the transmission [1, 2].
Figures 1 and 2 show some of the most frequently used locations for the motor
(M/G in the figure) on the driveline, in P0, P1, and P2 hybrid architectures. In a
P0 architecture, the motor is inserted in the place of the alternator and interacts
with the engine via the accessory drive belt, for executing functions such as engine
start/stop and regenerative braking/torque boosting. Such a system is also referred
to as a Belted Alternator Starter (BAS). In a P1 architecture, the motor is located
between the engine and transmission and is generally geared or directly coupled to the
engine, so that they always move together. The motor can perform engine start/stop
and hybrid functions like regenerative braking/torque boosting. In a P2 architecture,
themotor is located between the engine and transmissionwith one ormore additional

Fig. 1 P0 and P1 hybrid vehicle architecture for Front-Wheel Drive (FWD)

Fig. 2 P2 hybrid architecture for FWD
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clutches so that it can be selectively attached to the engine or transmission or both.
Figure 2 shows two possible variations. The left figure shows the motor attached to
the transmission downstream of the torque converter (TC). The right figure shows the
motor located upstream of the torque converter, with a clutch to connect/disconnect
it to/from the engine.

2 Hybrid Operation and Impact of Powertrain
Architecture on Fuel Economy Benefits

2.1 Hybrid System Power Level

The hybrid system power level determines capability and system cost. For the vehicle
considered in this study, Fig. 3 shows the cumulative braking energy, binned by axle
power, during decelerations on different drive cycles used for fuel economy (FTP
City, Highway, and US06) or fuel consumption certification (MVEG, WLTP) [3].
The data in Fig. 3 is based on a vehicle system simulation. The simulation model has
been validated with actual vehicle test data. The cumulative energy (shown positive
for clarity) is a measure of the total energy that can be recuperated via regenerative
braking on each drive cycle below a given braking power magnitude. The plot shows
that US06 decelerations requiring more than 50 kW of braking power do not add
significant additional energy, providing an approximate upper limit for regenerative

Fig. 3 Normalized cumulative axle energy during deceleration for various drive cycles
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Fig. 4 P1 and P2 hybrid architecture fuel consumption reduction relative to a P0

braking system capability; the effects of system losses in the power-transfer path
between the axle and the battery pack are neglected. This is a suitable power level
for a ‘strong’ hybrid but generally requires higher system voltage and significant
motor power. Looking at the EPA City Cycle (UDDS), up to 30 kW of braking
power is needed. With a 15 kW hybrid system, all the energy to the left of the dashed
line is potentially recoverable by regenerative braking. For the City Cycle, 76% of
the total braking energy available can be recuperated. On the MVEG and WLTP
cycles, the percentages are 67% and 72% respectively. With the exception of the
US06 cycle, a 15 kW system can, therefore, potentially recover a significant amount
of vehicle kinetic energy.

2.2 Architecture Impact on Fuel Economy

The fuel consumption reduction for the P1 and P2 architecture relative to a P0
baseline is shown in Fig. 4 for a small CUV. The data for Fig. 4 is derived from
system simulation of the different powertrain architectures. The systems shown are
a 4 kW P0, a 10 kW P1 and a 15 kW P2. The difference in power level between the
systems is for purposes of illustrating the difference in benefit due to system power
level rather than an inherent physical constraint.1 P2 systems can be strong hybrids
but the maximum power level that can be considered is a trade-off between system

1Typically, P0 is a belt-driven unit on the front end of the engine, P0 is usually limited by the power
that can be transmitted through the belt.
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Table 1 Hybrid operating feature by architecture

Operating feature S/S P0 P1 P2

No engine idle Y Y Y Y

Regenerative braking N Y Y Y

Engine torque assist N Y Y Y

Launch vehicle with engine off N N N Y

Engine disconnect during decel N N N Y

Electric-only cruising N N N Y

voltage, cost, and fuel consumption benefit. As discussed in the previous section, a
15 kW power level allows the system to achieve a significant degree of kinetic energy
recuperation on most cycles. The hybrid operating features available for each system
are described in Table 1. The P2 hybrid controls are configured to maximize the
hybrid system benefit consistent with the drivability constraints discussed in Sect. 3.
With all operating features enabled, the P2 can achieve approximately 8% additional
fuel consumption reduction, when compared to a P0. In principle, the engine could
also be downsized to maintain overall system power (engine + battery) to gain a
further reduction on the 10 and 15 kW systems. The difference between the 15 kW
P1, which has no electric-only driving and the P2 is approximately 4.5%.

Figures 5 and 6 are courtesy of our colleagues Derek Lahr and Farzad Samie.
These figures show schematics of possible modular add-ons of a traction motor
to a conventional planetary front-wheel drive transmission. Figure 5 shows a belt
connection to the torque converter. This arrangement would require a dual tensioner
on the belt to ensure proper tension during regeneration and torque boosting modes.
Figure 6 shows a schematic of an alternative possible modular add-on of a traction
motor to a conventional planetary front-wheel drive transmission using a geartrain
to connect the motor to the turbine shaft. Suitable bearing supports must be designed
for NVH mitigation [4, 5].

3 P2 Architecture, Drive Quality, and Impact on Fuel
Economy

3.1 Tip-In Response

As stated in the prior section, in a P2 architecture, the engine can be disconnected
from the rest of the drivetrain. This improves fuel economy, since during vehicle
deceleration and coasting conditions, the motor and battery can recuperate more
energy from regenerative braking. This is because the engine drag is eliminated by
disconnecting the engine from the drivetrain [6–9]. To maintain a balanced battery
State of Charge (SOC) for a charge sustaining hybrid, this recuperated energy is



714 N. Shidore et al.

Fig. 5 Modular add-on of a traction motor to a planetary transmission via belt

used to propel the vehicle in electric mode with the engine disconnected. This occurs
under certain conditions, as described below:

1. At vehicle launch, i.e., when the vehicle accelerates from zero speed, the hybrid
motor is typically used to launch the vehicle, and the engine is subsequently
connected to the driveline as the vehicle power demand or requested torque
exceeds the capability of the electrical system.

2. When the vehicle is coasting at constant speed (for example, on the highway),
the engine is disconnected from the driveline and the electric motor torque is
used to balance resistive forces such as wind and road friction.

3. When the vehicle is decelerating, the engine may be disconnected from the
driveline and the electric motor absorbs braking energy.
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Fig. 6 Modular add-on of a traction motor to a planetary transmission via Geartrain

A sudden aggressive pedal tip-in, during situations (2) or (3) above, where the
vehicle is slowing down or coasting at constant speed, is referred to as a “change
of mind.” Figure 7 (simulation data) shows the change of mind scenarios as dotted
lines that “branch off” from the vehicle speed trace during the coasting or regener-
ative braking (regen) event. Note that engine power is zero during both tip-ins, i.e.,
vehicle is in electric-only (EV) mode. The driver expects rapid vehicle acceleration
in response to a sudden, aggressive accelerator pedal tip-in.

3.2 Control Philosophy for Satisfactory P2 Tip-In Response

In order to mitigate the potentially sluggish tip-in response due to a P2 architecture
featuring engine connects/disconnects, three key components have to be considered
synergistically. They are the following:

1. Power limits of the on-board electrical system (i.e., battery/motor power at any
instance of time),

2. System response (i.e., time for the engine to start and connect to the driveline,
based on driveline speed),

3. Knowledge of what constitutes a “good tip-in response” as perceived by the
driver.
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Fig. 7 Potential tip-in scenarios during EV driving

Among many factors that constitute a good tip-in response, a key element is the
initial acceleration that can be achieved as soon as the accelerator pedal is depressed.
This initial acceleration, for the P2 system, is provided by the electrical motor. There-
fore, in the case of a sudden tip-in, the electric motor should be able to provide at
least, as a rule of thumb, 0.05 g of delta acceleration. Since the vehicle is already
operating in EV mode at tip-in, the electric motor is also providing torque to meet
road load demand. Therefore, the electric motor should be able to provide road load
torque+ torque for 0.05 g of acceleration for a good tip-in response. Figure 8 shows
motor torque capability at the axle for a given gear state (solid blue line), as a function
of vehicle speed. The dotted brown line shows the road load torque, with the addi-
tional torque required for 0.05 g acceleration. The velocity at which the brown line
intersects the blue line is, theoretically, the maximum speed at which the demand for
(0.05 g+ road load) can be satisfactorily met by the system, while in EVmode. This
velocity is 22 kph in Fig. 8. Therefore, the engine is always turned on above 22 kph,
to avoid a situation where the electrical system cannot meet the initial acceleration
requirement during tip-in.
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Fig. 8 Speed limit beyond
which EV operation cannot
meet requirements for a
satisfactory tip-in response

3.3 Trade-Off Between Drive Quality and Fuel Consumption
for a P2

As described in the section above, EV operation in a P2 is limited to a certain kph, to
meet drive quality requirements. For hybrid vehicles, fuel consumption improvement
is achieved by using as much electrical energy as possible to propel the vehicle,
by maximizing EV operation within the battery SOC charge balancing constraints.
Curtailment of EV operation, due to drive quality considerations, therefore, reduces
the fuel consumption benefits of a P2, and there is a trade-off between the two. A
strong hybrid architecture, wherein the electrical system is sufficiently powerful to
meet drive quality requirements, does not have such a trade-off. This, however, comes
with a significant cost increase to the customer.

Figure 9 shows the theoretically achievable fuel consumption with a mild hybrid
P2 (without drive quality consideration) with EV driving permitted up to 50 kph,
compared to the fuel consumption when EV operation has been curtailed for drive
quality reasons. The results shown in the figure are from simulations. As the
maximum allowed vehicle speed in EV mode is reduced, the engine re-starts sooner,
regardless of the acceleration demand. In addition, the ability to do electric cruising
on the highway, is essentially removed once the maximum permitted EV speed drops
below 30 kph. Based on the maximum allowed EV speed, the drive quality penalty
for the P2 is in the range of 2 to 3%. Fast starters [10] are key to enabling acceptable
drive quality during operation with frequent engine re-starts.
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Fig. 9 Change in FTP combined unadjusted fuel consumption due to reduction in maximum EV
driving speed from 50 kph

4 Summary

This paper compares different mild hybrid powertrain configurations for their fuel
consumption benefits. Tip-in response is an important drive quality metric for the
longitudinal acceleration of a vehicle. The trade-off between fuel consumption and
drive quality for the P2 is discussed. A 15 kW mild hybrid with a P2 architecture,
can achieve about 8% improvement in fuel consumption over a P0 system, when
drive quality concerns are neglected in the analysis. In order to ensure that the P2
architecture offers a good tip-in response, the EV operation is curtailed, which results
in a 2 to 3% reduction in fuel consumption.
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