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Abstract: The process of material removal from a workpiece to obtain the desired shape is termed
machining. Present-day material removal technologies have high spindle speeds and thus allow
quick material removal. These high-speed spindles are highly exposed to vibrations and, as a result,
the accuracy of the final workpiece’s dimensions is compromised. To overcome this problem, the
motion of the tool is restricted, and multiple degrees of freedom are given through the motion of the
workpiece in different axes. A machining bed configured as a parallel manipulator capable of giving
six degrees of freedom (DOF) to the workpiece is proposed in this regard. However, the proposed six
DOF machining bed should be energy efficient to avoid an increase in machining cost. The benefit of
using the proposed configuration is a reduction in dimensional error and computational time which,
as a result, reduces the energy utilization, vibrations, and machining time in practice. This paper
presents kinematics, dynamics and energy efficiency models, and the development of the proposed
configuration of the machining bed. The energy efficiency model is derived from the dynamics model.
The models are verified in simulation and experimentally. To minimize error and computation time,
a PID controller is also designed and tested in simulation as well as experimentally. The resulting
energy efficiency is also analyzed. The results verify the efficacy of the proposed configuration of
the machining bed, minimizing position error to 2% and reducing computation time by 27%, hence
reducing the energy consumption and enhancing the energy efficiency by 60%.

Keywords: energy efficiency; energy consumption; parallel manipulator; machining bed; inverse
kinematics; computation time; error; control; sustainable development

1. Introduction

The machining technologies available today allow very high spindle speeds and hence
the material is removed very quickly [1]. These high spindle speeds are vulnerable to
internal and external vibrations and thus the accuracy of the product is compromised [2].
A solution to this problem is to restrict the motion of the tool and give motion to the
workpiece, contrary to the current CNC machining techniques [3]. For this purpose, a
parallel manipulator configuration having the capability to give six degrees of freedom is
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proposed in this study. However, the proposed six DOF machining bed should be energy
efficient to avoid increase in machining cost.

The proposed mechanism is given the name of the machining bed. Such a parallel
mechanism was first designed by Gough and Stewart [4]. These kinds of manipulators are
widely known for their high stiffness and rigidity when compared to serial manipulators [5].
The early work on the Gough and Stewart Platform was performed for its applications
in the flight simulation industry, the original purpose for which this design was built [6].
In recent years parallel manipulators have gained a lot of attention from the research
community and the industrial sector as well. These manipulators are now being widely
used in various applications such as precision surgery [7] and simulators for different
devices [8].

The hurdle in using the parallel mechanisms of manipulators is their limited workspace [9],
and difficulty in solving the kinematics of these manipulators [10]. Due to insufficient
lower-dimensional spaces, it becomes difficult to solve the kinematics problems for parallel
manipulators [11]. Hung et al. proposed the solution for the closed-form kinematics
chain of the Stewart Platform [12]. Liu et al. gave the numerical algorithm to solve
the kinematics problem of the parallel manipulators using the simultaneous equation
method [13]. Hrib et al. presented a numerical iterative scheme to evaluate the kinematics
of parallel manipulators-based machine tools [14]. The geometric method for solving the
kinematics of the planar parallel robots was studied by Yang et al. [15]. Inverse kinematics
for parallel manipulators using the graphical method and vector addition method are
presented in [16] and [17], respectively. The screw theory method [18] and the Newton
Raphson method [19] are also used in the literature to solve the kinematics problem of
the parallel manipulators [20]. Developing a dynamic model for parallel manipulators is
also a tedious and complicated task [21]. Most of the researchers have used the Lagrange
method [22], the Newton Euler Method [23], and the principle of virtual work [24] to
develop the dynamic model for the parallel manipulators [25–28]. The driving force for
the Platform by neglecting the leg inertia is presented by Fichter [29]. This study proved
to be helpful in many applications of parallel mechanisms as there are many applications
in which the leg forces are negligible [30]. For practical implementation, however, legs
have inertia, which demands more power for their motion and this ultimately increases
the energy demand.

The energy efficiency of parallel manipulators has been the subject of many studies.
Li and Bone in their study demonstrated that parallel manipulators can be more highly
energy-efficient than serial manipulators [31]. For a 3(P) RRR manipulator, an energy
optimization was proposed by Pasand et al. [32]. Kuck proposed an algorithm to optimize
the masses of the links and end effector of the parallel manipulator to achieve low power
consumption [33]. Scaleara et al., studied the dynamic and electromechanical models to
analyze the energy consumption [34]. However, these studies are for parallel manipulators
with up to 4 DOF, whereas the parallel manipulator proposed here for the machining
bed has 6 DOF. The objective of this research, therefore, is to design an algorithm and
methodology to analyze energy efficiency of the 6DOF parallel manipulator, proposed
for the machining bed. The approach used in this research to achieve the objective is two
staged, as follows:

1. The dynamics of the proposed machining bed is presented in detail to formulate the
energy efficiency model.

2. An algorithm is proposed to reduce the computation time for the calculation of the
leg lengths of the machining bed, which reduces the energy consumed.

The flow chart for the methodology of the research is shown in Figure 1. The break-
down of the paper is as follows:

• Section 2 describes the mechanism of the proposed machining bed. The configuration
of the mechanism is presented

• Section 3 presents the mathematical model for the machining bed. This section
presents the kinematics model and the dynamics model of the machining bed. Using
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the dynamics model the energy efficiency model developed is also discussed in
this section.

• Section 4 presents the verification of models in simulation
• Section 5 discusses the controller design for the machining bed to minimize the effects

of overshoot and error obtained
• Section 6 discusses the fabrication of the proposed machining bed. This section also

presents the experimental testing of the developed machining bed for model validation
presented in Sections 3 and 5.

Figure 1. Block diagram representation of the proposed methodology.

2. Mechanism Description

The proposed mechanism mainly consists of a movable top plate, a fixed base plate,
and linear actuators. The linear actuators are connected to the fixed base plate by universal
joints and with the movable top plate by ball and socket joints. This combination of
ball and socket joint, linear actuator, and universal joint forms a kinematic chain. The
mechanism consists of six kinematic chains and hence can give six degrees of freedom
motion. Both translational and rotational motions are associated with the machining bed.
The proposed machining bed can give three translational motions in the X, Y, and Z axes
and three rotational motions—roll, pitch, and yaw. The software model of the machining
bed is shown in Figure 2. For such parallel manipulators, many configurations have been
proposed in the literature [35]. An overview from selected studies is given in Table 1. The
machining bed is designed in a 6–3 configuration. The kinematic chains are attached at an
equal angle at the movable top plate. At the base plate, the kinematic chains are attached
at three different points with two legs connected adjacently. The schematic representation
of kinematic chain connections and angle distribution on the top and base plate is shown
in Figure 3.
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Figure 2. SolidWorks(R) model of the proposed Machining Bed.

Table 1. Literature review of various configurations of six degrees of freedom parallel manipulators.

Sr. No. Proposed Configuration * Reference

1 3-PRC [36]
2 3-RRR [37]
3 3-PRS [38]
4 5-5-SPS [39]
5 3-CCC [40]

* P = Prismatic Joint, R = Revolute Joint, C = Cylindrical Joint, S = Spherical Joint.

Figure 3. Schematic and vector representation of the proposed machining bed. (Right) schematic
representation of kinematic chain connections and angle distribution. (Left) the schematic diagram
for the ith leg of the mechanism.

For simplicity, it was assumed that there are no actuator constraints, leg interfaces, or
singularities in the mechanism.

3. Modeling
3.1. Kinematics Model of the Machining Bed

Kinematics refers to the study of the motion of the body without regard to forces. Gen-
erally, kinematics is categorized as forward and inverse kinematics. In inverse kinematics,
the position of the end effector is known, and the leg lengths are found accordingly. For
parallel manipulators developing the inverse kinematics model is simpler as compared to
forward kinematics [41]. For simplicity, all legs of the machining bed were considered to
be identical. A schematic diagram for the ith leg of the machining bed is shown in Figure 3.
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Using the vector addition method and head and tail rule, the equation for the ith leg of
the machining bed is written as in Equation (1). A description of the symbols used in the
equation can be seen in the nomenclature list given at the end of the manuscript. The
distribution of legs on the movable top plate and a fixed base plate is shown in Figure 4.
Each leg is attached to the movable top plate at an equal angle of 60◦. Using Equation (1),
and angle information from Figure 4, a kinematic equation for each leg was obtained.
Equation (2) shows the rotation matrix for the movable top plate. In Equations (3)–(8), “r”
is the radius of the movable top plate, “R” is the radius of the fixed base plate, “c” and “s”
represent cosine and sine angles, respectively and ψ, θ, and ω are the angles in x, y, and
z-axis, respectively.

Li = Vt +
P
B RXp − Xb (1)

(P
B)R = RZ(ψ)RY(θ)RX(ω) (2)

L1 =

 rcψcθ − Rc12.5
rsψcθ − Rc12.5

a− rsθ

 (3)

L2 =

 rc60cψcθ − rs60sψsω + rs60cψsθsω− Rc47.5
rc60sψcθ − rs60cψcω− rs60sψsωsθ − Rs47.5

a− rc60sθ + rs60cθsω

 (4)

L3 =

 −rc60cψcθ − rs60sψsω + rs60cψsθsω + Rc47.5
−rc60sψcθ + rs60cψcω + rs60sωsψsθ − Rs47.5

a + rc60sθ + rs60cθsω

 (5)

L4 =

 −rcψcθ + Rc12.5
−rsψcθ − Rs12.5

a + rsθ

 (6)

L5 =

 −rc60cψcθ + rs60sψcω + rs60cψsθsω + Rc17.5
−rc60sψcθ − rs60cψc60− rs60sϕsψsθ + Rs17.5

a + rc60sθ − rs60cθsω

 (7)

L6 =

 rc60cψcθ + rs60sψcω− rs60cψsθsω− Rc17.5
rc60sψcθ − rs60cψc60− rs60sωsψsθ + Rs17.5

a− rc60sθ − rs60cθsω

 (8)

Figure 4. Angle distribution on the movable top plate and fixed base plate.

3.2. Dynamics Model

The machining bed is a special case of a closed chain mechanism. To control the
machining bed, a formulation that is specific for such mechanisms was studied. For a
single leg, the free body diagram is shown in Figure 5. Both translational and rotational
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energies comprise the total kinetic energy of the machining bed. For the moving top
plate of the machining bed, the translational and rotational kinetic energies are given as
in Equations (9) and (10), where f x, f y and f z are the positions in the x, y, and z axes,
respectively. Potential energy for the movable top plate is given by Equation (11).

K(trans) =
1
2

M
[

f 2
x f 2

y f 2
z

]
(9)

K(rot) =
1
2

[
VT

i ImVi

]
(10)

P = [0 0 mpg 0 0 0]



Px
Py
Pz
f x
f y
f z

 (11)

Figure 5. Schematic representation of a linear actuator as a manipulator’s leg.

The machining bed consists of six kinematic chains, referred to as the machining bed
legs. The leg of the machining bed consists of a linear actuator, universal joint, and ball
and socket joint. The linear actuator consists of two parts: one is stationary and the other
is movable. This movable part of the linear actuator produces different leg lengths. A
description of the symbols can be found in the nomenclature section of this paper. The
total kinetic energy of the leg can be written as given in Equation (12). The total potential
energy of the leg is shown in Equation (16).

Ki =
1
2

(M1 + M2)
[

VT
i hiVTJ − LiQiLi

]
(12)

where

hi =

(
I

Ei
+

M2

M1 + M2

)2
(13)

And,

I =
1

M1 + M2

(
∆M1E1 −

1
2

M2E2

)
(14)
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And,

Qi = hi − (
M2

M2 −M1
) (15)

Plegs = (M1 + M2)g
6

∑
i=1
{I
(

1
E2i

+
1

E2i−1

)
+

2M2

M1 + M2
} (16)

3.3. Dynamics Modelling of the Linear Actuator

In comparison to the rotational motion produced by a DC motor, the actuator that has
the potential to produce motion in the straight line is known as a linear actuator. Generally,
in a current-carrying armature, the speed and the voltage produced are related as given in
Equation (17).

Vb(t) = kb
dθm(t)

dt
(17)

In Equation (17), kb is the constant of proportionality. Laplace transform of Equation (17)
yields Equation (18),

Vb(s) = Kbsθm(s) (18)

The armature current Ia, applied armature voltage Ea, and back electromotive force
can be related as shown in Equation (19).

Ra Ia(s) + La(s)Ia(s) + Vb(s) = Ea(s) (19)

where Ra is the resistance, La is the inductance. The torque produced by the motor is
proportional to the armature current as given in Equation (20). Kt is the constant of
proportionality.

Tm(s) = Kt Ia(s) (20)

Substituting Equations (18) and (20) in (19) yields Equation (21).

(Ra + La(s))Tm(s)
Kt

+ Kbsθm(s) = Ea(s) (21)

To obtain the transfer function θm(s)
Ea(s)

, Tm(s) is calculated in terms of θm(s) Figure 6
shows a conventional equivalent mechanical loading on a motor. “J” is the equivalent
inertia of the motor.

Figure 6. Representation of mechanical load in motor.

“D” is the equivalent viscous damping at the armature. It includes both the armature
viscous damping.

Tm(s) =
(

Js2 + Ds
)

θm(s) (22)

Solving Equations (21) and (22) yields,

(Ra + La(s))
(

Js2 + Ds
)
θm(s)

Kt
+ Kbsθm(s) = Ea(s) (23)
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Assuming that La is small in comparison to Ra which is typical for a dc motor, so
Equation (24) gives, [

Ra

Kt
(Js + D) + Kb

]
sθm(s) = Ea(s) (24)

Simplifying Equation (24) gives transfer function as shown in Equations (25) and (26).

θm(s)
Ea(s)

=
Kt/(Ra J)

s
[
s + 1

J

(
D + KtKb

Ra

)] (25)

θm(s)
Ea(s)

=
Kt

Ra J s2 + (RaD + KtKb)
(26)

Figure 7 shows the relationship between the angular advance produced by the motor
and the linear advance after the ball screw. In Figure 6, β represents the angle of the
ball-screw lead l represents the step of the lead, and x(t) represents the linear advance.

x(t) =
L

2π
θm(t) (27)

Figure 7. Relationship between angular and linear movement of linear actuator.

In Equation (27) θm(t) is in radians. It represents the angular advance generated by
the motor. Therefore, Equation (27) yields,

θm(t) =
2π x(t)

L
(28)

So,
X(s)
Ea(s)

=
LKt

2π[Ra J s2 + (RaD + KtKb)s]
(29)

The transfer function obtained in Equation (29) was computed using MATLAB®. The
values for mass and constants were used from the datasheet of a linear actuator.

3.4. Energy Efficiency Model

The dynamics model presented in Section 3.2 serves to give the required torque in
each trajectory. Energy being consumed by each actuator can be computed as given in
Equation (30).
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Ei =

t∫
0

Pidt (30)

For the proposed machining bed, the energy efficiency is the ratio of the output energy of
the moving platform and the total energy of the machining bed. Using Equations (9) and (10),
the total energy for the moving platform can be derived as given in Equation (31).

Em = K(trasn) + K(rot) (31)

As mentioned in Section 2, the machining bed comprises joints and linear actuators.
The total energy of the machining bed is the sum of the power required for the execution
of machining. The total energy of the machining bed is given in Equation (32). The energy
efficiency of the proposed machining bed is given by Equation (33).

Eb =

t∫
0

[
6

∑
i=1

fi(t)vi(t) +
6

∑
i=1

Tmi(t)ωmi(t)] (32)

η =
Em

Eb
(33)

4. Model Verification
4.1. Kinematics Model Verification

The kinematics model developed for the machining bed was verified in simulation
using MATLAB®. The flow chart of the algorithm for solving the inverse kinematics of
the machining bed is shown in Figure 8. As proposed in Section 3.1, the kinematics model
presented can give the same lengths for any two legs of the machining bed for an arbitrary
position. This hypothesis was verified by a case study. Initially, different sets of random
coordinates were given. The leg lengths obtained for different coordinates are shown in
Table 2. The results show that any two legs have the same value. The benefit of using this
kinematics model is that the computation time is reduced and hence the machining time
will also be reduced in practice.

Figure 8. Flowchart for solving the inverse kinematics of the machining bed.

The kinematics model proposed was then tested through experiments in simulation
for a workpiece. The schematic of the workpiece is shown in Figure 9. The machining
process was divided into three steps. The description of these tests is given in Table 3. The
first test was performed with the movement in X-axis only. The leg lengths obtained for
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this test are shown in Figure 10a–c. The results obtained show that leg 2 and leg 3 have the
same value for every point for this test. The initial values for leg 1 and leg 4, leg 5 and leg 6
are the same.

Table 2. Tests results for verification of kinematics model.

Test Coordinates (mm) Leg Number Predicted Length Computed from Kinematic Model (mm)

1 [0;100;380]

Leg 1 397.38
Leg 2 458.10
Leg 3 458.10
Leg 4 397.10
Leg 5 404.37
Leg 6 404.37

2 [200;50;380]

Leg 1 416.66
Leg 2 574.84
Leg 3 574.84
Leg 4 453.17
Leg 5 503.78
Leg 6 391.18

3 [200;100;380]

Leg 1 426.6
Leg 2 583.12
Leg 3 583.12
Leg 4 462.38
Leg 5 500.68
Leg 6 387.19

Figure 9. Schematic diagram of the workpiece selected for machining.

Table 3. Description of tests conducted on the workpiece.

Test Number Start Coordinates (mm) End Coordinates (mm) Movement of Workpiece in Axis

1 [50;0;380] [125;0;380] X-Axis
2 [125;0;380] [125;0;430] Z-Axis
3 [125;0;430] [175;0;430] X-Axis
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Figure 10. Cont.



Energies 2021, 14, 2642 12 of 23

Figure 10. (a). Leg Length obtained for test 01 (Leg 2 and Leg 3 have same lengths); (b). Leg Length obtained for test 02
(Leg 2 and Leg 3 have same lengths); (c). Leg Length obtained for test 03 (Leg 2 and Leg 3 have same lengths).

4.2. Energy Efficiency Analysis

For the proposed workpiece, the energy efficiency was calculated using the dynamics
model presented in Sections 3.2 and 3.3 and the energy efficiency model presented in
Section 3.4. The information provided in Table 3 was used to perform the simulations.
For a given workpiece to be machined it was desired that the machining bed should be
able to work at the highest energy efficiency possible in its workspace. Table 4 shows the
results obtained for different tests. The energy consumed by the actuators, the moving
platform and the machining bed is presented in Table 4. The energy efficiency achieved
shows that for the given workpiece, the machining bed was able to achieve maximum of
60% efficiency. It was observed that high energy efficiency results in the high effective
energy of the moving platform of the machining bed. The losses in energy during the
transmission phase can also be controlled by higher energy efficiency.

Table 4. Energy efficiency and calculations for linear actuator, moving platform and the machin-
ing bed.

Test Number Leg Number Ei(mJ) Em(mJ) Eb(mJ) η (%)

1

Leg 1 7.30

8.12 15.7 53%

Leg 2 7.66
Leg 3 7.67
Leg 4 7.35
Leg 5 8.32
Leg 6 7.32
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Table 4. Cont.

Test Number Leg Number Ei(mJ) Em(mJ) Eb(mJ) η (%)

2

Leg 1 5.33

7.8 13.1 60%

Leg 2 6.21
Leg 3 6.21
Leg 4 5.60
Leg 5 7.80
Leg 6 7.30

3

Leg 1 6.45

7.7 14.7 52%

Leg 2 7.33
Leg 3 7.33
Leg 4 6.34
Leg 5 7.20
Leg 6 6.66

5. Controller Design
5.1. Position Control

To verify the dynamics model for the machining bed obtained in Section 3, a closed-
loop model was developed in SIMULINK, a toolbox of MATLAB®. A step input was
given to the system to analyze the close loop response. Figure 11 presents the closed-loop
response.

Figure 11. Closed loop response of the machining bed to a step input.

The rise time of the system is 0.0177 s, the settling time is observed to be 0.0842 s and
a maximum peak amplitude of 1.15 is obtained at 0.0395 s. From Figure 10, it is evident
that there is an overshoot in the close loop response of the machining bed. This overshoot
is not desired in achieving the objective of machining.

To minimize the effect of the overshoot a Proportional-Integral-Derivative (PID) con-
troller was designed. Simplicity in designing, ease of usage, and effortless implementation
are the advantages of the PID controller, due to which this controller was selected [42].
In this controller, the process variables are controlled by a closed-loop mechanism. The
PID controller corrects the error between the input parameter obtained from the feedback
loop and the desired parameter. The output is then corrected to adjust the process [43].



Energies 2021, 14, 2642 14 of 23

The general form of the control law is given as in Equation (32), where Kp, Kd, and Ki are
controller gains.

u(t) = Kpe(t) + Ki

t∫
0

e(T)dt + Kd
de
dt

(34)

In a PID controller, the proportional parameter influences the current error response.
This decreases the rise time but not eliminates steady-state error completely. The integral
parameter affects the response over time by summing up errors. The parameter derivative
refers to the error change rate [44]. The effect of controller gains is shown in Table 5.

Table 5. Effect of PID gains on response parameters of the system [42].

Parameter * Rise Time Settling Time Steady State Error Overshoot

Kp H δ H N
Ki H N X N
Kd ∆ H N H

* H = Decrease, N = Increase, δ = Small change, X = Eliminate.

The objective for designing the controller was to control the position of the linear
actuator minimizing the error. A feedback system is thus developed in SIMULINK. The
schematic of the closed-loop system developed in SIMULINK is shown in Figure 12.
The control law of the PID controller is based on the variable detected by the sensor, its
time integral, and its first derivative. The plant has two main parts, the machining bed
subsystem, and the controller subsystem. The machining bed subsystem consists of a
parallel manipulator, actuators, and sensors, while the controller subsystem controls the
motion of the machining bed. A predefined motion is fed into the plant and the controller
assures the minimum error between the reference and actual trajectory. Reference trajectory
to the plant was given using the leg reference trajectory system. For this machining bed,
the sinusoidal wave is given as a reference trajectory. The reason for selecting this as a
reference is to check the errors in the motion of the legs for complex shapes. This system
was capable of handling any kind of reference trajectory. The response of the machining
bed system to the PID controller is shown in Figure 13.

Figure 12. Block diagram of the feedback control model for the machining bed.

5.2. Computational Time Control

The graphical and vector addition method is proposed in this research to solve the
inverse kinematics model of the machining bed. The leg lengths for the tests are obtained
accordingly. From Section 4, it was deduced that for movements in different axes, the same
leg lengths are obtained. It can be noted that if the position is in the Y and Z axis only,
then each pair of legs has the same leg lengths. Similarly, if the coordinates of the position
are in all three axes then leg 2 and leg 3 have the same length. Therefore, to reduce the
computational time an algorithm (CTA: Computation Time Algorithm) is proposed. The
pseudocode of the algorithm is given in Table 6.
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Figure 13. The response of the machining bed system when PID controller is applied.

Table 6. Pseudocode for the algorithm (CTA) to reduce computational time.

Step No. Action

Step 1 Initialize
Step 2 Input coordinates and angles
Step 3 Calculation of rotation matrix
Step 4 If (Coordinates are in Y and Z axis only)
Step 5 Compute leg length for leg 1, leg 2 and leg 5
Step 6 If else (Coordinates are in X and Z axis)
Step 7 Compute leg lengths for leg 1, leg 2, leg 4, leg 5, leg 6
Step 8 Else
Step 9 Calculate all leg lengths

Step 10 End

The computational time to compute the leg lengths of the machining bed is directly
proportional to the total time consumed to perform machining operations on the workpiece.
The proposed CTA has the advantage of computing the leg lengths efficiently, hence saving
time and energy.

6. Development of Machining Bed
6.1. Fabrication

The physical model of the machining bed is shown in Figure 14. The fabricated model
was first tested for six degrees of freedom motion. In this regard, it was desired that the
machining bed would give translational and rotational motions in three axes. Figure 15
shows the pictorial view of the motion of the machining bed in different axes.

Figure 14. Fabricated model of the six DOF machining bed.
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Figure 15. (a) Rotation in Z-Axis, (b) Translation in Z-Axis, (c) Rotation in Y-Axis, (d) Translation in
Y- Axis, (e) Rotation in X-Axis, (f) Translation in X-Axis.
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6.2. Testing on Workpiece

After testing the motion of the machining bed in different axes, it was tested for
machining a workpiece. In this regard, the workpiece presented in Section 4 for the
verification of the models was chosen. The purpose of selecting the same workpiece was to
validate the mathematical model through experimental results, comparing its results with
those obtained using a theoretical model. A wooden workpiece was thus machined for this
test. A stationary tool was cut into a fine cutting tool. The experimental setup for said test
can be seen in Figure 16.

Figure 16. Experimental setup. (A pictorial view of the test being carried out by machining bed on
a workpiece).

From Figure 17a–c it can be seen that there is some difference in the experimental and
theoretical leg lengths obtained. There may be numerous reasons leading to this error. The
error may be due to dislocation of the workpiece from the center of the moving platform
of the bed (origin), clearance in the joints, and actuation errors of the linear actuators, to
name a few. It is also noted that there was a measurement uncertainty up to 1% maximum
that was contributing to the error. Figure 18 shows the errors in the actual and desired leg
lengths for tests 01 to 03. It was observed that the maximum error was encountered when
the machining bed was moving in the Z-axis. In Figure 18, leg 5 while moving from the
X-axis to the Z-axis, produces more errors than the other legs, the reason being that for the
workpiece under consideration, leg 5 had achieved maximum length and it encountered
an error while tilting in the Z-axis.

6.3. Computational Time Algorithm Results

The computational time algorithm (CTA) was then applied to check for computational
time reduction. Table 7 shows the comparison between the machining time with CTA and
without CTA. It is evident that the machining time was reduced by 27%, hence reducing
the energy consumed. In Table 7, the same leg lengths are shown in red.
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Figure 17. Cont.
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Figure 17. (a) Actual and desired leg lengths during test 01 for experimental validation; (b) Actual
and desired leg lengths during test 02 for experimental validation; (c) Actual and desired leg lengths
during test 03 for experimental validation.

Figure 18. Error in leg lengths of six legs (L1 to L6) for three different tests positions (C1, C2 and C3).

Table 7. Comparison of machining time obtained with and without CTA.

Position
Coordinates (mm) Leg Number Leg Length (mm) * Machining Time

(without CTA) (s)
Machining Time

(with CTA) (s)
Reduction in

Computation Time (s)

[50;0;380]

L1 380.25

0.76 0.55 0.21

L2 469.8
L3 469.8
L4 390.55
L5 431.99
L6 401.78
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Table 7. Cont.

Position
Coordinates (mm) Leg Number Leg Length (mm) * Machining Time

(without CTA) (s)
Machining Time

(with CTA) (s)
Reduction in

Computation Time (s)

[125;0;430]

L1 438.47

0.43 0.28 0.15

L2 555.11
L3 555.11
L4 460.55
L5 560.05
L6 442.89

[175;0;430]

L1 450.88

0.48 0.31 0.17

L2 587.96
L3 587.96
L4 480.7
L5 537.47
L6 445.6

* Leg Lengths in red have the same value.

7. Conclusions

A comprehensive study on the proposed machining bed was carried out in this
research. The main contribution of this paper is to enhance the energy efficiency of the
proposed machining bed. For this purpose, an energy efficiency model was presented. The
significant findings in this research are:

1. The inverse kinematics model was presented and verified through different case
studies and a workpiece.

2. The dynamics model for the machining bed was presented. Using this dynamics
model, an energy efficiency model was presented. The energy efficiency model
gives the efficiency of more than 50% which is a satisfactory result in case of a
machining bed.

3. A PID controller was developed and implemented to reduce the errors in the work-
piece trajectory through the leg lengths of the machining bed.

4. Another objective of this paper was to reduce the computational time for the work-
piece trajectory on the machining bed so the machining time can be reduced. To
achieve this objective an algorithm was developed. The results obtained show that
the machining time was reduced by 27% approximately. The computational time is
reduced to a reasonable percentage which eventually reduced the energy utilization
and hence this model can be applied for commercial machining purposes. Future
studies will consider better controller designs for better machining and reduction in
energy consumption.
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Nomenclature

Li Leg Length of the ith leg of the proposed machining bed
Ti Translation Vector
Xp Distance between the center and the attachment of ith leg at the movable top plate
Xb Distance between the center and the attachment of ith leg at the fixed base plate
P
BR Rotation Matrix
M1 Mass of the fixed part of the linear actuator
M2 Mass of the movable part of the linear actuator
Vi Angular velocity of the moveable top plate
Im Rotational inertia matrix of the movable top plate
E1 Length of the fixed part of the linear actuator
E2 Length of the movable part of the linear actuator
g1 Center of mass for the fixed part of the linear actuator
g2 Center of mass for the movable part of the linear actuator
Ki Total kinetic energy of the leg
Vb Back emf
ωm Angular velocity of the DC motor attached to the linear actuator
Tm The torque of the DC motor attached to the linear actuator
J Mass inertia of the DC motor attached to the linear actuator
D Viscous damping of the DC motor attached to the linear actuator
θm Angular displacement of the DC motor attached to the linear actuator
Ei Energy consumed by the linear actuator
Em Energy of the movable platform
Eb Total energy of the machining bed
Pi Power consumed by the linear actuator
fi Force exerted by the linear actuator
vi Velocity of the linear actuator
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