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ABSTRACT 

The goal of the overall research program to which this thesis work will 

contribute is to characterize the behavior of a rocker-bogie chassis as it encounters 

obstacles at high speeds. Towards this end we will determine the 2-D kinematics and 

dynamics performance of the rocker bogie chassis suspension when it crosses over 

trapezium shape of wooden obstacles ranging from 1 inch height to 2 ½ inches height, 

under variable speed capable of exceeding 0.1 m/s. Obstacles will clearly present a 

difficult task to the rocker bogie, and it is important to develop an optimized set of 

speed limits for the rover to be able to traverse in a stable condition. The scope of this 

thesis is focused on the measuring of impact in longitudinal direction; and the 

stability of the rocker bogie. In addition, the rocker bogie will perform an 

unconventional maneuver called a “wheelie maneuver” in which the speeds among 

the three wheels are varied so that they take advantage of the design to allow one of 

the wheels to be forced into the air. The “wheelie maneuver” experiment will be 

compared to the conventional maneuvers in terms of impact force. The experiment is 

to determine the extent that the impacts can be reduced through the use of the wheelie 

maneuvers. 
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Chapter 1 INTRODUCTION 

1.1 Background Reference 

In January of 1999, NASA conducted the first Astronaut-Rover (ASRO) 

Interaction field experiment at Silver Lake in California’s Mojave Desert. In the 

context of the human exploration of the Solar System, the interaction of the astronaut 

and the rover as a complementary and interactive team is critical to assess. In this test, 

a semi-autonomous rover, the NASA Ames Marshokhod was used to carry out 

several tasks. There were four main science scenarios and detailed operational 

procedures were tested during the ASRO test: First, the rover as a scout; Second, The 

rover as a video coverage assistant; Third, The rover as a field science assistant; 

Fourth, The Rover as a Field Technician Assistant.[1] In the last scenario, the rover 

was used to carry tools and samples to the suited astronaut. These scenarios represent 

four possible mission scenarios of astronaut-rover interaction in the field. The goal is 

to evaluate the effectiveness, robustness and sequence of execution. In these scenarios 

astronauts-rover interaction is a new, and important aspect that requires new and 

better-adapted tools, as well as revolutionary exploration strategies. 

A few issues were discovered which limit the utilization of the rover for the 

astronaut. One of the operational problems that was immediately apparent during the 

ASRO test, was that the rover was unable to keep pace with the astronaut causing the 

astronaut to spend too much time either waiting or going to the rover to get tools or 

soil samples [3,4]. Some tests with faster commercial robots show that these rovers 

have difficulty following astronauts into areas of cluttered terrain; they will tip over 

due to their high center of gravity.  
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The Field Integrated Design and Operations robot (FIDO) is an advanced 

robot vehicle developed by the Jet Propulsion Laboratory (JPL) for future missions to 

Mars. FIDO will conduct some experiments in 2001 and 2002 to assist the Mars 

scientists and operations personnel by allowing them the opportunity to operate a 

fully-instrumented rover within challenging geological terrains on Earth that are 

similar to the planet Mars. The rocker-bogie design used by the FIDO has six 

independent motors driving each of six wheels. These wheels are mounted to a 

differential joint on two rocker arms. Each rocker has a rear wheel connected to one 

end and a secondary rocker, called a bogie, connected to the other. At each end of the 

bogie is a drive wheel, and the bogie is connected to the rocker with a free pivoting 

joint (Bickler 1992)[7]. The dynamics and climbing capabilities of a high-speed 

rocker-bogie system operating in natural terrain is yet to be known. A high-speed 

rover is not intended due to the limitation of energy sources, computers, and the 

payload. However, the problem faced by ASRO missions is significant, therefore the 

need for the rocker-bogie system to operate at human walking speed (approximately 

1m/s) is highly recommended. [2] 
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1.2 Description Of The Test  

In order to test the behavior of the rocker-bogie suspension under high speed, 

the AME Robotics Lab had constructed the rocker-bogie test track (Fig 2-2). This 

consists of a non-powered conveyor belt and the left side of the rocker-bogie 

suspension. As the wheels turn, they move against the belt that also turns. The 

vertical motor-mounts that hold the wheels are installed with strain gauge force 

sensors. These tests are to determine the capabilities of this suspension system at 

human walking speed, and to apply some control strategies for the wheelie maneuver. 

This mock-up runs ten times faster than the original. At the speed of 0.1 m/s, 

as the front wheel is climbing over the obstacle the second and third wheel will try to 

push from the back. This will increase the traction of the rover, because the second 

and third wheels are still on the horizontal. We know the original rover can go over 

obstacles, but what is the shock of doing so at ten times faster? Does dynamically 

changing the middle wheel speed, and thus the wheel configuration at impact reduce 

the shock? 

The mock-up will be sitting on a non-powered conveyer belt. In order to get 

higher torque output, a 15 V motor is mounted on each wheel, and the three wheels 

are going to turn the conveyer belt. The purpose of the first stage of the experiment is 

to test if the rover can safely traverse over wooden trapezoids ranging from 1 inch to 

2.5 inches height with all wheels running at equal speed. The second stage of the 

experiment will be running the motor number 2 at a higher speed, while varying the 

speed of 1st and 3rd motors using PWM control. In the second stage, we would like to 

characterize its climbing capability by pre-lifting the rocker (wheelie maneuver), as 



 4

mentioned earlier. The third stage of the experiment is to test a variable speed on each 

wheel. 

1.3 Importance Of The Research 

Recently, there has been significant improvement in semi or fully autonomous 

planetary rovers for exploration, but there remain challenges for scientists and 

engineers to solve. The stability, the control and the behavior of the rover are the 

main focus of the research. With the increase of autonomy and speed capability of the 

rover, there is a higher possibility of the rover running into a stall and even damaging 

the suspension. The fundamental motivation of this experiment work is to allow the 

rover to traverse an obstacle at a higher speed then has been previously done, and to 

be able to better characterize what the upper safe speed limit may be, which the 

current existing rovers failed to reach. The potential application of this research 

includes urban search and rescue & military surveillances [1] in which speed is 

important. 

The focus of the research is to predict the impact force on the mock up rover 

when it runs over an obstacle. We are going to see if there is any risk on the rocker-

bogie suspension system traveling at high-speed situation. Due to the high speed of 

the rover (1m/s), both static and dynamics forces are considered in calculating the 

rover’s stability. 

1.4 Lessons We Hope To Learn From This Research 

The original FIDO has been successfully demonstrated; the design minimized 

the pressure on the wheel, while maximizing the wheel traction and the ability for the 

rover to go over an obstacle. 
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The challenge that lies ahead is to determine how much the impact force is 

reduced or increased with the change of the speed. Furthermore, we need to 

determine if the unconventional wheelie maneuver is an important control strategy.  

 

1.5 Potential Capabilities 

The rocker bogie has previously been shown to be able to traverse over an 

obstacle at the slow speed of 0.1 m/s. There is a possibility for the rocker bogie 

suspension to operate under higher speed, which will greatly expand its utility. A 

rover fitted with a high-speed rocker bogie may assist an astronaut on the Moon or 

Mars by running back and forth between a geological site and spacecraft under high 

speed, without jeopardizing the rover. 
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Figure 1-1: The original model of FIDO rover [courtesy by JPL] 

 

 

Figure 1-2:  The original model pf the Rocker-Bogie suspension [courtesy by JPL] 
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Chapter 2 DESCRIPTION OF FACILITY 

2.1 Type of rocker bogie test track 

PRESENT RESEARCH 

This project describes a mock up model for FIDO, which simulates only one 

side of the six-wheeled passive suspension system, known as the rocker bogie 

suspension. This suspension, patented by JPL in the mid-90’s, consists of 6 powered 

wheels arranged in 2 sets of 3 wheels per side. The wheel has a diameter of 7.876 

inches. A free pivot connects the bogie at point A (Figure 2-1), which holds the front 

and middle wheel, to the rocker arm, which connects the rear wheel to the body. In 

this mockup, the rocker joints of the suspension connect to and support the main 

chassis of the rover through a shaft attached to two sliders. Originally, the sliders 

were meant for office drawers. The sliders are mounted to the shaft at point B 

together with two tall vertical members. The vertical members are used to hold the 

rover over the conveyer belt. 
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Figure 2-1: Rocker Bogie Configuration 

  

      

Figure 2-2: Isometric view: The rocker bogie is mounted on a slider shown above. The 

sliders are then bolted on a test rig, which holds a conveyer belt. 
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Figure 2-3: Side View 

 

                               
 

Figure 2-4: Front View 
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Figure 2-5: Rocker bogie climbs over an obstacle 

2.2 Experimental equipments 

2.2.1 Obstacles 

Rovers for planetary exploration in the future will need to travel several 

kilometers over long periods. Simple analysis of the mobility of the rocker bogie 

suspension must be developed and evaluated. It is important to predict if the rocker 

bogie can successfully negotiate a given obstacle at high speed, without being tipped 

over or stranded. 

The obstacles used in the experiments are trapezoid wedges. The obstacles are 

place on the conveyer belt, and the powered wheels drive the belt, which carries the 

obstacle. There are 4 different heights (h) for the wedge obstacle, 1-inch, 1.5 inch, 2 

inches and 2.5 inches. Each of them has 45o angle of inclination and 3.5 inches wide. 
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Figure 2-6: Wedge Obstacle 

The front bogie is allowed to pivot ± 45o from the horizontal. The entire 

structure of the mock up will be tested on its dynamics and rigidity using strain 

gauges. FIDO needs to use the full potential of its mechanical system in a harsh and 

unplanned environment. LabVIEW from National Instrument will serve as the data 

acquisition equipment for this experiment. 

2.2.2 Strain Gauges 

As the rover traverses across the obstacle, the rover will slide upwards 

depending on the sizes of the obstacles. At the same time, the strain on the rocker 

bogie will be measured. When force is applied to the rocker bogie, it deforms. This 

deformation is known as strain. Strictly speaking it means deformation per unit 

length. The strain is measured with bonded resistance strain gauges [6]. The strain 

gauges will only be mounted on the vertical member of the rocker bogie. Both 

compressive (negative) and tensile (positive) strain will be measured. 
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2.2.3 Power Plant 

Maxon Motor manufactured the motors that used by in the experiment. Each 

motor has a power of 90W, nominal voltage of 15V capable of achieving an RPM of 

7070 without load, a reduction of 86:1 planetary gear head, and a digital HP encoder. 

The motor is not the original motor that is used by the existing FIDO rover. 

A handy board (www.handyboard.com) is used for the speed control of the 

motors, while external H-bridges are for the amplification of the power for the 

motors. A digital video is used to measure the speed of the rover. 

2.2.4 H-Bridge 

         

Figure 2-7: The Schematics of H-Bridge 
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To reverse or change the speed a DC motor, one must be able to reverse or 

control the magnitude of the current in the motor. The easiest way to do this is using 

an H-bridge circuit. The basic operation of an H-bridge is very straightforward. 

Current control is implemented as a switch strategy where the switching duty cycle is 

varied according to the command given by the experiment. This switching strategy is 

known as pulse width modulation (PWM). The handy board has built in library 

routines to generate a PWM signal for any given duty cycle. 

2.3 Instrumentation 

The instrumentation used to measure the impact signal from the strain gages 

consists of one data acquisition board, one signal amplifier, and one PCI card. The 

data acquisition board is a National Instruments NI 6023E. The board utilizes a 

twelve-bit analog to digital converter. It has a sixteen channel multiplexer to give it 

the capability of scanning sixteen single ended inputs or eight differential inputs. It 

has a scan rate of 200k samples per second. In order to achieve better common mode 

rejection, the board was set in the differential operation mode. Shielded cables were 

used and pair wires were twisted to reduce the effect of EMI (Electro-Magnetic 

Interference). An instrumentation amplifier was used in order to provide the required 

amount of excitation voltage and output amplification for the strain gauges. Four fine 

insulated wires (0.01” diameter) were braided together and connected to the 

Wheatstone Bridge. The signals were transmitted through the doubly shielded twisted 

wires to the SCB-68 board.  
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Figure 2-8: SCB-68 Board Parts Locators Diagram [12] 
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2.4 Development of LabVIEWTM Program 

The program LabVIEW was used as the interface between the experimenter 

and the data acquisition board. LabVIEW was chosen for several reasons. Two of 

these are the easy programming and its execution speed. LabVIEW is a graphical 

programming environment that obtains its speed by compiling the graphical flow 

diagram or “VI” (Virtual Instrument, development environment based on the G 

programming language) for data acquisition and control, data analysis and data 

presentation. 

 

 

Figure 2-9: Impact.vi Front panel 

 

Figure 2-9 shows the front panel for the Impact “VI” which was written to 

provide a graphic display for the data acquisition system. There are three basic 
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functions in the Impact Front panel. First the program takes the measured impact 

forces from the data acquisition board at a sample rate set by the experimenter. 

Second, the program then display the impact forces with respect to time. Third, the 

program will automatically save the data into a spreadsheet file, where the data can be 

analyzed. 

 

 

Figure 2-10: The Block Diagram for the Impact.vi Front panel 
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Chapter 3 MODEL DESIGN AND CONSTRUCTION 

3.1 Model Design 

A variable geometry model was built in order to circumvent the need to make 

multiple models with different configurations. Basic geometric properties were varied 

and the force analysis assessed through the conveyer belt test. 

The model was constrained by two significant requirements. Each requirement 

was examined and proper consideration was exercised to take into account the 

influences of each sizing of the model. 

The first constraint was that of the geometric design. The dimension of the 

rocker-bogie design was based on the FIDO rover. The design was to ensure that the 

dynamic similitude is enforced. Dynamic similitude is the condition when the test 

suspension has the same initial condition at the same position as the FIDO rover. This 

will ensure that the impact force on the vertical member will be very similar to that of 

the FIDO rover. Then the impact analysis of the model can be reliably compared with 

the real FIDO rover when it is traveling at the speed of one meter per second. The 

dynamics similitude was achieved by making the distance between the wheels exactly 

the same as the FIDO rover. The distance between the pivot and the wheels are also 

exactly the same as the FIDO rover. The scale selection was driven by the 

requirement that the model simulate the rocker-bogie, therefore a scale of 1:1 was 

chosen. 

The second requirement was there must be high traction generated between 

the wheels and the conveyer belt during the motion. Therefore rubber material was 

glued on the aluminum wheel to prevent any slippage between the wheels and the 
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conveyer belt, so that there is no loss in speed. This is to ensure there is enough 

friction for the suspension to move the conveyor belt. 

The actual FIDO model traverses at extremely slow speed, all previous 

stability and performance calculations were performed at these low speed. In this 

project the speeds were chosen to be 0.5 m/s, 0.7 m/s, 0.8 m/s and 1.0 m/s. The speed 

was calculated using a digital video. The encoder mounted on the motor was used to 

give the confirmation of accuracy for the digital video. Using this cruise condition, 

the RPM of the motor was obtained from the digital video and the speed of the 

suspension was then calculated. The display screen on the oscilloscope gives the 

information of the RPM of the motor from the encoder. 

The pivot point of the rocker-bogie in this project is located at approximate 

35% of the suspension length, which is typical of current existing rocker-bogie rover 

at this time period. There are two bearings at the pivot point. The JPL has optimized 

the location of the pivot at this position for the speed of one mile per day and the size 

of obstacle it will run into. 
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3.2 Model Construction 

Model materials were chosen to meet the strength requirements and which 

could be easily manufactured with the facilities available at the University of 

Oklahoma, Aerospace and Mechanical Engineering machine shop. Except for the 

wheels, rollers, and other parts that required tight tolerance and precision were 

manufactured on the lathe and CNC (Computer Numeric Control) machine. Other 

parts were made using press drill, hand drill, and band saw. 

The whole body was made of aluminum. The construction process involved 

five steps. The first step was to design each parts of the suspension model and 

assemble it in Pro/Engineer®. The design and modification can be easily done in 

Pro/Engineer.  Manufacturing of the actual parts were printed and being constructed 

in the AME shop. Second, the three motor mounts were made using the CNC 

machine; the motor mounts are 9.5 inches in length, 2.625 inches wide, and 0.5 inch 

thick. There is a ¼ inch deep-faced mill up to 1.6 inches from base of the motor 

mount. This is to ensure all three wheels boss are able to fit onto the motor mounts. 

The bosses are held by 4 countersunk screws to each wheel, and the motor shaft was 

slid into the boss. A setscrew was introduced into the boss to ensure that the backlash 

between the motor and the wheel were kept to a minimum. 

In all parts, from the wheel to the motor mount, there has been a tremendous 

amount of weight reduction. Six through holes were drilled on each of the 7.876 

inches diameter aluminum wheels 60-degree angle apart, to reduce the load on the 

motors, and increase the RPM simultaneously. Each hole measures 1.75 inches in 

diameter and 2.4 inches away from the center point of the wheel. The weights of the 
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motor mount were reduced 50% by cutting through a rectangular hole across. This 

will ensure there is enough flexibility at the vertical member when the bending stress 

was applied as the wheel runs into an obstacle. The constructions of wheels were 

based on a written G-code for the CNC machine. 

The three wheels rover was sitting on the 84-inch long conveyor belt. The belt 

is fastened onto two rollers on both ends of the test rig. The roller is manufactured out 

of 3 inches diameter, 6 inches long cylinder. There are two huge rings (3-inches inner 

diameter; 3 ½ inch outer diameter and half an inch wide) on each roller to keep the 

conveyor belt to come off from the roller as it turns. The rings are press fit and set-

screwed onto the rollers. There are two ball bearings on both sides of the cylinders to 

make sure the friction was kept to a minimum as the conveyor belt is running. 

There are six supports for the conveyor belt; three of them consist of a single 

1-inch diameter roller. The rest support the wheels and consist of two 1-inch diameter 

rollers for each wheel. 

The test track is to simulate the rocker-bogie suspension moving on the 

ground. At the differential point where the body would normally be mounted, the 

frame is mounted to two vertical bearings that are attached to the conveyor belt 

frame. As the wheels turns, the conveyor belt also turns [2]. The purpose of the 

vertical bearing is to make sure the suspension to cross over an obstacle; as it should 

behave on a real model. Caution need to be taken as the experimenter need to make 

sure that both of the vertical bearings need to slide up and down simultaneously. 

Otherwise, the rocker-bogie suspension will be misaligned and causes it to lean at an 

angle. Therefore, a wooden block (5 1/3” x 5 1/3” x 1 ½”) was installed between the 
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two vertical bearings. A horizontal 5 1/3” long ½ inch diameter aluminum rod was 

added between the vertical bearings for extra reinforcement. 

A sagging conveyor belt will cause slippage, as the wheels turn. This must be 

eliminated. To make sure the conveyor belt is fully stretch, a tensional was made to 

push on one of the conveyor belt roller in the direction where the rocker-bogie 

suspension were traveled. The tensional are made up by two simple mechanical 

systems. The front big roller is mounted on the frame on a pivot point. There are two-

¼ inch bolt mounted on the frame responsible to push the pivot, one on each side of 

the frame. To further enhance the tension, the experimenter has added another 1-inch 

diameter roller at the bottom of the conveyor belt, so that the belt runs over the roller. 

This is the third point of support for the conveyor belt. 

As the rocker-bogie travels at high speed (1 m/s), it will cause a left and right 

vibration on the high frame that host the vertical bearings. The solution of eliminating 

the vibration is to add three horizontal 1 ½ x 1 ½ inch square tubing at the bottom of 

the test track. These three square tubing were riveted to the conveyor belt frame from 

left to right. 

3.3 Strain Gauges Preparation 

3.3.1 Preparing the surface 

Two motor mounts were fastened to both ends of the Front Rocker by ¼ inch 

nuts and bolts. The entire experiment was focus on the Front Rocker. The motor 

mounts which facing the direction of motion was faced machine and polished, for the 

installation of strain gauges. For optimum performance, standard procedure provided 
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by the manufacturer was followed. Excess oil, grease and other contaminants had to 

be removed using rags soaked in acetone. 

3.3.2 The Wheatstone Bridge 

To measure minute strains, the user must be able to measure minute resistance 

changes. The Wheatstone Bridge configuration. Shown here in Figure 3-1, is capable 

of measuring these small resistance changes. In addition, this configuration will help 

to keep the measurement error to a minimum due to the change in temperature. Note 

the signs associated with each gauge numbered 1 through 4. 

The total strain is always the sum of the four strains. The total strain is 

represented by a change in Vout. If each gauge had the same positive strain, the total 

would be zero and Vout would remain unchanged. The actual arrangement of the 

strain gauges will determine the type of strain you can measure and the output 

change. For example, if a positive (tensile) strain is applied to gauges 1 and 3, and a 

negative (compressive) strain to gages 2 and 4. [9] When this happens, the sensors 

will act as the force sensor.  
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Figure 3-1: Wheatstone bridge configuration 

3.3.3 Mounting the Strain Gauges 

 
Four strain gauges are mounted on the forward and opposite sides of the 

vertical motor mount. These four strain gauges served as force sensors for bending 

effect on a cantilever beam. 
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Figure 3-2: Installation of strain gauges 

 



 25

Chapter 4 TEST TRACK DATA 

4.1 Force Calibration 

In order to develop a relationship between the output voltage excitation and 

the impact force, a calibration method was generated. First, the rocker-bogie was 

rotated 90o and clamped onto a vertical surface (Figure 4-3). A weight scale was used 

to calibrate the force on the vertical motor mount, as the weight was hanging onto the 

wheel pulling under the force of gravity. A force applied on a aluminum bar mounted 

as a cantilever beam will produce a shear stresses and bending stresses on the bar. 

These strain gauges are actually measuring the bending stresses of the beam, which 

are proportional to the load. As the force was increased, by adding additional weights, 

the output excitation voltage increased. The output excitation voltage was measured 

using LabVIEW virtual instrument panel. A graph was generated between the output 

excitation voltage and exerted force. This is a linear relationship; where the exerted 

force is directly proportional to the output excitation voltage. 

A useful law of conservation of momentum is assumed in this experiment. 

This is an empirical observation, which appears to apply universally. In an impact the 

total momentum of any number of impacting bodies always remains constant, 

although the momentum of individual bodies within the system can vary and energy 

losses can occur. Impact and momentum balances are used mainly in situations in 

which the duration of the force is so short that no significant displacement occurs 

before it is over. [11] 
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Figure 4-1: Relation between output excitation voltage and exerted force 

 

Figure 4-2: 2 lb weight for Force calibration 
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Figure 4-3: Force calibration using 2 lb weight. 

 

4.2 Mathematical Model Calibration 

All four strain gauge have the same value, by symmetry, the voltage at B and 

D must be the same, so Vout must be zero when balanced. The bridge is balanced, a 

starting condition for the system, before every strain gauge is stretched. As the strain 

gauges are stretched, the bridge became unbalanced and the value of Vout will change. 

Vout is proportional to the change in gauge resistance. [10] By Ohm’s Law, the 

current flows through branches ABC and ADC in Figure 3-1 are 

1 2

in
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V
I

R R
=

+
 

3 4

in
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V
I

R R
=

+
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Vin is the voltage supply to the Wheatstone bridge, The voltage drop across 

R2,  VB – VC is IABC times R2, the voltage drop across R3,  VD – VC is IADC times R3, 

then Vout is equal to VD – VB. Therefore, 

3 2

3 4 1 2

in in
out

R V R V
V

R R R R
= −

+ +
 

Generate common denominator, 

3 1 2 4

3 4 1 2( )( )
out in

R R R R
V V

R R R R
−

=
+ +

 

To verify the results that had been taken from the LabVIEW, and to proof the 

above equation, resistance of each of the strain gauges were taken from each force 

calibrations. Given that the AC voltage supply Vin is 120V, the output excitation 

voltage can be calculated. The results on Figure 4-4 are consistent with the LabVIEW 

results in Figure 4-1. 

 

 2 lb  4 lb 6 lb 8 lb 10 lb 
Resistor no. R (Ohm) R (Ohm) R (Ohm) R (Ohm) R (Ohm) 

1 54.1 51 51.8 50.6 50
2 54.1 51.2 51.1 50.5 49.6
3 54.4 51.2 50.9 51.2 50.1
4 54.3 50.8 51.3 50.9 50

V(out) 0.05519779 0.11787729 0.17332961 0.23564493 0.30090392
 

Table 4-1: Results from the mathematical calibration of the wheel 
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Figure 4-4: Graphical display of the mathematical calibration of the wheel 



 30

Chapter 5 RESULTS 

5.1 Introduction 

The results are separated into three major sections; first, results related to the 

behavior of the front and middle wheel of the horizontal rocker-bogie configuration; 

second results that related to the behavior of the front and middle wheel for 20 degree 

tilted rocker-bogie configuration; and third results that related to the wheelie 

maneuvers done by the both horizontal and tilted rocker-bogie configuration. For the 

behavior and data analysis sections, all three results are examined. 

Data that was obtained from the experiment are strain gauge voltage with 

respect to number of samples at speed of 0.5 m/s, 0.7 m/s, 0.8 m/s and 1 m/s running 

into 1”, 1.5”, 2”, and 2.5” height wedges, except the wheelie maneuver was 

performed only at the speed of 1 m/s. All the data acquisition frequencies are set at 

1000Hz. 
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5.2 Horizontal Rocker-Bogie 

5.2.1 Front Wheel 

This is a graph where data were collected from strain gauges mounted on the 

Front wheel to read the impact force exerted by the wedge. Impulse and deceleration 

of the front motor mount at speed 0.5 m/s over 1” height wedges can be calculated 

from the output excitation voltage. 

 

 

 

  A B      C       D      E      F 

Figure 5-1: An output excitation voltage generated by the Front wheel at 0.5 m/s while it 
goes over the 1-inch height wedge 

 

Explanations 
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A - Signal where the suspension traveling at 0.5 m/s without running into a wedge 

B – Signal where the Front wheel first hit the wedge 

C – Signal where the Front wheel climbs over the wedge 

D – Signal where the impact on the Second wheel transmitted back to the Front wheel  

      by the wedge 

E –Signal where the Middle wheel climbs over the wedge transmitted back to the 

Front  wheel  

F – Signal where the impact on the Rear wheel transmitted back to the Front wheel 

The valuable information from the Output excitation voltage is the impulse and 

momentum of the Rocker-bogie suspension. Impulse is defined as force multiply by 

time, as applying on instantaneous velocity change to the mass so that, 

2

1

t

t
I Fdt= ∫  

where I is impulse F is force and t is time. The units for Impulse are lbs (pound 

second). Momentum is defined as mass multiplied by velocity, which has a same unit 

as Impulse. Impulse and momentum can be related by Newton’s second Law of 

motion. 

dv
F M

dt
=  

Fdt Mdv=  

Integrating both sides, 

2

1

t v

t u
Fdt Mdv=∫ ∫  

Gives ( )I M v u= −  
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From the Output excitation voltage graph, the magnitude of force can be 

calculated by referring to Figure 4-1, the Force and voltage relationship equation V = 

0.03 F + 1 x 10-16. Impulse of the First wheel when it hits the wedge obstacle can be 

determined by the area under the pulse. In Figure 5-1, notice that the signal where the 

suspension traveling at 0.5 m/s without running into a wedge is in negative moment. 

This can be explained by a free body diagram of a motor driven wheel below Figure 

5-2. 

 

 

Figure 5-2: Free body diagram of motor driven wheel 

 
As the motor is driving the wheel, there is a frictional force and a moment 

from the wheel acting on the conveyer belt. According to Newton’s Third Law of 

motion, there is reaction force pushing on the wheel in the opposite direction. This 

reaction force causes the negative moment on the Output excitation voltage. 
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The goal of the experiment is to find out the impact forces, the final velocity, 

and the deceleration of the rocker-bogie when it hits the obstacle. From the Figure 5-

1, the area under the pulse at B can be calculated. The rapid change in the pulse at B 

is due to the impact of the obstacle on the first wheel. Information of maximum 

impact force, velocity at the maximum impulse, the deceleration of the suspension 

can be found here. 

Sample calculation: 

Area 1: The magnitude of the voltage is 

V = 0.054 + 0.051 = 0.105 

The Force and voltage relation can determine the Force determined by V = 0.03 F 

+ 1 x 10-16  

 
0.105

3.5
0.03

F lb= =  

 F = 15.57 N 

The time duration of the first spike can be determined by reading the number of 

samples 
(1145 1068)

0.077
1000

t s
−

= =  

 The area under the spike is the impulse, 15.57 0.219I Ft x= =  

                I = -1.198 Ns 

 The velocity at maximum impact, 
I

v u
M

= +  

            
1.198

0.5
7.275

v = − +  

             v = 0.335 m/s 
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 The deceleration can be obtain by 
v u

a
t
− =  

 
 

            
0.335 0.5

0.077
a

− =  
 

 

               = - 2.143 m/s2 
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 Average   
1 inch height wedge    
v(initial) 0.5m/s  
time of impact 0.0734s  
Impact Force 14.94595N  
V(final) 0.350104m/s  
Deceleration -2.05443m/s2  
    

xi xi-average (xi-average)2  
16.013 1.067048 1.13859143 

15.5687 0.622748 0.38781507 
13.3446 -1.60135 2.56432823 

14.53079 -0.41516 0.17235949 
15.27215 0.326198 0.10640514 

Sum  4.36949936 
variance  0.87389987 
Standard Deviation of impact Force 0.93482612N 
Table 5-1: Behavior of the rocker bogie suspension when the Front Wheel hit a 1-
inch height wedge at speed 0.5 m/s 

 

 Average   
1.5 inch height wedge    
v(initial) 0.5m/s  
time of impact 0.0546s  
Impact Force 16.33972N  
V(final) 0.377366m/s  

Deceleration -2.24601m/s2  
    

xi xi-average (xi-average)2  
17.34798 1.008259 1.01658554 
16.31007 -0.02965 0.0008792 
15.86525 -0.47447 0.22512305 
16.31007 -0.02965 0.0008792 
15.86525 -0.47447 0.22512305 

Sum  1.46859003 
variance  0.29371801 
Standard deviation of impact Force 0.54195757N 
Table 5-2: Behavior of the rocker bogie suspension when the Front Wheel hit a 
1.5-inch height wedge at speed 0.5 m/s 
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 Average   
2 inch height wedge    
v(initial) 0.5m/s  
time of impact 0.066s  
Impact Force 16.96247N  
V(final) 0.344927m/s  
Deceleration -2.33161m/s2  
    

xi xi-average (xi-average)2  
15.86525 -1.09722 1.20389027 
17.49625 0.533781 0.2849218 
16.31007 -0.6524 0.42562489 
18.08935 1.126881 1.26986004 
17.05143 0.088961 0.007914 

Sum  3.19221099 
variance  0.6384422 
Standard Deviation of impact Force 0.79902578N 
Table 5-3: Behavior of the rocker bogie suspension when the Front Wheel hit a 2-
inch height wedge at speed 0.5 m/s 

 
 Average   
2.5 inch height wedge    
v(initial) 0.5m/s  
time of impact 0.0548s  
Impact Force 18.41555N  
V(final) 0.361501m/s  

Deceleration -2.53135m/s2  
    

xi xi-average (xi-average)2  
19.12726 0.711712 0.50653397 
18.83071 0.415162 0.17235949 
17.34798 -1.06757 1.13970143 
18.08935 -0.3262 0.10640514 
18.68244 0.266892 0.07123134 

Sum  1.99623137 
variance  0.39924627 
Standard deviation of impact Force 0.63185938N 
Table 5-4: Behavior of the rocker bogie suspension when the Front Wheel hit a 
2.5-inch height wedge at speed 0.5 m/s 
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 Average   
1 inch height wedge    
v(initial) 0.7m/s  
time of impact 0.0436s  
Impact Force 16.04317N  
V(final) 0.60365m/s  
Deceleration -2.20525m/s2  
    

x i xi-average (xi-average)2 
15.86525 -0.17792 0.0316572 
15.27215 -0.77102 0.594479 
16.01352 -0.02965 0.0008794 
16.75489 0.711715 0.5065387 
16.31007 0.266895 0.0712331 

Sum  1.2047875 
variance  0.2409575 
Standard deviation of impact Force 0.4908742N 
Table 5-5: Behavior of the rocker bogie suspension when the Front Wheel hit a 1-
inch height wedge at speed 0.7 m/s 

 
 Average   
1.5 inch height wedge    
v(initial) 0.7m/s  
time of impact 0.06s  
Impact Force 16.57696N  
V(final) 0.563112m/s  

Deceleration -2.27862m/s2  
    

x i xi-average (xi-average)2 
17.34798 0.771021 0.5944739 
16.75489 0.177931 0.0316596 
16.16179 -0.41517 0.172365 
16.31007 -0.26689 0.0712296 
16.31007 -0.26689 0.0712296 

Sum  0.9409576 
variance  0.1881915 
Standard deviation of impact Force 0.4338105N 
Table 5-6: Behavior of the rocker bogie suspension when the Front Wheel hit a 
1.5-inch height wedge at speed 0.7 m/s 
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 Average   
2 inch height wedge    
v(initial) 0.7m/s  
time of impact 0.06225s  
Impact Force 18.05228N  
V(final) 0.546249m/s  
Deceleration -2.48141m/s2  
    

x i xi-average (xi-average)2  
17.94107 -0.11121 0.01236729 
16.90316 -1.14912 1.32047294 
17.49625 -0.55603 0.30916751 
19.86863 1.816352 3.29913338 

Sum  4.94114112 
variance  1.23528528 
Standard deviation of impact Force 1.11143388N 
Table 5-7: Behavior of the rocker bogie suspension when the Front Wheel hit a 2-
inch height wedge at speed 0.7 m/s 

 
 Average   
2.5 inch height wedge    
v(initial) 0.7m/s  
time of impact 0.0686s  
Impact Force 19.86863N  
V(final) 0.510365m/s  

Deceleration -2.73108m/s2  
    

x i xi-average (xi-average)2  
21.79618 1.927553 3.71546185 
18.83071 -1.03792 1.07727101 
19.27553 -0.5931 0.35176366 
20.60999 0.741363 0.54961959 
18.83071 -1.03792 1.07727101 

Sum  6.77138711 
variance  1.35427742 
Standard deviation of impact Force 1.16373426N 
Table 5-8: Behavior of the rocker bogie suspension when the Front Wheel hit a 
2.5-inch height wedge at speed 0.7 m/s 
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 Average   
1 inch height wedge    
v(initial) 0.8m/s  
time of impact 0.0548s  
Impact Force 17.58522N  
V(final) 0.665969m/s  
Deceleration -2.41721m/s2  
    

x i xi-average (xi-average)2 
16.60661 -0.97861 0.9576723 
17.7928 0.207583 0.0430906 

19.86863 2.283413 5.2139734 
17.34798 -0.23724 0.0562816 
16.31007 -1.27515 1.6260007 

Sum  7.8970186 
variance  1.5794037 
Standard deviation of impact Force 1.2567433N 
Table 5-9: Behavior of the rocker bogie suspension when the Front Wheel hit a 1-
inch height wedge at speed 0.8 m/s 

 
 Average   
1.5 inch height wedge    
v(initial) 0.8m/s  
time of impact 0.0622s  
Impact Force 18.17831N  
V(final) 0.644569m/s  

Deceleration -2.49874m/s2  
    

x i xi-average (xi-average)2 
17.7928 -0.38551 0.1486185 

17.94107 -0.23724 0.0562831 
18.08935 -0.08896 0.007914 
17.94107 -0.23724 0.0562831 
19.12726 0.948949 0.9005048 

Sum  1.1696036 
variance  0.2339207 
Standard deviation of impact Force 0.4836535N 
Table 5-10: Behavior of the rocker bogie suspension when the Front Wheel hit a 
1.5-inch height wedge at speed 0.8 m/s 
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 Average   
2 inch height wedge    
v(initial) 0.8m/s  
time of impact 0.0582s  
Impact Force 18.4452N  
V(final) 0.652522m/s  
Deceleration -2.53542m/s2  
    

x i xi-average (xi-average)2  
19.57208 1.126877 1.26985252 
18.08935 -0.35585 0.12663112 
18.08935 -0.35585 0.12663112 
18.08935 -0.35585 0.12663112 
18.38589 -0.05931 0.00351799 

Sum  1.65326388 
variance  0.33065278 
Standard  0.57502415N 
Table 5-11: Behavior of the rocker bogie suspension when the Front Wheel hit a 2-
inch height wedge at speed 0.8 m/s 

 

 Average   
2.5 inch height wedge    
v(initial) 0.8m/s  
time of impact 0.0548s  
Impact Force 20.6693N  
V(final) 0.644577m/s  

Deceleration -2.84114m/s2  
    

x i xi-average (xi-average)2  
20.60999 -0.05931 0.00351799 
20.16517 -0.50413 0.25414975 
20.90654 0.237237 0.05628155 
21.35136 0.682057 0.46520221 
20.31345 -0.35585 0.12663112 

Sum  0.90578262 
variance  0.18115652 
Standard deviation of impact Force 0.42562486N 
Table 5-12: Behavior of the rocker bogie suspension when the Front Wheel hit a 
2.5-inch height wedge at speed 0.8 m/s 
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 Average   
1 inch height wedge    
v(initial) 1m/s  
time of impact 0.09s  
Impact Force 18.03992N  
V(final) 0.781473m/s  
Deceleration -2.47971m/s2  
    

x i xi-average (xi-average)2  
18.83071 0.790788 0.62534531 
18.23762 0.197698 0.03908441 
17.05143 -0.98849 0.97711687 

Sum  1.64154659 
variance  0.5471822 
Standard deviation of impact Force 0.73971765N 
Table 5-13: Behavior of the rocker bogie suspension when the Front Wheel hit a 1-
inch height wedge at speed 1 m/s 

 
 Average   
1.5 inch height wedge    
v(initial) 1m/s  
time of impact 0.0994s  
Impact Force 18.53417N  
V(final) 0.751692m/s  
Deceleration -2.54765m/s2  
    

x i xi-average (xi-average)2  
19.27553 0.741363 0.54961959 
17.34798 -1.18619 1.40703881 
18.38589 -0.14828 0.02198597 
19.57208 1.037913 1.07726409 
18.08935 -0.44482 0.19786187 

Sum  3.25377032 
variance  0.65075406 
Standard deviation of impact Force 0.80669329N 
Table 5-14: Behavior of the rocker bogie suspension when the Front Wheel hit a 
1.5-inch height wedge at speed 1 m/s 
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 Average   
2 inch height wedge    
v(initial) 1m/s  
time of impact 0.0646s  
Impact Force 20.78792N  
V(final) 0.812411m/s  
Deceleration -2.85745m/s2  
    

x i xi-average (xi-average)2 
18.83071 -1.95721 3.8306762 
20.60999 -0.17793 0.0316596 
18.83071 -1.95721 3.8306762 
19.86863 -0.91929 0.8450966 
25.79956 5.011639 25.116522 

Sum  33.654631 
variance  6.7309261 
Standard deviation of impact Force 2.5944028N 
Table 5-15: Behavior of the rocker bogie suspension when the Front Wheel hit a 2-
inch height wedge at speed 1 m/s 

 
 Average   
2.5 inch height wedge    
v(initial) 1m/s  
time of impact 0.0538s  
Impact Force 21.49963N  
V(final) 0.840077m/s  

Deceleration -2.95528m/s2  
    

x i xi-average (xi-average)2 
23.27891 1.779277 3.1658255 
22.09273 0.593097 0.3517637 
20.31345 -1.18618 1.4070309 
22.53755 1.037917 1.077271 
19.27553 -2.2241 4.9466356 

Sum  10.948527 
variance  2.1897053 
Standard deviation of impact Force 1.4797653N 
Table 5-16: Behavior of the rocker bogie suspension when the Front Wheel hit a 
2.5-inch height wedge at speed 1 m/s 
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Figure 5-3: A graph of Impact force on Front wheel versus height of the wedge at 
different speeds 

 

Figure 5-3 showed a trend of the impact force exerted on the motor-mount, 

which holds the first wheel. As speed increases the higher the impact force on the 

vertical motor mount. The experimental result shows that the suspension will 

encounter impact force of at least 14 Newtons and above in order to operate at or 

above human walking speed. The existing rocker-bogie suspension configuration 

cannot move at these higher speeds due to several issues, the frame is not strong 

enough to withstand the impact force; there is also a risk of damaging the suspension 

or flipping over if the rover ran into an obstacle at these speeds. 
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5.2.2 Middle Wheel 

Data are collected from the Middle wheel. The strain gauges are mounted on 

the Middle wheel to read the impact force exerted by the wedge. Impact force can be 

calculated from the output excitation voltage of the middle motor mount at speed 0.5 

m/s over 1” height wedges. Experiments on different speeds and different wedges, 

which were previously done, were repeated here. 

 

 

 

  A B C      D  E F 

Figure 5-4: An output excitation voltage generated by the Middle wheel at 0.5 m/s 
while it goes over the 1-inch height wedge 
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Explanations 

A - Signal where the suspension before running into a wedge 

B – Signal where the Front wheel first hit the wedge transmitted to the Middle wheel 

C – Signal where the Front wheel climbs over the wedge 

D – Signal where the impact on the Middle wheel by the wedge 

E – Signal where the Middle wheel climbs over the wedge 

F – Signal where the impact on the Rear wheel transmitted back to the Middle wheel 

 

The impact force on the Middle wheel is less severe than the First wheel, this 

is because once the wedge hit and passed through the First wheel, the rover was not 

traveling at 0.5m/s, it slowed down. The Middle wheel does not have enough time to 

accelerate back to 0.5m/s before it hit the wedge. 
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Figure 5-5: A graph of Impact force on Middle wheel versus height of the wedge at 
different speeds* 

 
*These are the speeds of the rover before its’ Front wheel hit the wedges 
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 Average   
1 inch height wedge    
time of impact 0.0614 S  
Impact Force 5.456459 N  
V(final) 0.455104 m/s  
Deceleration -0.75003 m/s2  
    

xi (Forces) xi-average (xi-average)2  
5.78266 0.326201 0.10640731 

5.930933 0.474474 0.22512589 
5.041293 -0.41517 0.17236253 
6.22748 0.771021 0.5944739 

4.299927 -1.15653 1.3375655 
Sum  2.43593513 
variance  0.48718703 
Standard deviation of impact Force 0.69798784N 
Table 5-17 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
1-inch height wedge at speed 0.5 m/s 

 
 Average   
1.5 inches height wedge    
time of impact 0.091s  
Impact Force 7.33953N  
V(final) 0.409248m/s  
Deceleration -1.00887m/s2  
    

xi (Forces) xi-average (xi-average)2  
8.00676 0.66723 0.44519587 
8.00676 0.66723 0.44519587 

7.265393 -0.07414 0.00549629 
6.079207 -1.26032 1.58841406 

Sum  2.4843021 
variance  0.62107553 
Standard deviation of impact Force 0.78808345N 
Table 5-18 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
1.5-inch height wedge at speed 0.5 m/s 
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 Average   
2 inch height wedge    
time of impact 0.0872s  
Impact Force 8.8370907N  
V(final) 0.3926114m/s  
Deceleration -1.2147204m/s2  
    

xi (Forces) xi-average (xi-average)2  
9.0446733 0.2075826 0.04309055 
8.7481267 -0.088964 0.00791459 
6.8205733 -2.0165174 4.06634229 
10.23086 1.3937693 1.94259295 
9.34122 0.5041293 0.25414638 

Sum  6.31408677 
Variance  1.26281735 
Standard deviation of impact Force 1.12375146N 
Table 5-19 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
2-inch height wedge at speed 0.5 m/s 

 
 Average   
2.5 inches height wedge    
time of impact 0.071s  
Impact Force 8.985364N  
V(final) 0.4128173m/s  

Deceleration -1.2351016m/s2  
    

xi (Forces) xi-average (xi-average)2  
9.4894933 0.5041293 0.25414635 
8.3033067 -0.6820573 0.46520216 
9.0446733 0.0593093 0.00351759 
8.3033067 -0.6820573 0.46520216 

9.78604 0.800676 0.64108206 
Sum  1.82915032 
variance  0.36583006 
Standard deviation of impact Force 0.60483887N 
Table 5-20 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
2.5-inch height wedge at speed 0.5 m/s 
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 Average   
1 inch height wedge    
time of impact 0.077s  
Impact Force 6.486958N  
V(final) 0.624707m/s  

Deceleration -0.89168m/s2  
    
    

xi (Forces) xi-average (xi-average)2  
5.78266 -0.7043 0.49603614 
9.34122 2.854262 8.14680966 
5.33784 -1.14912 1.32047294 

5.486113 -1.00085 1.00169138 
Sum  10.9650101 
Variance  2.74125253 
Standard deviation of impact Force 1.65567283N 
Table 5-21 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
1-inch height wedge at speed 0.7 m/s 

 
 

 Average   
1.5 inch height wedge    
time of impact 0.09675s  
Impact Force 10.305N  
V(final) 0.563482m/s  
Deceleration -1.41649m/s2  
    

xi (Forces) xi-average (xi-average)2  
9.78604 -0.51896 0.26931602 

10.52741 0.222413 0.04946769 
11.56532 1.260323 1.5884149 
9.34122 -0.96378 0.92886546 

Sum  2.83606408 
Variance  0.70901602 
Standard deviation of impact Force 0.84203089N 
Table 5-22 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
1.5-inch height wedge at speed 0.7 m/s 
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 Average   
2 inch height wedge    
time of impact 0.095s  
Impact Force 11.17981N  
V(final) 0.553797m/s  
Deceleration -1.53674m/s2  
    

xi (Forces) xi-average (xi-average)2  
11.1205 -0.05931 0.0035176 

11.56532 0.385511 0.14861847 
11.1205 -0.05931 0.0035176 

10.52741 -0.6524 0.42562489 
11.56532 0.385511 0.14861847 

Sum  0.72989703 
variance  0.14597941 
Standard deviation of impact Force 0.38207251N 
Table 5-23 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
2-inch height wedge at speed 0.7 m/s 

 
 Average   
2.5 inch height wedge    
time of impact -0.0412s  
Impact Force 11.53567N  
V(final) 0.766166m/s  
Deceleration -1.58566m/s2  
    

xi (Forces) xi-average (xi-average)2  
10.37913 -1.15654 1.33757398 
11.56532 0.029655 0.0008794 
11.56532 0.029655 0.0008794 
11.56532 0.029655 0.0008794 
12.60323 1.067565 1.13969432 

Sum  2.47990649 
variance  0.4959813 
Standard deviation of impact Force 0.7042594N 
Table 5-24 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
2.5-inch height wedge at speed 0.7 m/s 
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 Average   
1 inch height wedge    
time of impact 0.1302s  
Impact Force 9.252256N  
V(final) 0.634329m/s  

Deceleration -1.27179m/s2  
    

xi (Forces) xi-average (xi-average)2  
9.34122 0.088964 0.00791459 

9.044673 -0.20758 0.0430907 
9.34122 0.088964 0.00791459 

9.489493 0.237237 0.05628139 
9.044673 -0.20758 0.0430907 

Sum  0.15829198 
variance  0.0316584 
Standard deviation of impact Force 0.17792807N 
Table 5-25 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
1-inch height wedge at speed 0.8 m/s 

 
 Average   
1.5 inch height wedge   
time of impact 0.11275s  
Impact Force 10.67568N  
V(final) 0.633363m/s  
Deceleration -1.46745m/s2  
    

xi (Forces) xi-average (xi-average)2  
10.82395 0.14827 0.02198399 
10.52741 -0.14827 0.02198399 
11.26877 0.59309 0.35175575 
10.08259 -0.59309 0.35175575 

Sum  0.74747948 
variance  0.18686987 
Standard deviation of impact Force 0.43228448N 
Table 5-26 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
1.5-inch height wedge at speed 0.8 m/s 
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 Average   
2 inch height wedge    
time of impact 0.1284s  
Impact Force 11.92118N  
V(final) 0.584889m/s  
Deceleration -1.63865m/s2  
    

xi (Forces) xi-average (xi-average)2 
14.08597 2.164794 4.6863331 
9.044673 -2.8765 8.2742695 
12.30669 0.385514 0.148621 
12.30669 0.385514 0.148621 
11.86187 -0.05931 0.0035172 

Sum  13.261362 
variance  2.6522724 
Standard deviation of impact Force 1.6285799N 
Table 5-27 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
2-inch height wedge at speed 1 m/s 

 
 Average   
2.5 inch height wedge   
time of impact 0.1332s  
Impact Force 12.15841N  
V(final) 0.575159m/s  

Deceleration -1.67126m/s2  
    

xi (Forces) xi-average (xi-average)2 
12.30669 0.148277 0.021986 
13.3446 1.186187 1.4070388 

12.01014 -0.14827 0.021985 
11.86187 -0.29654 0.0879379 
11.26877 -0.88964 0.7914653 

Sum  2.330413 
variance  0.4660826 
Standard deviation of impact Force 0.6827024N 
Table 5-28 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
2.5-inch height wedge at speed 0.8 m/s 
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 Average   
1 inch height wedge    
time of impact 0.1604s  
Impact Force 10.58672N  
V(final) 0.765392m/s  
Deceleration -1.45522m/s2  
    

xi (Forces) xi-average (xi-average)2  
11.56532 0.978604 0.95766579 
10.52741 -0.05931 0.0035172 
10.08259 -0.50413 0.25414302 
10.97223 0.385514 0.14862104 
9.78604 -0.80068 0.64108206 

Sum  2.00502912 
variance  0.40100582 
Standard deviation of impact Force 0.63325021N 
Table 5-29 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
1-inch height wedge at speed 1 m/s 

 
 Average   
1.5 inch height wedge   
time of impact 0.12725s  
Impact Force 11.15757N  
V(final) 0.800381m/s  

Deceleration -1.53369m/s2  
    

xi (Forces) xi-average (xi-average)2  
8.748127 -2.40944 5.80540754 
12.30669 1.149122 1.3204806 
12.01014 0.852572 0.72687845 
11.56532 0.407752 0.16626142 

Sum  8.01902801 
variance  2.004757 
Standard deviation of impact Force 1.41589442N 
Table 5-30 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
1.5-inch height wedge at speed 1 m/s 
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 Average   
2 inch height wedge    
time of impact 0.1055s  
Impact Force 12.04721N  
V(final) 0.824548m/s  
Deceleration -1.65597m/s2  
    

xi (Forces) xi-average (xi-average)2  
12.75151 0.704302 0.49604084 
13.04805 1.000842 1.00168404 
10.82395 -1.22326 1.49636095 
11.56532 -0.48189 0.23221637 

Sum  3.2263022 
variance  0.80657555 
Standard deviation of impact Force 0.89809551N 
Table 5-31 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
2-inch height wedge at speed 1 m/s 

 
 Average   
2.5 inch height wedge   
time of impact 0.1416s  
Impact Force 12.24738N  
V(final) 0.761744m/s  
Deceleration -1.68349m/s2  
    

xi (Forces) xi-average (xi-average)2  
12.30669 0.059313 0.00351799 
11.71359 -0.53379 0.28492892 
12.30669 0.059313 0.00351799 
12.60323 0.355853 0.12663112 
12.30669 0.059313 0.00351799 

Sum  0.42211401 
variance  0.0844228 
Standard deviation of impact Force 0.29055602N 
Table 5-32 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
2.5-inch height wedge at speed 1 m/s  
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5.3 Tilted Rocker-Bogie suspension 

There is one possible way to reduce the impact force by simply increase the 

moment arm of the vertical motor mount. In Figure 5-6, notice that the pivot has 

increased 1 inch compared to the horizontal rocker-bogie suspension. Due to the 

increase in moment arm, less impact force is expected, because the long arm acts as 

an absorber.  

 

 

Figure 5-6: Tilted Rocker-Bogie suspension 
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5.3.1 Tilted Rocker-Bogie Suspension Front Wheel 

 

 

   A   B    C   D     E         F 

Figure 5-7: An output excitation voltage generated by the Tilted Rocker-bogie Front 
wheel at 0.5 m/s while it goes over the 1-inch height wedge 

 

Explanations 

A - Signal where the suspension traveling at 0.5 m/s without running into a wedge 

B – Signal where the Front wheel first hit the wedge 

C – Signal where the Front wheel climbs over the wedge 

D – Signal where the impact on the Second wheel transmitted back to the Front wheel  

      by the wedge   

E – Signal where the Middle wheel climbs over the wedge transmitted back to the 

Front wheel  

F – Signal where the impact on the Rear wheel transmitted back to the Front wheel 
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 Average   
1 inch height wedge    
v(initial) 0.5m/s  
time of impact 0.0402s  
Impact Force 12.72185N  
V(final) 0.430316m/s  

Deceleration -1.73511m/s2  
    

xi (Forces) xi-average (xi-average)2  
12.89978 0.177928 0.03165837 
13.3446 0.622748 0.38781507 
13.3446 0.622748 0.38781507 

12.01014 -0.71171 0.50653397 
12.01014 -0.71171 0.50653397 

Sum  1.82035646 
variance  0.36407129 
Standard deviation of impact Force 0.6033832N 
Table 5-33: Behavior of the Tilted rocker bogie suspension when the Front Wheel 
hit a 1-inch height wedge at speed 0.5 m/s 

 

 Average   
1.5 inch height wedge    
v(initial) 0.5m/s  
time of impact 0.0614s  
Impact Force 13.25564N  
V(final) 0.387861m/s  

Deceleration -1.80792m/s2  
    

xi (Forces) xi-average (xi-average)2  
14.23424 0.978604 0.95766579 
12.01014 -1.2455 1.55126029 
12.89978 -0.35586 0.12663349 
14.23424 0.978604 0.95766579 
12.89978 -0.35586 0.12663349 

Sum  3.71985885 
variance  0.74397177 
Standard deviation of impact Force 0.86253798N 
Table 5-34: Behavior of the Tilted rocker bogie suspension when the Front Wheel 
hit a 1.5-inch height wedge at speed 0.5 m/s 
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 Average   
2 inch height wedge    
v(initial) 0.5m/s  
time of impact 0.0498s  
Impact Force 14.05631N  
V(final) 0.40452m/s  

Deceleration -1.917118m/s2  
    

xi (Forces) xi-average (xi-average)2  
14.23424 0.177928 0.03165837 
14.23424 0.177928 0.03165837 
13.78942 -0.266892 0.07123134 
13.78942 -0.266892 0.07123134 
14.23424 0.177928 0.03165837 

Sum  0.2374378 
variance  0.04748756 
Standard deviation of impact Force 0.21791641N 
Table 5-35: Behavior of the Tilted rocker bogie suspension when the Front Wheel 
hit a 2-inch height wedge at speed 0.5 m/s 

 

 Average   
2.5 inch height wedge    
v(initial) 0.5m/s  
time of impact 0.0544s  
Impact Force 14.3232N  
V(final) 0.393818m/s  
Deceleration -1.953519m/s2  
    

xi (Forces) xi-average (xi-average)2  
12.89978 -1.423424 2.02613588 
15.12388 0.800676 0.64108206 
14.23424 -0.088964 0.00791459 
14.23424 -0.088964 0.00791459 
15.12388 0.800676 0.64108206 

Sum  3.32412918 
variance  0.66482584 
Standard deviation of impact Force 0.81536853N 
Table 5-36: Behavior of the Tilted rocker bogie suspension when the Front Wheel 
hit a 2.5-inch height wedge at speed 0.5 m/s 
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 Average   
1 inch height wedge    
v(initial) 0.7m/s  
time of impact 0.0496s  
Impact Force 12.98874N  
V(final) 0.612189m/s  

Deceleration -1.77151m/s2  
    

xi (Forces) xi-average (xi-average)2 
12.89978 -0.08896 0.0079146 
12.89978 -0.08896 0.0079146 
13.3446 0.355856 0.1266335 

12.89978 -0.08896 0.0079146 
12.89978 -0.08896 0.0079146 

Sum  0.1582919 
variance  0.0316584 
Standard deviation of impact Force 0.177928N 
Table 5-37: Behavior of the Tilted rocker bogie suspension when the Front Wheel 
hit a 1-inch height wedge at speed 0.7 m/s 

 

 Average   
1.5 inch height wedge    
v(initial) 0.7m/s  
time of impact 0.055s  
Impact Force 13.61149N  
V(final) 0.598065m/s  

Deceleration -1.85645m/s2  
    

xi (Forces) xi-average (xi-average)2 
13.78942 0.177928 0.0316584 
13.78942 0.177928 0.0316584 
12.89978 -0.71171 0.506534 
13.78942 0.177928 0.0316584 
13.78942 0.177928 0.0316584 

Sum  0.6331675 
variance  0.1266335 
Standard deviation of impact Force 0.355856N 
Table 5-38: Behavior of the Tilted rocker bogie suspension when the Front Wheel 
hit a 1.5-inch height wedge at speed 0.7 m/s 
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 Average   
2 inch height wedge    
v(initial) 0.7m/s  
time of impact 0.0552s  
Impact Force 14.5901N  
V(final) 0.589559m/s  

Deceleration -1.98992m/s2  
    

xi (Forces) xi-average (xi-average)2  
13.78942 -0.80068 0.64108206 
13.78942 -0.80068 0.64108206 
15.12388 0.533784 0.28492536 
15.12388 0.533784 0.28492536 
15.12388 0.533784 0.28492536 

Sum  2.13694019 
variance  0.42738804 
Standard deviation of impact Force 0.65374922N 
Table 5-39: Behavior of the Tilted rocker bogie suspension when the Front Wheel 
hit a 2-inch height wedge at speed 0.7 m/s 

 

 Average   
2.5 inch height wedge    
v(initial) 0.7m/s  
time of impact 0.0518s  
Impact Force 14.85699N  
V(final) 0.594716m/s  
Deceleration -2.02632m/s2  
    

xi (Forces) xi-average (xi-average)2  
15.12388 0.266892 0.07123134 
15.12388 0.266892 0.07123134 
15.12388 0.266892 0.07123134 
13.78942 -1.06757 1.13970143 
15.12388 0.266892 0.07123134 

Sum  1.42462679 
variance  0.28492536 
Standard deviation of impact Force 0.533784N 
Table 5-40: Behavior of the Tilted rocker bogie suspension when the Front Wheel 
hit a 2.5-inch height wedge at speed 0.7 m/s 
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 Average   
1 inch height wedge    
v(initial) 0.8m/s  
time of impact 0.0704s  
Impact Force 14.94595N  
V(final) 0.656131m/s  

Deceleration -2.03845m/s2  
    

xi (Forces) xi-average (xi-average)2  
12.89978 -2.04617 4.18681985 
12.89978 -2.04617 4.18681985 
19.57208 4.626128 21.4010603 
15.12388 0.177928 0.03165837 
14.23424 -0.71171 0.50653397 

Sum  30.3128923 
variance  6.06257846 
Standard deviation of impact Force 2.46223038N 
Table 5-41: Behavior of the Tilted rocker bogie suspension when the Front Wheel 
hit a 1-inch height wedge at speed 0.8 m/s 

 

 Average   
1.5 inch height wedge    
v(initial) 0.8m/s  
time of impact 0.052s  
Impact Force 15.39077N  
V(final) 0.69053m/s  
Deceleration -2.09912m/s2  
    

xi (Forces) xi-average (xi-average)2  
14.67906 -0.71171 0.50653397 
15.12388 -0.26689 0.07123134 
15.5687 0.177928 0.03165837 
15.5687 0.177928 0.03165837 

16.01352 0.622748 0.38781507 
Sum  1.02889713 
variance  0.20577943 
Standard deviation of impact Force 0.45362917N 
Table 5-42: Behavior of the Tilted rocker bogie suspension when the Front Wheel 
hit a 1.5-inch height wedge at speed 0.8 m/s 
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 Average   
2 inch height wedge    
v(initial) 0.8m/s  
time of impact 0.0526s  
Impact Force 16.01352N  
V(final) 0.685325m/s  

Deceleration -2.18406m/s2  
    

xi (Forces) xi-average (xi-average)2 
16.90316 0.88964 0.791459 
15.12388 -0.88964 0.791459 
15.5687 -0.44482 0.197865 

16.45834 0.44482 0.197865 
16.01352 0 0 

Sum  1.978648 
variance  0.39573 
Standard deviation of impact Force 0.62907N 
Table 5-43: Behavior of the Tilted rocker bogie suspension when the Front Wheel 
hit a 2-inch height wedge at speed 0.8 m/s 

 

 Average   
2.5 inch height wedge    
v(initial) 0.8m/s  
time of impact 0.0454s  
Impact Force 17.25902N  
V(final) 0.692399m/s  

Deceleration -2.35393m/s2  
    

xi (Forces) xi-average (xi-average)2 
16.45834 -0.80068 0.6410821 
16.01352 -1.2455 1.5512603 
17.34798 0.088964 0.0079146 
18.23762 0.978604 0.9576658 
18.23762 0.978604 0.9576658 

Sum  4.1155885 
variance  0.8231177 
Standard deviation of impact Force 0.9072583N 
Table 5-44: Behavior of the Tilted rocker bogie suspension when the Front Wheel 
hit a 2.5-inch height wedge at speed 0.8 m/s 

 



 64

 
 Average   
1 inch height wedge    
v(initial) 1m/s  
time of impact 0.04425s  
Impact Force 16.12473N  
V(final) 0.902491m/s  
Deceleration -2.19923m/s2  
    

xi (Forces) xi-average (xi-average)2  
13.78942 -2.33531 5.45364944 
12.89978 -3.22495 10.4002703 
23.57546 7.450735 55.513452 
15.12388 -1.00085 1.00169071 
12.89978 -3.22495 10.4002703 

Sum  82.7693327 
variance  16.5538665 
Standard deviation of impact Force 4.06864431N 
Table 5-45: Behavior of the Tilted rocker bogie suspension when the Front Wheel 
hit a 1-inch height wedge at speed 1 m/s 

 

 Average   
1.5 inch height wedge    
v(initial) 1m/s  
time of impact 0.0548s  
Impact Force 16.28041N  
V(final) 0.878506m/s  

Deceleration -2.22046m/s2  
    

xi (Forces) xi-average (xi-average)2  
16.90316 0.622748 0.38781507 
15.5687 -0.71171 0.50653397 

16.01352 -0.26689 0.07123134 
16.45834 0.177928 0.03165837 
16.45834 0.177928 0.03165837 

Sum  1.02889713 
variance   0.20577943 
Standard deviation of impact Force 0.45362917N 
Table 5-46: Behavior of the Tilted rocker bogie suspension when the Front Wheel 
hit a 1.5-inch height wedge at speed 1 m/s 
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 Average   
2 inch height wedge    
v(initial) 1 m/s  
time of impact 0.047 s  
Impact Force 16.72523 N  
V(final) 0.893466 m/s  
Deceleration -2.27506 m/s2  
    

xi (Forces) xi-average (xi-average)2  
16.90316 0.177928 0.03165837 
18.68244 1.957208 3.83066316 
16.90316 0.177928 0.03165837 
16.01352 -0.71171 0.50653397 
15.12388 -1.60135 2.56432823 

Sum  6.9648421 
variance  1.39296842 
Standard deviation of impact Force 1.18024083N 
Table 5-47: Behavior of the Tilted rocker bogie suspension when the Front Wheel 
hit a 2-inch height wedge at speed 1 m/s 

 

 Average   
2.5 inch height wedge    
v(initial) 1m/s  
time of impact 0.0536s  
Impact Force 17.97073N  
V(final) 0.868641m/s  

Deceleration -2.451m/s2  
    

xi (Forces) xi-average (xi-average)2  
18.68244 0.711712 0.50653397 
17.34798 -0.62275 0.38781507 
17.34798 -0.62275 0.38781507 
18.68244 0.711712 0.50653397 
17.7928 -0.17793 0.03165837 

Sum  1.82035646 
variance   0.36407129 
Standard deviation of impact Force 0.6033832N 
Table 5-48: Behavior of the Tilted rocker bogie suspension when the Front Wheel 
hit a 2.5-inch height wedge at speed 1 m/s 
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Figure 5-8: A graph of Impact force on Front wheel versus height of the wedge at 
different speeds for a Tilted suspension 

  

The result above shows that the Tilted suspension had less impact forces than 

that of the original suspension. The Tilted suspension has an impact force of 12.72 

Newton compared to 14.95 Newton for the original suspension under same speed and 

same obstacle. However, the drawbacks of this design are obvious, the size of the 

suspension is larger, which is not welcome in any space operations. Therefore, a 

change in control strategy is preferred. Many of the impact forces and stresses 

encountered by the frame may be reduced or eliminated by performing wheelie 

maneuvers. 

5.3.2 Tilted Rocker-Bogie Suspension Middle Wheel 

Data are collected from the Middle wheel for the Tilted Rocker-bogie 

suspension. The strain gauges are mounted on the Middle wheel to read the impact 

force exerted by the wedge while traveling at different speeds. Impact force can be 
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calculated from the output excitation voltage of the middle motor mount at speed 0.5 

m/s over 1” height wedges. Experiments on different speeds and different wedges, 

which were previously done, were also repeated here. 

 

 

 

        A       B       C    D       E    F 

Figure 5-9: An output excitation voltage generated by the Tilted Rocker-Bogie Middle 
wheel while it goes over the 1-inch height wedge 
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Explanation 

A - Signal where the Tilted suspension traveling at 0.5 m/s without running into a 

wedge 

B – Signal where the Front wheel first hit the wedge transmitted to the Middle wheel 

C – Signal where the Front wheel climbs over the wedge 

D – Signal where the impact on the Middle wheel by the wedge 

E – Signal where the Middle wheel climbs over the wedge 

F – Signal where the impact on the Rear wheel transmitted back to the Middle wheel 

 

 

Figure 5-10: A graph of Impact force on Middle wheel versus height of the wedge at 
different speeds for a Tilted suspension 

 

Notice that (Figure 5-10) the Impact force on the Middle wheel Tilted 

suspension are in the ballpark of 5 to 8 Netwons, slightly lower than that of the 
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Middle wheel Horizontal suspension (6 to 12 Newtons), even though they shared the 

same dimensions. 
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 Average   
1 inch height wedge    
time of impact 0.1028s  
Impact Force 5.374908N  
V(final) 0.409173m/s  

Deceleration -0.81932m/s2  
    

xi (Forces) xi-average (xi-average)2 
4.744747 -0.63016 0.3971033 
8.303307 2.928399 8.5755188 

4.4482 -0.92671 0.8587883 
6.524027 1.149119 1.3204737 
5.78266 0.407752 0.1662614 

Sum  11.318146 
variance  2.2636291 
Standard deviation of impact Force 1.5045362N 
Table 5-49 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
1-inch height wedge at speed 0.5 m/s 

 
 Average   
1.5 inch height wedge    
time of impact 0.1228s  
Impact Force 5.545423N  
V(final) 0.406833m/s  
Deceleration -0.76226m/s2  
    

xi (Forces) xi-average (xi-average)2 
5.041293 -0.50413 0.2541467 
5.041293 -0.50413 0.2541467 
5.33784 -0.20758 0.0430906 

6.079207 0.533784 0.2849257 
6.22748 0.682057 0.4652022 

Sum  1.3015119 
variance  0.2603024 
Standard deviation of impact Force 0.5101984N 
Table 5-50 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
1.5-inch height wedge at speed 0.5 m/s 
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 Average   
2 inch height wedge    
time of impact 0.1226s  
Impact Force 7.087465N  
V(final) 0.380407m/s  

Deceleration -0.97422m/s2  
    

xi (Forces) xi-average (xi-average)2 
7.56194 0.474475 0.2251262 

6.524027 -0.56344 0.3174628 
7.265393 0.177928 0.0316583 
6.820573 -0.26689 0.0712315 
7.265393 0.177928 0.0316583 

Sum  0.677137 
variance  0.1354274 
Standard deviation of impact Force 0.3680046N 
Table 5-51 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
2-inch height wedge at speed 0.5 m/s 

 
 

 Average   
2.5 inch height wedge    
time of impact 0.13375s  
Impact Force 7.463091N  
V(final) 0.351742m/s  
Deceleration -1.0802m/s2  
    

xi (Forces) xi-average (xi-average)2 
7.56194 0.098849 0.0097711 

6.079207 -1.38388 1.9151352 
9.044673 1.581582 2.5014013 
8.748127 1.285036 1.6513172 

    
Sum  6.0776248 
variance  1.5194062 
Standard deviation of impact Force 1.232642N 
Table 5-52 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
2.5-inch height wedge at speed 0.5 m/s 
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 Average   
1 inch height wedge    
time of impact 0.1322s  
Impact Force 5.575077N  
V(final) 0.597878m/s  

Deceleration -0.766334m/s2  
    

xi (Forces) xi-average (xi-average)2  
5.486113 -0.088964 0.00791465 
5.78266 0.207583 0.04309056 
5.78266 0.207583 0.04309056 
5.78266 0.207583 0.04309056 

5.041293 -0.533784 0.28492571 
Sum  0.42211206 
variance  0.08442241 
Standard deviation of impact Force 0.29055535N 
Table 5-53 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
1-inch height wedge at speed 0.7 m/s 

 
 

 Average   
1.5 inch height wedge    
time of impact 0.1538s  
Impact Force 6.968847N  
V(final) 0.55383m/s  

Deceleration -0.957917m/s2  
    

xi (Forces) xi-average (xi-average)2  
6.968847 3.33E-07 1.1111E-13 
6.524027 -0.44482 0.19786454 
6.968847 3.33E-07 1.1111E-13 
6.820573 -0.148274 0.02198508 
7.56194 0.593093 0.3517597 

Sum  0.57160932 
variance  0.11432186 
Standard deviation of impact Force 0.33811516N 
Table 5-54 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
1.5-inch height wedge at speed 0.7 m/s 
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 Average   
2 inch height wedge    
time of impact 0.0998s  
Impact Force 7.265393333N  
V(final) 0.599141523m/s  

Deceleration -1.014984467m/s2  
    

xi (Forces) xi-average (xi-average)2 
7.265393 -3.33333E-07 1.111E-13 
7.56194 0.296546667 0.0879399 

7.858487 0.593093667 0.3517601 
7.265393 -3.33333E-07 1.111E-13 
6.968847 -0.296546333 0.0879397 

Sum  0.5276398 
variance  0.105528 
Standard deviation of impact Force 0.3248507N 
Table 5-55 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
2-inch height wedge at speed 0.7 m/s 

 
 Average   
2.5 inch height wedge    
time of impact 0.1532s  
Impact Force 8.00676N  
V(final) 0.530073665m/s  
Deceleration -1.100585567m/s2  
    

xi (Forces) xi-average (xi-average)2 
8.599853 0.593093 0.3517593 
8.303307 0.296547 0.0879401 
7.265393 -0.741367 0.549625 
6.820573 -1.186187 1.4070396 
9.044673 1.037913 1.0772634 

Sum  3.4736275 
variance  0.6947255 
Standard deviation of impact Force 0.8335019N 
Table 5-56 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
2.5-inch height wedge at speed 0.7 m/s 
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 Average   
1 inch height wedge    
time of impact 0.1032s  
Impact Force 6.524027N  
V(final) 0.705668m/s  

Deceleration -0.89677m/s2  
    

xi (Forces) xi-average (xi-average)2 
6.079207 -0.44482 0.1978645 
7.858487 1.33446 1.7807844 
7.265393 0.741366 0.549624 
6.079207 -0.44482 0.1978645 
5.33784 -1.18619 1.4070388 

Sum  4.1331763 
variance  0.8266353 
Standard deviation of impact Force 0.9091948N 
Table 5-57 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
1-inch height wedge at speed 0.8 m/s 

 
 

 Average   
1.5 inch height wedge    
time of impact 0.1215s  
Impact Force 7.376598N  
V(final) 0.676026m/s  

Deceleration -1.01397m/s2  
    

xi (Forces) xi-average (xi-average)2 
7.265393 -0.11121 0.0123666 
7.56194 0.185342 0.0343515 

7.858487 0.481889 0.2322167 
6.820573 -0.55603 0.3091642 
7.265393 -0.11121 0.0123666 

Sum  0.6004656 
variance  0.1200931 
Standard deviation of impact Force 0.3465446N 
Table 5-58 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
1.5-inch height wedge at speed 0.8 m/s 
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 Average   
2 inch height wedge    
time of impact 0.1014s  
Impact Force 7.502631N  
V(final) 0.692558m/s  

Deceleration -1.03129m/s2  
    

xi (Forces) xi-average (xi-average)2 
7.858487 0.355856 0.1266337 
7.710213 0.207582 0.0430904 
7.56194 0.059309 0.0035176 

8.303307 0.800676 0.6410826 
6.079207 -1.42342 2.0261349 

Sum  2.8404593 
variance  0.5680919 
Standard deviation of impact Force 0.7537187N 
Table 5-59 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
2-inch height wedge at speed 0.8 m/s 

 
 Average   
2.5 inch height wedge   
time of impact 0.154s  
Impact Force 7.710213N  
V(final) 0.649619m/s  
Deceleration -0.96607m/s2  
    

xi (Forces) xi-average (xi-average)2 
10.23086 2.520647 6.3536596 
6.22748 -1.48273 2.1984981 

10.08259 2.372377 5.628171 
6.22748 -1.48273 2.1984981 
5.78266 -1.92755 3.7154619 

6.820573 -0.88964 0.7914599 
Sum  20.885749 
variance  3.4809581 
Standard deviation of impact Force 1.8657326N 
Table 5-60 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
2.5-inch height wedge at speed 0.8 m/s 
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 Average   
1 inch height wedge    
time of impact 0.1222s  
Impact Force 7.88814N  
V(final) 0.86733m/s  

Deceleration -1.08428m/s2  
    

xi (Forces) xi-average (xi-average)2  
7.56194 -0.3262 0.10640731 
7.56194 -0.3262 0.10640731 

8.303307 0.41517 0.17236253 
8.00676 0.11862 0.01407039 
8.00676 0.11862 0.01407039 

Sum  0.41331793 
variance  0.08266359 
Standard deviation of impact Force 0.28751276N 
Table 5-61 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
1-inch height wedge at speed 1 m/s 

 
 Average   
1.5 inch height wedge    
time of impact 0.1536s  
Impact Force 7.23574N  
V(final) 0.84522m/s  
Deceleration -0.9946m/s2  
    

xi (Forces) xi-average (xi-average)2  
6.22748 -1.00826 1.01658554 

6.968847 -0.26689 0.07123116 
6.524027 -0.71171 0.5065335 
8.00676 0.77102 0.5944739 
8.45158 1.21584 1.47827015 

Sum  3.66709424 
variance  0.73341885 
Standard deviation of impact Force 0.85639877N 
Table 5-62 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
1.5-inch height wedge at speed 1 m/s 
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 Average   
2 inch height wedge    
time of impact 0.0834s  
Impact Force 7.384012N  
V(final) 0.911224m/s  

Deceleration -1.01498m/s2  
    

xi (Forces) xi-average (xi-average)2  
6.079207 -1.30481 1.70251609 
6.375753 -1.00826 1.01658621 
7.56194 0.177928 0.03165837 

7.858487 0.474475 0.22512653 
9.044673 1.660661 2.75779496 

Sum  5.73368215 
variance  1.14673643 
Standard deviation of impact Force 1.0708578N 
Table 5-63 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
2-inch height wedge at speed 1 m/s 

 
 Average   
2.5 inch height wedge    
time of impact 0.0996s  
Impact Force 8.540544N  
V(final) 0.88185m/s  
Deceleration -1.17396m/s2  
    

xi (Forces) xi-average (xi-average)2  
10.52741 1.986866 3.9476365 
7.858487 -0.68206 0.46520175 
6.968847 -1.5717 2.47023146 
8.748127 0.207583 0.0430907 
8.599853 0.059309 0.00351756 

Sum  6.92967797 
variance  1.38593559 
Standard deviation of impact Force 1.17725766N 
Table 5-64 Behavior of the rocker bogie suspension when the Middle Wheel hit a 
2.5-inch height wedge at speed 1 m/s 
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5.4 Wheelie Maneuvers 

The wheelie maneuver consists of varying the speeds among the three wheels 

so that the wheels are able to manipulate the frame and the traction. As this happens, 

one of the wheels is forced into the air. The speeds are controlled by a HandyBoard 

and three H-bridges using PWM. An Interactive C language program was used to 

change the speeds of all three wheels. The Interactive C program defines NORMAL 

speed which is 25% of its’ maximum capability, and FAST speed which is 100% 

capability. 

In order to lift the Front wheel off the conveyer belt, the following control 

needs to be done, as the obstacle approaches the Front wheel, speed up the Middle 

wheel, run the Rear wheel 25% in opposite direction for 0.25 seconds. When the 

obstacle is under the Front wheel, run all the wheels to NORMAL speed. 

In order to lift the Middle wheel, as the obstacle approaches the Middle wheel, 

slow the Front wheel, run the Rear wheel at maximum speed. When the obstacle is 

under the Middle wheel, return all wheels to normal speed. 

The test rack is capable of driving the vehicle at speeds equal to and 

exceeding 1 m/s. The infrared sensors are used for detecting the in-coming obstacle. 

The front wheelie is initiated as the obstacle gets within 10 inches of the Front wheel 

(detected by infrared sensor number 1). At this moment, the rear wheel is given by 

the PWM signal to rotate in the reverse direction (25% of maximum speed), and the 

Middle wheel is signaled to increase its speed to maximum. As the obstacle is directly 

under the Front wheel (detected by a infrared sensor number 2 located at Front 

wheel), the Front wheel speeds return to NORMAL, so that the wheel can roll down 
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from the forward side of the obstacle. The Middle wheel wheelie is initiated 0.1s after 

the obstacle pass under the Front wheel. At this moment, the Front wheel is 

programmed to rotate in the 10% of the maximum speed in the opposite direction, 

and the Rear wheel is programmed to rotate maximum speed in forward direction, 

this action forced the Middle wheel into the air, avoiding the obstacle. 

 

 

 

Figure 5-11: The location of the two Infrared sensors for Wheelie 

Infrared sensor 1 Infrared sensor 2 



 80

 

 

      A B      C      D       E      F         G      H 

Figure 5-12: An Output excitation voltage generated on the Front vertical motor 
mount as the Wheelie maneuver was performed 

 
The points of interest on the graph (Figure 5-12) are 

A - Signal where the suspension traveling at 1 m/s without running into a wedge 

B – Signal where the Front wheel was lifting into the air 

C – Signal where the Front wheel was in the air 

D – Signal where the Rocker hit the mechanical stop 

E – Signal where the Front wheel landed on the conveyer belt 

F – Signal where the Front wheel rotated in different direction 

G – Signal where the Middle wheel was lifting into the air 

H – Signal where the Middle wheel landed on the conveyer belt 
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Under wheelie maneuver, the force exerted on the vertical motor mount is 

simply due to the gravity acting on the mass of the motor, wheel and the motor 

mount. Three of these components have a total mass of 1.19 kg. The average force 

exerted on the vertical motor mount is 12.08 Newton. As the mass of the rocker-bogie 

increase, the force acting on the bogie also increased. The moment of inertial will 

increase simultaneously as the mass increase. One of the suggestions to make the 

wheelie maneuver efficient is to build a lighter rocker arm. 

Average   
Force 2.716666667 lbf 
Force 12.08427667 N 

 

Table 5.4.1 Force generated by Wheelie Maneuver by Horizontal Rocker-Bogie 

Similar theory applied to the Middle wheelie, except with a lower moment of 

inertia. The reason is the distance between the pivot point and the center of Middle 

wheel is 7.24 inches compared with center of Front wheel, which are 11.43 inches. 
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5.4.1 Comparison between non-wheelie and wheelie at speed of 1m/s 

 

Figure 5-13: Output excitation voltage for Non-Wheelie 

 

Figure 5-14: Output excitation voltage for Wheelie 
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5.4.2 Further reduction of vertical shock 

Installing dampers can solve the increase in impulse in vertical direction of the 

rocker-bogie suspension due to the wheelie when the Front and Middle wheel landed 

on the conveyor belt or ground. An example of a device that can provide a force that 

depends on position and a force that depends on velocity is a strut that is commonly 

used on aircraft landing gear as a combination spring and shock absorber. It consists 

of a piston and cylinder mechanical system. 

When the wheel landed, the piston is pushed up into a cylinder; the air at the 

top of the cylinder is compressed. (The hydraulic oil is essentially incompressible.) 

This air spring creates a force that depends on the vertical distance moved. As the 

piston moves, it will create a force that will absorb the landing force depends on the 

speed of the motion. 
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Chapter 6 CONCLUSIONS 

The behavior of the Horizontal rocker-bogie suspension under high speed was 

shown; the impact forces on the Front wheel and Middle wheel were presented. The 

second result of the Tilted rocker-bogie configuration which have a lower impact 

force under same condition with the Horizontal rocker-bogie were presented. These 

results verify that our claims of a reduced impact force on the rocker-bogie 

suspension by performing the wheelie maneuver are accurate. 

The behavior of the Horizontal rocker-bogie indicates that the impact force is 

between 14 and 22 Netwons traveling between 0.5m/s and 1 m/s. Note that a rocker-

bogie suspension will experience a much higher impact force, if the real rover is 

heavier or carries a big payload. The impact forces on the Middle wheel of this 

configuration is 1 time less than the Front wheel, because the Middle wheel is not fast 

enough to speed up before collision. 

The second result of the Tilted rocker-bogie suspension is a test to verify the 

lower impact force by increasing the moment arm of the vertical motor mount. 

Generally, the impact force is reduced by approximately 2 to 3 Newtons. The impact 

force on the Middle wheel of this configuration is slightly less than the Horizontal 

rocker-bogie Middle wheel configuration. 

The claim of reducing impact force on a wheelie maneuver of the rocker-

bogie is accurate. Strictly speaking, there was no direct impact or collision between 

the wheels (except the Rear wheel) and the wedges. The only forces acting on the 

rocker are the weight and the impact onto the conveyor belt when it landed. 
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Chapter 7 RECOMMENDATIONS 

The recommendations are divided into two areas. The first recommendations 

presented relate only to the experimental procedure and process used in the quantities 

obtained. The second recommendation are those which relating to any future high 

speed Rocker-Bogie class rover experimental and theoretical work, needed to develop 

a deeper understanding of the suspension. 

First, in order to obtain more accurate data from the impact force, some 

precautions must be taken. It is important to examine potential error sources prior to 

taking data. Some strain gauges may be damaged during installation, therefore it is 

important to check the resistance of the strain gauge every time prior to the 

experiment. Electrical noise and interference may alter the readings. Shields and 

insulation coatings may prevent this problem. As mentioned earlier, shielded cables 

were used and pair wires were twisted to reduce the effect of EMI (Electro-Magnetic 

Interference). Thermally induced voltages caused by thermocouple effect are one of 

the factors that give inaccurate readings. Load cells and accelerometers are 

recommended for the experiment. 

Larger heat sinks for the MOSFET on the H-Bridge are strongly 

recommended; this is because the H-Bridge draws tremendous of current (up to 20 

amps without heatsinks, 40 amps with heat sinks). This will create a potential fire 

hazard situation when 20 amps of current flows through the circuits. There are two 

ways to reduce the hazard; to introduce cool air onto the MOSFET by a fan, and to 

place some dry ice on top of the MOSFET. 
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Higher data acquisition frequency is required for any impact test. Careful 

selection of the data acquisition board and LabVIEW programming would determine 

the accuracy and precision of impact data between 0.001s. 

Future work, both experimentally and theoretically, must be carried out to 

give a full understanding of the Rocker-Bogie suspension. This work may provide the 

designers of the six wheels Rocker-Bogie suspension operating under high speed to 

make better design decisions and optimization. In order to carry out the Front 

Wheelie maneuver, a powerful sensors needs to be installed on the Rocker-Bogie 

rover capable of sensing a traversable obstacle 10 inches before collision. In addition, 

for the Middle Wheelie, a correct position is needed for the second sensor. In order to 

travel at higher speed, huge motors are needed, as well as a new motor-mount needs 

to be designed. This work would provide information related to the impact force in 

horizontal direction. Without such information, designing a high-speed Rocker-Bogie 

suspension would be difficult. 
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