IEEE Access

Multidisciplinary  Rapid Review : Open Access Journal

Received April 3, 2022, accepted April 21, 2022, date of publication April 28, 2022, date of current version May 16, 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3170908

Phoenix: Towards Designing and
Developing a Human Assistant Rover

AKIB ZAMAN“12, MOHAMMAD SHAHJAHAN MAJIB !, SHOEB AHMED TANJIM "1,
SHAH MD. AHASAN SIDDIQUE “3, FARDEEN ASHRAF !, SHAFAYETUL ISLAM"1,

ABU HENA MD. MARUF MORSHED"“3, SHADMAN TAJWAR SHAHID?, ISHRAQ HASAN "1,
OLIULLAH SAMIR3, SAFWAN SHAFQUAT?, NAIM IBNA KHADEM AL BHUYAIN 1,

ASIF MAHMUD RAYHAN"“3, MD. MUSHFIK UL ISLAM3, MD. AKHTARUZZAMAN 1,

AND MD. MAHBUBUR RAHMAN', (Member, IEEE)

Department of Computer Science and Engineering, Military Institute of Science and Technology (MIST), Dhaka 1216, Bangladesh
2Department of Computer Science and Engineering, United International University, Dhaka 1212, Bangladesh
3Department of Mechanical Engineering, Military Institute of Science and Technology (MIST), Dhaka 1216, Bangladesh

Corresponding author: Mohammad Shahjahan Majib (smajib@yahoo.com)

ABSTRACT Human-assistance rovers have a broad prospect in the field of space robotics, as a significant
number of organizations and researchers have been investing in the design and development of sophisticated
rovers for planetary exploration. In order to promote research and development in the design of next-
generation MARS rovers, an annual University Rover Challenge (URC) is hosted by the MARS Society
in the United States. In this study, we highlight the design and development process of several novel
subsystems of a human-assistance planetary exploration rover and their successive integration in the
prototype named PHOENIX, which is a rover that participated in the URC 2021. First, a detailed requirement
elicitation has been conducted, for designing a conceptual framework for a rover capable of planetary
exploration. Secondly, the design and development process has been detailed for five basic subsystems
(power, communication, primary-manipulator, chassis with drive, processing) and two mission-specific
subsystems (scientific exploration and autonomous navigation), as well as their successive integration into
the rover. Afterwards, a detailed evaluation study has been conducted in order to validate the performance
of the developed system. Terrain traversability, autonomy in navigation, and sophisticated task execution
capabilities have been evaluated individually within this study. Additionally, the capability of the rover
in detecting bio-signatures from soil samples using a novel Multiple Bio-molecular Rapid Life Detection
(MBLDP-R) protocol has also been evaluated. The developed scientific exploration subsystem is capable
of detecting the presence of life from soil samples with a 92% success rate, and from rock samples with a
success rate of 93.33%.

INDEX TERMS Human assistant rover, autonomous navigation, equipment servicing, terrain traversal,
planetary exploration, life detection.

I. INTRODUCTION

Space robotics is one of the pioneering sectors of robotics
having a rich and successful history [1]-[3]. To date, six
rovers have been sent to explore Mars, while planning is
underway for a human exploration mission. A robot, capable
of assisting astronauts in achieving challenging objectives in
addition to gathering information regarding the environment,
can be very useful. Moreover, it is difficult and risky for
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an astronaut to explore planets with a challenging terrain
and hazardous atmosphere. For example, the astronaut might
be unable to service equipment inside a broken on-board
lander which might be prone to imminent explosion. There
may also be some places, in which its impossible for an
astronaut to traverse due to health hazard. A human-assistant
rover with extreme terrain traversal and equipment servicing
capabilities can address these limitations, thereby assisting
the successfully completing the mission.

Rovers are being used today for various human assis-
tance purposes in both domestic or industrial applications.
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Nasir et al. [4] developed an electroencephalography (EEG)
wave-controlled human assistance rover for physically
impaired people. The authors collected brain data using a
NeuroSky mindwave mobile 2 headset from the user and
then sent the data back to the rover. Additionally, the rover
contained user pulse sensing capabilities for health mon-
itoring as well as smoke sensors for safety surveillance.
On the other hand, Manikandan et al. [5] developed a fire-
fighting rover that can be used on an industrial level. The
authors devised a controlled dc motor nozzle configuration
for a changeable flow rate of water and employed Radio
Frequency (RF) and on-board camera vision to manually
control the rover during fire suppression operations. On con-
trary, Choudhury et al. [6] developed an autonomous fire
extinguishing rover to deal with wildfires. For the opera-
tion phase, the authors further implemented obstacle avoid-
ance capabilities as well as a Dry Chemical Powder (DCP)
cartridge fire extinguisher mechanism. Menon et al. [7]
developed a solar-powered, autonomous monitoring rover for
various agriculture-related tasks such as soil and weather
parameter monitoring, fire detection, insect and pest infes-
tation detection, etc. Banos et al. [8] conducted a compar-
ative test between three robotic platforms namely wheeled,
tracked, and hexapod, and found out that hexapod robotic
platforms performed significantly better in terms of picking
up and spreading lesser radioactive contamination during
operation. Similarly, Bird et al. [9] developed Continuous
Autonomous Radiation-Monitoring Assistance (CARMA)
robot. The rover recognized and located a fixed « source
embedded in the floor when the authors deployed it in a
radiation active area. The findings of these studies [5], [6],
[8], [9] show that human assistant rovers can be useful to
replace or assist humans in risky environments. National
Aeronautics and Space Administration (NASA) intends to
bring Mars under human exploration mission reach within
the 2030s [10]. A human assistant rover can be an excellent
company with the astronaut which can assist in conduct-
ing experiments in probable hazardous extraterrestrial envi-
ronments. Findings from recent studies [11]-[20] showed a
trend of continuous optimization of the subsystems of human
assistant rovers. Moreover, any research and development in
human assistant rover for space exploration can also acceler-
ate the development of robotics in general. As an example
of this phenomenon, a well-designed robotic manipulator
associated with a robot for assisting humans in space can also
pave the way for developing smarter industrial robotic manip-
ulators to drive the development of industry 4.0. A human
assistant rover with the capability of traversing rough terrain
can also initiate the process of developing better surveillance
robot.

The University Rover Challenge (URC), organized by the
Mars Society, is a premium robotics competition held yearly
in the desert of southern Utah, USA, with the goal of inspiring
young enthusiasts in space robotics research. URC challenges
university students to design and build next-generation Mars
rovers with a vision for utilizing the developed rovers to work
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FIGURE 1. Developed Rover, PHOENIX.

alongside human explorers in the field [21]. We present the
design and development of a novel human assistant rover
named PHOENIX (see Figure 1) which is capable of assisting
humans in planetary exploration and successfully participated
in URC 2021 being evaluated in possible real life use cases.

In this study, Each aspect of design and development of
the PHOENIX rover with detailed emphasis on requirement
elicitation and subsystem-level conceptual framework design
is explored. The requirement elicitation is conducted based
on the requirements and design constraints in URC 2021.
To satisfy these requirements, the overall rover system is seg-
mented into seven subsystems. Among them, five subsystems
(power, processing, primary manipulator, chassis and drive,
communication) are required to avail the basic functionality
of the rover. The other two subsystems (scientific exploration
and autonomous navigation) are mission-specific and modu-
lar in nature, as they can be attached and swapped with each
other, depending on mission requirements. The successive
integration of these subsystems into the rover, as well as their
performance analysis are also highlighted in this study.

In this study, A comprehensive requirement elicitation is
conducted to design a subsystem level conceptual framework
of a human assistant rover to demonstrate planetary explo-
ration capability in URC 2021. The requirement elicitation
is based on URC 2021’s requirements and design restrictions
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and the whole rover system is divided into seven subsystems
to meet these objectives. Five subsystems are required to
provide the rover’s fundamental operation (power, process-
ing, primary manipulator, chassis and drive, and communica-
tion). The other two subsystems (scientific exploration and
autonomous navigation) are mission-specific and modular,
meaning they may be joined to and changed out depending on
mission needs. This research focuses on the gradual integra-
tion of these subsystems into the rover, as well as their per-
formance assessments. A thorough evaluation is conducted
on the rover, in scenario-based tests, with sophisticated tasks
such as “tightening screws”, “typing on a keyboard”, etc.
which require fine-grained control of the end-effector. More-
over, tests regarding the robustness, navigability, traversabil-
ity, and other mechanical capabilities of the rover are also
conducted in the evaluation phase. The rover also success-
fully traverses autonomously to a target location by localizing
itself and planning a route towards the goal using the devel-
oped autonomous navigation system. Additionally, in the
science subsystem a novel Multiple Bio-molecules Based
Rapid Life Detection (MBLDP-R) protocol is developed to
detect bio-signatures on-board from soil samples, as well
as a deep learning and sensor infusion based life-detection
protocol from rock samples. In summary, the work contains
the following contributions:

o We conduct a multi-disciplinary research that bridges
between robotics and detection of life in space.

« We develop a subsystem level conceptual framework of
a human assistant rover capable of conducting planetary
exploration.

« We develop a novel five Degree Of Freedom (DOF) pri-
mary manipulator with the inclusion of semi-differential
wrist mechanism, which is capable of lifting payload
up to 7 kg and perform various sophisticated equipment
servicing tasks.

o We develop an intelligent path planning strategy with the
integration of GPS data into Simultaneous Localization
And Mapping (SLAM) algorithm to navigate the rover
autonomously.

« We develop a novel scientific exploration subsystem
which is capable of soil sample collection and on-board
analysis.

o« We develop a novel multiple Bio-molecules Based
Rapid Life Detection Protocol (MBLDP-R) to detect
presence of life from a soil sample and a novel protocol
using deep learning and sensor data infusion to detect
presence of life from a rock sample.

o We successfully integrate the developed subsystems
and constructed a human assistant rover for planetary
exploration.

« We present experimental result to show the performance
of the developed system by conducting a detailed evalu-
ation study.

The remainder of the paper is structured as follows:

section II describes the development of the subsystem level
conceptual framework of the system using the findings of
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prior works and requirement elicitation. The design and
development of various subsystems of the rover is described
in section III to VII. Evaluation of the developed features
and capabilities of the rover in a controlled environment is
highlighted in Section VIII. Finally, section IX summarizes
the work along with its limitations and future scope.

Il. DEVELOPMENT OF CONCEPTUAL FRAMEWORK

A. URC 2021 REQUIREMENT ANALYSIS

1) GENERAL SYSTEM REQUIREMENTS

The system requirements are set as per the guidelines and
constraints of URC 2021. According to the guidelines, rovers
are not expected to travel more than 1 km from the command
station and should be functional at moderate day temperature
(100°F). For weighing, the rover must fit completely within
a 1.2 m x 1.2 m box. The maximum allowable mass of the
rover when deployed for any competition mission is 50 kg.
(The combined mass of the rover with the attached primary
manipulator, or with scientific exploration subsystem must be
under 50 kg, but the total of all the subsystems must be less
than 70 kg). Moreover, modularity is encouraged in the case
of building the overall system as the configuration of the rover
can be different in missions.

2) COMMUNICATION SUBSYSTEM

The primary requirement of the communication subsys-
tem is a minimum effective range of 1 kilometer, with
a maximum base antenna height of 3 meters. 900 MHz,
2.4 GHz and 5 GHz bandwidth are allowed with excep-
tions such as a) Teams would not use frequency band-
widths greater than 8 MHz and must operate exclusively
within each of the following three sub-bands: “900-Low”
(902-910 MHz), “900-Mid” (911-919 MHz), and
“900-High” (920-928 MHz); b) Teams would not use fre-
quency bandwidths greater than 22 MHz in case of 2.4 GHz
frequency band and were allowed to use spread spectrum or
narrow band (fixed channel allocation) within the sub-band
limits as they fit.

3) POWER MODULE

Rovers can utilize power and propulsion systems that are
applicable to operate on Mars. Air-breathing systems are not
permitted. A “’kill switch” is compulsory to be readily visible
and accessible on the exterior of the rover as a safety protocol
and should be capable of immediately ceasing all power draw
from batteries in the event of an emergency (e.g. battery
fire). Battery back-up is expected for a minimum period of
30 minutes to a maximum period of 60 minutes.

4) SCIENTIFIC EXPLORATION SUBSYSTEM

The rover is expected to determine the absence or presence of
life (either extinct or extant) for designated samples on-site,
using only the on-board science exploration subsystem. The
rover is allowed to collect soil samples for on-board analysis
but no rock samples are allowed to be removed or altered.
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On-board chemicals are expected to follow a no-spill policy
that keeps them contained on the rover. Each team is assigned
a 30-45 minute time limit to complete the data collection
needed in this mission.

5) PRIMARY MANIPULATOR SUBSYSTEM

The primary manipulator is not being restricted by any mea-
surements; rather, the given missions are the main factors to
consider when designing it. Objects to be retrieved in the field
consisted of small lightweight hand tools (e.g. screwdriver,
hammer, wrench), supply containers (e.g. toolbox, gasoline
can), or rocks up to 5 kg in mass. All items except the rocks
had graspable features (such as a handle) no greater than
5 cm in diameter, while the maximum dimensions are no
larger than 40 cm x 40 cm x 40 cm. The rover is required
to pull one object, weighing less than Skg, by a rope over
the relatively flat ground towards itself and then pick it up.
The rope’s dimensions are 15mm in diameter and 3 meters
in length. A panel of an imitation lander rocket is provided
for the equipment servicing mission. The lander had drawers
and equipment panels fitted onto it. The rover is required to
pick up a cache weighing less than 3 kg, open the drawer on
the lander and put the cache in it. The rover must be capable
of tightening a 5/16 Allen (hex) head screw. Additionally
inserting a USB memory stick into a USB (type A) slot, writ-
ing a specific word using a mechanical keyboard, operating
flip switches and operating a joystick to direct an antenna
should be handled by the primary manipulator of the rover
to demonstrate equipment servicing capability.

6) AUTONOMOUS NAVIGATION SUBSYSTEM

In this staged mission across easy to moderately difficult
terrain, the rover is expected to autonomously traverse to
posts or between gates based on specified GPS coordi-
nates. Each post would have a large (20cm x 20cm) marker
30-100 cm off the ground. Each gate would consist of a
pair of posts 2-3 m apart. Each marker would display a
black and white AR tag, which is needed to be identified by
the rover upon arrival near the posts. Obstacles in the route
would be sparsely distributed in phase 2 of the two-phased
expedition. The rover is needed to identify the obstacles and
traverse around them to reach the posts autonomously. There
must be an LED indicator on the back of the rover, visible
in bright daylight that would signal three different colours
a) Red (Autonomous); b) Blue (Manually driving); c) Flash-
ing Green (Successful completion of the manoeuvre). The
rover’s processing unit is required to decide when it had
reached a post or passed through a gate. The rover must then
stop and signal the completion of a leg using the LED indica-
tor (flashing Green light). It must also display a message or
signal on the operator’s display for the control station to be
observed by the judges.

B. PRIOR WORKS
Since the start of 2006, URC featured a good number
of well-constructed rovers in each year and several works
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were documented as a research publication. J. Rozsa et al.
developed a six-wheel BYU Mars Rover [22]. The rover
used a directional antenna housed on a custom rotating
antenna mount which enabled it to handle line-of-sight
communications. Additionally, theora compression and res-
olution limiting was used for managing video latency.
Though the rover was effective in radio-telemetry opera-
tions, no specific subsystem related to autonomous navi-
gation, primary manipulator operation and science mission
operations were mentioned in the research. Similarly,
T. Bernard et al. [23] developed a six-wheel rover consisting
of three main subsystems: the rocker-bogie suspension, the
counter-rotating differential and a base plate that houses both
the electronic equipment and the custom-designed robotic
arm of the rover. Bearing a truss structure, the robotic arm
had three linkages: a shoulder, an elbow and a wrist link
with a custom-built end-effector at the extremity of the wrist
link with six operational degrees of freedom (DOF). For
the autonomous traversing, the rover used an auxiliary UAV
(Unmanned Aerial Vehicle) attached to the body, which pro-
vided regional information of the surrounding terrain of the
rover during traversal. Moreover, the UAV was designed
primarily to work alongside the rover in the astronaut assis-
tance and delivery mission. During the mission, the rover
would pick up a tool and the UAV would then deliver that
tool to the designated delivery point. This mixed usage of
UAV and rover greatly increased the teams’ mission time
efficiency. The UAV would also be used for surveillance to
locate objects or soil samples for the science mission and
identify optimal travel paths. However, no specific subsys-
tems for autonomous navigation and scientific sample or
habitability analysis were developed. Uday et. al developed
UIU Mars Rover [24], a six-wheel, modified rocker-bogie,
autonomous robotic system. Criss-cross bars were used on the
rover chassis for absorbing unbalanced pressure and differ-
ential drives system for both reducing the turning radius and
increasing the speed of the rover. The rover arm consisted of
two links, three joints and one actuator stroke of 100 mm with
five operational degrees of freedom and two end-effectors.
The rovers’ network stack design provided reliable speed
and bandwidth using an 8 dBi antenna on the rover and a
24 dB grid parabolic antenna at the ground station. Though
the rover was capable of in-situ soil habitability analysis
by analyzing on-board sensor data such as soil moisture,
UV exposure, ambient temperature, humidity and presence
of toxic gases, in-situ life detection from soil or rock anal-
ysis was not developed. M. Gajewski et. al. [25] developed
Sirius, a four-wheeled autonomous rover. The rovers’ manip-
ulator consists of a rotating base, 3 staged arms and an
end effector. The rotation and movement of the manipulator
were done using two motors with gearing and two linear
actuators. Two different end effectors were designed, one
with parallel moving fingers and one with fingers closing
on an arch path. For the autonomous traversal, on board
ultrasonic sensors, IMU sensors, and RGB cameras were
used.
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FIGURE 2. Conceptual Framework (Subsystem-level) of the System.

C. EXTRACTION OF BROAD LEVEL DESIGN OF THE
SUBSYSTEMS

From the extracted requirements and findings of prior
works, a subsystem-level conceptual framework of the rover
(see Figure 2) is developed. The framework consists
of five basic subsystems (power, processing, primary
manipulator, chassis and drive, communication) and two
mission-specific subsystems (scientific exploration and
autonomous navigation).

The communication subsystem establishes a stable con-
nection between the base station and the rover. We worked
on the assumption that a long range communication module
based on a lower frequency would be a decent solution. For
inter subsystem communication inside the rover, a packet
switching device was assumed to be a viable approach. Addi-
tionally, it would be necessary to formulate an algorithm
(see Algorithm 1) for communication among the subsystems
within the rover, as well as the transmission of data from the
rover to the base station and vice versa.

The processing subsystem would be regarded as the central
core of the rover, since the information from all the subsys-
tems are processed here for general rover operations, mission-
specific operations and primary manipulator operations. The
processing subsystem is directly connected with four sub-
systems: primary manipulator, chassis & drive, autonomous
navigation, and scientific exploration subsystems. This sub-
system is required to be capable of handling and assessing
a sufficient amount of outgoing & incoming data to provide
different computational decisions. Thus, the NVIDIA Jetson
platform was chosen as a viable candidate for the processing
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needs due to it’s decent computational capabilities and mini-
mal form factor.

On the other hand, the chassis and drive subsystem is
designed with the objective of enabling the rover to oper-
ate on rough terrain and carrying other subsystems with
it while doing so. The system is necessary to be mod-
ular so that mission-specific subsystems can be quickly
attached or detached to the chassis and drive subsystem
of the rover. Initially, we assumed that a six-wheel rocker-
bogie suspension mechanism with differential bar would
satisfy the requirement of traversing a challenging terrain.
To conform with this assumption, we decided to develop
a five DOF primary manipulator system to perform pick-
and-place operations in equipment servicing and extreme
retrieval-delivery missions. Alongside pick-and-place opera-
tions, several sophisticated features like tightening a screw,
inserting a USB drive in the slot, etc. were kept into con-
sideration while designing the manipulator. Keeping these
requirements in consideration, a three bevel gear-meshed
semi differential wrist mechanism, as well as a parallax grip-
per was designed, in order to ensure the required flexibility
and precision while performing the mentioned sophisticated
tasks.

The autonomous navigation subsystem enables the rover
to traverse the terrain without any radio-telemetry commands
given from the base station. The subsystem also needs to
detect obstructions in the field and change its course of
navigation in accordance. For strategic path planning and
obstacle detection, we decided to use a depth-sensing camera,
along with a 2D laser scanner. Incorporating GPS data with

VOLUME 10, 2022



A. Zaman et al.: Phoenix: Towards Designing and Developing Human Assistant Rover

IEEE Access

Algorithm 1 Algorithm of Rover Control System of PHOENIX

1 Start the Rover;
2 Connect with the Base Station;
3 while Receives the signal from Base Station do

4 if Rover movement command then
5 ‘ Drive the Rover ; /+ Drive Subsystem =/
6 else if Manipulator movement command then
7 ‘ Move the manipulator ; /* Primary Manipulator Subsystem =/
8 else if Autonomous command then
9 Waits for the goal information ; /* Autonomous Subsystem =/
10 Drive to the goal autonomously and send back telemetry data ;
11 if Reach to the goal successfully then
12 ‘ Send a success status back to the base station;
13 else if Error occurred then
14 ‘ Send the error info back to the base station;
15 else if Science command then
16 Waits for receiving the task sequence ; /* Science Subsystem =*/
17 Execute the task ;
18 Sends rover sensor data back to the base station;

the data obtained from these sensors, allowed us to design
the autonomous navigation framework. To filter and process
the data, we customized various existing packages of Robotic
Operating System (ROS). NVIDIA Jetson platform provided
a decent platform for running ROS and conducting the nec-
essary resource-heavy computations.

The power subsystem provides the necessary power to
all the other subsystems. The input of the power sub-
system is required to be passed through a safety pro-
tocol providing a layer of security from voltage surges,
short circuits, etc. A Commercial Off-The-Shelf (COTS)
industrial-grade switch was selected as the emergency
stop button to provide safety from accidental uncontrolled
movement.

Finally, the scientific exploration subsystem is a
mission-specific modular subsystem with the primary goal of
determining traces of biological life signatures from soil and
rock samples. While adhering to a no-spill policy, the sub-
system should be capable of carrying different biochemical
reagents on-demand, as well as conducting the biochemical
soil tests on board. We considered a secondary manipu-
lator with a drill bit like an end effector to be integrated
with this subsystem to collect soil samples. For the rock
samples, as the rover is prohibited from altering the rock
specimens, the subsystem should have sufficient onboard
microscopic examination and computer vision capabilities
for analyzing outer rock surfaces. Furthermore, the rover
should be able to detect various algae, bacterial, and fun-
gal specimens that may be present on rock surfaces using
various micro-Volatile Organic Compound (mVOC) detect-
ing sensors. The capabilities indicated above for the sci-
entific exploration subsystem are expected to be sufficient
for detecting extinct, extant, and NPL from soil and rock
samples.
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Ill. ROVER MECHANICS

PHOENIX is constructed in two different configurations: a)
Chassis with primary manipulator subsystem and b) Chassis
with scientific exploration subsystem.

A. CHASSIS AND DRIVE SUBSYSTEM

At first, a six-wheel locomotion system (see Figure 3(a)) was
designed to utilize the rocker-bogie suspension mechanism
of the rover to its full extent. The rocker-bogie mechanism
allows all the wheels to contact the ground during move-
ment over any rough terrains. This enables the total body
weight to be distributed across all wheels, ensuring stability
and improving the overall performance of the system. The
six-wheel design featured a U-shaped joint that attached the
motor to the rocker-bogie mechanism. The objective was
to mount the motors inside the wheel frame to distribute
the reaction force to a suitable position. However, it was
observed from the static structural analysis (see Figure 4)
that, the U-shaped joint absorbs a large portion of the turn-
ing torque by deforming and hindering the turning motion.
Also, excess traction was required to rotate a six-wheel
rover which requires high torque and thereby consumes a
higher amount of power. Moreover, the rotation was jerky and
uncontrolled.

To address these limitations, a new design with four wheel
architecture is proposed. We conduct a deformation and strain
analysis on the bogie of the first version and on the wheel
frame of the second version of the rover keeping the pivot
bar as a fixed support. The simulation was done based on the
equation 1 where E denotes elasticity, o denotes stress and €
denotes strain.

E = ey

o
€
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(a) Six Wheel

FIGURE 3. CAD of Chassis and Drive Subsystem with Primary Manipulator.

FIGURE 4. Equivalent stress analysis of U-shaped joint of the six-wheel
design.

It is observed from the deformation analysis (see Figure 5)
that the maximum deformation under the critical load with a
safety factor of 4 is 0.17 mm and 0.16 mm respectively. But
significant change is found in strain analysis (see Figure 6)
that maximum strain in the first version is found in the
bent portion of the bogie, which leads to buckling. In the
second version however, the maximum strain is observed at
the bottom of the wheel frame, which is certainly not a critical
position. This frame can tolerate the reaction force without
developing any buckling and the rover can withstand impact
using a four-wheel mechanism. Thus, a four-wheel chassis
and drive subsystem was designed (see Figure 3(b)) with
a semi-differential mechanism on the body which ensures
maximum ground contact, preventing the rover from tipping
at the pivot during extreme traversal.

The differential bar is mounted on the chassis using a roller
bearing, allowing itself to rotate along the vertical axis. The
bar is connected to each wheel frame via two ball joints.
To ensure strength and stiffness, the wheel frame is strad-
dle mounted on the hardpoints of the chassis, which would
be critically evaluated using structural analysis. Removing
the U-shaped joints resulted in the reduction of the overall
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(b) Four Wheel (selected)

weight of the rover. Additionally, a simple plate bolted to the
wheel frame is used on which the motor is mounted. For the
rover to endure the bending motion, the central bearings are
straddle-mounted and braced.

The dimension of the chassis and drive subsystem is
1050mm (Iength)x 1050mm(width) x 750mm (height). The
chassis is built using the combination of AISI 304 Stainless
Steel (SS) and Aluminum by considering the lightweight and
rigidity of the materials. Custom 3D printed antenna mount,
circuit box and casing are modelled using Polylactic Acid
(PLA). The weight of the entire body is distributed to four
supports and static structural analysis is conducted to deter-
mine proper weight distribution. Wheels (see Figure 7) are
attached to the other end of each mobility support to ensure
robust mobility. Four custom-built SS rims with styrene-
butadiene polymer tires are developed to design the wheels.
The diameter of each wheel is 260mm. SS rims are capable
of carrying heavy loads and asymmetric tires with a com-
bination of different tread patterns helped in better traction
control and stability while moving on uneven surfaces. Part
of the chassis was designed so that modular attachments, such
as primary manipulator or scientific exploration subsystems
could be easily integrated with the chassis according to mis-
sion specified requirements.

B. PRIMARY MANIPULATOR SUBSYSTEM

We have developed two different versions (see Figure 8)
of the primary manipulator with five Degrees Of Freedom
(DOF). Afterwards, we analyzed the performance and sta-
bility of each manipulator in scenario-based tasks involving
fine-tuned control and retrieval, before selecting the optimal
option. As these variants were implemented in sequence, the
versions have been marked as version 1.0 (see Figure 8(a))
and version 2.0 (see Figure 8(b)) (The subsystem consisted
of five major modules: a) Shoulder, b) Biceps, c) Forearms,
d) Wrist and e) End-effector. The shoulder, biceps and
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(a) Bogie of the first version

FIGURE 5. Deformation Analysis.

(b) Wheel frame of the second version

(a) Bogie of the first version

FIGURE 6. Strain Analysis.

forearm are similarly structured in both versions. The limi-
tations in the wrist and end-effector modules of version 1.0 is
addressed in version 2.0 and finally version 2.0 is manufac-
tured for the rover.

1) SHOULDER

The shoulder, being the first major piece of the manipula-
tor, anchors the entire arm to a robust foundation below it.
The structural bracket consists of four CNC cut Stainless
Steel (SS) metal plates welded together. The bracket, con-
sisting of two revolute joints, is attached with a bicep and
a bicep actuator. A shaft is welded with the bottom plate of
the bracket, which is driven by a stepper motor. A 1:9 pulley
system was also installed in order to reduce the speed and
increase the torque. As the shoulder experiences some of the
largest forces and moments, 3 mm SS was used, as it ensures
that the shoulder would be robust and capable of handling
these forces. The red-highlighted part of Figure 8(b) exhibits
the shoulder.

2) BICEP
The lower region of the bicep is latched with the shoulder by
a pillow block bearing of 10 mm bore diameter. The housing
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(b) Wheel frame of the second version
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FIGURE 7. Wheel.

is 3D printed to fit the SS built CNC-cut plates of 2 mm
thickness. The housing is fastened into the shoulder with
six Allen head screws of 5 mm diameter. The bicep plates
are attached to the shafts which fitted into the bearing bore.
A 3 piece welded joint of stainless steel is also fastened by
two nuts over the bicep to hold the shaft upon which the
forearm revolves. The yellow-highlighted part of Figure 8(b)
showcases the bicep.

3) FOREARM
The forearm is allowed to maintain a revolute joint with
the bicep. CNC cut Aluminium sheet of 4 mm thickness
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(a) Version 1.0

FIGURE 8. CAD of 5-DOF primary manipulator.

is used here. Its straddle is mounted via two bearings of
10 mm bore diameter. The bearing housings are 3D printed
and mounted on the plate with 6 Allen head screws of 5 mm.
The blue-highlighted part of Figure 8(b) exhibits the forearm.
After Finite Element Analysis (FEA), von Mises Stress on
forearm is located. From this simulation, the effect of various
cutout patterns on the structural elements are ascertained and
the most optimum pattern was chosen. This pattern is capable
of overcoming loads greater than what the design requires.

4) WRIST

The wrist is the most vital piece of the manipulator, as it
possesses two major DOF (pitch and yaw). The main purpose
of the wrist, in our task, is to move an object to a specified
orientation. Our rover was required to do some servicing
tasks like tightening screws, driving a joystick, typing on
a keyboard, etc. The wrist is essential for the fine-tuned
control required for these tasks. The structural bracket of the
wrist consists of three CNC cut metal plates welded together.
The actuation system of the wrist was initially different. In the
initial actuation system, a stepper motor was mounted at the
outer portion of the bracket, which would drive the pulley at
the center of the bracket. That, in turn, provided the 360° yaw
movement to the end effector. Additionally, a high torque DC
motor was mounted at the upper portion of the forearm, which
provided the pitching movement. A 1:4 chain system was also
installed, in order to reduce the speed and increase the torque.
Figure 9(a) exhibits the first version of the wrist.

The first version of the wrist had several limitations. The
movement of the revolute joint before the wrist was provided
using a DC motor. This motor weighed around 330 grams and
was mounted to one side of the forearm via a chain-sprocket
mechanism (speed was also needed to be reduced). As there
was no scope for attaching a tensioner, the chain was required
to be kept on high tension within the sprockets. This tension
caused an overall buckling on the forearm as well as the bicep.
The bearing in between faced considerable shear and had
misalignment possibilities with this one-sided actuation. The
frame of the wrist was manufactured with mild steel for the
ease of welding. Mild steel was too heavy for this part of the
arm and it generated buckling, as usual.
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(b) Version 2.0

To address the limitations of the first version, a second
version of the wrist (see Figure 9(b)) was developed. Initially,
individual stepper motors were used for dedicated control
each motion of the arm mechanism. However, incorporating
stepper motors introduced excess weight and complexity to
the system. A semi-differential mechanism was later intro-
duced, using bevel-gears at the tip. This was done to make
the system more compact. The translation and rotational
motion of the arm is achieved by only rotating the bevel-gear
using a single motor. Aluminum plates were used to reduce
the weight of the wrist. A semi-differential mechanism with
three bevel-gears meshed with each other was installed for
providing changes to the pitch and yaw (see Figure 9(b)). A
3D-printed gearbox was used to house the gears. Two sister
gears of this gear-set are connected with pulleys via shafts
of non-uniform diameter. The shafts are straddle-mounted
by roller bearings attached with gearbox and a 3D printed
housing which resolved the problems that stem from shear
stress and misalignment roller bearing in the previous version.
Two stepper motors were installed in a suitable position to
drive the pulleys attached with the sister gears. Here, rotating
the sister gears in a similar direction provides us with the pitch
movement, and rotating the gears in the opposite direction
provided the yaw movement. This yaw movement turns the
end effector by 360°. The middle bevel gear of the gearbox
is connected with the end effector by a hollow shaft, which is
kept hollow to make a path for another shaft. The latter shaft
actuates the grasping mechanism of the end effector. Figure 9
exhibits the whole wrist and the green-highlighted portion of
Figure 8(b) shows its position.

5) END EFFECTOR

The end-effector is a parallax gripper with tips specifically
optimized for the tasks required. All of the links are 3D
printed with PLA material enclosed by CNC-cut aluminium
plates and the links are kinematic bounded so that the flat
surface of the two tips always remain parallel to each other.
In order to meet the requirement of high torque at the tip,
a worm gear mechanism was installed. A stepper motor is
mounted at one side of the end-effector to drive the pulley
which is connected with the worm gear. A 3D printed block
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(a) Version 1.0

FIGURE 9. Wrist of the Primary Manipulator.

meshed with the worm gear is actuating the links by moving
itself linearly up or downwards. Figure 10(a) illustrates the
first version of the end-effector.

The first version of the end-effector showed several limita-
tions. The gripping motion of the end effector was provided
with a stepper motor positioned at one side. The addition
of this stepper motor shifted the mass-centre. Moreover, the
rotational speed provided by the motor was not uniform as
no counter-weight at the opposite side was added to balance
the motion. Additionally, the wire of the stepper motor at the
end effector got tangled after only 4 to 5 rotations. Again,
a longer wire could not be deployed as it would have lessen
the range of motion by getting into the traversing region of the
arm. Additionally, 3D printed spacers enclosed in between
aluminum plates were bolted in place, which increased the
weight of the end-effector. Again, due to the use of different
types of materials, there was no alternative way to settle the
gap except bolting it down.

To address the limitations of the first version, a second
version of the end effector is developed. The majority portion
of the gripper is 3D printed to allow for a more simple
build consisting of only ten major parts. Bearings are used
at the bottom parallel links with Smm screws used as shafts
as well as structural elements simultaneously. The gripper
is designed to lift a 5 kg load against gravity and as such
needs to produce large torque at the gripper tips. Hence,
a worm gear-wheel mechanism is employed to acquire high
torque (see Figure 10(b)). The worm gear is made of SS since
3D printed worm gears show wear after a few cycles. The
worm wheel is incorporated in the upper parallel link itself
and can be 3d printed as they are less prone to wear. The
mechanism is actuated by a stepper motor placed below the
differential housing of the wrist. This helped to overcome
the above stated problems of first version, creating better
wire management and proper weight distribution of the end
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effector. Finally, the tip is fitted with a compliant mate-
rial to prevent damaging the object when held. Figure 10
exhibits the whole end-effector of both the versions and the
orange-highlighted portion of Figure 8(b) shows its location.

C. SCIENTIFIC SUBSYSTEM

Scientific Subsystem is developed with a 4-DOF mecha-
nism. The subsystem is divided into two primary modules:
a) Secondary Manipulator, b) On-board Soil Sample Analysis
Mechanism. The subsystem is designed (see Figure 11(a))
with the consideration of the requirements of the science mis-
sion and flexible integration with the chassis subsystem. The
subsystem is capable of collecting 4 soil samples at a time,
conducting on-board tests for the detection of multiple bio-
molecules (protein, carbohydrate and ammonium ion) from
soil samples, capturing high-quality images of rock samples
to classify them and analyse the habitability of a sample area.

1) SECONDARY MANIPULATOR

Secondary manipulator has three DOF (see Figure 11(a))
with a multi-functional end effector. The drill bit at the end
effector is made of mild steel with approximately 100 mm in
length and the outer diameter is 35 mm. Linear bearings with
3D printed housing are used to ensure smooth motion and
linear rods of 8 mm diameter are used to support the stainless-
steel plates. To drive the manipulator, two square threaded
lead screws of 8 mm diameter are used to collect soil samples
from the ground and to place it in the beaker for further
operation. Two separate stepper motors (NEMA 17) drive the
lead screws. A 5 x 8 coupler connects lead screws and the
stepper motors. Using a lead screw mechanism, the manip-
ulator can move along the X and Z-axes and the end effec-
tor rotates along the Z-axis to collect the soil samples. For
preventing cross-contamination, a liquid sanitization mech-
anism is added with the end effector releasing a flow of
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FIGURE 10. End Effector of the Primary Manipulator.

hydrogen peroxide after each sample collection. On top of
the end effector, a 3D printed panel is constructed for holding
the main camera, the USB microscope and multiple sensors
(TCS3200 RGB Color sensor, MQ137 Ammonia Detection
Sensor, MQ135 Air Quality Sensor Module for CO2 detec-
tion, MQ3 alcohol sensor and MQ138 Formaldehyde Detec-
tion Sensor) as shown in Figure 11(d). The mentioned sensors
are installed for the detection of life in the rock samples and
analysing the habitability of a sample area.

2) ON-BOARD SOIL SAMPLE ANALYSIS

The on-board soil sample analysis module is capable of
storing the soil sample and conducting chemical tests to
detect the presence of life from the soil samples. The sam-
ple collection chamber consists of 12 (borosilicate glass)
beakers, a 2.5 mm thick aluminium-holding frame, and a
heat source. The frame alongside the beakers can move back
and forth along the Y-axis to collect samples. Samples are
arranged along the Y-axis and the concurrent biomolecules
tests are planned along the X-axis as shown in Figure 11(b).
A customized heat-pad is used as a heat source capable
of generating 3600 Watt/hr energy for providing necessary
heat for the tests. The reagent flow mechanism consists
of three containers containing the reagents of the selected
tests, a litmus mechanism for ammonium test, and 1 DOF
tube framework. As per the selected tests, the containers
are filled with Benedict’s reagent (carbohydrate test), Nin-
hydrin reagent (protein test), Sodium Hydroxide solution
(ammonium ion test), and strips of litmus paper (ammonium
ion test). Three-12V DC Diaphragm Metering Miniature
Short Motor Water Pumps deliver the reagents.The imple-
mented subsystem attached with the chassis is shown in
the Figure 11(c).

50738

Screw Driver

Claw

Worm Gear

Allen Hex

Worm Wheel

(b) Version 2.0

IV. ROVER ELECTRONICS

The system architecture of the robot is illustrated in Figure 12.
Enhanced modularity in the processing subsystem is one
of the advantages of the developed rover. The processing
subsystem can be broadly divided into four modules; a) Drive,
b) Primary Manipulator, ¢c) Autonomous Navigation and
d) Scientific Exploration. These modules maintain internal
communication with each other through a 8-port switch or
with the base station via the communication subsystem elab-
orated in the later section.

An Arduino Uno is used as the main processing unit in
the drive module. Three Sabertooth motor drivers (Saber-
tooth dual 32A motor driver) are used to drive the four
DC Geared motors (250 Watt My1016Z2) attached with the
wheels. Additionally, for controlling the movement of the
rover, Blacksheep Rx is integrated with the processing unit.
A First Person View (FPV) body camera functions as the
main vision of the rover, and an IP camera is set up for
monitoring the wheels that are independently powered (12V)
by the developed power module. The temperature, current and
voltage sensors are integrated for collecting the internal status
of the rover.

In the case of the primary manipulator, an Arduino Mega
is used as the processing unit. 2 Motor drivers (BTS7960)
are used to control the movement of actuators. A NEMA
34 stepper motor driver is used to control the base of the
manipulator and two NEMA 17 motors to control the move-
ment of the wrist and end effector, using the bevel gear
mechanism. Additionally, two FPV cameras are used as the
wrist and end-effector cameras to capture the side view and
top view of an element respectively.

An NVIDIA Jetson Xavier NX is used as the master
processing unit of the autonomous navigation subsystem.
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FIGURE 11. Scientific Exploration Subsystem (a) CAD Design (b) Mechanism of the on-board analysis (c) Implemented subsystem attached with
the chassis (d) sensor setup in the end-effector of secondary manipulator to analyse rock sample.

A depth-sensing camera (ZED-2) and a LIDAR sensor
(RPLidar A2) are integrated with the master processing unit.
An Arduino Nano is used as a relay between the Jetson and
the GPS modules which acts as a buffer for the GPS data.
The scientific Exploration module consists of three pro-
cessing units. An Arduino Mega is used as the processing
unit for the maneuvering the secondary manipulator, as well
as move the soil collection chamber. Multi-functional motor
drivers are integrated with the processing unit for executing
various tasks such as movement of the reactant-flow mecha-
nism (one stepper motor driver), movement of the secondary
manipulator (two stepper motor drivers), movement of the
soil collection chamber (one stepper motor driver), movement
of the end effector to collect soil sample (one BTS motor
driver) and movement of litmus strip test bar (one servo
motor driver). For the rock sample test, 4 mVOC sensors
(MQ137 Ammonia detection sensor, MQ135 air quality sen-
sor module for CO2 detection, MQ3 alcohol sensor, MQ138
formaldehyde detection sensor) and a RGB colour sensor
(TCS3200) are integrated with another Arduino Uno. This
processing unit is directly connected with the switch for
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sending the sensor data to the base station via the communi-
cation subsystem. Similar to the Arduino-Uno, A Raspberry
Pi 3B+ is used as a vision system of this module, which
carries several video streams directly to the switch. Three
USB cameras are connected with the Pi for a) Capturing the
image data of rock sample, b) Monitoring the soil collection
and storing process and c¢) Observing the output colour of the
evaluation tests. The resolution of the cameras was selected
keeping the contrasting characteristics such as the quality of
the image and response time in consideration. For example,
an HD camera with 1980 x 1280 resolution is fitted on top of
the secondary manipulator to capture the image of the rock
sample. This image is fed into Jetson NX through the switch
by the Raspberry Pi, and is used as an input to the pre-trained
models running in the Jetson NX. However, the feedback of
the remaining two cameras were fixed at a lower resolution
for transmitting to the Base-station with a faster response
time.

Reliable power supply, minimization of power consump-
tion, and maximization of cost-efficiency was considered
during the design phase of the power subsystem. According
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to the measured power consumption rate of the components
used and the mission-specific requirement of a maximum of
60 minutes battery backup, 720 watts were required to be
supplied (see Appendix A). The subsystem is developed into
two modules; (a) 12v and (b) 24v. Lithium-polymer (Li-po)
batteries are used due to their fast charging and discharg-
ing characteristics. Six 12V Li-po batteries and two 24V
Li-po batteries are connected in parallel to create the 12V
and 24V power modules respectively. The developed power
subsystem is capable of generating 820 watts. After being
fully charged, the system can provide a minimum battery
backup of 70 minutes. Step down voltage regulators (XL4016
Step Down Buck) are used to supply the required amount
of voltage to the components. Moreover, voltage and current
indicators are used to measure their value in real-time.
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V. ROVER COMMUNICATION AND CONTROL

The communication architecture (see Figure 13) of the rover
is designed using a hybrid of 5 GHz, 900 MHz and 2.4 GHz
bandwidths for faster and reliable communication between
the rover and the base station. The higher bandwidth of 5 GHz
ensures the transfer of data with reduced latency [26]. Thus,
it is used for FPV cameras attached to the rover body to
obtain visual feedback and transmit it to the base station.
The receiving antenna at the base station receives the visual
feedback transmitted by the FPV cameras using 5 GHz band-
width. By contrast, The 900MHz band can transmit data
with lower latency over a longer distance and has less pos-
sibility of interference [26]. The commands for the manual
navigation of the rover, control of the primary manipulator
and control of the scientific exploration subsystem require
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FIGURE 13. Control and communication architecture of the rover.

real-time transmission. As shown in Figure 13, 900 MHz
Transmitter (TBS Crossfire Micro Tx) is connected with
the remote controller (Radiomaster TX16S) to transmit the
commands for the manual navigation from the base station.
Three separate receivers (TBS Crossfire Micro Rx) connected
with the processing unit of the drive, the primary manipula-
tor and the scientific exploration subsystem responds to the
transmitted commands from the base station. According to
the specific mission, the remote is programmed to multiplex
between the drive and primary manipulator subsystem or
drive and scientific exploration subsystem. Finally, 2.4 GHz
is used to transfer the sensor data from the rover to the Base
station and as an alternative to command and video transmis-
sion systems. A customized multiplexer ensures the transition
of commands between 2.4GHz and 900MHz bands. If any
error or delay occurs in the 900MHz band, the multiplexer
switches command transmission to the 2.4GHz channel. For
long-distance video transmission, the conversion of each
frame to grey-scale has been implemented to significantly
decrease bandwidth usage and video transmission latency.

During teleoperation of the rover, operator sends direction
and speed values to the rover as control signals to perform
various operations including terrain traversal, equipment ser-
vicing tasks using the primary manipulator, soil sample col-
lection using the secondary manipulator, reagent flow in the
beaker of the scientific exploration subsystem, etc. However,
during the autonomous navigation no control signals are sent
to the rover from the base station. The rover navigates itself
and the telemetry data during the navigation is recorded for
further analysis. An ACK signal (along with rover status) is
sent back to the Base Station as the signal feedback.
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A web-based dashboard as shown in Figure 14 is developed
for visualizing necessary visual feedback, sensor data, analyt-
ics from the derived data and system monitoring. A python-
based Flask server running in the Raspberry Pi on the rover
collects all the sensor data from the sensors of the rover.
Through a periodic API call, the dashboard server collects
data from the rover. Figure 14(c) highlights the visualisation
of the data collected from the mVOC sensors and the input
panel for the soil sample analysis. Visual feedbacks of the
various orientation of the rover such as the main camera for
observing the surroundings, wheel camera, primary manipu-
lator cameras in two different angles, etc (Figure 14(b)) are
live-streamed in the dashboard for situational awareness in
manual navigation and equipment servicing mission. More-
over, visual feedback during the science mission such as
USB microscope feedback for observing the rock sample
(Figure 14(a)), camera feedback to observe the colour change
in beakers during the soil sample analysis, etc. is extracted in
the dashboard. Additionally, Maintenance data (Figure 14(d))
such as: battery percentage, internal system temperature, sta-
tus of subsystems, etc. are also visualised in the dashboard

VI. ROVER AUTONOMOUS NAVIGATION

For navigating the rover autonomously, simultaneous local-
ization and mapping (SLAM) algorithm is used to esti-
mate the pose of the robot along with the development
of the environmental map. The rover uses a depth-sensing
camera (ZED 2) to obtain odometry and estimate its own
position. zed_ros_wrapper [27] is used to access cam-
era parameters through Robotic Operating System (ROS)
topics, parameters and services and an extended Kalman
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FIGURE 15. (a) Mapping of the test area. (b) Localisation and pose estimation of the rover using SLAM.

filter algorithm is implemented using the ekf localization
node from the robot_localization [28] package to filter the
obtained data. A two dimensional(2D) light detection and
ranging (LIDAR) sensor (RPLIDAR A2) is adopted for map-
ping using rplidar_ros [29] to provide basic device han-
dling between ROS and 2D-LIDAR; SLAM algorithm is
implemented by customizing the slam_gmapping node of
the gmapping [30] package which adopts Rao-Blackwellized
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Particle Filter (RBPF) to build a 2D grid map that includes
sensor data from LIDAR sensor and odometry from the
depth-sensing camera. After generating the 2D grid map, the
amcl [31] package is integrated as a probabilistic localization
system for a robot moving in 2D space with the implementa-
tion of a global and local path planner (See Figure 15). The
global path planner is developed using the A* algorithm and
the local path planner is developed using a Dynamic Window
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Approach (DWA) to plan the navigation route towards a
target. The global path planner plans the path towards the
target and the local path planner generates the situational
prompt path through detection and avoidance of obstacles in
the proposed path of the global planner. The move_base [32]
package is linked with the 2D grid map to navigate the rover
in the proposed path. GPS module (BN-880) is used to fetch
the global positional data. This module is connected to a
separate Arduino, which works as a pass-through. Data is
collected from the module using the nmea_navsat_driver [33]
package that provides a ROS interface for GPS devices
to generate compatible NMEA sentences. This positional
data is filtered by using the ekf localization node from
the robot_localization [28] package. After that, the filtered
data is distributed to a ROS-based visualization tool named
mapviz [34] for visualizing the area map. The GPS coor-
dinates, i.e. targets of the rover, are converted from GPS
coordinates into ROS frame coordinates using gps_goal [35]
ROS package and passed to the Navigation Stack to obtain as
a target.

However, GPS coordinates of a few targets were provided
5-10 meters apart from the actual point and the actual point
is being marked by an Augmented Reality (AR) tag. Addi-
tionally, the competition challenges the rovers with a task to
detect gates created by two AR Tags and traverse through the
gates. To accommodate this requirement, AR-tag detection
capability is developed using the depth-sensing camera with
the integration of ar_track_alvar [36] package as shown in
Figure 16. The depth data of the camera is utilized to identify
and track the pose of an individual AR-tag or “‘bundles”
consisting of multiple tags and their relative distances from
the rover. In the case of gates consisting of two AR-tags, the
mean point of the Euclidean distance between two nearby
AR tags was calculated, before being passed to the rover as a
target point.

Firstly, a customized python script loads the GPS infor-
mation of all the targets as an ArrayList to the system while
the rover is located at the start position on the ground and
continues to run until the list is empty. The two phases of
reaching from a target to another target are autonomously
controlled by the rover using a flag toggle mechanism as
shown in Figure 17. Initially at the start point, the flag is set
to a value of 0. After reaching the GPS coordinate given for a
target, the flag is switched to 1 and the navigation scheme to
reach the position indicated by the AR-tag or the mean point
of the distance between two tags (in the case of a gate) is being
initiated by the rover. The rover drives itself using a carrot
navigation technique by calculating the difference between
the matrix of pose estimation and target. After reaching the
target, the flag is reset to O and the ArrayList is updated to
point towards the GPS information of the next target. A green
Light Emitting Diode (LED) mounted on the rover body
blinks to indicate that the rover has successfully arrived at the
target and is switching to the next goal. Additionally, LEDs
are mounted on the rover body to indicate whether the rover
is in autonomous navigation mode (Red), or an operator has
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assumed manual control (Blue). In the event of manual con-
trol, the commands received from the operator receive prior-
ity over the autonomous navigation commands. To implement
this multiplexing of control commands, cmd_vel_mux [37]
package is customized to integrate with the rover’s existing
control systems.

VII. SCIENTIFIC EXPLORATION

Scientific exploration subsystem is developed to detect life
from soil and rock samples intending to label them into three
distinct categories as follws:

1) Extant: Life that is metabolizing or has so recently died
that the biomolecules are yet to be degraded

2) Extinct: Life that is fossilized and no longer
metabolizing

3) No Presence of Life (NPL):
objects [38].

inanimate/abiotic

A. SOIL SAMPLE

A novel architecture of rapid multiple biomolecules based
life detection protocol (MBLDP-R) from soil samples
is developed to detect the presence of life from the
soil samples. The sample collection mechanism is dis-
cussed in the Rover Mechanics section and highlighted in
Figure 11(a) and 11(b). After collecting the samples from any
location, the sample is deposited into three isolated beakers
for the detection of biomolecules for on-board analysis which
involves: a) Detection of Carbohydrate using Benedict’s
solution, b) Detection of Protein using Ninhydrin solution
and c) Detection of Ammonium ion using Litmus-strip test.
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FIGURE 18. Rapid multiple biomolecules based life detection protocol (MBLDP-R) for soil sample

analysis.

Figure 18 shows the architecture of the MBLDP-R for the
detection of life in soil samples. Extracted information of
the selected biomolecules is utilized to create the structure
of the proposed protocol. In the three-layered decision-tree
based architecture of the protocol, the presence of protein is
checked in the first layer followed by the carbohydrate and
lastly ammonium ion. There are eight possible outcomes of
the proposed protocol as shown in Figure 18. The presence
of all three types of biomolecules is classified as Extant and
the absence of all three types gives a result of NPL. Proteins
are found in all living organisms and are not found abioti-
cally. Moreover, protein is also a notable type of biomolecule
that can be found in fossils buried underground [39]. On a
similar note, carbohydrates can be found in the soil sam-
ples because of microorganisms, plant tissue or tree roots-
roots [40]. Carbohydrates can also be found on fossil samples
belonging to specimens of protozoa, mollusca, arthropoda
and plants [41]. Moreover, ancient sedimentary rocks are
also a source of carbohydrates [42]. Although both proteins
and carbohydrates can be found as fossil molecules, in terms
of decay resistance carbohydrate is ahead of protein which
indicates that the possibility of carbohydrate preservation in
fossil records or incorporation into fossil fuels is more than
protein [43]. For this reason, regardless of the other two types
of molecules, the presence of protein will always give us
a result of Extant. When protein is absent, the framework
will prioritize on the presence of carbohydrate. If carbohy-
drate is present despite the absence of protein, the frame-
work will always give a result of ‘Extinct’, regardless of the
presence of ammonium ion (NH4+). Although ammonium
ion (NH4+) can be present in living organisms, it can be
produced abiotically or biotically. For this reason, only the
presence of ammonium ion cannot specifically indicate any
of the three results (Extant, Extinct and NPL). To avoid com-
plications, this uncertain result is considered as NPL by the
framework.
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B. ROCK SAMPLE

Contamination of rock samples i.e. physical contact or defor-
mation is not allowed. Thus, a contamination-less mechanism
based on the infusion of information from the sensor data
and machine learning (ML) model-based prediction is taken
into consideration. Figure 20 shows the workflow of the
developed framework. The major steps of the workflow are
as follows:

1) PHASE O1: IDENTIFICATION OF LIVING ORGANISM ON
THE SURFACE OF ROCK SAMPLE

Firstly, A USB microscope with the addition of micro volatile
organic compounds (mVOC) sensors (C;Hs0H, CH;O,
CO,,NH j ), colour sensor and camera with 1980 x 1080 res-
olution is mounted on the end-effector of the secondary
manipulator as shown in Figure 11(d). To check whether or
not there are signs of the existence of living organisms on
a given rock specimen, the USB microscope is positioned on
the rock, and consequently, a visual is obtained by moving the
secondary manipulator horizontally and vertically. The image
thus obtained is then transferred to the dashboard, via a micro-
processor (Raspberry pi 3B+) for visualisation and analysis.
At the same time, mVOC sensors located around the USB
microscope detect the presence of mVOC and concentrations
of the compounds in the specimen. If the obtained specimen
contains both visuals of living organisms on the surface of
the rock and the presence of mVOC signatures the sample is
labelled as Extant.

2) PHASE 02: DEVELOPMENT OF ML MODELS

We use the transfer learning concept to address the limitations
of having a small dataset to train the CNN models. Addition-
ally, Multi-Class Classification is replaced with the pipeline
of binary classifiers to reduce the computational complexity
in the main processing unit (NVIDIA Jetson NX) of the rover
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FIGURE 19. Architecture of the model in rock detection.
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FIGURE 20. DNN based Life Detection protocol for detection of life in Rock sample.

body. The outcomes of the classifiers are used in different
stages of the detection of life from rock samples as shown
in Figure 20.

A convolutional neural network(CNN) model is developed
using the concept of transfer learning. VGG-16 is used which
is a 16 layer deep CNN model trained on over 14 mil-
lion high-resolution images of the ImageNet dataset and
is capable to classify 1000 different objects [44]. VGG-16
pre-trained model layers are used to extract aggregated infor-
mation from the input image sample of shape (224, 224, 3).
Three fully connected (FC) layers are then applied to make
use of the extracted information. The first two layers of
256 and 128 neurons respectively are followed by a Rec-
tified Linear Unit (ReLU) [45] activation function as it
aims to avoid exploding gradients which makes the com-
putations faster and easier to converge. Since FC layers are
likely to excessively co-adapting themselves causing overfit-
ting, dropout is applied after each of these layers to reduce
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overfitting. A flatten layer is then applied to convert the
multi-dimensional data into a one-dimensional array to chan-
nel it into the final FC layer. The final FC layer of 1 neuron
is followed by a smoothing sigmoid activation function [46]
and the prediction result is obtained from this layer.

A total of 486 image samples are collected comprised of
shale, limestone, conglomerate, sandstone, metamorphic and
igneous rocks. 178 samples out of 486 are rock samples with
fossil marks. Three separate binary classifiers are developed
using the architecture as shown in Figure 19 and trained
separately on the following dataset:

o Shale Classifier: We use 286 samples (132 Shale
and 154 Non-Shale) to construct the model and save the
model as shale.pkl.

o Igneous-Metamorphic Classifier: We use 386 sam-
ples (189 Igneous-Metamorphic and 197 Non-Igneous-
Metamorphic) to construct the model and save the model
as igneous_metamorphic.pkl.
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TABLE 1. Performance metrics of the developed classifier models on test
dataset.

Models ACC PR R F1

Shale Classifier 95.89 94.65 92.71 93.67

Igneous-Metamorphic Classifier 94.54 93.43 90.82 92.11

Fossil Classifier 98.07 97.29 95.78 96.53

o Fossil Classifier: We use 367 samples (178 Fossilized
and 189 Non-Fossilized) to construct the model and save
the model as fossil.pkl.

We choose Adam [47] as the optimizer due to its good
learning rate and parameter specific adaptive nature of the
learning rates. The initial learning rate is set as 0.003. Binary
Cross-entropy is used as the loss function to derive the
closeness between predicted and actual distributions. The
batch size is set to 16 and each of the models is trained for
20 epochs. For every model, a ten-fold cross validation is
conducted by dividing the samples into 10 groups. For each
round, we select one group of samples as testing data and the
remaining 9 groups as training data. Finally, we combine the
predicted class from all the 10 rounds to calculate the per-
formance metrics. We adopt four metrics: accuracy (ACC),
precision (PR), recall (R) and F1-score (F1) to evaluate the
performance of the models for classification. Table 1 high-
lights the performance metrics of the developed models on
the testing dataset. All three models show a F1-score of more
than 90% with Fossil classifier demonstrating the highest per-
formance with a score of 96.53% and Igneous-Metamorphic
classifier demonstrating the highest performance with a score
of 92.11%.

3) PHASE 03: DETECTION OF SHALE ROCK

Camera mounted on the secondary manipulator
(see Figure 11(d)) captures the image of the rock sample
which is fed into the Jetson NX processor for necessary
preprocessing. The preprocessed image is fed as an input
into the trained model ‘“‘shale.pkl” to predict the sample
into shale or not_shale class. In parallel, a reading is taken
from the colour sensor and a comparative analysis with the
Munsell rock colour chart is used to label the sample ranging
from NO to N9 [48]. The reading between NO to N5 in the
Munsell rock colour chart depicts the presence of high Total
Organic Carbon (TOC). If the rock is predicted as shale and
the reading from the colour sensor is between NO to N5
the sample is labelled as Extinct. If the rock is predicted as
not_shale or the reading from the colour sensor is not within
the desired range, phase 03 is being initiated.

4) PHASE 04: DETECTION OF FOSSIL MARK
The preprocessed image is used as an input to the pretrained
model “fossil.pkl” to classify the sample into either fossilized
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or not_fossilized. Being classified as fossilized the sample
is labelled as Extinct. Results on the contrary initiates the
Phase 04.

5) PHASE 05: DETECTION OF THE IGNEOUS OR
METAMORPHIC ROCK

Similar to Phase 2 and 3, the image is used as an input
to the pre-trained model ‘“igneous_metamorphic.pkl” to
classify the sample into either igneous_metamorphic or
not_igneous_metamorphic. Igneous and Metamorphic rocks
do not contain any presence of life and also the fossils are
being cluttered during the transformation process from sedi-
mentary rocks [49]. Thus, If the rock sample is classified as
igneous or metamorphic, it is labelled as NPL. If the rock
is not igneous or metamorphic the sample is classified as
Extinct.

VIIl. EVALUATION OF FEATURES

The rover is evaluated into two broad categories: a) General
capability evaluation and b) Mission oriented capability eval-
uation. The evaluation study is conducted in mock competi-
tion environments created in the authors’ institute. Most of
the capabilities are also demonstrated successfully during the
actual competition.

A. GENERAL CAPABILITY EVALUATION

Evaluation of the general capabilities of the rover is con-
ducted to find out the degree of precision of the basic move-
ments (straight traversal, rotation capability) and feedback
of the communication system. Various terrains (concrete,
sandy, grass) are used to conduct evaluation on (chassis +
primary manipulator) and (chassis + scientific exploration)
configuration. The rover successfully complete all of the tests
as highlighted in Table 2.

B. MISSION-ORIENTED TESTS

1) TERRAIN TRAVERSAL TEST

The rover is developed to traverse various types of Mars-like
terrains such as rock and boulder fields, soft sandy areas,
rough stony regions etc. In the Terrain Traversal test, the
capability of the rover to traverse these places are observed
and the result of the tests are documented in Table 3. The
rover could successfully climb a slope of a minimum of 15°
and a maximum of 30° in different types of terrain. Addi-
tionally, a vertical drop of 1 meter is tested to observe the
shock absorption capability of the rover and to achieve com-
petition readiness. However, the rover fails to perform the
task. To analyze the limitations, a Drop test simulation is
performed on the rover in SolidWorks. The material condition
is set to linear and the contact condition between the shaft
and rocker to non-penetrating condition. The maximum stress
obtained is 650Mpa, which is more than the elastic limit of
the material (stainless steel) used. The simulation is done
from progressively increasing height starting from 0.1m and
incremented by 0.1m each time. At 0.5m height, it is observed
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TABLE 2. Summary of the general capability evaluation study.

Test Type Configuration Terrain Status
Concrete Success
With Primary Manipulator Sandy Success
10-meter Straight traversal Grass Success
Concrete Success
Science Exploration Subsystem Sandy Success
Grass Success
Concrete Success
With Primary Manipulator Sandy Success
Rotation ( clockwise and anti-clockwise) Grass Success
Concrete Success
Science Exploration Subsystem Sandy Success
Grass Success
Concrete Success
With Primary Manipulator Sandy Success
A 50-meter route containing straight and rotation movement CGrass Success
oncrete Success
Science Exploration Subsystem. Sandy Success
Grass Success

from the simulation that the rover sustains a permanent wheel
joint deformation. This happens because the suspension of the
tire of the wheels is a rigid system which is installed with the
sole purpose of providing stability, not to absorb the sudden
shock and vibration. Thus, the rover is reevaluated with a
vertical drop of 0.5 meters. The test is successful in each of the
three attempts this time (see Table 3). The rover demonstrates
the 30° slope traversal in the competition day and bypassed
the 1-meter vertical drop challenge. '

2) SCIENTIFIC EXPLORATION

An evaluation study is conducted in the mock science mission
ground of the authors’ institute to evaluate the scientific
exploration capability i.e. detection of life from soil and
rock samples. A mock set-up of URC 2021 is prepared with
7 samples (4 soil and 3 rock) at a time. At first, the samples are
placed in their designated area and the tasks are assigned to
the controller to complete all of the tasks within 40 minutes.
The distance between each sample is set randomly around
the experiment field and The ground condition is sandy. This
test is repeated 10 times for evaluating the performance of
the rover. Thus, through the evaluation study, 40 soil samples
(18 Extant, 12 Extinct and 10 NPL) and 30 rock samples
(15 Extant, 14 Extinct and 11 NPL) are evaluated during the
10 mock cases.

The soil samples are collected from a local site. How-
ever, the necessary alteration is implemented to increase the
bioload or remove it. According to the guidelines of URC
2021, the samples are labelled as Extant, Extinct and No Pres-
ence of Life (NPL). The Extant samples are prepared by col-
lecting fertile soil and removing any unwanted rock particles.
A few of the samples are modified using extra bioloads (dex-
trose, albumin, etc.). The No Presence of Life (NPL) samples
are prepared by baking the soil for more than 24 hours at
500 degrees centigrade according to the exact guideline of
the URC organizing committee [SO]. The Extinct samples are

1 https://www.youtube.com/watch?v=dycsxAs_nGQ
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prepared in two phases. In phase one, the collected samples
are baked for more than 24 hours at 500 degrees centigrade
to degrade any type of presence of biosignatures. Then in
phase two, fossilized rocks collected from archaeologically
significant local sites are crushed and mixed with the samples
to create an Extinct status

The study reveals that the life detection protocol for the
soil samples, MBLDP-R is 90% (36 out of 40) accurate
in classifying the samples into desired labels. The exper-
imental data is available in Appendix A. In the case of
Extant samples, the protocol achieves an accuracy of 94.44%
(17 out of 18). For Extinct and NPL samples the protocol is
found to be 83.33% (10 out of 12) and 90% (9 out of 10)
accurate respectively. Among the three classes, Extant sam-
ples are better predicted by the protocol with an F-score of
97.14, followed by NPL class with a score of 85.71 and
lastly Extinct Class with a score of 83.33. In the proposed
protocol, the micro average for recall, precision and F-score
is 89.25, 88.38, and 88.72 respectively. This is a single
labelled multi-classification problem therefore in the case
of micro average, both the precision and recall are equal
to the accuracy of the protocol i.e., 90% which deduced
the harmonic mean i.e. micro F1 score as 90. Additionally,
area under the Receiver Operating curve (AUC-ROC) is 0.92
(See Figure 21) which depicts that 92% of the test cases are
correctly predicted. Moreover, the Extant class (0.97) is the
highest with NPL (0.92) and Extinct (0.88) follows with a
little margin among themselves. The average time required
for the completion of the tests is 17.6 minutes while the
minimum time is 15.20 minutes and the maximum time is
19.45 minutes. For Extant samples, the time is 17.3 minutes,
for Extinct it is 16.8 minutes and for NPL it is 18.2 minutes.
Moreover, negative tests take a little longer with an average
of 18.4 minutes. All three-Positive tests took the least time
for completion, with an average of 15.2 minutes.

The rock samples are prepared using various types of
rocks (limestone, conglomerate, sandstone, granite, basalt,
marble). Extant samples were prepared by placing algae
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TABLE 3. Terrain Traversal Test.

Test type Configuration Terrain Status
. With Primary Manipulator Rock, Sandy Success
o o

Slope traversal (min 15° to max 30%) Science Exploration Subsystem. Rock, Sandy Success

Vertical Drop of 1 meter With Primary Manipulator Sandy Failure

Vertical Drop of 0.5 meter With Primary Manipulator Sandy Success

TABLE 4. Autonomous Navigation Test.
Test type Objective Experiment Setup Status
Test 01: AR-tag detection Detect an AR-tag or Multiple AR-tags Open Field, Grass, Mock Set-Up similar to Success
successfully the competition

Test 02: GPS test Finding out the accuracy of the data of GPS Open Field, Grass, Mock Set-Up similar to Success; accurate with a
sensor the competition mean error of 1.53 +0.45

meters

Determine the capability of traversal to a
predefined target

Test 03: Navigation Test

Success; accurate with a
mean error of 0.673 +
0.42 meters

Open Field, Grass, Mock Set-Up similar to
the competition

Finding out the performance of the
developed navigation subsystem

Test 04: Overall
autonomous navigation
evaluation

Open Field, Grass, Mock Set-Up similar to Success

the competition
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FIGURE 21. AUC-ROC of MBLDP-R for soil sample analysis.

(Ascophyllum nodosum) strip on top of 12 of the 30 rock
samples. Additionally, 8 Fossiliferous Limestones are taken
as the Extinct samples and the rest of the rocks were
taken as No Presence of Life Samples. 28 out of 30 sam-
ples are correctly predicted by the developed protocol. The
experimental data is available in Appendix B. The protocol
shows an average accuracy of 93.33% with the successful
detection of 11 out of 12 (91.67%) Extant samples, 7 out
of 8 (87.5%) Extinct samples and 10 out of 10 (100%)
NPL samples. Additionally, the protocol achieve this success
without the addition of any element analysis tool (Raman
Spectrometer or X-ray fluorescence) which enables the proto-
col to be cost-effective yet functional with similar amount of
accuracy.
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3) HUMAN ASSISTANCE (DELIVERY AND RETRIEVAL)
Following three tasks are conducted several times during
the preparation phase and are also successfully demonstrated
on the competition.> Test 01: Lift 5.5 kg using the primary
manipulator and deliver it to a definite position for human
assistance. Status: Success Test 02: Grab a rope (minimum
6 mm diameter) that contains a maximum of 4 kg at the other
end and drag it up to 2.5 meters. Status: Success Test 03: Grab
a screwdriver (at least 15 cm) from the ground and precisely
deliver it in a 30 cmx30 cm marked area on the ground.
Status: Success

4) EQUIPMENT SERVICING TEST

Equipment Servicing tasks are evaluated using a mock space-
ship with 4-sided panels. For better preparation for the com-
petition, the following tests were conducted setting up an
actual competition environment several times before the com-
petition and are also demonstrated successfully on the final
day of the competition® by achieving a perfect 100 out of
100 in the Equipment Servicing Mission: Test 01: Open a
drawer, Insert a toolbox in the drawer and close it (Maximum
weight of the toolbox 3.5 kg.). Status: Success; Test 02: Type
a 3-letter code on the keyboard. Status: Success. Test 03: Pick
up a USB memory stick and insert it into a USB (Type A) slot.
Status: Success. Test 04: Flip three toggle switches to turn
on the power. Status: Success. Test 05: Tighten a head screw
(8 mm and 12 mm Allen Hex). Status: Success. Test 06: Use
a joystick to move a gauge for setting up a specific voltage in
the voltmeter. Status: Success.

2https J/Iwww.youtube.com/watch?v=dycsxAs_nGQ
3https://youtu.be/gQDG76S0j-E
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5) TELEOPERATION TEST

All of the tasks of delivery and equipment servicing mis-
sion are conducted using manual control or teleoperation.
To exclusively evaluate the teleoperation of the robot, several
sets of operations are accumulated to design a case study
where the operator controlled the robot using the remote
control or teleoperation. Following operations are completed
sequentially by the robot in this case study:

o Traverse to Start Point to Point-01 (800 m)

o Pick up a box of 5 kg at Point-01

o Traverse from Point-01 to Point-02 and deliver the
box. (300 m)

« Rotate the knob switch to switch on the main power of
a mock lander at Point-02

o Traverse from Point-02 to Point-03 (300 m)

o Pick up a Water Can and use it to water the plant at
Point-03

o Carry the Water Can to the End Point (100 m)

The responsiveness of the robot in case of command trans-
mission and follow-up action time is measured during several
iterations of this case study. The average response time to
transmit a command and the robot to respond is found to
be approximately 0.034 seconds where the robot is within
500 metres to the control station and 0.121 seconds where
the robot is more than 1000 metres away from the control
station. The operators are able to complete the case study
performing all the operations sequentially. The avearge time
of completion of the case study is 19 miuntes 25 seconds
(trialed 16 times by two operators of the team)

6) AUTONOMOUS NAVIGATION TEST

An autonomous navigation test is conducted with and without
the primary manipulator. In a similar type of mock set-up
of URC, an open grassy field is selected for the study. The
test is conducted in four phases (See Table 4): a) Detection of
AR-tag b) Accuracy of obtained GPS feedback and c) Path
planning capability and d) integration and regression test of
the full subsystem.

IX. DISCUSSION AND CONCLUSION

A. PRINCIPAL RESULTS

In this study, a modular human assistant rover with planetary
exploration capabilities is developed. Structural analysis is
conducted on the mechanical design of the rover to analyse
stress and deformation. To increase the performance of the
primary manipulator, a semi-differential mechanism through
three bevel gears with two DOF is introduced in its wrist.
A hybrid communication subsystem using 900 MHz, 2.4 GHz
and 5 GHz is used to ensure the required range of 2-3 km
uninterrupted non line of sight communication for command
transfer and video transmission from the rover. A detailed
evaluation of the developed robotic system demonstrates the
design validity of the rover. Along with the general capability
of the rover, the mission-oriented capabilities are also suc-
cessfully evaluated during the mock tests and the competition
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day. A successful result in the terrain traversal test in various
terrains shows the manoeuvring capability of the rover and
signifies the well-designed constructed chassis subsystem of
the body. It also indicates the successful integration of the
other subsystems (science exploration and primary manipu-
lator) in the rover system. The developed autonomous naviga-
tion subsystem is successful to drive the robot autonomously
from one point to another avoiding obstacles in the route
using the developed algorithm. Moreover, the novel scientific
exploration subsystem is successfully tested to detect the
presence of life from soil and rock samples by classifying the
samples into Extant, Extinct, and NPL. A high recall (89.25),
precision (88.38) and F1-Score (88.72) of the devel-
oped Multiple biomolecules based soil detection protocol
(MBLDP-R) along with an acceptable AUC value (0.92 Micro
and 0.97 Macro) from the evaluation study indicate the effec-
tiveness and reliability of this protocol to detect signatures
of life from soil samples. Moreover, an average time of
17.6 minutes for completing a full detection ensure that the
requirement of the protocol to be rapid is met. Additionally,
28 out of 30 rock samples during the mock test are accurately
detected with the developed protocol for life detection in rock
samples. The protocol show an average accuracy of 93.33%
with the successful detection of 11 out of 12 (91.67%) Extant
samples, 7 out of 8 (87.5%) Extinct samples and 10 out of 10
(100%) NPL samples. Additionally, the protocol achieves this
accuracy without the help of any costly element analysis tool
(Raman Spectrometer or X-ray fluorescence) thus proving
itself cost-effective with similar accuracy. The rover is also
capable of performing sophisticated tasks like typing in the
keyboard, inserting a USB memory stick into a slot, setting
up a reading using a joystick controller, grabbing a screw-
driver, opening an allen hex screw, etc. These capabilities are
expected to be useful for assisting an astronaut in planetary
exploration in risky environment.

B. COMPARISON WITH PRIOR WORKS

Unlike few of the prior works [22], [23], PHOENIX is
equipped with an autonomous navigation system which is
capable of path planning towards a set of GPS location
defined goals that are marked by AR-tag and can avoid the
obstacles en route. Most of the previous works [23], [24]
highlighted the collection of sample capability and developed
a soil habitability testing subsystem. PHOENIX has incor-
porated these works, and extended upon the functionalities
to develop a unique scientific exploration subsystem capable
of on-board life detection from both rock and soil samples.
In addition, the soil samples can be collected comprehen-
sively and measures are taken to avoid cross contamination
unlike the prior works [23], [24].

The findings of the evaluation study of the scientific explo-
ration subsystem shows that the developed life detection pro-
tocol MBLDP-R is effective in detecting the bio-signatures
in soil samples and classify them into three desired classes as
Extant, Extinct and No Presence of Life (NPL). In contrast
to prior works where a single biomolecule-based detection
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TABLE 5. Evaluation Data of Soil Samples using the developed MBLDP-R protocol.

Event No Sample No Protein Ammonium Carbohydrate Predicted Label Actual Label Time Elapsed
1 Yes No Yes Extant Extant 16.45 min
I 2 Yes Yes Yes Extant Extant 15.35 min
3 No No No NPL NPL 17 min
4 No No Yes Extinct Extinct 15.45 min
1 Yes No Yes Extant Extant 16.15 min
2 2 No No No NPL NPL 17.45 min
3 Yes Yes Yes Extant Extant 16 min
4 No Yes Yes Extinct Extinct 15.40 min
1 Yes No No Extant Extant 17.20 min
3 2 No No Yes Extinct Extinct 15.20 min
3 No Yes No NPL NPL* 19.45 min
4 Yes Yes Yes Extant Extant 16.10 min
1 No Yes No Extinct NPL* 16.10 min
4 2 Yes No Yes Extant Extant 16.55 min
3 No Yes Yes NPL Extinct 15.10 min
4 No No No NPL NPL 18.45 min
1 Yes No Yes Extant Extant 16.45 min
5 2 No No Yes Extinct Extinct 18.10 min
3 No No No NPL NPL 16.30 min
4 Yes No No Extinct Extant 18 min
1 No No No NPL NPL 19.04 min
6 2 Yes Yes Yes Extant Extant 16.05 min
3 No Yes No NPL NPL* 19 min
4 Yes Yes Yes Extant Extant 15.45 min
1 No Yes Yes Extinct Extinct 16.13 min
7 2 No No No NPL NPL 18.30 min
3 Yes Yes Yes Extant Extant 16.15 min
4 No No Yes Extinct Extinct 16.46 min
1 Yes No Yes Extant Extant 16.24 min
3 2 No Yes Yes Extinct Extinct 17.12 min
3 Yes Yes Yes Extant Extant 15.40 min
4 No No Yes NPL Extinct 19.04 min
1 Yes No Yes Extant Extant 15.25 min
9 2 No Yes Yes Extinct Extinct 16.30 min
3 Yes Yes Yes Extant Extant 16.50 min
4 No No Yes Extinct Extinct 16.44 min
1 Yes No Yes Extant Extant 15.45 min
10 2 No Yes Yes Extinct Extinct 16.52 min
3 No No No NPL NPL 18.36 min
4 Yes Yes Yes Extant Extant 15.59 min

system [51]-[54] and theoretical framework-based contribu-
tions [55]-[57] were established, the developed MBLDP-R
shows improvement in various aspects. Unlike the other pro-
tocols based on a single biomolecule, multiple integration of
biomolecules decrease the possibility of getting false neg-
atives. For example, in the case of the single biomolecule
based method of Mora et. al. [53], a sample would be termed
as No Presence of Life (NPL) if an amino acid is absent
in that sample. However, other biomolecules, which remain
unidentified due to the limitation of the structure of the
protocol, cannot contribute to classify the sample. However,
the developed MBLDP-R is capable of detecting life in the
absence of amino acids as it utilizes the presence of both
carbohydrates and ammonium ions or only carbohydrates to
classify the sample as Extant. A similar statement is also
true for the works [51], [52], [54] where only nucleic acid
was used to detect the signature of life. On contrary, the
developed MBLDP-R indicates better performance in classi-
fying samples by considering all possible conditions regard-
ing the presence of proteins, carbohydrates and ammonium
ions unlike the previously developed life detection protocols.
Additionally, the developed subsystem with the implemented
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protocol is also resource and time efficient unlike some of the
prior life detection protocols [51], [53], [54].

C. REUSABILITY OF ROVER FEATURES IN HUMAN
ASSISTANCE (EXCEPT PLANETARY EXPLORATION)

The developed rover is not limited to only planetary explo-
ration, but is rather intended to be of use in various situations
playing an assitive role to humans. The independent subsys-
tems, along with the system of PHOENIX as a whole, can be
used in real life scenarios with minimal modifications. More-
over, along with space exploration, the different features of
the rover can be useful in different humanitarian and research
aspects by dint of its multifarious capabilities as follows:

1) AGRICULTURE AND SOIL RESEARCH

The science exploration subsystem is not only capable of
detecting life, rather it is also capable of measuring the
habitability of a place using the mVOC sensor readings.
Additionally, various sensors, such as: pH, humidity, etc. can
be added with the secondary manipulator for effective use in
Agricultural and soil research. The readings of the sensors
can drive the improvement of productivity, quality of crops by
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TABLE 6. Evaluation Data of Rock Samples using the developed framework.

EventNo | Sample No Actual . USB mVOC Shz}le Munsell Fos.sil MI egtea r:sg:;ﬁic Predicted
Label Microscope | Sensor | Predictor | Module | Predictor Predi Label
redictor

1 Extinct N N Y N5 - - Extinct

1 2 Extant Y Y - - - - Extant
3 NPL N N N - N Y NPL

4 Extinct N N N - Y - Extinct

2 5 Extant Y Y - - - - Extant
6 NPL N N N - N Y NPL

7 Extinct N N N - Y - Extinct

3 8 Extinct N N Y N4 - - Extinct

9 Extant Y N - - - - Extant
10 NPL N N Y N9 N Y NPL

4 11 Extant Y N - - - - Extinct

12 Extant Y Y - - - - Extant

13 Extant N N - - - - Extant
5 14 NPL N N N - N Y NPL
15 NPL N N N - N Y NPL
16 Extinct N N N - N Y NPL

6 17 Extant Y Y - - - - Extant
18 NPL N N N - N Y NPL

19 Extinct N N Y N3 - - Extinct

7 20 Extant Y Y - - - - Extant
21 NPL N N N - N Y NPL

22 Extinct N N N - Y - Extinct

8 23 Extant Y Y - - - - Extant
24 NPL N N N - N Y NPL

25 Extant Y N - - - - Extant

9 26 Extant Y Y - - - - Extant
27 NPL N N N - N N NPL

28 Extinct N N Y N5 - - Extinct
10 29 NPL N N N - N N NPL

30 Extant Y Y - - - - Extant

their genetic improvement, better plant protection, irrigation,
storage methods and better management of resources.

2) MILITARY PURPOSE

The developed rover can also be used during terrorist attacks,
as an assistant to military personnel, to rescue targets and
handle explosives using teleoperation or autonomous mode
with minimum modification in the payload capability of the
primary manipulator. The rover is capable of multiple use in
case of handling explosives such as: collecting visual infor-
mation of an improvised explosive device (IED) for the explo-
sive disposal unit, removing a suspicious object to a favorable
location and even disposing the explosives (modification will
be required in manipulator), etc. Moreover, medical aids can
be also be sent using the rover in a military operation zones
that are risky for humans, as the rover is capable of travelling
and running on places that are inconvenient for humans and
standard-issue vehicles.

3) MEDICAL ROBOTICS

The developed five DOF primary manipulator shows promis-
ing use in medical robotics research, as it provides decent
precision. Modification of the end effector is required for
usage in medical robotics. Moreover, during this pandemic
situation the robot can also be used in delivering sensitive
products that require fragile manipulation to COVID-affected
wards in a hospital without human assistance (modification in
autonomous navigation required) or using manual control.
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D. LIMITATIONS AND FUTURE SCOPES

Though the rover is successful in achieving the capabilities
required to be a human-assistant rover in planetary explo-
ration, there are several scopes for improvement in the rover.
The primary manipulator is controlled using the forward
kinematics which can be improved with the implementation
of inverse kinematics which will useful for achieving higher
precision. Moreover, the wheel mechanism can be improved
with a self-rotating motion to increase mobility. Moreover,
the modularity of the rover and unit testing of the subsystem
shows a potential future scope of improving and utilising
the subsystems in different real-life use-cases including soil
research, military and medical robotics.

APPENDIX A

EVALUATION DATA OF LIFE DETECTION ON SOIL
SAMPLES USING MBLDP-R

See Table 5.

APPENDIX B

EVALUATION DATA OF LIFE DETECTION ON ROCK
SAMPLES USING DEVELOPED PROTOCOL

See Table 6.
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