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Executive 

SUMMARY  
Introduction 
This report details the design, development, and testing of a man-wearable operator control station for 

the use of a low-cost robotic system in Urban Search and Rescue (USAR). The complete system, 

dubbed the ñScarabò, is the 1
st
 generation developed and built in the Robotics and Agents Research 

Laboratory (RARL ) at the University of Cape Town (UCT), and was a joint effort between three MSc 

students. The complete system is illustrated below in Figure 0 -1: 

 

Figure 0 -1 ï Scarab Robotic System Developed at RARL, University of Cape Town 

Robots have found a place in USAR as replaceable units which can be deployed into dangerous and 

confined voids in the place of humans. As such, they have been utilized in a large variety of disaster 

environments including ground, aerial, and underwater scenarios, and have been gathering research 

momentum since their first documented deployment in the rescue operations surrounding the 9/11 

terrorist attacks. However one issue is their cost as they are not economical solutions, making them 

less viable for inclusion into a rescue mission as well as negatively affecting the operatorôs decisions 
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in order to prioritise the safety of the unit. Another concern is their difficulty of transport, which 

becomes dependent on the size and portability of the robot.  

As such, the Scarab system was conceived to provide a deployable robotic platform which was low-

cost, with a budget goal of US $ 500. To address the transportability concerns, it aimed to be portable 

and light-weight; being able to be thrown through a window by a single hand and withstanding a drop 

height of 3 m. It includes an internal sensor payload which incorporates an array of sensors and 

electronics, including temperature monitors and two cameras to provide both a normal and IR video 

feed. Two LED spotlights are used for navigation, and a microphone and buzzer is included for 

interaction with any discovered survivors. 

Operator Control Station 
The operator station acts as the user interface between the operator and the robotic platform. It aimed 

to be as intuitive as possible, providing quick deployment and minimalizing the training time required 

for its operation. To further enhance the Scarab systemôs portability, it was designed to be a man-

wearable system, allowing the operator to carry the robotic platform on their back. It also acts as a 

charging station, supplying power to the robotic platformôs on-board charging circuitry. 

The control stationôs mechanical chassis serves as the man-wearable component of the system, with 

the functionality being achieved by integration onto a tactical vest. This allows the operator to take the 

complete system on and off as a single unit without assistance, and uses two mounting brackets to 

dock the robotic platform. Key areas focussed upon during design were the weight and accessibility of 

the system, as well as providing a rugged housing for the internal electronics. All parts were 

manufactured in the UCT Mechanical Engineering workshop. 

 

Figure 0 -2 - On-Screen Display showing Operator Control Unit Video Feed 

The control station includes a complete electronics system for providing a user interface. This 

includes a primary controller board which was custom-designed and developed to manage the 

communications and data processing throughout the entire system. A complete video system 

receives the wireless video and audio transmitted from the robot, and an on-screen display (as shown 

above in Figure 0 -2) is used to show the sensor and system data on top of the video feed. For data 

communications, two 433 MHz wireless transceivers were used to provide robust transmission in the 

presence of rubble and fallen steel structures. The transceiver firmware was provided by G. Knox, 

who was part of the Scarab team, and was in charge of developing the Scarabôs sensor payload. Data 

logging was also implemented to allow archiving of mission data for later analysis. On-board sensors 

were included on the control station to provide further functionality, which includes a GPS sensor as 

well as temperature monitors. 

A custom-made hand-held controller, dubbed the Operator Control Unit, was designed and 

manufactured to provide an input device for the operator. This aimed to be an ergonomic one-handed 
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solution which could be operated whilst wearing safety gloves. A LCD screen is included for viewing 

the video display, as well as an on-board magnetometer to supply a compass heading. 

A lithium-ion polymer battery is used as the power supply. This provides power to the control station 

electronics, as well as a supply rail for the robotic platformôs on-board charging circuitry. Monitoring 

and protection boards were included into the system to ensure safety of the battery, as well as 

additional charging module to allow recharging of it while the system is off-field and in storage. 

Embedded C was used as the primary programming language used to write the firmware for the 

operator control station, and was also the choice for the robotic platformôs controlling circuitry. 

Additional LabVIEW software was written to create a development interface between the control 

station and a desktop or laptop computer. This is shown below in Figure 0 -3. 

 

Figure 0 -3 ï LabVIEW Operator Control Station Interface 

Concluding Remarks 
The system performed well, with a fully working user interface, and was received positively during 

user tests. The man-wearable chassis was also found to be a viable solution, able to supply quick 

deployment times without assistance and supplied an intuitive interface with the external controls. The 

vast majority of the systemôs primary specifications were met, with the exception of the feasible 

charge rate to the robotic platform being at 78.9 % of the specified value. 

Suggested improvements include further weight reduction of the system as well as minor changes to 

the system layout to improve the overall ergonomics. Further refinement to the user interface could 

also be made to improve the intuitiveness of the system when interacting with the control stationôs 

sensors. 
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Figure 1-1 - Northrop Grumman Wheelbarrow UGW [1] 

obots are a polarizing topic in the world of Urban Search and Rescue (USAR). On the one hand, 

they make for invaluable inspection units into dangerous voids in the place of other sentient life, 

such as dogs, and people [2]. They can also be used to handle hazardous IEDS from a safe distance, 

as shown above in Figure 1-1. On the other hand, reality has shown that robots still have a ways to 

go before they are robust enough to surmount the challenges presented by the outside world. The 

first documented use of rescue robots in a disaster zone was in the rescue operations surrounding the 

September 11 terrorist attacks on the World Trade Centre in New York [3]. The robots were unable to 

locate any survivors, as they arrived four and a half days after the actual event, where most trapped 

survivors die within the first two days [4]. Importantly, it was observed that the challenges did were 

necessarily associated with the robotsô mobility, but rather the sensors. This was due to a variety of 

issues including communication loss, as well as poor camera visibility whilst traversing through dirty, 

muddy areas which would coat the sensors.  

Rescue robots come in the form of ground, aerial or marine based units depending on the task 

required. Ground rescue robots are typically teleoperated vehicles which use tracks or wheels for 

movement, and come with an array of sensors to acquire data about the immediate environment. Due 

to the small size of voids, portable and small solutions are sought after. Modern examples include 

iRobotôs 510 Packbot, and 110 FirstLook, both of which are tracked vehicles with flippers. Similarly, 

the Recon Scout Throwbot is a miniature ñthrowableò two-wheeled robot tailored more for 

reconnaissance missions and can be used for inspection into confined spaces. These robots are very 

costly, however, and illustrate one of the stumbling blocks of using robots in the USAR environment: 

they are not economically appealing solutions. The systems range in thousands to hundreds of 

thousands of US dollars for a single unit, and the Throwbot for example costs US $ 7500 [5] for the 

entire system. This becomes detrimental to their inclusion in a rescue operation, and also negatively 

affects the rescue operatorôs decisions as it adds extra pressure to not lose or damage the unit. Both 

the Throwbot and 110 FirstLook are shown in Figure 1-2 below: 

  

Figure 1-2 - Recon Scout Throwbot [6] (left), iRobot 110 FirstLook [7] (right) 

R 
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In spite of all this, rescue robots are still highly relevant. Since 2001, there have been at least 29 uses 

of robots in disaster zones worldwide [8]. They do however still suffer from a slow deployment time 

with an average of 6.5 days into the area after the disaster [9]. This is expected to become faster as 

robots are more widely accepted into rescue communities. The Center for Robot-Assisted Search and 

Rescue (CRASAR ) at Texas A&M University specialise in disaster robots, and have participated in 15 

of the 35 total documented uses of them in disaster zones. They list the biggest technical barrier 

being the human-to-robot interaction, and over 50% of failures in 13 incidents have been due to 

human error [10]. Autonomous control is undesirable [11] in USAR as operators do not trust robots to 

do tasks without being dictated to, and even less so when subjected to fatigue and sleep deprivation. 

Therefore it becomes desirable for intuitive user interface systems which require minimal training and 

are responsive in real time to the operatorôs actions. 

 

Figure 1-3 - The RATEL USAR Platform [12] 

The Robotics and Agents Research Laboratory (RARL ) at the University of Cape Town has been 

developing robots for the use of rescue and inspection. Of relevant note is the RATEL ï a Mobile 

Robotic Platform (MRP) designed for use in USAR, and is currently the fifth generation in a line of 

rescue robots from the laboratory. This is shown above in Figure 1-3. Its primary features include 

traversing over uneven terrain using its tracked flippers as well as interacting with the environment 

using an inverse-kinematic controlled arm with a gripper.  

The Scarab is a new robotic system from RARL conceived to tackle the cost issue and desire for 

small, portable robots. It is of its first generation and serves as a general purpose first-response 

inspection-class robot for use in USAR. The robotic platform is shown below in Figure 1-4. Its two 

primary attributes are that it can be dropped from a 3 metre height, and is low-cost, with each robotic 

platform aiming to cost below US $ 500. The complete system was split into three separate 

concurrent projects done by three MSc students in the same laboratory: T. Mathew, G.Knox, and 

W.K. Fong, each focussing on the mechanical robotic platform, the internal sensor payload, and the 

operator control station respectively. 

 

Figure 1-4 - The Scarab USAR Robotic Platform  
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This report therefore describes the design and development of the operator control station for the 

Scarab low-cost robotic rescue system. 

It becomes inherently vital to understand the complete Scarab system for the context of this project. 

The three main subsystems are briefly described and illustrated below in Figure 1-5. 

 

 

 

Robotic Platform  
This is the actual Scarab, and includes the mechanical shell body, 

the driving motors, motor control circuitry, and the wheels. 

Sensor Payload  

This is located inside the robotic platform and acquires and 

processes data about the environment using its integrated sensor 

array. It also includes the power supply and charging circuitry for 

the platformôs internal battery. 

Operator Control Station  
This is remote from the robotic platform  and provides a wireless 

operator control interface for the Scarab system. 

The main role of the operator control station is to provide a user interface for the robotic platform, 

allowing the operator to manoeuvre it as well as receiving and logging sensor and camera data back 

from its sensor payload. To further enhance the Scarabôs portability, it is also intended to be a man-

wearable system, and act as a charging dock station for the robotic platform. This allows the operator 

to charge the robotic platform while transporting it on their back. Additional functionality is provided 

through sensors which help determine the operatorôs location in the disaster zone. It is important to 

note that the operator station is not considered as part of the platform, and was therefore not a 

constituent of the US $ 500 goal.   

This report will begin with background research to evaluate existing applicable technologies and 

solutions for use in the control station. Specifications will be then derived from the findings. A 

conceptualisation section will then explore possible options before choosing one to develop into the 

detailed design. Each subsystem will be approached, listing both the mechanical and electronic 

aspects. A thorough testing section will follow to demonstrate the systemôs capabilities and the results 

gained will be used to draw conclusions. Finally, recommendations will be made from the conclusions 

to provide insight for any future works or derivatives made from the system. 

 

Figure 1-5 - Complete Scarab Robotic System 
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To develop an effective and functional man-wearable operator control station, it was important to form 

an understanding behind each of the subsystems and topics required. Background research therefore 

was done to investigate past and current solutions available both in the market as well as in published 

research papers.  

The complete Scarab robotic system was originally conceived to be used for Urban Search and 

Rescue (USAR). As such, areas of investigation were focussed upon the use of man-wearable and 

mobile robotic systems within military, rescue, and security environments.  

This research investigated the following topics, and aimed to answer the following questions: 

× Man-Wearable Systems  

o What are man-wearable systems, and why are they relevant? 

o How are these systems incorporated into current fields? 

o What are the advantages and disadvantages of these systems? 

 

× Man-Portable Robotic Systems  

o What robots exist that can be used in USAR? 

o What human interfaces are used to control these robots? 

o What are the advantages and disadvantages of each? 

o How are these systems powered? 

 

× Batteries and Charging  

o What types of rechargeable batteries are there? 

o Which are best for use in a mobile system? 

o How should these batteries be safely treated and used? 

o What are the methods used for charging a battery? 

 

× Wireless Techno logies  

o What frequency bands are ideal for wireless transmission? 

o What technologies are suitable to provide relaying communications? 

 

× Sensors  

o What is a GPS sensor and how are they used? 

o What is a magnetometer sensor and how do they work? 

o What should be focussed on when selecting which one to use? 

Concluding remarks were drawn from the findings in the topics above, and then 

compiled into a final conclusions section at the end of this chapter. The 

conclusions were then used to approach the system specifications, concepts, 

and design. On each concluding section, a graphical system progression is 

illustrated using the Hypothetical Operator (shown to the right in Figure 2-1). 

 

  Figure 2-1 - Hypothetical 
Operator 
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Man-wearable devices are sought after in the USAR environment where rapid deployment and 

mobility are highly advantageous. These systems are typically embedded into the operatorôs clothing 

in the form of stitched-in wiring and electronics, or worn as detachable accessorised modules [13]. A 

prominent feature is their portability; allowing the operator to move around seamlessly and work 

without hindrance, and the embedded electronics can continue to operate without the userôs attention.  

Wearable computing is by no means a new concept, and the first documented device [14] was built in 

1955 by M.I.T. mathematics professor Edward Thorp: a cigarette pack sized unit designed to beat 

roulette by predicting the numbers using computed algorithms, and was hidden in a shoe. Further 

enthusiasm in the mass market for wearable computers has been spurred by the reveal of the more 

recent Google Glass [15], as well as a range of virtual reality headsets, such as the Oculus Rift [16] 

(pictured below in Figure 2-2). However, both these systems are yet to reach full maturity and are 

reliant on user input for development. 

 

Figure 2-2 ï Edward Thorpôs Wearable Computer [17] (left), Oculus Rift Virtual Reality Headset [18] (right) 

Man-wearable systems are not isolated to humans, but can also be used on animals. This is seen 

with examples such as the Cyber -Enhanced Working Dog  system [19], shown below in Figure 2-3. 

It features a 4 pound dog harness that includes cameras, GPS, gas sensors, microphones and also 

an automated dog-treat dispenser. The system aims to improve communication between dogs and 

their handlers, and can be applied from search and rescue to everyday training. 

 

 

 

Figure 2-3 - Cyber-Enhanced Working Dog System [19] 
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In the more extreme cases, man-wearable systems can come in the form of entire exoskeletons. One 

such example is the XOS 2 Exoskeleton  [20] robotics suit developed by DARPA. It was developed 

for the US Army, and augments the human wearerôs physical capabilities, allowing them to lift 200 lb 

of weight for long periods of time without strain. Another example is the gas-powered BLEEX 

Exoskeleton [21], which allows the wearer to support 75 extra pounds with ease. Both are shown 

below in Figure 2-4: 

 

Figure 2-4 - XOS 2 Exoskeleton [22] (left), BLEEX Exoskeleton [23] (right) 

It is important to consider that in disaster zones, conditions are far from ideal, and devices are often 

exposed to large forces and environmental hazards. Rain and dust are common concerns, being 

particularly disadvantageous to electronics. Additionally, the equipment and operator may have to be 

decontaminated post-operation. Rugged design therefore becomes an inherent requirement. A man-

wearable system for use in military applications is commonly allocated a rating of IP67 [13]. This 

rating indicates complete protection against dust and able to be immersed in water between 15cm 

and 1m for 30 minutes [24].  

When designing a man-wearable system for use in USAR, it is also important to consider the system 

operator not only as an individual, but as a member of the complete rescue team [25]. As such, the 

human-to-robot interaction should not compromise the operatorôs situational awareness, and 

endanger the safety and cohesiveness of the team. The system should also be quick and intuitive, 

minimizing distraction during operation, as well as reducing the training time required. Since rescue 

operators are required to use safety gloves [26], it should be expected that the human interface can 

be comfortably used whilst wearing them. 

Ideally in any given environment, a man-wearable system should be as small and light as possible, 

while still providing enough power and computational ability to perform the systemôs functional 

requirements. This may provide conflicts with the control stationôs requirements to be able to carry the 

mobile robotic platform on the person, as the size of the operator control station scales with the size 

of the robotic platform. The robotic platformôs battery requirements also become paramount, as the 

control stationôs battery must have enough power and capacity to provide adequate charge to it.  

The following sections will provide more in-depth analysis of existing man-wearable systems, and a 

subsequent section will collate them together in order to draw conclusions from each. 
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A selection of relevant man-wearable systems will be investigated in this section.  

 

The Land Warrior Integrated Soldier System [27], [28] was developed by General Electric for use in 

the U.S. Armed Forces. It aimed to increase the effectiveness of soldiers by integrating control and 

communication devices into their armaments. The modules are located around the personôs body, 

and wires are routed along the body. It includes five main subsystems, shown below in Figure 2-5: 

 

Figure 2-5 - Land Warrior System [29] 

1. Vest  ï Fitted with sensors, the central computing unit, and batteries. 

2. Helmet ï Installed with a Head-Mounted-Display (HMD), and a WLAN antenna, providing up 

to 1km line-of-sight radio transmission. 

3. User interface  ï Joystick and mouse buttons for menu selection on the HMD, and a SIM card 

reader for access control.  

4. Weapon system  ï Attached daylight video weapon scope and thermal weapon sight passes 

video feed into HMD, and has buttons on-weapon to talk, take pictures or switch scope 

modes. 

5. Power supply  ï Lithium-ion rechargeable batteries, and  LiMnO2 [30] disposable batteries, 

which provide 10, and 12 hours of operating time respectively. 

The system was criticized for its weight ï approximately 7.7 kg. This was deemed unsuitable when 

taking into account that the average load a ground soldier already carries is 29 ï 59 kg [31]. There 

was also a significant lag in the mapôs update rate. It was therefore not in real time, and only ideal for 

periodic position monitoring. 
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Figure 2-6 - Nett Warrior End User Device [32] 

Nett Warrior [33] was the replacement to Land Warrior. Like its predecessor, it was a situational 

awareness system designed for use in combat situations by soldiers in the U.S. army. The complete 

system included a hands-free display, a computing unit, radio transceiver, a power supply, and 

recharging equipment [34].  

The interface device, dubbed the End User Device (EDU), was based on a rugged touchscreen 

smartphone which ran an Android operating system. It is shown above in Figure 2-6. The EDU 

displayed the soldierôs and leaderôs location on a geo-map in real time, and set up a communications 

relay system using each soldierôs modules. It operated over a classified network connection exclusive 

for military use, and provided data encryption for secure transmission and storage.  

  

Figure 2-7 - Nett Warrior End User Device Placement: Wrist [35] (left), Chest [36] (right) 

This was better received than Land Warrior, due to being lighter and more compact. However, the 

system was criticized for excessive light emission from the phoneôs screen, which was problematic for 

night time recon operations. The EDU was also initially strapped to the soldiersô wrist area, but was 

later transferred to the chest due to feedback about discomfort and inconvenience caused by cables 

routed along the arm. The setups are illustrated above in Figure 2-7.  
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Figure 2-8 - Modular Tactical System Carry Configurations [37] 

The Modular Tactical System (MTS) [37] is a man-wearable tactical system developed by Black 

Diamond Extended Technologies for use in the military. The system was designed to be compatible 

with tactical vest carriers such as MOLLE. Without the batteries, the entire system weighs 

approximately 0.8 - 1.1 kg. There are also alternative configurations provided in the form of the MTS 

Carry Pack and Assault Pack, which allows the system to be transported as a carry pack, or rucksack 

respectively. These are shown above in Figure 2-8.  

The Universal Tactical Display (UTD) utilizes a 6.5ôô 

sunlight-readable resistive touchscreen display with 

a 1024 x 768 pixel resolution. It features an on-

screen keyboard, five user buttons and an optical 

mouse. Using it, soldiers can perform essential 

tasks such as to pinpoint and call in airstrikes. This 

is shown to the left in Figure 2-9. 

Processing is handled by the central computing unit 

which also controls the radio interface and power 

management electronics. It incorporates an Intel 

Atom 1.6Hz processor with 2GB RAM, an 

embedded SSD drive, and a removable SD card 

[38]. The computer can run a Windows XP/7 or 

Linux operating system, which comes complete 

with system configuration software.  

A SiRFstarIII GPS module is worn on the shoulder using a small pouch. Included is also an I/O hub 

which provides RS-232 and USB ports, and is MOLLE-compatible. The electronicsô cables are routed 

through the vest and cummerbund. 

The system as a whole was well received for its lightweight and unobtrusive form, but concerns have 

been raised with regard to the additional complexity and higher potential of failure due to the modular 

nature of the system. These have however not outweighed the advantages of the working system. 

  

Figure 2-9 - MTS Universal Tactical Display [37] 
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Figure 2-10  - Q-BIC System (left), Q-BIC Buckle Board (right) [39] 

The Q-Belt Integrated Computer (QBIC) [39] (shown above in Figure 2-10) is a miniature wearable-

computing system developed by ETH Zurich. It is incorporated into a belt and the buckle contains the 

circuitry which serves as the core processor, which can then interface with connected peripheral 

devices. It is intended for use in the fields of medical aid, supervisory systems, as well as security and 

rescue applications.  

The device utilizes an ARM processor, running a Linux operating system. The system can be seen 

below in Figure 2-11. 

 

Figure 2-11 - Q-BIC Components (left), Q-BIC Worn as Belt (right) [39] 

The core circuitry is located in the buckle, and wires are routed along the belt, which are connected to 

ports for peripherals which are shown above in Figure 2-11. These are described below: 

Table 2-1 - Available Ports of Q-BIC system and Functions 

Port  Function  
Maximum  
Speed  

Power [mW]  

2 X RS-232 Wired sensors interface 460 kbit/s 1.5 

Bluetooth Wireless sensor interface 921.3 kbit/s 160 (active) 

2 X USB Host Wired multi-function interface 12 Mbit/s 110 (excl. devices) 

USB Client Wired base station interface 12 Mbit/s Integrated into CPU 

VGA Video displays (640 x 480)   

 

The QBIC system comes with an internal battery as well as a port to plug in an external battery or 

mains adapter. The internal lithium-polymer battery provides 2 hours of operating time and an 

external one provides over 11 hours.  
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Based on the findings from the systems described in the previous sections, the following conclusions 

were drawn for use in a man-wearable system: 

× Attachment of human-interface devices to the personôs limbs is undesired, and the chest and 

torso area is preferable for their location. 

× Wiring along the body should be limited and avoided as it distracts and causes inconvenience 

to the operator. 

× An IP67 rating is recommended, or at least the ability to be resistant to water and dust. 

× A MOLLE-vest type of clothing is best for allowing flexible use of man-wearable devices. 

× The weight of the system should take into account the rest of the operatorôs load. 

× While a modular approach is effective, it should be easy to diagnose any problems should 

any of the modules fail. 

× A singular computing control unit should be used to handle all of the systemôs data 

processing. 

× Should the control stationôs battery run out, a connector to allow an external backup power 

supply should be made available 

These findings are summarized graphically on the Hypothetical Operator below in Figure 2-12. 

  

Figure 2-12 - Hypothetical Operator Station System at Man-Wearable Level 
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ñMan-portableò refers to the quality of being able to be carried by a single person, with an upper 

weight limit of 14kg [40]. This becomes relevant to this project as it is intended for the operator to 

transport the mobile robotic platform on the control station. Possible methods of carrying the robotic 

platform include: 

× Transporting it within a secure storage area on the person (i.e. a rucksack). 

× Detaching and reattaching it directly onto the personôs clothing.  

An example is shown below in Figure 2-13 of a soldier carrying the iRobot Packbot using a rucksack. 

 

Figure 2-13 - Soldier Carrying iRobot Packbot [41] 

This section will explore and investigate robotic man-portable systems which are relevant to the field 

of USAR, giving a brief overview of the robotic system, while also providing focus on the operator 

interface for each system.  
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A selection of relevant man-portable systems will be investigated in this section.  

 

 

Figure 2-14 - Recon Throwbot XT [42] 

Robot Overview  

The Recon Scout Throwbot XT , shown above in Figure 2-14, is a light-weight, and compact rugged 

robot designed for the use in military tactical operations [43]. The robotôs primary purpose is to 

provide video and audio to the operator stealthily, and operates at a quiet 22 dBA. It can also perform 

tasks such as under-vehicle inspection, quick reconnaissance, and investigation of suspected IEDs. It 

weighs 540 g, and is small enough to be thrown through a window using one hand. The unit can 

withstand a 9 m drop. 

 Operator Control Unit  

The Operator Control Unit II (OCU II) consists of a hand-held 

controller which features a 3.5ôô LCD screen and a thumb-

controlled joystick for manoeuvring the robot wirelessly. It was 

designed to be operated with one hand. An audio jack and a 

video output port are also available. A separate Command 

Monitoring Station (CMS) allows monitoring of camera 

transmissions from any Recon Scout robot up to 300m away. It 

provides three separate video frequency channels (A, B, C), 

allowing for up to three robots to be monitored. 

Batteries  

Lithium-ion polymer batteries are used to power the robot and 

OCU II. At full charge, the robotôs batteries offer 60 minutes of 

operating time. Similarly, The OCU IIôs batteries provide 120 

minutes of operating time. 

  

Figure 2-15 - Recon Throwbot XT OCU II [43] 
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Figure 2-16 - iRobot 110 FirstLook [44] 

Robot Overview  

The iRobot 110 FirstLook  [7], shown above in Figure 2-16, is a compact, light-weight robot 

designed to perform rapid reconnaissance and investigation of confined spaces. Like the Throwbot, it 

is throwable and can survive a direct 5 m drop onto concrete. It is a compact unit, weighing at 2.45 kg. 

The robot uses tracks for movement, with a maximum speed of 1.52 m/s, and is capable of climbing 

stairs using its flippers. The robot was designed for multi-mission capability, and can be fitted with 

different sensor payload configurations depending on the task required. This includes an arm for 

manipulating and lifting objects up to 1.6 kg, and a thermal camera for night time operations. 

Operator Control Unit  

The OCU is modelled after a rugged game-style controller and requires both hands to operate. It 

features a 5ôô LCD screen to view the camera feed from the robot. This includes a GUI which displays 

information about the robotôs state and settings. The OCU communicates wirelessly with the robot, 

and provides integrated radio transmission with a line-of-sight range of up to 200 m. 

 

 

 

 

 

 

 

Batteries  

Both the robot and OCU use rechargeable lithium-ion batteries, which provide more than 6 hours of 

run time on average. The system includes an AC charger for both units, which comes with an adapter 

for a BB-2950/U lithium-ion battery.  

Figure 2-17 ï iRobot 110 FirstLook OCU [44] 
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Robot Overview  

The iRobot 510 PackBot  [45], shown above in Figure 2-18, is an Unmanned Ground Vehicle (UGV) 

designed to perform tasks including being a surveillance/reconnaissance unit, disposal of IEDs , and 

building clearance. The robot is capable of climbing up stairs and moving over rubble using its 

flippers, and has a maximum speed of 9.3 km/h. It weighs 10.89 kg, and can be carried by a single 

person, as seen previously in Figure 2-13. 

Operator Control Unit  

The first generation controller was the Packbot Control Console (PCC). This used two arcade-based 

puck controls which were found difficult to use by the younger operators [46]. A later Operator Control 

Unit (OCU) was conceived, which included a 15ôô screen AMREL laptop and two hand-held 

controllers. These controllers were modelled after video game controllers, which were better received 

by the younger operators, who had greater experience with using such devices. The laptop provided a 

GUI which displayed a video feed as well as 3D graphics to indicate the robotôs orientation and sensor 

data. Both controllers are displayed below in Figure 2-19: 

 

Figure 2-19 - Packbot Control Console [46] (left), Packbot Operator Control Unit [47] (right) 

Batteries  

The robot is powered by two BB-2590/U lithium-ion batteries, which provide up to 4 hours of operating 

time. The hand-held controllers utilize removable 11.1 V 7200 mAh lithium-ion batteries.  

Figure 2-18 - iRobot 510 Packbot [89] 
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× A modern video-game style controller would be best for intuitive learning. 

× While a laptop may provide the highest form of processing power for the purpose of graphics 

and overall performance, it is not a man-wearable solution and would be suitable for USAR 

operators on the move. Also important to consider is the extra cost of including such a device. 

Similarly, the Firstlookôs OCU is too large to be placed into a pocket. 

× A video-screen showing the camera feed and sensor data on top would be highly beneficial to 

the system. 

× The Throwbot XTôs controller would be best suited for an USAR operator as it is one-handed 

and compact enough to be unobtrusive. It shows that the system can be used with a single 

joystick. 

× Lithium-ion batteries are clearly the preferred choice for systems specialising in mobile 

robotics, but further investigation must be done in order to ascertain their inclusion into this 

system. 

× A means of providing a relay communications system would be ideal for the robotic system, 

particularly in the disaster zone where wireless communications is very difficult. However, 

such a system is beyond the scope of this project, but a means to allow it in future 

implementations will be included. 

These findings are added to the previous sectionôs remarks below in Figure 2-20.  

  

Figure 2-20 - Hypothetical Operator Station System at Man-Portable Level 
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2.3.1.  

It was envisioned that while the control station was not busy being used out in the field, and in 

storage, it can be recharged using an external power supply. Therefore, for the purpose of this 

chapter, rechargeable batteries were investigated. 

Current consumer rechargeable battery solutions come in three main chemistries: lithium-ion (Li -ion ), 

nickel-cadmium (NiCad ), and nickel-metal hydride (NiMH). Lead acid batteries have been excluded 

from this survey due to their low energy density, making them unsuitable for the use on a man-

wearable system. 

A table compares the qualities of the three battery types below [48], [49]: 

Table 2-2 - Comparison of Li-ion, NiCad and NiMH batteries 

 Lithium -ion  NiCad  NiMH 

Relative Capacity  3 1 1.4 

Nominal Cell Voltage (V)  3.7 1.25 1.25 

Specific Energy  (W.h/kg)  100 - 265 45 - 80 60 - 120 

Charge/Discharge Cycle 
Life(cycles)  

300+ 500+ 300+ 

Memory Effe ct  No effect 
Noticeable 

effect 
Little effect 

Self -discharge rate (%per month)  5-10 15-20 20-30 

 
From the data shown above, it can be seen that Li -ion batteries are an ideal candidate for a mobile 

rechargeable control station. The reasons are listed below: 

Advantages  

Li-ion batteries have over double the capacity of their counterparts, as well as having the highest 

specific energy. They also have a low self-discharge rate (5 - 10 % per month) and no memory effect, 

which helps significantly in decreasing the maintenance required during charging and increasing its 

lifetime. Li-ion batteries are also more environmentally safe than NiCad batteries, which contain 

cadmium [50], which is toxic  upon ingestion. They are also physically smaller in both weight and size, 

and have a higher specific power [51]. 

Disadvantages  

Li-ion batteries do however have a lower charge/discharge cycle life when compared to NiCad 

batteries, but this is not a significant disadvantage when taking into account that the control station is 

not expected to be used frequently. They are also significantly higher in cost in comparison with 

NiCad and NiMH batteries; approximately 40% higher than NiCad batteries. These batteries are also 

prone to damage under excessive conditions, and as such, require protection circuitry to monitor and 

ensure their safety [52]. 

In conclusion, it was determined that the advantages in Li-ion batteriesô performance and ease of use 

still outweighed the disadvantages of lower recharge lifetime and cost, and therefore were further 

investigated. 
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2.3.2.  

Li thium-ion Po lymer (Li -Po) rechargeable batteries provide high power within a small-form package. 

Effectively, they are the same as Li-ion batteries, but have a slightly lower energy density, and a 

higher manufacturing cost by approximately 10-30% [53]. They are advantageous in that they are 

safer to use, and provide significantly higher discharge rates.  

 
Figure 2-21 - Breakdown of a 3 Cell Lithium-Polymer Battery's Components [54] 

These batteries typically come in a pouch with multiple cells contained within a flexible rectangular 

casing, as shown above in Figure 2-21, and can be shaped to fit their application. This makes them 

appealing for use in small, thin mobile devices, and can be found in many notebook computers, cell 

phones, and radio-controlled systems of today. These batteries include an integrated balance plug, 

which allows connection to each individual cell. This is used for functions such as cell voltage 

measurement as well as cell-balancing. 

Fully charged Li-Po batteries have a cell voltage of 4.2 V, and 3.0 V when discharged. Cells must 

always be kept above approximately 3.0 V, or else they will become unable to accept a full charge 

again, and incapable of sustaining their voltage under load. Li-Po batteries must also never be 

overcharged above 4.2 V and failure to do so may lead to the extreme hazard of the battery exploding 

and catching fire [55]. Upon combustion, the battery cells release hydrogen fluoride gas [56], which 

when in contact with moisture, produces corrosive hydrofluoric acid. Defective Li-Po batteries can be 

identified by a swollen appearance, and should never be used if found in this state. These batteries 

are not immediately disposable and must be fully discharged before they are safe to be sent to a 

landfill [57]. Inherently, the batteries are also subject to strict transportation regulations when 

packaged in bulk. 

While Li-Po batteries are safer than their Li-ion counterparts, a battery protection circuit should still be 

employed to maintain safe operation as well as preserving the battery health.  

Just like Li-ion batteries, they have no memory effect, meaning they can be safely recharged without 

having to first be fully discharged and thus minimizing maintenance required.  
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2.3.3.  

A battery charger restores energy into a rechargeable battery by forcing current through it. 

The charge rate is denoted by C or C-rate [58]. This is measured in relation to the capacity of a 

battery for one hour. A C/2 rate indicates the battery will be fully recharged within 2 hours, whereas a 

4 C rate means it will be recharged within 15 minutes.  

Charge rates can be segregated into slow  or fast charging:  

× A slow charge  [59] utilizes a charging current that is safe enough to be applied to a battery 

without the need for monitoring or charge termination methods. This is also known as trickle 

charging, and can continue to top up the battery even after being fully charged. Slow charging 

requires extensive amounts of time, and for NiMH batteries, can take up to 36 hours for a full 

recharge.  

× Conversely, fast charging  is defined as being approximately a 1 hour recharge. This comes 

with the drawback of requiring complex charging circuitry, which adds to higher component 

costs. This is however often offset by the significant advantage of being able to offer faster 

charging times, depending on the systemôs requirements.  

For devices which require frequent and rapid recharging such as cordless tools, fast charging 

becomes very attractive for a competitive design in the market. Otherwise, a slow charge would 

become more favourable for its simplicity and lower costs. 

 

The charging challenges related to Li-ion batteries are not only isolated to overcharging, but 

undercharging as well. Undercharging 1.2 percent below the batteryôs full charge voltage can result 

up to a 9 percent decrease in overall capacity [60]. Therefore designs should aim to charge to within 1 

percent of the full capacity. Each cell can be charged to 4.20 V with a tolerance of ± 50 mV. 

The charge cycle for a Li-ion battery can be split into four phases [61]: 

1. A small preconditioning charge  is performed when the battery is deeply discharged, 

applying approximately 10 % of the full current to the cell.  This prevents overheating and 

damaging to the battery. This continues until the cells can safely receive the full current. 

2. The charger switches to the constant current (C -C) phase, charging the battery until each 

cell reaches 4.1V. 

3. A slow constant voltage (C -V) phase is then used to prevent overcharging the battery. 

During this phase, the current continues dropping until the battery is fully charged.  

4. Finally, the charger enters a standby mode  and continues to top up the battery each time it 

drops below a set threshold. 

A graph of these four phases, with their respective current rates, and voltages over time, is shown on 

the following page in Figure 2-22. 
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Figure 2-22 - Li-ion battery charging profile [60] 

 

The following conclusions were drawn from the findings in the battery section: 

× Lithium-ion polymer batteries are a suitable candidate for use in the control station due to 

their high power to weight ratio, and being relatively smaller than their other battery 

counterparts. They are also simple to maintain with the lack of memory effects and low self-

discharge over time, and are therefore more sustainable for use after long periods of storage. 

This is important to consider as it is expected that this system will not always be constantly 

used because disasters are generally not a daily occurrence. 

× The aforementioned batteries are highly dangerous if not handled properly, and therefore 

battery protection circuitry must be employed to protect both the operator and the system. 

× A combination of both slow charging and fast charging would be preferable for the control 

stationôs battery. Fast charging can recharge the battery to a suitable level before converting 

to a slow charge to top-up the battery. This process therefore becomes very similar to the 

charging profile described for the charging of lithium-ion batteries. 
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The project requirements determined that the Scarab system must be tether-less and rely on wireless 

communications. Because the system was intended for use in USAR, it was vital to consider the 

interference challenges caused by the fallen structures and metal beams in the disaster zone. This 

section discusses some basic principles behind radio transmission relevant to this project, as well as 

technologies which could be used to implement a grid array network. 

 

For the purpose of sending radio waves through a disaster area, where rubble and objects causing 

signal distortion are present, it becomes essential to identify an effective frequency for signal 

transmission.  

A frequency band is a range, a spectrum, of radio frequencies which are allocated towards different 

purposes depending on their usefulness. Lower band frequencies transmit through building materials 

more effectively than higher band frequencies. The disadvantage of using lower band frequencies is a 

slower data transfer rate [62]. 

× Ultra High Frequencies (UHF) are the frequencies which fall in between 300 MHz and 3 

GHz. A study [62] showed that the advantage of using the UHF band with radio waves is 

that they travel further into rubble, without the presence of metallic meshes. 

× The L band  (1 to 2 GHz; IEEE) and S band  (2 to 4 GHz; IEEE) do not penetrate through 

rubble as effectively as the UHF band system, but perform better in comparison when 

metallic meshes are present. 

A highly generalized diagram comparing building penetration for different frequencies is illustrated 

below in Figure 2-23. This shows how low frequencies which belong in the UHF band are most 

effective.  

 

Figure 2-23 - Comparison of building penetration for different signal frequencies [63] 

The South African Table of Frequency Allocations [64] lists all the radio frequencies ranging from 9 

kHz to 1000 GHz. These frequencies are segregated into separate ranges, stating which radio-

communication services are permitted for each one. The 900 MHz range of interest is reserved for 

cellular networks, and is considered illegal for use in other applications. This serves to prevent 

interference which results in a higher rate of dropped phone calls. Frequencies below are typically 

allocated towards amateur radio communications systems as well as for research, such as radio 

broadcasting for astronomy purposes.  
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To increase the robustness of a communications network, it would be of benefit to use devices which 

could serve as mobile network points to in the USAR environment. 

 

The BreadCrumb line of products [65] are man-wearable modules developed by Rajant Technologies 

used to create a mobile relay grid network. The project was initiated because of the events of 9/11, 

when large parts of the wireless infrastructure were crippled due to the terrorist attacks on the World 

Trade Centre. As implied by their name, these modules each act as a separate network point and 

collectively form a kinetic VPN mesh network to communicate with one another. This is illustrated 

below in Figure 2-24. 

 

Figure 2-24 ï Rajant Wireless Mesh Application [66] 

The BreadCrumb ME2 [66] was developed following the events of the London Underground bombings 

in 2005, and designed with underground environments in mind.  As such, they do not rely on cellular 

or Wi-Fi infrastructures and form their own network hotspots to communicate.  

Later revisions have been developed since then. Shown below in Figure 2-25 is the BreadCrumb 

ME4 [67]. It supports multiple radio configurations, including 900MHz and 5GHz, and can act as Wi-Fi 

access point, with data encryption. The module utilizes two transceivers and is battery powered. 

 

Figure 2-25 - BreadCrumb®  ME4 [67] 

In USAR applications, these devices can be carried by rescue members in the team to not only relay 

data of one robotic unit, but multiple devices. This also provides the possibility of indicating each 

memberôs location on the map. 
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For the purpose of extending the capabilities of the operator control station, considerations were 

made to include low-profile sensors which would benefit the rescue team. It was envisioned that 

having global location sensors on the control station would be of most use in the disaster zone. 

Therefore GPS and magnetometer sensors were investigated. 

 

Global Positioning System (GPS) sensors aid in the USAR scenario where the rescue team can 

determine their position relative to an object of interest.  

Effectiveness of these sensors is based on their tracking accuracy. Most GPS units have an accuracy 

of 15 m [68]. Influencing factors include the chipset used, the installed antenna, and the update rate. 

Update rates define how fast the GPS sensor refreshes its position. This becomes significant when 

measuring the speed and acceleration of a tracked object from the satelliteôs perspective. The 

standard update rate is 1 Hz. 

GPS satellites transmit in in the UHF frequency band.  Original GPS devices utilized two frequencies, 

dubbed L1 (1575.42 MHz), and L2 (1227.60 MHz). L2 is reserved for military use. These signals 

travel in a line of sight, and can pass through thin radio transparent objects, including glass and 

plastic. They will fail to perform when encountering solid objects such as brick walls. GPS cannot 

operate underwater as the water becomes a conductor which attenuates or reflects the signals. 

Therefore, GPS can only perform outdoors without the presence of a solid ceiling. 

Wide Area Augmentation System (WAAS ) is a system of satellites and ground stations which provide 

a much higher degree of tracking accuracy [69]. This is achieved by using multiple reference stations 

which each receive satellite data and then provide corrections back to the master station, as 

illustrated below in Figure 2-26. Devices which use WAAS offer an accuracy of up to 3m. It should 

however be noted that WAAS satellite coverage is available only in North America. 

 

 

Figure 2-26 - Wide Area Augmentation System Elements and Data Flow [70] 
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Magnetometer sensors [71] measure magnetic field strengths, and are typically used to measure low 

fields of less than 1 mT. They can measure both the strength and direction of a magnetic field. These 

sensors boast a wide array of applications, including searching for ferromagnetic materials 

underground and underwater, heart beat monitors, guiding systems, as well as electronic compasses.  

One of the most common methods that magnetometers use is the Hall Effect method. This works on 

the principle that a Hall Voltage can be detected across a thin metallic element, when the element is 

placed in a strong magnetic field perpendicular to the elementôs plane [72]. This is illustrated in Figure 

2-27 below. 

   

Figure 2-27 - Hall Effect on Element in Presence of Magnetic Field [73] 

There are two main types of magnetometers [74]: 

1. Vector magnetometers  ï measures the components of the magnetic field. 

2. Total field (scalar) magnetometers  ï measures the magnitude of the magnetic field. 

Vector magnetometers provide a higher degree of insight, but are 

highly susceptible to noise. In this regard, total field magnetometers 

perform better in applications which include the presence of moving 

ferromagnetic objects, such as a car. Otherwise, in the context of this 

project, a vector magnetometer would be more desirable for the use 

as a compass. 

Magnetometer calibration is of vital importance, as without it, the data 

output from the device is essentially useless due to distortions from 

the immediate environment. In an ideal situation, plotted data from a 

perfectly calibrated magnetometer will form a spherical scatter plot, 

centered on the origin  axis of the plot [75], as shown in Figure 2-28.  

Data distortions are caused by the earthôs magnetic field, and can be 

classified into hard -iron  and soft -iron  distortions. 

1. Hard-iron distortions  offset the ideal magnetometer plot from being centered on the origin. 

These are caused by objects in the surrounding environment which contribute to the existing 

magnetic field from the earth, such as magnets in electronic devices. 

2. Soft -iron distortions  cause the ideal magnetometer plot to become elliptical. It is different 

from hard-iron distortions in that it is not caused by objects which contribute to existing 

magnetic fields, but rather by objects which distort existing ones. This can be caused by the 

orientation and placement of metal objects in the environment.  

Figure 2-28 - Calibrated 
Magnetometer Sphere [90] 
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Figure 2-29 - Complete Hypothetical Operator Control Station System 

From the findings in the background research, it was concluded that a man-wearable system can be 

separated into three distinct subsystems: the mechanical carrier, electronic user interface, and power 

supply. The complete Hypothetical Operator system is illustrated above in Figure 2-29. 

× It was found that for existing man-wearable systems, there was a singular processing unit, 

which handled all the data processing as well as peripheral control, including radio 

transmission and external storage devices. The advantage of using such an approach is 

superior space economy and centralisation, which is a significant benefit to a man-wearable 

system. A principal concern is the safety of electronic components being worn on a moving 

human body. As such, proper circuit protection systems must be employed, and examples 

from the research have shown that the carrying shell should be designed around an IP67 

rating for protection against water and dust. 

× Design of the user interface should not make the robotic systemôs operator a burden to their 

team. It is therefore imperative to not isolate the operatorôs senses away from their 

surroundings, which is crucial for safety when working in hazardous disaster zones.  

× A hand held device should be used for user control, as opposed to one that is attached to one 

of the personôs limbs. The device itself should however be light-weight, compact and portable 

enough to be stored on the personôs body and intuitive to use with minimal training. 

× Li-Po batteries have a superior capacity and discharge rate compared to their counterparts, 

but require careful charging and come at a higher cost than NiCad and NiMH batteries. They 

also require battery protection circuitry which is crucial for their safe usage on a system that is 

to be worn on the rescue operatorôs back.  

Drawing from these conclusions, the primary system specifications were created, and will be 

presented in the following chapter. 
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Following on from the conclusions derived from the background research, a set of system 

specifications was created as a design guideline for the operator control station. These also served as 

benchmark comparison values when testing the final system.  

This chapter begins by presenting the Primary System Specifications  set for the operator control 

station. It then continues by listing the specification justifications for each value to substantiate their 

selection. Later subsystem chapters will be preceded with a separate set of specifications tailored 

specifically for the respective subsystem, and will be referred to as the Subsystem Specifications . 

Table 3-1 below lists the primary specifications of the operator control station. 

Table 3-1 - Primary System Specifications 

No Specification  Desired Value  Achieved Value  

 

Physical Specification s 

1 Maximum control station mass 8 kg ἧ 7.2 kg 

2 Transportation Man-wearable ἧ Man-wearable 

3 Water/dust resistant (IP54) Yes No 

Communications Specifications  

4 Tethered/wireless Wireless ἧ Wireless 

5 Frequency 433 MHz ἧ 433 MHz 

6 Range 30 m ἧ 38 m 

Power Supply Specifications  

7 System supply voltage 12V, 5V, 3.3V ἧ 12 V, 5 V, 3.3 V 

8 Battery protection system Yes ἧ Yes 

User Interface Specifications  

9 Interface Tactile hand-held controller ἧ Yes 

10 Display LCD Screen ἧ Yes 

11 On-screen display Yes ἧ Yes 

12 Audio Yes ἧ Yes 

13 Goggles Yes ἧ Yes 

14 Data logging Yes ἧ Yes 

Sensor Specifications  

15 Magnetic compass Yes ἧ Yes 

16 GPS Yes ἧ Yes 

17 Temperature sensors Yes ἧ Yes 

Robotic Platform Charging Specifications  

18 Minimum charge cycles 2  ἧ 2 

19 Supply voltage 20 V ἧ 20 V 

20 Maximum platform charge rate 8 A 6.3 A 

Control Station Charging Specifications  

21 Station battery charger Yes No 

22 Supply source 
Battery (on-field) 
Wall outlet (storage) 

ἧBattery (on-field) 

ἧPower supply 

(storage) 
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3.1.1.  

1. The control station should be as lightweight as possible, but still have enough capacity for the 

electronics and mechanical parts. There is no legislation which constitutes how much weight 

is permissible for an individual to carry, and so this must be done through an ergonomics risk 

assessment. There is however a NIOSH lifting equation [76] which recommends how much 

weight a person is allowed to lift in the workplace. Using this, a value of approximately 11.43 

kg was calculated. Chiropractic doctors [77] recommend for the weight of childrenôs 

backpacks to not exceed 15 % of their body weight. The average global body mass of an 

adult human as of this time in writing is 62 kg [78]. 15 % of this translates to 9.3 kg. Therefore, 

to ensure that the control station would be ergonomically comfortable to carry on an adult 

operator, 8 kg was used for the maximum total mass. Note that this includes the mass of the 

robotic platform. 

2. As specified by the project requirements, the control station must be able to be worn by a 

person and transported as a mobile man-wearable system. 

3. As stated in the background research, the system should be at least resistant against water 

and dust. This provides protection against the environmental conditions commonly 

encountered in the USAR environment. As such, an IP54 rating was assigned. 

3.1.2.  

4. Wireless communications was specified for the Scarab system as per the project 

requirements. The robotic platform is expected to encounter many obstacles whilst moving 

inside the void of a collapsed building. A tether becomes undesirable as it has a high 

likelihood on becoming entangled or caught, as well as bringing additional weight for the 

robotic platformôs motors to handle. It also requires two operators ï one to control the robot, 

and one to handle the tether; increasing the workforce required.  

5. The disaster zone presents a very challenging situation for RF communication where 

interference is present not only from the collapsed structures, but also from the other RF 

devices which may be in the field. Therefore a UHF band of 433 MHz was specified by G. 

Knox for the sensor payloadôs RF transceiver to provide adequate building penetration at a 

feasible data transfer rate. Accordingly, the control stationôs matching RF transceiver was 

specified to match the same frequency to establish communications. 

6. It was documented [3] that most of the voids at the Ground Zero rescue sites were 1 m in 

diameter. For a more extensive use of wireless communications, 30 m was specified for the 

wireless range. This was convenient for testing within the size of RARLôs Duncan McMillan 

building and is also the specified indoor range of the Recon Scout Throwbot. 

3.1.3.  

7. 12 V, 5 V, and 3.3 V are the voltages required by the peripheral devices on the control station. 

Additional supporting electronics were also specified to be designed by these values. 

8. As discovered in the background research, Li-Po batteries are known for their volatile 

behaviour should they undergo any failure conditions such as overvoltage, or temperature 

issues, and are prone to explode if handled improperly. The mental picture of this hazard 

scales considerably when keeping in mind that the control stationôs battery is stored adjacent 

to the operatorôs body. This introduces a scenario where the operator performs the mission 

knowing they are carrying a potential explosive on their back, which would negatively affect 

their mental performance. Therefore a battery protection system is critical to protect both the 

battery, and the operator; body and mind.  
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9. From the background research, it was determined that a hand-held controller would be the 

best portable user interface for a mobile robot.  

10. A LCD screen was specified to allow the operator to view the incoming camera feed from the 

robotic platformôs camera. 

11. An on-screen-display is highly beneficial for viewing the sensor data from the sensor payload 

on top of the incoming video feed. This minimises the physical fidelity required from the user 

interface, and centralises all the appropriate information into one place for the operator. It also 

adds a high element of customization to the user interface. 

12. Because the robotic platformôs sensor payload has an in-built microphone, the control station 

naturally should include the ability to receive and listen to the audio from it. 

13. One challenge with using LCD screens in external environments is that they reflect sunlight, 

rendering them difficult to view. Additionally, dirt and dust becomes an issue when working in 

disaster zones. It was therefore decided that using an optional pair of FPV goggles would 

provide the best form of visibility as it provides vision without being obstructed by the 

environment. 

14. Data logging is essential on the control station as it provides a means for the mission data to 

be recorded and logged for future analysis. 

 

15. A magnetometer was specified for the control station to provide compass functionality. This 

helps the operator to find their location relative to the robotic platformôs and allows faster 

location of any discovered survivors/bodies, as well as recovering the robotic platform. 

16. For similar reasons to the magnetometer, a GPS was specified for the system. This provides 

coordinate data which becomes of significant use in the event the operator becomes lost or 

requires additional aid to be deployed at their specific location. 

17. Temperature sensors were specified to provide any over-temperature warnings, as well as a 

general temperature monitor for each of the control stationôs modules. 

 

18. It was envisioned that the control station and robotic platform would be fully charged by the 

time they arrived at the disaster zone. Specifying two charge cycles allows for three 

deployments in total of the robotic platform into the void.  

19. To effectively charge the robotic platformôs battery, G. Knoxôs on-board charging circuitry 

requires at least an 18 V supply, but preferably 19 V - 20 V for sustainable performance. 

Therefore a 20 V power rail was specified to satisfy this requirement. 

20. The maximum charge rate for the robotic platformôs charging circuit board was specified to be 

8 A at the time of design. Therefore the control station was specified to include a power rail 

which could satisfy this requirement. 

 

21. Because the control station is to be powered off a battery, it would be highly useful to include 

charging circuitry for it inside to allow charging off an external power supply during storage. 

22. Whilst not in the disaster zone and in storage, it would be of use for the control station to be 

powered off an external supply, such as a wall outlet instead of the battery.
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The complete operator control station is shown below. It is a man-wearable system which allows the 

operator to wirelessly communicate with the Scarab robotic platform. 

The operator control station was subdivided into four main subsystems which were allocated their 

own predefined functions. Each subsystem was designed according to their own set of specifications, 

and are each illustrated below in Figure 4-1 according their location in the control station. 

 

Figure 4-1 - System Overview of Operator Control Station 

The mechanical chassis is the housing system for the control stationôs electronics, and acts as a man-

wearable docking station for the robotic platform. It is worn on the operatorôs by attaching it to a 

tactical vest by using three support ribs inserted into a grid at the back. The operator can mount the 

robotic platform using the chassisô mounting brackets, and a charge outlet at the bottom allows a 

power cable to connect from the station to the robotic platform for charging. Control panels are 

located externally for user interaction with the systemôs basic controls. 

The control station electronics provide sensor monitoring and data processing functionality to the 

control station. It primarily uses a custom designed 168 MHz STM32F407VG embedded 

microprocessor PCB which includes electronics for the on-screen display (OSD) and a RS-232 

transmitter for data communication with the OCU. Included are wireless transceivers and a video 
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receiver required to establish data and video communication with the robotic platform. GPS sensors 

are included to provide the operatorôs co-ordinate data in the field. Temperature monitoring is also 

incorporated to provide warning systems as well as overall analysis of the internal electronics. A pair 

of Fat Shark Dominator FPV goggles is included as an alternative means to view the video alongside 

the OCUôs LCD screen. 

The Operator Control Unit (OCU) serves as the primary interface between the operator and the 

control station. It is a hand-held controller which features a LCD screen for displaying the video, and 

joysticks and buttons for tactile user inputs, making the OCU suitable for use with safety gloves. 

Included also is a magnetometer to allow the unit to act as a compass. The OCU is separate from the 

control station chassis, and is connected via a 2 m data cable. 

The power supply encompasses the control stationôs battery and its accompanying monitoring and 

management circuitry. A power distribution board is included supply power to the rest of the system 

as well as the charging circuitry on the robotic platform. A charger is also made available on the 

control station for charging the stationôs battery when off-field and in storage. 

A system overview of each of the primary subsystems was presented. The following four chapters will 

discuss each of the subsystems described above, starting with the mechanical chassis. 
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Figu re 5-1 - Control Station Mechanical Chassis 

Design of the mechanical chassis prioritised keeping the layout intuitive and easy to maintain. Figu re 

5-1 above shows the final mechanical assembly. During development, a mannequin was used to test 

the man-wearability of the chassis and represent the Hypothetical Operator. It also provided a safer 

testing platform for the internal electronics. This is illustrated below in Figure 5-2. 

 

Figure 5-2 - Mechanical Chassis Worn on Mannequin 

This chapter will provide a walkthrough through the complete design process and development of the 

mechanical chassis, and provide discussion into each separate module. It begins by introducing the 

subsystem justifications before moving onto the conceptual designs.  
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Subsystem specifications were important for ensuring that the mechanical chassis was designed in 

accordance to the requirements set by the system specifications. 

Presented below are the Subsystem Specifications  for the control station electronics. Values which 

are denoted with a  ñ * ò can be referred back to in the Prim ary System Specifications . 

Followed thereafter are the Subsystem Specification Justifications  which can be referred to for 

reviewing each set criteria. 

Table 5-1 - Mechanical Chassis Subsystem Specifications 

No Specification  Value  

 

 Physical Specifications  

* Maximum Mass 8 kg 

1 Maximum Physical Dimensions 500 x 500 x 500 mm 

* Transportation Man-Wearable 

2 Robotic Platform Mass 3 kg 

3 Robotic Platform Wheel Dimensions 200 mm diameter x 50 mm thickness 

4 Robotic Platform Size Determined by CAD model 

 Functional Specifications  

5 Robotic Platforms Carried 1 

* Water/Dust Resistant Yes 

 

 

 

1. The maximum physical dimensions were chosen to be 500 x 500 x 500 mm. This was to 

accommodate for the smaller working space of the USAR environment. Because the control 

station is a man-wearable system, the operator should be able to move around in confined 

spaces without being hindered. To represent an allowable space, the minimum door space 

indicated by South African Bureau of Standards (SABS ) was used [79] which dictates a 

minimum door width of 750 mm for a passage width of 1200 mm. The standard width of the 

human body from the chest to back is approximately 241 mm [80]. Therefore to account for 

the case of a person standing in a doorway while wearing the system, 500 mm was used. 

2. During the time of design, T. Mathew specified the robotic platformôs mass to be 3 kg. 

3. There was no set wheel size at the start of design, as the size of the final wheels was 

dependent on the results of T. Mathewôs testing of the robotic platform. Therefore a 200 mm 

diameter and a 50 mm thickness diameter was recommended, with the larger size able to 

accommodate for larger wheels in the future. 

 

4. The control station would be designed according to the 3D CAD model of the robotic platform 

supplied by T. Mathew. 

5. It was decided by the Scarab team that the ability to carry one platform at any given time 

would be sufficient for the first generation of the control station.  
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Conceptual designs of the control station were made to provide insight on the system before 

advancing towards the final design. This phase of the project was an open task as the control 

stationôs chassis mounting system was reliant on the robotic platformôs body and shape, which was 

yet to be finalised, but was tending towards one very much like the Recon Throwbotôs. Therefore 

concepts revolved around the idea of a system upon which the operator could store or mount a two-

wheeled robot with a hammerhead shape. Of vital importance was the ability to equip it as a man-

wearable system. This focussed on being able to be operated by a single person, and prioritised on 

quick and intuitive deployment of the robotic platform. 

The section will explore three concepts, and will compare and evaluate each before concluding by 

selecting the most suitable candidate which was used for the detailed design. 

 

 

Figure 5-3 - Rucksack Concept Design 

By far the most straightforward design is the idea of the operator carrying the robotic platform inside a 

weatherproof rucksack, as shown above in Figure 5-3. This would also contain the battery and 

necessary charging electronics. A hand-held controller would be used as the OCU, and can be 

strapped onto a belt.  

This system is advantageous for its simplicity and modularity, as each piece of electronics can be 

treated as an attachable accessory. It does however depend highly on the robotic platformôs size, and 

the rucksack may have to be custom-tailored as a result, which can become problematic due to the 

weatherproofing required. Another issue is the cumbersome deployment process. The operator must 

always take off the rucksack, open it, before taking out the platform to be deployed. Additionally, the 

platform may have to be cleaned before placing it back into the rucksack where the sensitive 

electronics are located; a task undesirable for efficient retrieval and transport. 

 

This design minimizes the space required on the operatorôs body by the robotic platform onto a belt. 

This makes deployment very simple as all the operator would need to do is route the belt through a 

slot located on the platform before buckling it back onto their torso or posterior. The control stationôs 

battery and electronics would all be located in rugged modules hooked and attached to the belt. A 

hand-held controller would be used as the OCU. Figure 5-4 on the following page illustrates this 

concept. 



                                                       DESIGN OF A MAN-WEARABLE CONTROL STATION FOR A ROBOTIC RESCUE SYSTEM 

 

34 | P a g e  
 

 

Figure 5-4 - Belt-Strap Concept Design 

The primary strength of the system is that it is low-cost and light weight, as well as offering quick and 

simple deployment without the worries of having to deal with the robotic platformôs cleanliness. It does 

however depend on the robotic platformôs body to include a slot for the belt, and may introduce 

conflicting interests in terms of weight and functional design. Another criticism is that the size of the 

electronics present may provide hindrance around the operatorôs torso or waist. The overall weight 

may also require extra harnesses around the body for support, detracting away from the system 

simplicity. 

 

This design revolves around the idea of creating a weatherproof ñdocking stationò for the robotic 

platform. It centralises the entire system onto the operatorôs back using a MOLLE-vest. All electronics 

and the battery would be mounted inside the protective chassis, and the operator can place the robot 

onto the station using mounting brackets. The robotic platform is docked externally, and is therefore 

safely isolated away from the electronics. This is shown in Figure 5-5. 

 

Figure 5-5 - Vest-Docking Station Concept Design 

This design is ideal for being an all-in-one solution, as well as not requiring any changes to the robotic 

platform to function. One significant disadvantage in retrospect is that it becomes dependent on the 

size and shape of the robotic platform. This may lead it to become substantially large and introduce 

additional weight. In comparison to the other concepts, it is also the most complex, and requires 

additional manufacturing and parts. 

 

After evaluating all three concepts, the Vest -Dock Design was chosen. Functionally, and 

experimentally, it provided the highest configurability and expandability. It offered the fastest 

theoretical deployment times as well as being the least obtrusive system concept for being worn on a 

personôs body as it never needed to be removed during operation. Mechanically, it avoided custom-

tailoring of third party products like the rucksack and belts to fit on different body physiques and could 

be designed to fit on a standard MOLLE vest. Electronically, the internal modules could be adapted 

for use in future generations of the system, making for an ideal development platform.  
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Following from the concept chosen, a docking station layout was used for the detailed design. The 

final designôs exploded assembly is shown below in Figure 5-6. The chassis was designed with four 

separate ñboxesò to segregate the main functions of the control station. This aimed to make assembly 

and maintenance easier, and also providing an intuitive overview of the complete system flow. 

SolidWorks 3D CAD design software package was used to design all the parts. 

 

BOX FUNCTION 

1.  Power Box  
Contains the battery, and all the battery management and 
charging circuitry.  

2.  Computing Box  
Contains all the electronics required for processing the controls 
stationôs data as well as the devices for data logging. 

3.  Video Receiver Box  Contains the control stationôs video receiver. 

4.  Back Box  
Contains the power distribution board, and provides a routing 
channel for all the systemôs wires from one box to the other. 

5.  Base and Supports  
Supplies the main base and rib mounting supports to the vest. 
Also includes the mounting brackets for the robotic platform. 

 

Figure 5-6 - Exploded Assembly of Control Station Chassis and Functions Described 

Each box is connected to each other using four M5 stainless steel bolts. This was to provide adequate 

support throughout the entire structure with minimal complexity and ease of assembly. A single 

opening is made for each box for cable routing between adjacent units. To facilitate waterproofing, 3 

mm wide grooves were included along the edges for seating a rubber seal.   
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Shown below in Figure 5-7 are the overall dimensions of the mechanical chassis. This illustrates how 

the chassis can fit within the 500 x 500 x 500 mm space set by the subsystem specifications. 

 

 

Figure 5-7 - Overall Dimensions of Mechanical Chassis 
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For a man-wearable system, material selection emphasised on being both lightweight and resistant 

towards environmental conditions during operation out in the field. 

HDPE was therefore selected for the chassis. This material has a high strength to density ratio, 

introducing good abrasion and impact resistance properties, which made it appealing for a portable 

rugged system. Importantly, it is also non-conductive, making it ideal for housing electronics.  

Aluminium was selected for the metal shafts and the mounting bracket supports. This was chosen for 

its high strength-to-weight ratio and its ease of machining. Its high corrosion resistance also motivated 

its inclusion in a weatherproof system for use in USAR.  

 

All parts were manufactured in UCTôs Mechanical Engineering Workshop. HDPE parts were made 

using a CNC mill, and the aluminium parts were made primarily using the available lathes and milling 

machines. The complete array of manufactured parts is shown below in Figure 5-8. 

 

Figure 5-8 - Array of Completed Manufactured Parts 

Custom-made Perspex pieces and rubber seals were also included, which were fabricated using the 

UCT Architecture laser cutter. 

The following sections will provide a detailed overview of each box of the chassis, as well as the 

supporting parts responsible for allowing the mechanical chassis to become a man-wearable system.  
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Design of the Power Box aimed to create an accessible housing which could store the large Li-Po 

battery along with its battery management and charging circuitry. The exploded assembly diagram is 

shown below in Figure 5-9. 

 

Figure 5-9 - Exploded Assembly of Power Box 

 

To keep the battery fixed in the box, industrial Velcro strips were used, which aimed to allow easy 

detachment and reattachment during maintenance. Floating M3 mounting supports were provided to 

locate both the battery management and battery charger board directly above the battery, which was 

crucial for the thermistor temperature monitoring.  

Two banana plug jacks were included on the bottom of the box. These are responsible for connecting 

to an external power supply during charging.  These were chosen to be red for power and black for 

ground in accordance to standard safety practices. An IP67-rated 15 A switch was also included as 

the main system switch and an ñOò indicator was provided on the outside on the box to indicate the 

ñONò side of the switch. 

 

During manufacturing of the Power Box, issues were encountered with internal stresses of the HDPE 

material, which caused shape deformations along the bottom of the structure. This was ultimately 

remedied by remanufacturing the part using a higher density nylon material, but at the cost of an 

18.5% increase in the weight of the part.  



                                                       DESIGN OF A MAN-WEARABLE CONTROL STATION FOR A ROBOTIC RESCUE SYSTEM 

 

39 | P a g e  
 

 

During design of the chassis, it became apparent that the user should be able to interact with the 

systemôs basic controls without having to remove any parts to access the devices. Hence, both the 

Computing Box and Video Receiver Box were designed to include external control panels for this 

purpose. A lid cover was also designed to provide additional protection of the control panel from rain 

and dust. 

As such, both boxes utilize three main layers, those being the base to contain the electronics, the 

interactive control panel, and the protective lid. These are illustrated below in Figure 5-10 for the 

Computing Box. 

 

Figure 5-10 - Computing Box Layers 

 

All devices were given M3 mounting supports. On the bottom of the box, a MCX connector was 

provided for the GPS antenna. An IP67 6-core female connector is also provided for the OCU cable. 

On top a SMA connector was located for connecting the RF transceiverôs antenna.  
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The Computing Boxôs control panel includes two IP67-rated buttons for the following functions: 

¶ Hardware -Reset: In the event that the provided software reset function was not adequate for 

the Central Processing Boardôs STM32F407VG microprocessor, this button could be used to 

perform a direct hardware reset. 

¶ Low -Power Mode: The operator can set the operator station to be in low-power mode to 

conserve energy and battery life. In this mode, only the 3.3 V supply rail is left online. This 

leaves the main microprocessor, the temperature sensors, and the battery monitoring and 

protection systems online.  

 

Figure 5-11 - Computing Box Control Panel 

An IP67-rated USB port was made available for the purpose of inserting a mini USB flash drive. This 

was to provide additional data logging alongside the digital video recorder. More information on this 

module can be found in Chapter 6. Contro l Station Electronics . 

A small overhead cover was provided above the USB port for extra protection against any liquids 

escaping past the cover lid. 

 

The lid was based on a simple hinge system which uses a 4 mm diameter shaft and circlips to be 

secured. To lock the lid in a closed position a pivoting latch system was used which is controlled by 

rotating an aluminium handle on the outside. This is illustrated below in Figure 5-12. 

 

Figure 5-12 - Lid and Latch Mechanism  



                                                       DESIGN OF A MAN-WEARABLE CONTROL STATION FOR A ROBOTIC RESCUE SYSTEM 

 

41 | P a g e  
 

 

This box was designed to be the same shape as the Computing Box to keep the chassis layout 

symmetrical as well as providing enough space for the video receiver. The same lid and latching 

system was used to provide additional weatherproofing. The complete assembly diagram is shown 

below in Figure 5-13: 

 

Figure 5-13 - Exploded Assembly of Video Receiver Box 

 

M3 mounting supports were provided for the video receiver and a 5 mm clearance gap was located 

underneath for routing the antennaôs extension cable. During design it was decided to locate the 

antenna externally on the Back Box. This was to prevent collisions of it with any hanging obstacles, or 

the robotic platform itself during the docking process. For similar reasons, the original 1.3 GHz 

antenna was also replaced with a more flexible unit of the same frequency. 

 

The video receiverôs channel LED display can be viewed through a protective 3 mm Perspex screen. 

Two holes were made to allow access to the channel selector buttons. For protection against ingress, 

a rubber seal was placed between the holes and the buttons.   
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The Back Box initially began as a simple hub part to interconnect all the other boxes together. It later 

developed into a holder for electronics which could not fit elsewhere, and also acted as the chassisô 

ventilation outlet. The exploded assembly is shown below: 

 

Figure 5-14 - Back Box Exploded Assembly Diagram 

 

M3 and M2 mounting supports were provided for mounting the various PCBs in the box. 8 mm 

clearances between the PCBs and the back wall allow for cable routing and management. The video 

receiverôs antenna is located on top is connected using a SMA female connector on top.  

The control stationôs robotic platform charging connector is located at the bottom right of the box. This 

allows the operator to connect to the robotic platform using a two-wire power cable before initiating 

charging via the user interface. Similarly, the adapter board for the FPV goggles is located on the 

bottom right of the box. Both the charger and goggle connectors were given protective rims to prevent 

contact with any liquids or dust coming from above or the sides.  
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To provide ventilation to the control station, vents on each of side the box allows airflow between the 

internal system and the external environment. These were designed with a removable cap system to 

weatherproof the air vents. A cross section of the system and the resulting air flow can be seen below 

in Figure 5-15. 

 

Figure 5-15 - Cross-section of Back Box Vent Showing Allowed Airflow Path 

Two Sunon 3.5 CFM 30 mm diameter fans were incorporated for increasing the amount of air flow 

through the vents. They were configured in a push-pull setup ï with one fan pulling air from the 

external environment, and the other pushing the heated air back out. This is illustrated below in 

Figure 5-16: 

 

Figure 5-16 - Back Box Push-Pull Fan Setup 

Both these fans have a nominal supply voltage of 12 V and draw approximately 70 mA in total. 
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Docking of the robotic platform onto the control station was achieved by using two mounting brackets 

on the Power Box. Two wheel gaps are used to locate the robotic platformôs wheels for easy storage. 

This is illustrated below in Figure 5-17: 

 

Figure 5-17 - Mounting Brackets 

 

One of the main challenges envisioned during docking of the platform onto the control station was that 

the operator cannot see behind them during the process. Using electronic sensors such as a rear-

view camera would have been unnecessarily complex and costly for this purpose. Therefore a simpler 

approach was to shape the mechanical chassis such that the operator could intuitively sense the 

robotic platformôs location by using physical indicators, as shown below in Figure 5-18: 

 

Figure 5-18 - Physical Indicators for Docking 

1. The chassisô wheel gaps provide recognisable slots for the robot to locate and begin inserting 

into.  

2. The mounting bracket acts a guide rail for the wheel axel to slide along. A raised column 

ñnoseò on the mounting bracket indicates a physical threshold for where the robot wheel axels 

should begin descent. The curvature of the bracket then guides the wheel axels into the 

provided slot. 

3. The robot can then finally be strapped down to the vest using the tailôs hole at the bottom. 
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The maximum wheel width of the robotic platform storable in the control station was determined by 

the size of the wheel slots. This is illustrated below in Figure 5-19, which represents the robotic 

platformôs docking space using the coloured shaded area: blue for the wheels, and red for the body.  

To comply with the size required by T. Mathewôs robotic platform, a 53.5 mm wheel gap was provided. 

This limit can be increased by adding spacers between the Back Box and the two adjacent side 

boxes. 

 

Figure 5-19 - Control Station Scarab Size Allowance 

The maximum diameter of the wheel supported is 309 mm, which was substantially higher than the 

200 mm originally specified. This was due to the size of the final robotic platformôs body, which was 

larger than expected, and thus increased the distance of the wheelôs centre away from the operatorôs 

back. This currently accommodates a cylindrical body with a maximum radius of 82.5 mm and a 

height of 223 mm. 
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To make the mechanical chassis into a man-wearable system, a tactical vest was used to integrate it 

onto the operatorôs body. This allowed the operator to simply pick up the vest with the control station 

attached, and place it on as a single unit. 

 

To satisfy this requirement, a Condor Cross Draw Vest was 

selected. This was chosen to give the operator enough utility 

in the clothing for additional needs such as carrying rescue 

tools and expandability for attaching additional modules.  

The vest includes: 

¶ 7 pouches 

¶ MOLLE Velcro attachment pads 

¶ 2 x D rings on the shoulders, and a carry handle 

¶ A removable weapon holster 

Figure 5-21 below shows the Pouch Attachment Ladder 

System (PALS) located on the back. This is a grid of 

webbing used for attaching equipment and contains Velcro 

inside to provide extra fastening ability.  

 

Figure 5-21 - PALs Grid and Shoulder Ring on Vest 

On top of the vest shoulder rings are located for attaching rescue 

hooks.  

The weapons holster was used as the OCU holster, which proved 

effective, as it could fit in comfortably, as well as having a slot at 

the bottom for the cable to route through. This is shown in Figure 

5-22. 

 

During preliminary design, a 4.5 kg weight was strapped to the top, mid, and lower region of the 

authorôs back to test which area provided the most comfort. It was determined that the top region was 

significantly more comfortable, and therefore design of the control station aimed for it to be placed 

there. It should be noted the design still allowed the chassis to be relocated to other regions of the 

back, but would affect how the operator docks the robotic platform. 

Figure 5-20 ï Cross Draw Tactical 

Vest

Figure 5-22 - OCU in Vest 
Holster 
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Three support ribs were used to carry the majority of the weight of the system and were located at the 

bottom of the chassis and adjacent to the operatorôs back. The ribs were shaped such that they could 

fit in the PALS grid slots of the tactical vest, and hook onto each strap, as shown below in Figure 

5-23. This eliminated the need for an additional latching mechanism to prevent the chassis from 

coming loose from the vest. Testing revealed that these performed very well and were extremely 

difficult to remove unless specifically intended to. 

 

Figure 5-23  - Mechanical Chassis on Upper Back (left), Support Ribs in PALS Grid (right) 

 

Custom-tailored backpack belts were used to provide additional weight support, and prevent the 

chassis from tilting away from the operatorôs back. These are routed through the top slots of the 

Power and Back Box and can be adjusted to suit the userôs form, as shown below in Figure 5-24. 

These use a standard plastic clip-buckle system to detach from the vest, and were hand-sewn by the 

author to the vestôs shoulder rings. 

 

Figure 5-24 - Custom-tailored Belts and Buckles 

 

A man-wearable mechanical chassis was designed to fulfil the requirements set by the subsystem 

specifications. This prioritised on keeping it a one-manned unit, without the requirement for additional 

team members, and also ensuring an easy interface whilst maintaining quick deployment. The 

chassis was made man-wearable by integrating it with a Condor Cross Draw tactical vest, and using 

three ribs for attachment. Its layout was designed with keeping in mind ease of assembly of 

maintenance, allowing enough space to house all the control station electronics. 

Chapter 6. Control Station Electronics , which follows, describes all the electronics which are 

housed within the mechanical chassis and their integration with the Scarab system. 
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Following the background research, design of the control station electronics subsystem focussed on 

the use of a single processing unit. This acted as a nexus; gathering data from both the control station 

and the sensor payload and compiling it for use by the operator. The advantage of this was increased 

potential for modularity, as well as scalability of the system for future additions and development.  

For the context of this chapter, it is vital to understand what the Scarab sensor payload includes. This 

is illustrated below in Figure 6-1, which shows a combination of both environmental sensors and 

cameras. Electronics on the control station were selected and designed to process data transmitted 

from the sensor payload, including a communications and video-processing module. Sensors were 

also incorporated on the control station, introducing temperature monitoring and GPS functionality. 

 

 

 

 

 

 

 

 

 

 

 

During development, a variety of custom PCBs were made to facilitate the subsystem requirements. 

These were all designed using Altium Designer and the generated Gerber files were outsourced to 

BETA-Layout for manufacture. The completed boards were then hand-assembled and soldered in 

RARL by the author.   

This chapter focuses on the selection and design of the electronics and their integration with the 

complete Scarab system. As such, the following topics will be discussed: 

× Specifications and Criteria Justifications  

× Subsystem Overview  

× Central Processing Unit  

× Video and Audio Modules  

× Communications Mo dules  

× Sensor Modules  

× Data Logging Modules  

This chapter begins by listing the subsystem specifications before presenting the subsystem 

overview. 

Figure 6-1 - Sensor Payload Diagram and Control Station Electronics Subsystem Breakdown (Sensor Payload 

Render courtesy of G. Knox) 
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Subsystem specifications were vital in ensuring that the control station electronics were designed in 

accordance with the system requirements.  

Presented below are the Subsystem Specifications  for the control station electronics. Values which 

are denoted with a ñ * ò can be referred back to in the Primary System Specifications . 

The motivation behind each criteria can be viewed in the Subsystem Specification Justifications 

which follows thereafter. 

Table 6-1 - Control Station Electronics Subsystem Specifications 

No Specification  Value  

 

Controll er Specifications  

1 Central Processor Yes 

2 OCU Communication Protocol RS-232 

Video and Audio Specifications  

3 Video Receiver Range Video 1.3 GHz receiver 

4 Video format PAL 

5 Colour Video Yes 

* On-screen display Yes 

7 Goggles Fatshark Dominator 

8 Audio Earphones/Headphones 

Wireless Communications Specifications  

* Frequency 433 MHz 

10 RF Transceiver RF1101SE 

* Indoor Range 30 m 

Sensor Specifications  

12 GPS Accuracy 5 m radius 

13 Temperature sensors Yes 

Data Logging Specifications  

14 Video Recording Yes 

15 USB Flash Drive Recording Yes 

Performance Specifications  

16 Maximum Power Consumption 18 W 

Coding Specifications  

17 Programming language C 

 

 

 

1. As determined by the background research and proposed design layout of the control station, 

a single central processing unit was specified for handling all the electronics throughout the 

system. 

2. RS-232 was chosen as the serial communications protocol to the tethered OCU. This was 

selected for its robustness against noise over long distances, as well as being simple to 

implement ï needing only one wire to transmit data from one side to the other.   
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3. The Range Video 1.3 GHz video transmitter and receiver pair were pre-selected for the 

project by S. Marais. Accordingly, the video transmitter was included on G. Knoxôs sensor 

payload, and the partnering receiver was located on the control station. 

4. As stated in the primary system specifications, FPV goggles were to be included into the 

system. During the early stages of the project, a pair of Fat Shark Dominator FPV goggles 

were available in RARL. These were found suitable due to their small-form and portability, 

and therefore included into the system. 

5. Both the sensor payloadôs cameras output a PAL video format. Therefore the control station 

video electronics were specified to be able to receive and process this format. 

6. On a rescue inspection system, the ability to display colour video is crucial. This allows the 

operator to differentiate between hazard signs, as well as identify between different kinds of 

objects; such as blood from water. In more specific context of the Scarab system, it is vital for 

the sensor payloadôs thermal camera, which relies on multi-colour thermographs to indicate 

temperature levels. 

7. Portable headphones or earphones should be able to be connected to the control station to 

listen to the audio received from the sensor payloadôs microphone. 

 

8. The RF1101SE was selected by G. Knox for the Scarab systemôs transceivers to satisfy the 

requirement for the 433 MHz UHF band at a low cost. 

 

9. It was determined that a 5 m radius GPS accuracy was adequate for a system to be used 

outside a building. This allows the rescue team to search the zone within their field of view, 

without being in the wrong block in the immediate area. 

 

10. Video recording is critical for a system to be used in USAR, as it allows the team to analyse 

the findings in the void before sending the appropriate equipment down to retrieve any 

survivors or objects. It also provides a quick means of reviewing the mission data, with the 

OSD able to overlay the recorded sensor data directly on top of the video. 

11. USB logging was specified for the system to allow sensor data to be recorded in text file form. 

This was not necessary for the on-site purposes like video reviewing, but was still included for 

the purpose of providing a more empirical means of analysing the data after the rescue 

mission. 

 

12. The power supplyôs 12 V rail was specified to provide a total of 26 W to supply the control 

station system. Of this, 18 W was allocated to the control station electronics. 

 

13. The firmware libraries for the RF1101SE were designed and written in C by G. Knox. As such, 

the control station firmware was specified to use the same programming language to ensure 

compatibility, as well as making cross-development easier between the control station and 

sensor payload, which both used the same STM32F407VG microprocessor.  
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A summary of the connections of the devices in the control station can be found below in Figure 6-2. 

This shows the data flow relative to the Computing Box, and illustrates how all modules are handled 

by the central node; dubbed the Central Processing Board . This uses a STMicroelectronics 

STM32F407VG embedded microprocessor to handle all the data throughout the control station. For a 

more detailed overview, please refer to the circuit schematics on the accompanying DVD. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-2- Control Station Electronics Subsystem Overview 

Tabulated below is a summary of each of the functions required between the modules and the Central 

Processing Board. Note this can be referred to the final board shown later in Figure 6-7 for the 

specific pins allocated from the STM32F40VG. 

Table 6-2 - Inputs and Outputs to Central Processing Board 

PERIPHERAL 
INPUTS 

( To Central Processing Board) 
OUTPUTS 

( From Central Processing Board) 

External  
Power Supply  

External Supply Connected (GPIO)  

Power Supply  
Subsystem  

12 V, 5 V, 3.3 V Supply 
2 x Temperature Sensors (ADC) 
Fuel Gauge I

2
C (SDA) 

Regulator Switches (GPIO) 
Charge Enable Switches (GPIO) 
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Design of the Central Processing Board focussed on incorporating all the control stationôs processing 

circuitry. As such, this included the following main modules: 

¶ STMicroelectronics STM32F407VG ARM Cortex-M4 168MHz 32-bit microprocessor 

¶ Maxim MAX7456 On-Screen Display generator  

¶ Texas Instruments MAX3232 RS-232 transmitter 

Each of these modules serve as core components of the control station interface, and will be covered 

later this chapter. The final PCB, with its modules indicated is shown below in Figure 6-3. 

 

Figure 6-3 - Render of Central Processing Board 

 

During the early stages of the project, the STM32F407VG embedded 

microprocessor was recommended by the UCT Electrical Engineering 

Department for the project. This was deemed suitable for the Scarab 

system as it featured high processing power at 168 MHz, with a large 

multitude of functionality at a relatively low cost. They have been 

benchmarked [81] to achieve a score of 2.79 CoreMark/Hz, making them 

one of the highest performance Cortex-M solutions available on the 

market. It was thus chosen for the operator control station for use as the 

primary processing unit. The same microprocessor was also included in 

the high-cost version of G. Knoxôs sensor payload, which proved highly 

beneficial during the cross-development and integration of firmware code.  

Selection of each additional module on the board was performed on the 

basis of their function, performance and compatibility with the 

microprocessor.  

The STM32F407VG has an evaluation module in the form of the low-cost 

STM32F4 Discovery boards. These were used for initiating the coding 

development of the system, as well as programming the Central 

Processing Board. One is shown to the right in Figure 6-4. 

The microprocessor has a nominal supply voltage of 3.3 V, and can draw 

up to 150 mA of current. 

 

Figure 6-4 - STM32F4 

Discovery Board [91]
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Over the course of development, two generations of the board were designed and manufactured. The 

second iteration focussed on correcting design errors from the first prototype as well as making the 

board more user-friendly for both development and maintenance. Both are shown below in Figure 

6-5. A more thorough overview of the final PCB can be viewed on the next page. 

 

Figure 6-5 - Central Processing Board: Prototype (left), Final (right) 

Prototype:  The first prototype PCB aimed to test the circuitry design and allow code 

development to be initiated for the user interface. This was intended to be an all-in-

one solution and included all modules on-board, including the GPS sensor and 

USB-UART convertor.  

Final:  On the final PCB, a more modular design was approached. This prioritised on 

making it more accessible for testing as well as addition of future modules. As a 

result, both the GPS sensor and USB-UART convertor were removed and replaced 

by breakout-board designs. This allowed all the electronics to be moved to the top 

side of the PCB, leaving the bottom exclusively for connectors and routing. More 

vias were also included on the routing, which proved to be invaluable test points for 

debugging purposes. 

 

 

To program and debug the STM32F407VG, a ST-LINK/V2 in-circuit debugger was used. This 

communicates with the microprocessor using a two-wire Serial Wire Debugging (SWD) protocol. A 

programming header is included on the PCB to connect between the board and the programming 

interface. During development, the ST-LINK/V2 tool on the STM32F4 Discovery board was used for 

programming the board. The setup, and pin connections are illustrated below in Figure 6-6: 

 

Figure 6-6 - Programming Connections between Central Processing Board and STM32F4 Discovery   
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The final PCB and each of the connectorôs pin-out allocations are illustrated in  

Figure 6-7 below. For more information on the board and schematic design, please refer to the 

accompanying DVD. 
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Main Connector (P7)   USB-OTG (P5)  Programming (P3)  

PB15 RF MOSI PB14 RF MISO  GND USB GND  3.3V 3.3 V Supply 

PD15 RF GDDO2 PB13 RF SCLK  PA10 USB ID  PA14 SWCLK 

PD14 RF GDDO0 PC3 Back Box Temp  PA12 USB D+  GND Board GND 

PD13 RF CS PC2 Pwr Box Temp  PA11 USB D-  PA13 SWDIO 

PB8 Fuel Gauge SCL GND Board GND  PA9 USB VBUS  NRST Reset 

PB9 Fuel Gauge SDA 3.3 V 3.3 V Supply  GPS (P8)  PB3 TRACESWO 

PE5 20 V Enable 5 V 5 V Supply  GND GPS GND  USART-USB (P9) 

PE2 Power Supply Detect 12 V 12 V Supply  5V 5 V Supply  PB6 USART TX 

     PA2 GPS RX  PB7 USART RX 

HHC Connector   3.3 V (W1)  PA3 GPS TX  GND UART-USB GND 

MAX TXD HHC RXD  GND Board GND  Regulator Switches (P6)   Control Panel (P10)  

MAX RXD HHC TXD  PA15 3.3 V Switch  PE6 12 V Switch  GND Button GND 

Video  Video (OSD)     PE5 5 V Switch  PE10 Low-Power Mode 

GND HHC GND     PE4 Charge Enable  NRST Reset 

12 V 12 V Supply          
 

Figure 6-7 - Central Processing Board: Top Side (Top), Bottom Side (Bottom)  


