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Abstract

This paper presents the novel design of an ambidextrous robot arm that offers double

range of motion as compared to dexterous arms. The arm is unique in terms of design

(ambidextrous feature), actuation (use of two different actuators simultaneously: Pneu-

matic Artificial Muscle (PAM) and Electric Motors)) and control (combined use of Propor-

tional Integral Derivative (PID) with Neural Network (NN) and Multiple Adaptive Neuro-

fuzzy Inference System (MANFIS) controller with selector block). In terms of ambidex-

trous robot arm control, a solution based on forward kinematic and inverse kinematic

approach is presented, and results are verified using the derived equation in MATLAB.

Since solving inverse kinematics analytically is difficult, Adaptive Neuro Fuzzy Inference

system (ANFIS) is developed using ANFIS MATLAB toolbox. When generic ANFIS

failed to produce satisfactory results due to ambidextrous feature of the arm, MANFIS

with a selector block is proposed. The efficiency of the ambidextrous arm has been tested

by comparing its performance with a conventional robot arm. The results obtained from

experiments proved the efficiency of the ambidextrous arm when compared with conven-

tional arm in terms of power consumption and stability.

1 INTRODUCTION

A robot arm plays an important role in determining a robot’s

capability as most of the tasks require some kind of end-effector

to complete the task. The adroitness of the human arm to

perform complicated operations has resulted in high demand

across various industries. Literature reveals much work already

completed on the design and control of robotic arms [1, 2].

Robotic arms that can offer clever manipulating, grasping, lift-

ing and sense of different objects have always been highly desir-

able in industry due to their wide scope in many applications

such as teleoperation, mobile.

Numbers of robotic arms have been developed in the past

few decades to offer solutions to industry and humankind [3].

DLR lightweight robot III developed in 2003, KUKA robot

arm LBR iiwa in 2013, Robonaut arm by NASA [4]. Delft robot

arm developed by TU Delft University of Technology is low

power and low mass safe manipulator offering four DOF. The

Delft arm won the Amazon Picking challenge in 2016 [5]. The
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OpenArm v.2.0 is a low cost 7 DOF robotic arm that is actu-

ated by servo motors. This arm is made keeping human safety

in mind and comes with teleoperation control scheme [6]. The

WAM arm developed in 2010 by Barret Technology Inc. is

highly dexterous. Naturally back-drive manipulators also known

as the most advanced robotic arm in the world by Guinness

World Record Millennium Edition. It is available in two main

configurations, four degrees-of-freedom and seven degrees-of-

freedom.

RE2 offers innovative end effectors ranging from small to

large arms. Their most famous product is a highly dexterous

manipulation system (HDMS) is capable of doing complicated

tasks. The arm itself is highly dexterous, efficient and afford-

able. More than two decades of experience make SCHUNK one

of the most important developers of manipulator and gripper

systems. Five-finger gripper hand SVH is designed for higher

productivity in service robot applications [7]. ST robotics devel-

oped an R12 collaborative robot arm and R17 robot arm. Both

arms are low cost five-axis articulated using servos. R12 arm
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offers fast, quiet and fantastic performance for the price [8].

KUKU offers tailor-made automation solution for the indus-

try. They have a wide range of products that suit industry needs.

KUKU arms are quite reliable. KUKU KR1000 titan is one of

the powerful robots built for heavy loads. This six-axis robots

move heavy parts safely and precisely [9]. Bionic arm developed

by a Bristol start-up company called open Bionics released a new

range of hero arms that could be fitted to patients from nine

years old to an adult of any age. It is the world’s first medically

certified 3D printed arm and costing around £10,000 is con-

sidered one of the cheapest on the market [10].The AMO arm

developed by Ryerson University is controlled by brain signals.

The AMO arm enables amputees to avoid invasive surgeries and

could potentially save money in the long run. It is controlled by

the user’s brain signals and powered by a pneumatic system [11].

Since none of the robot arms discussed is capable of ambidex-

trous movement, this research aims to propose an ambidextrous

robot arm design that could offer a much greater range of move-

ment than a conventional arm.

Precision control of a robotic arm is a challenging task espe-

cially when the design of the arm does not meet conventional

parameters. Different mechanical designs naturally lead to dif-

ferent control solutions. As a result, many control solutions have

been proposed over the last few decades. For instance, in [12]

the author proposed to determine the joint motion of the end

effector by evaluating the feasibility of the joint motion. The

determined joint motion is called an inverse kinematic solution

with singularity robustness because it denotes a feasible solution

even at or in the neighbourhood of singular points. The robust

singularity inverse (SR-inverse) is introduced as an alternative

to the pseudoinverse of the Jacobian matrix. Several simulation

results are also shown to illustrate the singularity problem and

the effectiveness of the inverse kinematic solution with singu-

larity robustness.

In [13] a novel algorithm for the adaptive control of a robot

manipulator containing kinematic loops is presented. The algo-

rithm identifies the mass properties of each link and the vis-

cous friction coefficients for each joint of the manipulator. It

is similar to the Newton-Euler inverse dynamics algorithm and,

hence, obtains its computational efficiency through the recur-

sive nature of the algorithm. Simulation results presented show

the effectiveness of the controller. Similarly, in [14], the author

considered the adaptive control of robotic manipulators in task

space or Cartesian space. A general Lyapunov-like concept is

used to design an adaptive control law. From the results, it is ver-

ified that global stability and convergence can be achieved for

the adaptive control algorithm. The algorithm has the advan-

tage that the inverse of the Jacobian matrix is not required. A

robust control method using a switching-sliding algorithm for

a planar dual-arm manipulator system is developed in [15]. The

proposed controller is useful for modelling imprecision and dis-

turbances, inertial-based problems, as well as space-based free-

floating platforms.

Most of the research on robot trajectory control has assumed

that the kinematics of the robot are known precisely [16, 17].

However, when a robot picks up tools of uncertain lengths, ori-

entations, or gripping points, the overall kinematics becomes

uncertain and changes according to different tasks. To over-

come this problem, a new adaptive Jacobian tracking controller

for robots with uncertain kinematics and dynamics is presented,

and experimental results justify the performance of the pro-

posed controller in [18].

A neural network controller for a mobile manipulator to track

the given trajectories is introduced in [19]. The dynamics of the

mobile manipulator are assumed to be unknown and learned

online by the Radial Basis Function Network (RBFN) with

weight adaptation rule derived from the Lyapunov function.

Generally, an RBFN can be used to approximate a non-linear

function accurately. However, there remains some approxima-

tion error inevitably in a real application. An additional control

input to suppress this kind of error source is also used. Sim-

ulation results confirmed the effectiveness of the system in an

unknown workspace.

In [20], the authors investigated the implementation of

inverse kinematics and a servo controller for a robot manip-

ulator using a Field Programmer Gate Array (FPGA). They

have evaluated the performance of the proposed circuit design

through an experimental system that consisted of the FPGA-

based motion controller and a Mitsubishi RV-M1 micro-robot

and collected the experimental results to evaluate correctness

and effectiveness. Similarly, in [21] an inverse kinematics method

to control the servo angles of five DOF arm joints to get

the desired tip position controlled by teleoperation is pro-

posed. A strategy for solving the inverse kinematics equations

of a six DOF robot arm system, using the robot arm assem-

bled by seven Artificial Intelligence (AI) servos is proposed in

[22]. A five DOF robotic arm driven by servo motors is con-

trolled using an SSC-32 control board in [23]. The author added

another servo to rotate the gripper and proved the concept of

controlling all actuators using a single board.

The main contributions of this paper are twofold. Firstly, we

present a new MANFIS controller to get rid of the singularity

problem associated with the inverse kinematics. Secondly, we

proved the efficiency of the ambidextrous robot arm in term of

power consumption by comparing the robot with other conven-

tional robot arm. This paper is focused on presenting the novel

design structure of a robotic arm with ambidexterity, a unique

actuation system and control of such a complex system using an

artificial intelligence based method.

The rest of the paper is organized as follows: the kinematics

modelling of the ambidextrous arm is summarized in Section 2.

In Section 3 the inverse kinematics of the ambidextrous arm is

presented. In Section 4 the adaptive network fuzz inference sys-

tem is discussed. The ANFIS controller design for the ambidex-

trous arm is explained in Section 5. In Section 6 the efficiency

of the ambidextrous robot arm is proved. Finally, the paper is

concluded in Section 7.

2 KINEMATICS MODELLING OF THE
AMBIDEXTROUS ARM

The robot arm has five revolute joints as shown in Figure 1. The

length of each link is defined to be the distance between adjacent
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FIGURE 1 Ambidextrous robot arm mechanical structure translated into

links and joints

joint axes. Servo motor that is driving link one is permanently

fixed to the base of an ambidextrous arm, �1 represents the

angle between the x-axis and link 1. �2 is the angle between link

1 and link 2, �3 is the angle between link 2 and link 3. An actu-

ator driving link 4 generating �4 and �5 is generated by actuator

driving link 5. Robotic manipulators are designed to perform

various tasks mostly using end effectors. So in order to perform

such tasks, the position and orientation of the end effector must

be known. Then, the position and orientation of the end effec-

tor in terms of a joint variable are calculated. This technique is

called forward kinematics. Calculating forward kinematics of a

robot is often considered the very first step in robotic research.

Denavit Hardenberg (DH) approach has been used to deter-

mine the forward kinematics and to assign the axis to movable

joints. There are various approaches to model the robot arm

such as Screw Theory representation [24]; Hayati Roberts [25]

and geometric modelling DH approach [26] are suitable for the

ambidextrous robotic arm structure. Other approaches may be

beneficial only in the case where the DH approach does not

handle parallel z-axis.

The DH convention describes a systematic way to develop

the forward kinematics of any robot. The kinematic analysis

allows the designer to obtain key information on the position

and orientation of each joint and link within the mechanical

structure. This information is necessary for subsequent dynamic

analysis along with control paths. The transformation set given

below can be used to locate i − 1 axes of a point xi (revolute

joint) placed on the ith link (Figure 2).

Using the DH convention, �i describes joint angle of xi axis

relative to xi−1 axis defined according to the right-hand rule

about Zi−1 axis, distance from the origin is denoted by di of

the i − 1 axes to the intersection of the Zi−1 axis with the

xi axis and measured along the Zi−1 axis, ai is minimum dis-

tance between Zi−1 and Zi and �i describes an offset angle

of Zi axis relative to Zi−1 axis measured about the xi axis using

right-hand rule to obtain the forward kinematics transformation

matrix T 0
n based on homogenous transformations and DH con-

vention. All the reference systems are located that are required

in making sure the DH coordinate frame assumptions are sat-

isfied. Then the table of link parameter is created as shown in

Table 1.

FIGURE 2 Kinematic configuration and joint model of the five-joint

ambidextrous robotic arm

TABLE 1 DH parameter of a 5-DoF robot arm

Link ai di �i �i

1 l1 0 90◦ �1

2 0 0 −90◦ �2

3 l2 + l3 0 90◦ �3

4 0 0 −90◦ �4

5 l4 + l5 0 0 �5

The relative translation and rotation between ith and i −
1 coordinate systems (adjacent links) can be represented as a

homogeneous transformation matrix:

T 0
1
=

⎡
⎢⎢⎢⎢⎣

C�1 0 S�1 0

S�1 0 −C�1 0

1 1 0 1

0 0 0 1

⎤
⎥⎥⎥⎥⎦

(1)

T 1
2
=

⎡
⎢⎢⎢⎢⎣

C�2 0 −S�2 0

S�2 0 C�2 0

1 −1 0 1

0 0 0 1

⎤
⎥⎥⎥⎥⎦

(2)

T 2
3
=

⎡⎢⎢⎢⎢⎣

C�3 0 S�3 0

S�3 0 −C�3 0

0 1 0 l2 + l3

0 0 0 1

⎤⎥⎥⎥⎥⎦
(3)
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FIGURE 3 Forward and inverse kinematics relationship

T 3
4
=

⎡
⎢⎢⎢⎢⎣

C�4 0 −S�4 0

S�4 0 C�4 0

0 1 0 1

0 0 0 1

⎤
⎥⎥⎥⎥⎦

(4)

T 5
4
=

⎡
⎢⎢⎢⎢⎣

C�5 −S�5 0 0

S�5 C�5 0 0

0 0 1 l4 + l5

0 0 0 1

⎤
⎥⎥⎥⎥⎦

(5)

where T is the transformation matrix, C and S are short for cos

and sin respectively.

The end effector reference frame can be expressed with

respect to the arm base frame as Equation (6):

T 0
5
=

5∏
i=1

T i−1
i

(6)

3 INVERSE KINEMATICS OF THE
AMBIDEXTROUS ARM

Unlike forward kinematics, finding an inverse kinematic solu-

tion is relatively hard in particular when dealing with multiple

DOF robots. Usually, there is always more than one inverse

solution and choosing the best solution by specifying the type

of configuration the user prefers is key to moving the robot arm

to the desired position. For instance, a one revolving joint robot

arm will have only one possible inverse solution to define the

position of the end effector while a 6 revolving joint robot may

have 16 different solutions to define the same position of the

end effector. The relationship between joint space and Carte-

sian space as well as forward kinematics and inverse kinematics

is shown in Figure 3.

In inverse kinematics the most challenging task is to solve the

complicated equations and to deal with multiple possible solu-

tions. The complexity of this problem and possible alternative

approaches are discussed in [27]. Some simulation based plat-

forms exist that do all the calculations but sometimes selecting

the best one is difficult. In order to explain the difficulty of solv-

ing the inverse kinematics problem, the position of the hand

(dx , dy, dz ) will be formulated with respect to arm base frame

as Equation (7):

x
(
dx , dy, dz

)
= f (�) (7)

By differentiating both sides of Equation (7) with respect to

�, the velocity in the task space of the hand will result as Equa-

tion (8).

ẋ = J �̇ (8)

where ẋ is the velocity at task-space, J is the robot arm Jacobian

matrix that map the position and the orientation of the hand

to the joint-space, and �̇ is joints velocity. The problem of the

inverse kinematic is to get the velocity in configuration space (�̇)

by giving the velocity in task space (ẋ). Therefore, Equation (8)

should be inverted to get a linear form as Equation (9).

�̇ = J−1ẋ (9)

It is clear from Equation (9) that the matrix of Jacobian is not

square. So, the inversion process is not straightforward. Many

methods in literature have dealt with this problem either ana-

lytically or numerically [28]. One of the most commonly used

methods is an ANFIS.

4 ADAPTIVE NETWORK FUZZY
INFERENCE SYSTEM (ANFIS)

AN is a network structure consisting of nodes and directional

links, and in practice, AN is considered a superset of multi-

layered feed forward Neural Network (NN) with supervised

learning capabilities. The basic rule of AN is based on gradi-

ent descent [29] and the chain rule [30]. ANFIS utilises net-

work topology to reduce the optimisation search space. The

design objective of the fuzzy controller is to learn and improve

in terms of performance despite the system facing disturbances.

An ANFIS is similar to an NN that is based on Takagi-Sugeno

fuzzy interference system. The objective of ANFIS is to inte-

grate both fuzzy logic and NN principles. It could offer the ben-

efit of both in a single framework and be considered as a uni-

versal estimator. ANFIS is best option to choose between neural

network and fuzzy systems, providing smoothness (due to fuzzy

control) and adaptability (due to neural network back propaga-

tion). ANFIS corresponds to a set of fuzzy if-then rules that

have learning capability to approximate non-linear functions.

Fuzzy if-then rules express conditions IF A THEN B, where A

and B are fuzzy set labels characterised by appropriate Member-

ship Function (MF). If then rules help the user make decisions

in an uncertain and imprecise environment. Thus, a hypothe-

sis is created from the parameterised mathematical model and

data is generated using forward kinematics (due to quick and

straightforward outcomes). The NN is used to tune the MF of

Sugeno type fuzzy interference system.

There are two types of fuzzy systems: Mamdani and Sugeno

models. Fuzzy interference system is mainly composed of five

functional blocks as shown in Figure 4.
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FIGURE 4 Schematic diagram of a fuzzy inference system

FIGURE 5 ANFIS architecture [31]

There are three main blocks of FIS as listed below

(1) A fuzzification interference unit, which transforms the

input into degrees of a match with linguistic values works

by comparing the input variables with the MFs to obtain

membership values of the linguistic label.

(2) A knowledge-based block is composed of the two units

called database unit (define MFs of the fuzzy set) and rule-

based unit (contains If-Then rule).

(3) A defuzzification interference unit, which transforms the

fuzzy results into an output.

ANFIS is multi-layered feed forward network in which each

node performs a particular node function as shown in Figure 5.

To represent different adaptive networks both circle node (fixed

node) and square nodes (adaptive node) are used. The formula

of function may vary node to node as it depends on the over-

all input-output function. For simplicity, consider a first order

Sugeno fuzzy model with two inputs, x and y and one output

z. Imagine rule base contains two if-then rules of Takagi and

Sugeno:

Rule 1∶ IF (x is A1 ) and (y is B1 ) then ( f1 = P1 x + Q1y + R1 )

Rule 2∶ IF (x is A2 ) and (y is B2 ) then ( f2 = P2 x + Q2y + R2 )

where x and y are the inputs, Ai and Bi are the fuzzy sets, fi
are the outputs within the fuzzy region specified by fuzzy rules:

Pi ,Qi and Ri are the design parameters that are determined dur-

ing the training process.

Layer 1: Every node is a square node (adaptive nodes) in layer

1. Parameters in the layers are called premise parameters. The

output of layer 1 is a fuzzy membership grade of the inputs,

which are given by Equations (10) and (11)

O1
i
= 
 Ai (x ) i = 1, 2 (10)

O1
i
= 
 Bi (y) i = 1, 4 (11)

where 
 Ai (x ), 
 Bi (y) can adopt any fuzzy MF.

Layer 2: Every node is a circle node in layer 2 as Equation

(12).

O2
i
= 
 Ai (x ) 
 Bi (y) (12)

where i = 1 ∶ 2 the output of this layer can be represented as

a firing strength of the rules.

Layer 3: Every node is a circle node in layer 3 as Equation

(13).

O3
i
= Wi fi =

Wi(|||W1 +W2
|||
) (13)

where i = 1 ∶ 2 the ith node calculates the ratio of ith rule’s

firing strength to the sum of all firing strength.

Layer 4: Every node is a square node in layer 4. The output of

each node in this layer is a square is a product of the normalized

firing strength and first-order polynomial as Equation (14).

O4
i
= Wi fi = Wi (Pix + Qiy + Ri ) (14)

Layer 5: This layer has only one node that sums all incom-

ing signals and represents the overall output of the model. This

node performs the summation of all incoming nodes as Equa-

tion (15).

O5
i
= Wi fi =

∑2

i = 1
Wi fi

(W1 +W2 )
(15)

ANFIS uses a two-pass learning cycle: feed forward and back-

ward pass. In feed forward pass nodes outputs go forward until

layer 4, S1 is unmodified, and S2 is computed using LSE [32].

On the other hand in backward pass, error signal propagates

backwards, S2 is unmodified, and S1 is computed using gradi-

ent descent algorithm [29]. It is apparent from Figure 6, when

the values of premise parameters are fixed, the output can be

represented as a linear combination of consequent parameters.

The Neuro-Fuzzy Designer app (as shown in Figure 8)

is used to design, train, and test adaptive ANFIS using

input/output training data. It is useful in modifying interference

system before tuning MF of Sugeno type FIS, based on training

data generate an initial inference system, prevent over fitting to

the training data, using testing data test the generalisation ability

of tuned system and export tuned data to MATLAB workspace.

The process of using ANFIS technique involves data gener-

ation (hypothesis a model structure) of all possible angles lying

within the possible joint range of movement. The forward kine-

matic formula is used at this stage to deduce a combination of
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FIGURE 6 ANFIS model structure

all theta values. Then, the ANFIS solution is built specifically

to address the problem in question. An ANFIS network can

only predict angles when they are trained with sample input-

output data. After training the network an important step is to

validate the network to determine how well the ANFIS network

would perform inside a large control system. Until a satisfactory

solution is found, parameters to the ANFIS function may be

tweaked. Finally, in the large control system, the trained ANFIS

network is used as a reference to determine what angles of the

arm should be given to reach the desired location of the manip-

ulator. The system will apply appropriate force on each joint to

make a move once knowledge of desired angles and the current

angle are known.

5 ANFIS CONTROLLER DESIGN FOR
THE AMBIDEXTROUS ARM

This section describes an ANFIS network developed and

trained to control the ambidextrous robot arm. For simplicity,

the inverse kinematic problem is further divided into the end-

effector orientation problem and end-effector position prob-

lem. It is apparent from Figure 2 that Joint 1, Joint 2 and Joint

4 can drive the end-effector to any given position with the

workspace of the ambidextrous robot arm. Joint 5 is only impor-

tant if the problem in question requires end–effector orientation

to be considered. Any application of ANFIS requires detailed

knowledge of fuzzy logic as ANFIS demands a careful choice

of suitable shape and MFs. Choice of careful selection of such

parameters affects not only the efficiency of the ANFIS model

but also computational cost. Various MFs can be used to solve

any given problem as shown in Figure 7. A Gaussian shape of

the MF is a very popular choice due to its smooth representation

of input space. Some tests were performed to find the ANFIS

network that is most suitable for the problem in question.

The training error can be reduced by changing the key param-

eters such as membership function, increasing the number

FIGURE 7 MF input window in MATLAB

FIGURE 8 General MANFIS architecture

of the input membership function, increasing the number of

epochs or increasing the training data. However, the key to

determining the most suitable ANFIS network lies in a balanc-

ing exercise to find the mean point between network computing

time and training error.

ANFIS has one output, and in order to move multiple joints,

multiple ANFIS networks are required as shown in Figure 8. For

the ambidextrous robot arm specifically five ANFIS networks

namely ANFIS-1, ANFIS-2, ANFIS-3, ANFIS-4, and ANFIS-

5 are used to solve the problem of inverse kinematics. Multiple

ANFIS also known as (MANFIS) is modelled in Simulink soft-

ware as shown in Figure 9. The MANFIS maps the input in task

space to the joint angles in joint space, and joint angles are used

to determine the desired trajectory.

Figure 9 shows a Simulink diagram for the controller. The

controller contains five ANFIS with six inputs (x, y, z, Rx, Ry

and Rz) and five output (�1, �2, �3, �4 and �5).

In order to evaluate the ability of the controller to solve the

inverse kinematics problem, the controller has been tested with

three paths. The first path in 2D plane (y-z) and the other paths

in 3D space (z-y-z) as shown in Figure 10.
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FIGURE 9 MANFIS modelled in Simulink software

FIGURE 10 The desired paths in the task space. The black circle

represents a circular path in y-z plane. The two other paths in x-y-z are

illustrated by a red arc and a blue circle respectively

The results will be presented in the following figures for both

the desired and the response of the controller in same figure.

Further, the desired path and the predicted one along each axis

(x, y and z) combined with difference between the two paths.

The first evaluated path will be the circle in y-z plane. Figure 11

depicts the desired and the predicted path. The red colour path

FIGURE 11 The desired path (blue colour) and the predicted path (red

colour) in the task space produced by the robot hand

FIGURE 12 The hand position along y-axis for the circle path in y-z plane

FIGURE 13 The hand position along z-axis for the circle path in y-z

plane

is produced by the robot hand in the operational space. The

average differences between the two path in y-axis and z-axis

are illustrated in Figures 12 and 13 respectively. The maximum

difference is about 0.5 cm in both axes. A short video for this

experiment is available in [33].

In general, solving inverse kinematic problem in 2D

workspace is easy due to the limited effect for the orientation

parameters at the end effector of the robot. Therefore, the

next evaluation will exploit a circular path in x, y and z axes.

Figure 14 shows the desired and predicted paths. The differ-

ence between the two paths along x, y and z axes are shown

in Figures 15–17 respectively. The maximum error between the

two paths is approximately 4 cm. Higher error is expected as

FIGURE 14 The desired path (blue colour) and the predicted path (red

colour) in the task space produced by the robot end effector
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FIGURE 15 The hand position along x-axis for the circle path

FIGURE 16 The hand position along y-axis for the circle path in y-z plane

more constraints are imposed by the orientation parameters.

This suggests a different approach is required for controller to

work efficiently in an ambidextrous environment. Therefore a

new controller is shown in Figure 20 was designed in Simulink

to achieve the ambidexterity element. Five ANFIS networks

formed each MANFIS and were driven by a selector block. The

idea of using if block (selector) comes from the observation of

results where the MANFIS-1 controller can produce a satisfac-

tory result within the specified ranges it is trained for, and the

same can be applied to the MANFIS-2 controller. So by having

a selector, it is possible to select the best possible controller for

the given axis.

From the results shown in Figures 15–17 it is apparent that

MANFIS-1 controller that is used to produce the robot path

FIGURE 17 The hand position along z-axis for the circle path in x-y

plane

FIGURE 18 Ambidextrous robot arm controller designed in Simulink

FIGURE 19 The desired path (blue colour) and the predicted path (red

colour) in the task space produced by the robot end effector

did not produce the satisfactory results. It is noted that the con-

troller failed to produce the trajectory in an all axes. This sug-

gests a different approach is required for controllers to work

efficiently in an ambidextrous environment. Therefore a new

controller is shown in Figure 18 was designed in Simulink

to achieve the ambidexterity element. Five ANFIS networks

formed each MANFIS and were driven by a selector block. The

idea of using if block (selector) comes from the observation of

results where the MANFIS-1 controller can produce a satisfac-

tory result within the specified ranges it is trained for, and the

same can be applied to the MANFIS-2 controller. So by having

a selector, it is possible to select the best possible controller for

the given axis.

The previous desired path (circular path in 3D) will be uti-

lized to evaluate the proposed controller. Figure 19 shows the

desired and predicted paths. It’s obvious that the controller gave

a perfect response to produce the joint angles of the robot arm.

The maximum error is about 0.2 cm as shown in Figures 20–22.

A short video for this experiment is available in [34].

For further validation for the proposed controller, an arc

path in 3D will be chosen for this experiment. The diame-

ter of arc path is 105 cm. The wide range of the path will

impose more complexity on the controller to generate the joints

angles. The results of the desired and the predicted path are

presented in Figure 23. Although the desired path has a wide

range of motion, the response of the controller to produce the

joints angles of the robot was typical. In term of the difference

between the two paths, Figures 24–26 clearly illustrate that the

maximum error is approximately 0.2 cm, which is acceptable in
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FIGURE 20 The hand position along x-axis for the circular path

FIGURE 21 The hand position along y-axis for the circular path

FIGURE 22 The hand position along z-axis for the circular path

FIGURE 23 The desired path (blue colour) and the predicted path (red

colour) in the task space produced by the robot end effector

FIGURE 24 The hand position along x-axis for the arc path

FIGURE 25 The hand position along y-axis for the arc path

many applications. A short video for this experiment is available

in [35].

In the following experiment, velocity parameter will be

inserted to the trajectory by differentiating the input of each

ANFIS. The selected path for this evaluation is generated by

combining two curves. Figure 27 shows the robot environment

and the path. The distances between adjacent nodes of the gen-

erated path are not same, which means the robot will move in

different speed along the whole trajectory.

Figure 28 presents the desired and the predicted trajectory

for the combined curves path. Although the parameters of

the velocity have been added to the controller, the robot fol-

lowed the desired trajectory perfectly. The maximum difference

between the desired and the predicted paths is approximately

FIGURE 26 The hand position along z-axis for the arc path
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FIGURE 27 The desired path in the task space

FIGURE 28 The desired paths in the task space for the combined curves

path

0.2 cm for very short time (see Figures 29–31). A short video

for this experiment is available in [36].

Figure 32 represents the produced joints angles for the

ambidextrous robot arm. The joints transitions are very smooth.

Further, it’s clear from the figure that the velocity of the robot

has been dropped slightly in time 50 s for 20 s and then resumed

after time 70 s. This period represents the space where the two

curves have been combined.

FIGURE 29 The hand position along x-axis for the combined curves

path

FIGURE 30 The hand position along y-axis for the combined curves path

FIGURE 31 The hand position along z-axis for the combined curves

path

6 THE EFFICIENCY OF THE ROBOT
ARM

Robots are widely used in industry due to their efficiency and

high performance. Many of them are employed in industry

where the highest percentage of energy is consumed. There-

fore, completing tasks with minimal energy consumption has

become point of interest for many researchers [37]. Neverthe-

less, the optimization of the power consumption is still a chal-

lenging task. In this section aim is to verify the efficiency of

the robot arm in term of the power consumption. The perfor-

mance of the ambidextrous robot has been compared with a

conventional robot. Figure 33 shows a robot arm that used in

FIGURE 32 The resulted joint values to produce the combined path at

the robot hand
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FIGURE 33 A conventional robot arm that is used in the experiments

FIGURE 34 The position of the ambidextrous arm in x, y and z axis

the experiments. The model of this robot has been designed in

SolidWorks 2018 and the model has been exported to SimMe-

chanics environment.

The two robots follow a semi-circular path. This path is gen-

erated using three points in xyz plane and the intermediate

points have been interpolated using quantic polynomial to get

continuous velocity and acceleration for both robots [38].

Figures 34 and 35 show the position of the hand of the

ambidextrous arm and the end effector of the conventional arm

in all three axes (X, Y and Z axes) respectively.

The experiment is divided in two parts. The first part each

robot follows the specified path with no load. The robots car-

FIGURE 35 The position of conventional arm in x, y and z axis

FIGURE 36 Snapshot for the ambidextrous arm and the semi-circular

path

FIGURE 37 Snapshot for the conventional robot arm and the

semi-circular path

ried a load with weight of 0.5 kg by the hand for the ambidex-

trous arm and by the gripper for the normal robot. A snap-

shot of ambidextrous arm and conventional arm while passing

through the path is depicted in Figures 36 and 37.

Two tasks are performed on the ambidextrous arm to

validate the design. First torque exerted by the arm on

each joint is noted while no load is placed and then with

0.5 kg load. Purpose of this experiment was to see the

torque exerted on each joint and then by comparing it

with conventional arm performance while doing exactly the

same tasks. The torque for both robots has been calcu-

lated depending on Euler–Lagrange equation as represented in

Equation (16) [39].

M
(
�
)
�̈ + H

(
�, �̇

)
�̇ + G

(
�
)
= � (16)

where M ∈ ℜ(5 × 5), is the inertia matrix of the system, �̈ ∈

ℜ(5 × 1) is the joint acceleration, H (�, �̇) ∈ ℜ(5 × 1) is a vec-

tor of Coriolis and centrifugal forces, G ∈ ℜ(5 × 1) is vector of

gravity forces, � ∈ ℜ(5 × 1) is a vector of joint torques.

Figures 38–42 depict the torque exerted by the ambidextrous

arm.

Similarly, two tasks are assigned to conventional arm to see

the torque exerted on each joint in both scenarios. The torque

exerted by the conventional arm is shown in figure 43–47.

It is clear from this experiment that the exerted torque at only

joint one and two in the ambidextrous arm have been changed
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FIGURE 38 The torque exerted by the ambidextrous arm in joint one

FIGURE 39 The torque exerted by the ambidextrous arm in joint two

when carrying a load. Whereas, the exerted torque at all joint

of the conventional robot has been changed. This verifies the

effectiveness of the ambidextrous arm design.

In order to verify the efficiency of ambidextrous arm design,

acceleration graphs are obtained through experiment. If acceler-

ation stays same in both scenarios (without load and with load)

it proves the goodness of the design. By comparing the results

how the arm behaves with load and without load, efficiency of

the design can be deduced. The acceleration of the ambidex-

trous arm in x-axis and y-axis is shown in Figures 48 and 49,

respectively.

Similarly, the acceleration of the conventional arm in x-axis

and y-axis is shown in Figures 50 and 51 respectively. Conven-

tional arm is also tested in both scenarios first without load then

FIGURE 40 The torque exerted by the ambidextrous arm in joint three

FIGURE 41 The torque exerted by the ambidextrous arm in joint four

FIGURE 42 The torque exerted by the ambidextrous arm in joint five

FIGURE 43 The torque exerted by the conventional arm in joint one

FIGURE 44 Magnified part of the torque exerted in joint one for time

from 0 to 0.7 s
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FIGURE 45 The torque exerted by the conventional arm in joint two

FIGURE 46 The torque exerted by the conventional arm in joint three

FIGURE 47 The torque exerted by the conventional arm in joint four

FIGURE 48 The acceleration of the EE in x-axis (ambidextrous arm)

FIGURE 49 The acceleration of the EE in y-axis (ambidextrous arm)

FIGURE 50 The acceleration of the EE in x-axis (conventional arm)

with 0.5 kg load. It can be observed from both figures that accel-

eration has changed.

By comparing Figures 48 and 49 with Figures 50 and 51,

goodness of ambidextrous design is evident.

7 CONCLUSIONS

In this paper, controlling and modelling of the ambidextrous

robotic arm were presented. The inverse kinematic problem was

discussed in great detail. Due to the complexity of computing

inverse kinematic for an ambidextrous robot arm, an artificial

FIGURE 51 The acceleration of the EE in y-axis (conventional arm)
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neural fuzzy interference system (ANFIS) was employed. The

ANFIS controller was trained to control a simple dexterous arm

effectively. After satisfactory results were obtained, the difficulty

level was increased to control the ambidextrous arm. It is appar-

ent that ambidextrous trajectories cannot be performed using a

simple ANFIS-based controller. In the end, it was decided to

combine two simple ANFIS controllers to form a controller

design for both right and left arm movements. A conventional

ANFIS network failed to work alone in a space where the

ambidextrous movement is required. Multiple ANFIS were then

used and merged with each other for better accuracy. Use of an

‘IF’ block as a selector to switch between appropriate MANFIS

was implemented. A Simulink/MATLAB based model specif-

ically for an ambidextrous robot arm was designed, modelled

and tested to confirm the goodness of work. From the trajec-

tory simulation analysis, it was confirmed that the combined use

of MANFIS with selector block may be the most appropriate

solution for controlling ambidextrous systems in general.

The efficiency of the ambidextrous arm has been tested by

comparing its performance with a traditional robot arm. Both

the exerted torque and the acceleration at the end effector (in x

and y direction) have been used to accomplish the tasks in two

cases (load and no load). The experiments have been proved

that the effectiveness of the ambidextrous arm over the tra-

ditional robot arm in terms of power consumption and the

stability.

From the control side, conventional controllers were tested,

and their performances are compared to find the most appropri-

ate one. The combined MANFIS controller seems to be the best

option to control ambidextrous trajectories. The training time

arises when the ANFIS architecture has more than five MFs

per each input. Future research should focus on strategies like

having ANFIS with multiple outputs with minimal computing

time.

Furthermore, a balanced approach needs to be identified in

future research that can help the arm to use the shortest possible

route to reach the desired point while energy consumption is

kept to a minimum.
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