
Design of a High-Impact Survivable Robot 
 

D. O’Halloran, A. Wolf, Member, IEEE, H. Choset, Member, IEEE 
The mechanical Engineering Department and the Robotics Institute 

Carnegie Mellon University 
Pittsburgh, Pennsylvania, USA 

dmo@andrew.cmu.edu, alon.wolf@cmu.edu, choset@cs.cmu.edu  
 

Abstract— This paper presents the design, construction, and 
testing of a two-wheeled low-cost mobile robot platform that has 
high survivability when subjected to large impact forces and 
general rough handling.  The design of the drive transmission 
system and integrated suspension system is developed, along with 
general equations of motion describing their dynamics.  Analyses 
were conducted to insure stability of the various subsystems and 
optimize parameters for the desired vibration characteristics.  
Equations of motion were also developed to describe the rocking 
chassis phenomenon inherent to the two-wheeled design.  A 
flywheel compensation scheme which helps eliminate the rocking 
chassis problem is also outlined.  An impact analysis combining 
theory and empirical data was used to predict the survivability 
threshold.  Finally, three series of experiments were conducted, 
with the first two followed by design improvements.  In contrast 
to currently available commercial robots, our new design 
employs a flexible mechanical platform capable of absorbing 
energy during high load impacts.  This design was substantiated 
during the final tests when the robot survived a third story drop 
without any damage.  
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I. INTRODUCTION 
Urban search and rescue (USAR) robots have recently 

become much more widely accepted as a vital field tool in 
emergency situations [1] [2].  The roles of robots also continue 
to expand in military reconnaissance missions, such as in the 
search for terrorist cells hidden deep inside caves in 
Afghanistan during 2001-2002.  However, the effectiveness of 
current robot designs in these environments is limited by 
numerous factors.  One such factor is the inherent fragility of 
many of the current robots, which makes these robots 
susceptible to failure due to rough handling or impacts which 
occur during these missions.   
This paper presents a design for a mobile robot platform that 
improves the robots survivability when subjected to high 
impact forces and general rough handling, is compact, and can 
fulfill the role of a search and rescue or reconnaissance aid 
robot.  
In actual practical application, two other robots have been 
deployed for similar missions and are touted for their impact 
survivability.  The PackBot, developed by the iRobot 
Corporation [5], is a tracked robot with a small main chassis 
profile.  Product specifications claim that the robot is capable 
of surviving a fall from up to 2 meters onto concrete, as well 
as tumbling down stairs.  The robot has a height of only about 
8 inches and weighs in approximately 50 lbs.  This robot has 
seen extensive real-world field deployment at both the WTC 

disaster site and during military missions in Afghanistan.  The 
second robot for comparison is the Dragon Runner developed 
at the National Robotics Engineering Consortium at Carnegie 
Mellon University [6].  Dragon Runner weighs about 16 
pounds and has four large wheels which extend above and 
below the base chassis profile.  While this robot is still in 
development, in its current form the designers claim it to be 
able to survive impacts at full speed or from a third story drop.  
These two robots will be used as baselines for comparison to 
evaluate the performance of the new robot design outlined 
within this paper, with our goal to build a robot capable of 
surviving a third story drop but costing a magnitude less than 
these two designs.   

The work presented here specifically details the mechanical 
design of the general robot configuration and its drive system.  
A rudimentary remote control system was used to control the 
robot during experiments, though the robot is made to 
accommodate more sophisticated control electronics at a later 
phase.  Additionally, the mechanical design incorporates 
measures to minimize the shock loads that would be 
transmitted to the current and possible future electronic 
components. 

II. NOMENCLATURE AND SUBSCRIPTS 
Following is a list of nomenclature and subscripts used 
throughout the paper: 

  
Nomenclature Subscripts 

W   Component weight                    x  In x-direction 
m    Component mass                       y  In y-direction 
 S    Spring force                               P  Pulley 
K     Spring constant                         S  Spring 
D     Spring displacement                  i  Idler 
N     Normal force or bearing force   c  Chassis 
T     Tension in drive belt  
L     Length  
R     Component radius  
�    Angle between components  
H    Tire bearing force  
C    Spring collar bearing force  
B    Chassis bearing force  
M   Moment or torque  
A    Motor reaction force  

III. OVERALL DESIGN 
One of the first general design decisions that had to be made 
was the locomotion scheme for the robot.  Each of the 



standard locomotion choices, legged, wheeled, and tracked, 
have their advantages and disadvantages.  However, given the 
primary goal of this robot to survive impacts, wheeled 
locomotion is the best choice.  It offers reasonably good 
traction on most terrains and more importantly has the best 
shock absorption capability of the three choices mentioned 
above due to the intrinsic elasticity of most tires.  More 
specifically this design will utilize pneumatic tires due to their 
superior shock absorption capabilities.   

The primary metric used in evaluating each of the robot design 
choices was that the robot must be capable of withstanding a 
fall from at least 30 feet, so as to equal or improve upon the 
performance of the best commercially available platforms.  
The reason for desiring a robot that can withstand such falls is 
that is it is conceivable that a robot acting in a search and 
rescue or military reconnaissance capacity might inadvertently 
or even intentionally be driven off a ledge.  Considering the 
potential for such an event adds a significant complicating 
factor in designing an impact-survival mechanical platform.  
In general the orientation of the robot upon impact with the 
ground cannot be known with any certainty; therefore the 
robot must be protected from impact in all directions.  Even if 
the assumption is made that lateral disturbances acting on the 
robot during its fall are negligible enough that the robot will 
not topple about an axes orthogonal to the drive axles, the 
propensity for the robot to spin about an axes parallel to the 
drive axles will still exist, meaning the robot could land in an 
orientation upside down from its usual driving state.   
Therefore the general configuration must at a minimum 
provide protection against impact in all directions orthogonal 
to the drive axles.    

Given that pneumatic tires are being used as a first line of 
defense against impact, it makes sense to design the robot so 
that the tires will be the first component to contact the ground 
regardless of robot orientation.  To this end, the robot chassis 
has been designed so that it fits entirely within the outer 
profile of the tires (Figure 1).  A four wheeled robot could 
fulfill this criterion; however, this design carries with it several 
disadvantages.  First, while a differential drive could in theory 
be used for steering it would not be as efficient as on a two 
wheeled robot due to the extra friction forces created by the 
extra two tires.  Second, if the more typical and efficient rack-
and-pinion steering scheme were used for a four wheeled 
robot, this would add components and complexity to the 
overall robot which would therefore increase the number of 
failure points.  Also, in a four wheeled scheme the section of 
chassis extending between the two wheels is laterally 
unprotected and could potentially be impacted by obstacles 
which fit between the wheels.  Finally, the extra two wheels 
add size and mass to the overall robot leading to higher impact 
forces and decreasing the robot’s portability.  Due to these 
limitations, this design employs a two wheeled driving scheme 
(Figure 1) which does not suffer from the above mentioned 
problems.   

Alas, a two wheeled robot has limitations of its own.  In a four 
wheeled robot when the motors drive two of the wheels, the 
other two wheels provide a reaction force with the ground 
which prevents the chassis from spinning about the drive axle 
as opposed to the wheels.  Other robots have employed this 

two wheel scheme, though none strictly in the manner of this 
robot.  Most conventional two-wheeled robots, such as those 
often used by hobbyist or research robots such as the Nomad 
Scout always have an inert third caster wheel or dragging 
structural piece which provides the reaction force and 
maintains the balance of the robot.  However, in this design 
there is no component extending beyond the wheel profile to 
provide a ground reaction force.  Therefore, when the motors 
apply torque to the drive shafts there will be a battle between 
the chassis and the wheels to see which one actually rotates.  
This means that for accelerations beyond a certain threshold 
the chassis will spin rather than the wheels.  This phenomenon 
along with a compensation scheme will be more fully detailed 
and explored in Section VI.   

 

Figure 1.  Two-Wheel Suspended Chassis Configuration 

IV. DRIVE TRANSMISION DESIGN 
A number of power transmission options were examined in 
order to determine the optimal transmission scheme for this 
robot design.  The main criteria in evaluating these different 
options were the transmissions’ capability of minimizing the 
shock and vibration transmitted to the motors, simplicity of the 
system which translates to minimizing potential failure points, 
and mechanical efficiency of the system. 

   The first option, a spur gear transmission has the advantages 
of simplicity and minimal component count, as well as high 
mechanical efficiency [8].  A bevel gear transmission is 
similarly simple though slightly less efficient than a spur gear 
transmission.  It does however allow the motors to be mounted 
vertically which helps to minimize the width of the chassis and 
henceforth the overall robot size.  A worm gear transmission 
would also allow for the motors to be mounted vertically and 
offers high gear ratios, though they are expensive and 
relatively inefficient.  All three of these geared transmissions 
suffer from a similar major disadvantage in that they are poor 
at absorbing shock.  Another option is a chain drive 
transmission.  A chain drive provides flexibility in the 
placement of the motors so as to minimize the overall chassis 
size, has better shock absorption capabilities than gear 
transmissions, and still has high efficiency.  However, a chain 
drive requires lubrication for smooth operation and contains 
numerous links which each represent additional failure points.  
The final option is a belt drive transmission.  This system has 
the same flexibility of motor placement as the chain drive and 
better shock absorption capabilities due to the inherent 
elasticity of timing belts.  Additionally this system is efficient, 
quiet, and requires no lubrication.  Therefore, the belt drive 
system was chosen as the initial transmission scheme based on 
the evaluation criteria. 



V. SUSPENTION DESIGN 
The flexible nature of the belt drive system allowed us to 
include a unique suspension system shown in Figure 2, which 
would further enhance the overall shock absorption capability 
of the transmission.  In order to discuss the details of this 
suspension, we shall first define a fixed coordinate system 
whose z-axis points from the wheel towards the chassis and 
whose y-axis points upward with respect to the ground.  The 
drive shaft connected to the wheel is mounted to the chassis 
via a spherical bearing which allows the shaft limited rotation 
(10o off of perpendicular axis) about the x and y-axes, in 
addition to the typical z-axis rotation that allows transmission 
of torque to the wheels.  A pulley (P2) is mounted at the end 
of the shaft internal to the chassis.  The timing belt wraps 
around pulley P2, a pulley (P1) attached to a drive motor 
mounted to the chassis, and a free spinning idler pulley (P3).  
The idler pulley is attached to a shaft connected to a pair of 
springs which allow the pulley to move in order to compensate 
for motion of pulley P2, thus preserving the overall length of 
the belt and the tension in the belt that allows for the 
transmission of torque.  Three suspension springs attached at 
opposite ends to the chassis and to a free spinning shaft collar 
provide the centering force which keeps the shaft horizontal 
under static conditions.  We also considered substituting a 
membrane for the three springs.  A membrane would have 
easily added dampening to the system [9].  However, due to 
the configuration of the system the membrane would need to 
have non-axisymmetrical properties which would not be easily 
achieved.    

 

Figure 2.  Belt Transmission/Chassis Suspension 

 

A. General Suspension Equations 
In order to analyze and optimize the detail design of the 
suspension system, general equations of motion (EOM) were 
developed for each component of the system.  In total 37 
equations are needed to describe the general motion of the 
suspension system. 

One of the key components in the system is the drive shaft 
(Figure 3, 4, 5), since it is directly responsible for translating 
torques out to the wheel from the motor and for back 
propagating the motion from the wheel caused by an impact.  

Naturally, we derived the equations of motion for this system 
but omitted them due to space restrictions. 

        The other key component in analyzing the behavior of the 
suspension system is the chassis (Figure 6, 7a, 7b), since this 
component ties the shaft, drive system, and suspension system  
together.  The EOM are omitted due to space restriction 

 

Figure 3.  Drive Shaft Free Body Diagram 

 

Figure 4.  Drive Shaft Deflection Geometry 

 
Figure 5.  CAD Model of Shaft System 

 
With the general equations of motion derived, static 
equilibrium conditions can now be solved for; giving the 
starting point for developing the detailed configuration and 
design of the robot’s various components. 



 

Figure 6. Three Dimensional Chassis Free Body Diagram 

 

Figure 7a. CAD Model of Chassis 

 

Figure 7b. Real image of the Chassis 

B. Static analysis and optimization 
With the general equations of motion now known, the next 
step in the design process was to solve for the various 
parameters under static conditions.  Obviously since this is a 
static analysis all the bodies are at rest.  Given static 
equilibrium conditions, the tension in the belt should therefore 

be uniform [10].  All weights, masses, lengths, and angles are 
known parameters.  

Using these assumptions along with various substitutions and 
algebraic manipulations of the general EOM derived above 
yields 22 static specific EOM.  However, we are left with 24 
unknowns.  Contrary to what this might first indicate, the 
system is in fact not statically indeterminate.  The reason 
being that some of the parameters, namely the spring forces, 
can be independently controlled since they depend solely on 
spring constants and deflection, two parameters which can be 
chosen at will for each spring.  The consequence of this result 
is that two of the spring forces become design parameters 
which can be independently controlled.  In order to best 
control the performance of the overall system we pick spring 
forces from two different subsystems as the design parameters, 
namely the idler spring (Si) and the vertical suspension spring 
(S1). 

With the design parameters specified it is then possible to 
solve for all unknowns.  While all the parameters are useful in 
evaluating maximum stresses in the various components, the 
spring forces (S1, S2, S3, Si) are of particular interest since 
they most directly will affect the suspension performance. For 
maximum stability all springs should always remain in tension 
since a compressive state is inherently unstable.  An analysis 
of a general range of values for the design spring parameters 
(S1, Si) gives the design space for which the dependent 
springs (S2, S3) remain in tension (Figure 8, Figure 9). 

 

Figure 8.  Spring S2 Force as a Function of S1 and Si 

 

Figure 9.  Spring S3 Force as a Function of S1 and Si 



 

Using these graphs, we can insure that our choices of spring 
values for S1 and Si result in a tensile state for S2 and S3 by 
checking that the corresponding point on the functional plane 
is above zero on the z-axis. 

C. Displacement Analysis 
Once the static parameters are known, the general motion of 
the suspension system, given some initial conditions or forcing 
functions, can be solved.  This general disturbance analysis 
can also be used as a first approximation of the system 
reaction to impact.   

In either an impact study or a general disturbance analysis it is 
reasonable to assume that the disturbance acts in only one 
radial direction since the tire theoretically makes line contact 
with the ground.  Therefore, to simplify the analysis we will 
assume the disturbance acts in only a y-direction.  However, it 
should be noted that this disturbance in one direction may 
cause motion in both the y and x-directions due to the 
configuration of the suspension system.  Also to further 
simplify the geometry of the problem we will conduct the 
analysis with the chassis held stationary while the suspension 
system and the tire are free to move, while an equivalent 
ground force is applied to the tire in order to maintain initial 
static equilibrium.  If we were instead to let all bodies move 
relative to a fixed ground we would end up with additional 
time dependent terms to locate the point on the drive shaft 
which has zero displacement, thus complicating the equations.  
Using the stationary chassis approach lets us mandate that the 
point on the shaft passing through the spherical bearing of the 
chassis is always the point of zero displacement.  This then 
allows us to easily relate all displacements back to the general 
displacement of the tire end of the shaft. 

For this analysis a more complete set of equations is needed to 
describe the elasticity of the tire and its influence on the 
overall suspension system.  Modeling the tire as a simple 
spring (dampening will later be added to the model) as shown 
in Figure 10 yields a defined equation for the normal force 
acting on the wheel hub. 

 

 

Figure 10.  Tire Spring Model    

 

Figure 11. Tire CAD Model  

In order to complete this analysis a number of geometric 
relationships must be developed.  The first relationship is that 
of the suspension spring displacements to the general shaft 
displacement as illustrated in Figure 12.  Based on this 
diagram, the general spring displacements are given by 
Equations 1, 2, and 3. 
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Another geometric relationship that must be developed is the 
motion of the idler spring and the overall profile of the 
transmission belt as a function of shaft displacement.  The key 
to this relationship is that the overall belt length must remain 
constant.  As both a design and analysis simplification all 
three pulleys are chosen to have the same radius.  Given this 
simplification, the total amount of belt wrapped around all 
three pulleys will always be equal to the circumference of one 
pulley.  Therefore, the analysis can be simplified to analyzing 
simply the changing distances between pulley centers as 
illustrated by a deforming triangle as shown in Figure 13.  

 

Figure 12.  General Spring Displacement Geometry 
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Figure 13: General Belt Deflection Geometry 

 

 

Figure 14: CAD Model of Transmission Belt 

We then reduced the problem to a 1-DOF vibration problem to 
get a first approximation of the behavior of the system.  To 
this end we will assume all displacement in the suspension 
system acts in the y-direction.  Next, by removing the spring 
we will look at the displacement of the shaft independent of 
the tire.  Lastly, we will make a geometrical assumption that 
the displacement of the idler pulley (P3) is equal to the 
displacement of the shaft pulley (P2).  Given these 
assumptions we end up with a new governing differential 
equation as shown below.  Again it should be noted that the 
true complexity of this equation is masked by the fact that 
substitutions have not yet been made for several parameters, 
which in fact depend on the displacement and its derivatives. 
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Dampening can be added to the system via the Cy parameter as 
this directly corresponds to the spring suspension system.  A 
numerical solution can then be found for this 1-DOF 

differential equation.  With the dampening added, it can be 
shown that this system is in fact stable as shown by the plot 
(Figure 15) of the numerical solution of the shaft displacement 
generated by a Runga Kutta method. 
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Figure 15: 1-DOF Suspension Performance 

VI. GENERAL CHASSIS MOTION 
As discussed briefly in Section 2, the two wheeled 
configuration of the robot presents the challenge of balancing 
the unwanted motion of the chassis against the desired motion 
of the wheels.  When the motor begins to exert a torque on the 
drive pulley, there must be a balancing moment at the 
connection with the chassis to keep the motor from spinning.  
In the absence of an additional ground contact point to provide 
a reaction force, this moment will have the effect of causing 
the chassis to rotate about the drive shaft.  However, assuming 
the mass center is located below this pivot point, as the chassis 
rotates the gravitational forces will begin to create a 
countering moment.  Assuming the accelerations are small 
enough at some point the moment will no longer be able to 
rotate the chassis and instead the rotational inertia of the 
wheels will be overcome causing them to start rotating, or in 
other words for the torque to be transmitted to the desired 
location.  This cyclical motion is described by the differential 
equation of the chassis angle with respect to time shown 
below.  
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The numerical solution for this equation illustrates the rocking 
motion of the chassis for small accelerations (Figure 16).  This 
analysis also shows that above a threshold dependent on the 
chassis weight distribution the chassis will simply spin while 
the wheels will remain stationary.  Therefore, if we hope to 
reduce the acceleration limitations of this design we must 



implement some system for countering chassis rocking 
motion.  One such system is detailed in the following 
subsection. 
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Figure 16: Chassis Angle as a Function of Time 

A. Flywheel Compensation 
In order to reduce or eliminate the rocking of the chassis, a 
moment must be applied to the chassis to counter that 
transmitted from the motors.  One approach to creating this 
moment is by means of a flywheel.  If the flywheel is 
accelerated in a direction opposite that the motor is spinning, it 
will create an effective moment that is opposite in direction to 
the motor torque.  The effectiveness of the flywheel system 
depends on its acceleration abilities as well as the mass of the 
actual flywheel.  For a typical constant-torque acceleration the 
required flywheel compensation acceleration is also constant.  
Figure 17 shows the design tradeoffs between the total 
flywheel mass and the required flywheel acceleration for a 
typical motor acceleration.  In this case the chassis is 
maintained vertical at all times which demonstrates that the 
compensation scheme can in fact improve the range of 
accelerations within the robot’s operating envelope.  
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Figure 17: Flywheel Mass/Acceleration Trade-off 

VII. IMPACT STRESS ANALYSIS 
The theory behind mechanical impact is still an 
underdeveloped field, especially with relation to complex 
geometries such as those of the wheels used on the robot.  

Therefore, in order to determine the robot’s theoretical impact 
survivability, a combination of empirical results and 
engineering estimations were used to create a reasonable 
prediction. 

By virtue of the design, the drive-shaft sees the greatest stress 
loading of any component on the robot, specifically the 
portion extending out from the bearings to the wheel hubs.  
For analysis purposes, we can essentially treat this as a 
cantilevered beam.  Since the normal stresses developed in the 
shaft due to a transverse loading at the end are magnitudes 
greater than the shear stress, we will neglect shear stress in our 
calculations.  If we take the yield strength of Titanium (130 
ksi) as the maximum allowable, we can determine the 
maximum tolerable load to be 532 lbs per wheel from  
Equation 6 shown below.  
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The next step is to determine the corresponding maximum 
impact velocity.  To do this we utilized the basic impulse 
momentum equation coupled with several empirical 
observations.  During the experiment it was observed that the 
robot generally rebounded approximately 33% of the original 
drop height, allowing us to correlate the rebound velocity with 
the intial drop height by a simple kinematic equation (Eq.7), 
while impact velocity is given by Equation 8. 

dropreb hg
3
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dropimpact h2gv ⋅=                                                               (8) 

 Using these relationships, we were then able to develop an 
equation (Eq. 9) relating drop height to maximum impulsive 
force using the impulse-momentum equation.  Note that the 
time of impact (0.1 s) is estimated based on the early series of 
experiments.  The resulting survivable height prediction is 
therefore 77 feet.  Given that approximations were used in 
arriving at this number, if we include a safety margin of 2, we 
still arrive at a survivable height of 38.5 feet, which exceeds 
the desired 20 foot survivable drop limit.  
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VIII. EXPERIMENTS AND DESIGN ITERATIONS 
Three series of experiments were conducted with the robot 
(Figure 18) once manufacturing and assembly were complete.  
After the first two series, weaknesses of the robot were 
characterized and design improvements were formulated and 
implemented before beginning the next series of experiments.   

The final set of tests included drops from heights of 1.2, 1.8, 
2.4, 3, 3.7, 4.3 and finally 6.1 meter (the equivalent of a third 
story drop) onto hardened grass covered soil. Moreover, the 
robot was also tested while going down a stairway of 20 steps. 
After the initial low elevation tests the drive sprocket on one 



of the two motors came loose.  The situation was corrected by 
retightening and using Loctite to help secure the connection.  
During all subsequent tests the robot survived the drop tests 
without any apparent damage and was able to successful drive 
after the test.  The robot demonstrated significant rebound 
during drops (Figure 18, 19), but was able to survive all 
aspects of the impact event.  In one scenario the robot actually 
rebounded into the sidewall (Figure 19b) of a building but still 
suffered no damage.  Therefore, the final batch of design 
improvements was sufficient to bring the survivability of this 
robot design up to the level of the best commercially available 
robot platform, though at over a magnitude of cost savings. 

 

 
 

Figure 18: Assembled Robot 

 

  
 

Figure 19: a) Initial Drop 4.3m (left)  b) Rebound: 1.5m 

Based on these final experiments it can be concluded that the 
basic concept of a two wheeled robot with the unique 
suspension system outlined within this paper can indeed 
succeed at surviving high impact loading, including impacts 
from falls of up to a third story drop (Figure 20).  A number of 
possible design improvements were formulated at the 
conclusion of the tests, however, which should further enhance 
the robot’s survivability.  The primary suggestion is to replace 
the tires with lighter more energy absorbent wheels, such as 
balloon rubber tires.  By reducing the weight and hence the 
inertia of the system, impact forces will be greatly reduced, 
thus allowing drops from even greater heights.  Additionally, a 
custom rubber coupling component could be added to the 
external portion of the drive shaft to further improve the 
energy absorption of the drive system during impact loading, 
though care must be taken to insure sufficient rigidity of the 

drive shaft so that the chassis does not touch the ground during 
an impact event.  

 
 

Figure 20: Three Story Drop Test 6.6m 

 

IX. CONCLUSIONS AND SUMMARY 
This paper presented the development of a design for a two-
wheeled mobile robot capable of withstanding high impact 
loading.  After several rounds of testing and design iterations, 
the final robot utilized a timing belt transmission with a 
titanium drive shaft and an integrated suspension system.  
Previous work in creating high-impact survivable robots has 
emphasized building reinforced and rigid structures to 
withstand high energy impact loads.  In contrast, our design 
took the approach of creating a flexible and minimilistic 
structure capable of absorbing the energy of impact.  This 
design strategy makes the robot inherently less expensive to 
build since not as much high strength material or as many 
robust components are required.  Experimental drop tests 
verified that the robot design is capable of surviving falls from 
at least a third story drop without any damage, thereby 
equaling or besting previous commercial designs of a 
magnitude greater cost.       
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