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In exploration of any earth-like planet, it is very essential to a robot
to collect material sample from that planet. Therefore the robot
must have some end effector which can extract material from that
surface. In this work, by considering various parameters, a scoop
type end effector having three degree of freedom has been
designed to reduce the resistance force of extraction materials.
First the kinematic analysis of the end effector and static torque
calculations is analyzed and a prototype has been fabricated with
a servo-controlled system. The performance of the end effector has
been evaluated by performing several experiments such as
extracting soil and burned coal materials. The lowest amount of
time during one operation is 21 seconds and maximum weight of
the materials extracted has been found as 89 grams. The prototype
with proper modifications can also work for extracting
ammunitions and underground explosives that are too dangerous
for the human being or difficult to handle.

1. Introduction

Robots are sent to explore space without having to worry so much about its safety. Of course, these carefully built
robots needed for sticking around to investigate and send information about its destinations. Sending a robot to space
is also much cheaper than sending a human. It can survive in space for many years and can be left out there, that means

no need for a return trip. Moreover, robots can do lots of things that humans cannot. Some can withstand harsh
conditions, like extreme temperatures or high levels of radiation. Robots can also be built to do things that would be
too risky or impossible for astronauts. The primary focus on this paper is to develop a novel and simplified design of
an end effector of a robotic rover with cheap and locally available materials, so that it can extract material from surface.

The motivations behind this work is to cope up with challenged environment and also to increase the flexibility and
success in gripping and extracting materials, so that the rover can compete with the exploration challenges.
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2. Review of End Effectors and Research Gap

In robotics, an end effector is the device at the end of a robotic arm, designed to interact with the environment. The
end effector means the last link (or end) of the robot. At this endpoint the tools are attached. The exact nature of this
device depends on the application of the robot [1]. Most of the literature are associated with Mars rover, which are
sent to Mars, as earth like planet. A Mars rover is an automated motor vehicle that propels itself across the surface of
the planet Mars upon arrival. Rovers have several advantages over stationary landers: they examine more territory,
and they can be directed to interesting features, they can place themselves in sunny positions to weather winter months,
and they can advance the knowledge of how to perform very remote robotic vehicle control [2].

(a) Beagle 2 [3] (b) Mars 3 (Prop-M) [4]  (c) Spirit (MER-A) [5] (d) Opportunity (MSL) [6]
Figure 1. Mars Rovers with different types of End Effectors.

NASA sends different types of Rover in MARS surface for exploration of the planet and the rovers are equipped with
different types of end effectors. Seven rovers have been dispatched to Mars such as Mars 2 (1971), Mars 3 (1971),
Sojourner rover (1997), Beagle 2 (2003), Spirit (MER-A) (2004), Opportunity (MER-B)(2004), Curiosity (2011).
Figure 1 shows a few MARS rover missions that has been incorporated till now. Figure 1(a) shows Beagle 2, Planetary
Undersurface Tool, lost with Beagle 2 on deployment from Mars Express in 2003. Figure 1(b) shows Mars 3, Prop-
M rover that has been sent in 1971, Mars 3 lander has stopped communicating about 20 seconds after landing. Figure
1(c) shows Spirit (MER-A), Mars Exploration rover, has been launched on June 10, 2003 and has landed successfully
on January 4, 2004. Figure 1(d) shows Opportunity, Mars Science Laboratory (MSL), by NASA, has been launched
November 26, 2003 at and landed in the Aeolis Palus plain near Aeolis Mons (informally "Mount Sharp") in Gale
Crater on August 6, 2004.

There are several types of end effector available for Mars rover. Some end effector are drilling type end effector, some
are pneumatic type, some are hydraulic type and some are scoop type end effector. Some Mars rover end effector are
shown in Figure 2.

L

Scoop type < Drill  type
end effector b = end effector

Figure 2. Robotic end effectors for NASA Mars 2007 Phoenix Lander and Curiosity Mars Rover [7].

There are very few literatures relating the rover end effector design available. End effectors for rover can be different
types such as parallel 2 finger end effector which can raise up to 5 kg load [8], 3 joints gripper to pick and place of
lightweight materials [9]. Tony Jorden et. al designed a sample robotic system for handling samples of material on
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planetary surfaces. From the ESA-funded Mars Surface Sample Transfer and Manipulation Study, the authors
designed a testing facility with end effector using locking and unlocking mechanism. In this mechanism, they used
retractable hex-key for tightening, custom made interchange (Al or Ti) locking jaws, harmonic drives, motors and
micro switches [10]. It is very difficult to find the detail designs and data for end effectors specifically for rover. Most
of the researches are carried out by NASA and the research methodology, data of the designs are highly confidential.
NASA arranges various competition among global university students to find their best throughput. In future, these
are utilized in their research. Therefore, this paper is intended to find the detail methodology of the end effector design
for earth-like planets. Since, it is not possible to get the data of the Mars surface, this paper compare it with Earth
surface with rocky areas where similarity exists. The research gap of this work is stated as:

a) Almost all the Mars rover used complex end effector that consumes more power. There is no simple end effector
for energy saving of Mar rover.

b) There is no design model of double scoop that can extract and also grip materials.

¢) Shape optimization for economic structure of end effector design was not investigated.

d) No specific study on design of end effectors of Mars rover.

e) No specific kinematic analysis of Mars rover end effector.

Therefore, the objective of this research is to design a simple, economic end effector for material extraction which can
be used in rover similar to Martian surface.

3. Design Methodology

System Overview
An overview of the system is given below in Figure 3.

The first step is the search and analysis of information from various sources in accordance with the classic
methodology of investigation. Depending on this information the first geometric model has been made which is
necessary to make the models of the end effector. A geometric model has been designed with CAD software for
mechanical and control system. For mechanical design, Solid Works software and the control system is designed with
Proteus [11]. After the CAD design mechatronics integration has been worked out. This integration creates a virtual
model that allows to modify the design variables with an ease. The design modifications of the end effector can be
easily done from the disciplines of the mechatronic, evaluating its influence and acting. By finishing the design stage,
the fabrication of the prototype has been carried out.
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Effector
v

CAD Design of
End Effector
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. Control System Design
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Integration
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Figure 3. System overview of prototype end effector .
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The fabrication of prototype includes two types of fabrications, they are: mechanical and electronics. After finishing
the fabrication, the final assembly of the prototype has been done.

Mechanical Design of the End Effector

The mechanical design of the end effector is based on the following design considerations:

(a) The size and shape of the end effector is considered small because of its material cost and motor load capacity.
(b) Simple physical structure as limitations in cost.
15 cm

— . 18 cm

Elbow Servo

Claw Servo

22 cm|
Link 3

Dual Hemispherical
End effector

v L

Base Servo 5cm v\

Base

Figure 4. CAD Design of Prototype End Effector .

The prototype is designed using SolidWorks software. Figure 4 shows the CAD design of the end effector. In this
work 4 servo motors (Servo Motor MG995) are used (Base Servo, Shoulder Servo, Elbow Servo and Claw Servo) for
the total completion of the movement. The dual hemispherical end effector is operated by the link and claw servo. The
purpose of using servo motors is to determine the position of the shaft and control the position very precisely. The
purpose of using 4 servo motors is to obtain 4 degrees of freedom position of the end effector and also to get different
movements of the end effector, so that it can be operated precisely and smoothly. Microcontroller (Atmega328) is
used to control the whole system due to its more PWM pin and low cost. Command is sent to the controller and the
controller controls the servo to operate precisely so that it can extract material via the end effector. A wired
communication system like joystick is used to communicate with the microcontroller. Joystick is used as a simple
medium of communication to operate the end effector manually.

Possible Design Alternatives and Selection of End Effector

Table 1. Comparison of possible end effector.

Requirements Shovel | Drill Hand
Here,

Resistance force B B B “A” indicates that the shape adequately fulfills the

Number of actuators A C corresponding requirements.

Durability A C C “B” indicates that the shape may modestly manage
the requirements.

Scooping ability A B C

Digging ability A A C
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Table 2. End effector type selection .

Shovel

Drill

Hand

samples.

1. Few actuators and its shape
consist of a single part,

2. It can adapt to a variety of

1. Capable of digging deep into the soil

2. Mechanisms are more complicated,
which results in low durability.

1.The hand shape requires several
mechanical joints and bearings
that are indispensable for its

dexterity.

To find the best possible design for the end effector, Table 1 and Table 2 is formed based on some assumptions or
concepts. From on the comparisons given in Table 1 the shovel shape is selected for material extraction for fulfilling
the requirements and given in Table 2.

End Effector Kinematics

The non-rotating reference Frame {0} is attached to a fixed point at the center of the rotary base. Frame {1}
corresponding to Link (1) is attached at its upper end. It is to be noted that the origin of this frame could have been
appointed to any location along Link (1) since Zy and Z; are parallel to each other. Frame {2} rotates with Link (2)
and is located at the intersection between Link (1) and Link (2), thus having X along the common perpendicular
pointing from Z, to Z3. Frame {3} rotates with Link (3) and is attached at its intersection with Link (2). Finally, Frame
{4} corresponding to the end-effector is located midway between the two grippers [12].

The kinematics analysis of the system is given below in Figure 5.

Figure 5. Kinematic Analysis of End Effector .

Based on the defined frames, the Denavit-Hartenberg (D-H) parameters are determined as shown in Table 3.

Table 3: The D-H parameters.

I @i—q ai—q d; 0;
1 0’ 0 Ly 6,
2 90° 0 0 0,
3 0° L, 0 04
4 0’ Ly 0 0’
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The homogeneous transformation matrices describing the end-effector frame with the reference frame can be
formalized by equation 1 as:

C1C33—C1523 §1 C1Cy3L3 + G CL,
_|81C23=581523—C1 §1Co3L3 + 51 C3L,
Soz Cy3 0 Szl +S,L, + L4

0 0 0 1

aT (1)

The first three entries of the last column in IT represent the Cartesian coordinates of the position of the origin of the
end effector frame {4} with respect to the reference frame {0}.

X = C,Cy3L3 + C1C3L, 2)
Y = §1Cy3L3 +5,C;L, (3)
7= Sy3Ls +S;L, +1Lq 4)

Here, C,5 is the cosine of the sum of 8, and 05 [cOs (8,+63) =C,3] and S,5 is the sine of the sum of these two
angles [Sin (92 + 63) 2523].
And D= 91+ 92 + 93

The procedure for obtaining the analytical expression for the X, y and z coordinates is called forward kinematics
analysis [13][14]. The forward kinematics, Equation 2 to 4, produce the position of the end effector as a function of
the joint anglesf,, 8, and 6.

In the inverse kinematics, the position coordinates equations, Equation 2 - 4, has been used to find the analytical
expressions of the rotational angles (i.e.6;, 6, and 83) for the waist, shoulder and elbow motors as a function of the
desired x, y and z coordinates. The derivation of the inverse kinematic equations is summarized as follows:

Firstly, dividing Eq. 3 by Eq. 2 gives,

Y  S1Cy3L3+ S1CyL S1(Ca3L3+ CyL S
i 1%“23L3 1“242 — 1(233 22) :_1:tan91 (5)
X  C1Cy3L3+C1C2Lo C1(Ca3L3+C3L7) Cy
As aresult, 6, is explicitly expressed as,
Y
6, = atan2 (;) (6)

The (atan2) function generates the arctangent of the argument and the proper quadrant based on the signs of both the
denominator and the numerator.

Furthermore, by summing up the squares of Equation 2 to 4 and rearranging one can obtain an explicit expression for
the cosine of 65 as a function of the robotic arm geometry and the coordinates of the target point.

_ X2+v2+7%2—(L2+13+13)-2L1(Z-Ly)
2L, L5

Cs %)
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