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Abstract—� A motive toolbox of reconfigurable modules is 
described to extend capabilities of the TerminatorBot. The robot can 
be statically reconfigured with both sensors and actuators for 
particular applications by way of the Morphing Bus. The Morphing 
Bus is a parallel bus that adapts to the modules connected. A 
software tool is provided to aid the user in static configuration. This 
paper focuses on three modules, still in the prototyping stage, for 
adding bulk motive force to the robot in a hybrid fashion. Methods of 
channeling the motive force are also discussed. 
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I. INTRODUCTION 

One of the things that both search and rescue and planetary 
exploration robots have in common is the need to traverse 
difficult terrain that is not well characterized in advance. This 
means that the robot drive mechanism needs to be adaptable 
to the terrain or versatile enough for the different terrains 
likely to be encountered. Limbed locomotion is extremely 
adaptable to uneven terrain, but requires sophisticated control 
and sensing and is generally not power efficient without 
complex passive energy storage (as in [18]). Tracked 
locomotion is highly efficient and has proven robust in many 
terrain types encountered in natural and man-made settings, 
particularly when obstacles are significantly smaller than the 
height of the tread. Yet, there are many environments --  
particularly when many obstacles are nearby (highly rubbled 
terrain) or when obstacles are greater than the height of the 
tread -- that treads, alone, do not do well. The most successful 
designs for highly rubbled terrains, such as those encountered 
in collapsed structures and subterranean exploration, have 
been hybrid designs that incorporate both limbs and tracks. 
Examples of these include the Omni-Tread [1], Souryu [11], 
Helios [7], Tarantula R/C toy [14], and the 
commercially-available PackBot, from iRobot [16].  

These hybrids have relatively sophisticated track 
mechanisms with relatively simple limb-like capabilities. The 
Omni-Tread and Souryu both consist of drive modules that 
are nearly completely covered in motive treads. The 
Omni-Tread has a square cross section and is covered on all 
four sides with synchronized treads that are commonly driven 
to all move in unison. The Souryu, on the other hand, has a 

more squat, rectangular cross section and is covered on two 
sides, by one wide, continuous belt. Both robots attempt to 
minimize “dead” areas that do not actively drive the robot 
forward to reduce the chance of becoming incapacitated by 
“high-centering”. They are both multi-jointed, consisting of 
several tread modules connected in a “train” by articulated 
linkages. These linkages between the tread modules act like 
simple limbs, allowing the treads to “step” over obstacles and 
chasms. 

Helios, Tarantula, and PackBot all have tread-covered 
“flippers” that articulate in one degree of freedom with 
respect to a central body. The flippers are used to hoist the 
body over obstacles or to change the geometry of the device. 
Helios even includes a third “leg” with more degrees of 
freedom to maintain balance and navigate large obstacles. 

We assume a different approach to the tread/limb hybrid. 
Our robot’s primary mode of locomotion is based on limbs. In 
this paper, we investigate relatively simple treads to add bulk 
motive power. In fact, we are investigating a series of bulk 
motive devices that simply push the robot forward while the 
limbs are responsible for channeling that energy in the desired 
direction. By investigating treads in various configurations as 
well as a novel water hammer actuator pioneered by Perrin, et 
al [17], these motive modules provide a “toolbox” of sorts, 
supporting our approach to hardware/software 
reconfigurability [6][10].  
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II.  THE LIMBED CRAWLER 

The basic robot for which this actuator toolbox is being 
designed is the TerminatorBot, a two-limbed, crawling robot 
whose body is supported by the environment during 
locomotion, similar to most cold-blooded animals [15]. The 
TerminatorBot – or “CRAWLER,” for Cylindrical Robot for 
Autonomous Walking and Lifting during Emergency 
Response – employs a reconfigurable design philosophy to 
keep the robot small and light. Small size provides 
accessibility to spaces otherwise unreachable by humans, 
canines, or the currently available commercial robots. The 
reconfigurable concept of the basic limbed design is dual-use 
of the limbs as both locomotors and manipulators. The robot 
consists of two limbs that each have three degrees of freedom. 
The total of six degrees of freedom allow for arbitrary 
manipulation of objects during manipulation and a high 
degree of configurability of the gait motions during 
locomotion.  

In its stowed configuration, the CRAWLER is cylindrical in 
shape with a diameter of 75 mm and an overall length of 205 
mm in its tethered configuration. (The tetherless configuration 
will actually be shorter as the new hardware/software 
reconfigurable CPU system [6] is designed to mount 
transversely rather than longitudinally.)  The limbs deploy 
from one end of the cylinder while the proposed toolbox 
components will attach to the other end. The robot has a 
variety of gaits to locomote primarily in the longitudinal 
direction. These gait motions include: turning in place, turning 
while moving forward, crawling forward to maximize power, 
crawling forward to minimize profile, and crawling forward to 
maximize efficiency [19]. As will be described later, the new 
toolbox attachments add a transverse gait, as well as 
additional longitudinal motions. 

III.  RECONFIGURABILITY PARADIGM  

Reconfigurability can be thought of from a variety of 
perspectives. The timeliness of reconfiguration is an important 
consideration that creates two broad categories of 
reconfiguration: static and dynamic. Reconfiguration can also 
apply to hardware or software.  

Static reconfiguration is the focus of this actuator toolbox. 
Static is equivalent to offline. When faced with an application 
that requires a particular set of sensors and actuators, they are 
mounted and interfaced appropriately so the resource will be 
available when needed. Dynamic reconfiguration happens in 
situ and on-the-fly. Eventually, we plan to include an 
attachment means that permits reconfiguration of these 
modules in the field, but that is not the subject of this paper. 

The basic architecture for static reconfigurability is the 
Morphing Bus.  The morphing bus was developed to allow 
static reconfiguration of the hardware elements of the CPU 
subsystem. We are applying the same architecture to the 
hardware elements of the robotic subsystem to provide the 
same level of static reconfigurability. The motive modules 
will be integratd into the software tool that assists the user in 

specifying the order of modules [10]. 

IV.  THE MOTIVE TOOLBOX 

To augment the locomotive capabilities of the CRAWLER, 
we are designing a selection of modular add-ons to enhance 
the static reconfigurability of the robotic system. These 
modules provide propulsive force to help the robot surmount 
larger obstacles, climb greater slopes, and traverse areas of 
greater resistance. As described above, these modules are 
based on the lessons learned from previous researchers, with 
the basic propulsion coming from treads with one novel 
exception: a motive module based on the water hammer effect 
is also under development [17]. These motive modules 
provide no ability to steer or “finesse” their way. Instead, the 
limbs will continue to provide steering capability and 
channeling of the bulk motive force. To do this, two 
approaches are being developed depending on the motive 
module. Synchronized gaits are being developed to work with 
the tread modules, which provide relatively smooth power 
delivery. On the other hand, the water hammer-based motive 
module provides a series of force impulses. The limbed 
mechanism does not possess the control bandwidth needed to 
synchronize with these brief, but high-energy, impulsive 
forces. Instead, we plan to modulate the impedance of the 
robot/environment interface to channel the effect the impulses 
have on the mass of the robot. 

A. Longitudinal Tread Module 

The longitudinal tread module is the most consistent with 
designs and lessons learned from the Omni-Tread and Souryu 
robots, among others. Two issues arise unique to the 
TerminatorBot that increase the complexity. The cylindrical 
form factor and the fact the limbs can’t be hindered by the 
tread throughout the range of motion. 

The cylindrical form factor causes a problem because the 
belt has to pass over the outside of the body, which has a 
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Fig. 2: The Morphing Bus concept for the reconfigurable CPU 
system. I/O stacks onto the CPU and requires no bus interface 
circuitry. Sensors can plug directly into the bus, which conforms to 
the signals. 



larger circumference than points on the inside of the body. 
Using a segmented tread with unprotected gaps, as in the 
figure, is not desirable. Our solution is to use a longitudinally 
segmented belt (as illustrated) but to size it for the outside 
circumference. A flexible backing will allow the treads to 
overlap they pass through the smaller circumference 
area.

 

B. The Crabinator: Transverse Tread Module 

The cylindrical form factor is an asset for a transverse 
mounted tread. The tread (opposite the limbs in the figure 
above) smoothly travels around the circumference. To 
locomote, a transverse turn-in-place gait is used that is 
synchronized with the “gait” of the tread. As the limbs lift the 
body and drag one end in the direction of motion, the tread 
also pulls the body in the direction of motion. Force sensors in 
the elbows determine time of ground contact while forward 
kinematics of the limbs computes the Cartesian motion of the 
end point while in contact with the ground. Inverse kinematics 
of the tread is used to match progress on both sides, assuming 
no slip. The robot then locomotes sideways like a crab.�

�
Fig. 4: The prototype transverse tread module with limbs. 

C. Water Hammer Module 

Water hammer is a phenomenon that occurs in pipelines 
when flow is cut off suddenly. A near instantaneous closure of 
a valve or a faucet creates a shock wave that travels through 
the water line causing pipes and joints to expand, rattle, and, 
in the worst case, rupture. In order to minimize damage in 

household and civil plumbing, air-filled chambers called ``air 
cushions'' are added to dissipate the shock waves.  

Water hammer is a significant problem in hydraulic and 
civil engineering, where the induced pressure wave produces 
enormous forces and can cause serious damage to rigid pipe 
systems.  There has been considerable research into this 
phenomenon [13], with the focus of minimizing the water 
hammer effect.  Our goal is the exact opposite: we seek to 
maximize the water hammer effect and do so in flexible 
tubing. An examination of the water hammer effect from the 
perspective of the Navier-Stokes equations can be found in 
[17].

 
The water hammer module must be used with a tether to 

carry the water as well as electrical power and command and 
control data. Water flows in a circuit through a fast-acting 
solenoid valve at the back of the robot. When the valve is 
slammed shut, the momentum of the flowing water sets up a 
pressure wave that impinges on the valve and is transmitted to 
the body of the robot. An air bleed valve must allow the out 
rushing water to continue, else a counter-acting pressure wave 
will cancel the impulse. 

V. COORDINATION AND CONTROL 

The combination of multiple actuation sources always 
presents an interesting control problem. The limbed module is 
an active device capable of moving under its own power. Yet, 
it will be experiencing external propulsive forces of various 
chaotic forms that are also contributing to its motion. These 
external forces are not well controlled because they result 
either from impulsive actuation, in the case of the water 
hammer, or because the actuation surface, in the case of the 
treads, is extended spatially and subject to variation as 
different points of the tread surface come into contact with 
uneven ground. We consider both active and passive 
approaches to directing these external propulsive forces. 

A. Gait Synchronization 

Gait synchronization is an obvious and relatively 
straightforward method of coordinating the motive forces. The 
motion of the tread is coordinated in time with the motion of 
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Fig. 5: Schematic diagram of water hammer actuation module attached 
to TerminatorBot. 
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Fig. 3: the circular body causes gaps in coverage. 
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the limbs, very much the way the right limb is coordinated 
with the left limb during normal locomotion. The only 
difficulty is predicting or detecting the point of ground contact, 
which does add complexity. The cylindrical body is designed 
to minimize that difficulty somewhat by allowing the body to 
passively roll to equalize points of contact.  

B. Impedance Modulation 

Active control of the robot involves servoing the joints of 
the limbs to exhibit some desired behavior. The CRAWLER 
was designed for both manipulation and locomotion with its 
two limbs. In manipulation mode, it can be actively controlled 
like a two-fingered dextrous hand. Normally, in this mode the 
body would act as the ``palm'' while the tips of the limbs act 
as the fingertips for grasping an object. In locomotion mode, 
the robot still behaves like a dexterous hand. But in this case, 
the body acts as the object being grasped while the palm is the 
ground between the ``footfalls' ' of the mechanism (see Figure 
below). (For the time being, we will assume the limbs do not 
slip so the palm is rigid.)  A great deal of study has been 
dedicated to the behavior and compliance of dexterous hands 
such as this [5][8][12]. We use two methods of active limb 
control to passively channel the external motive forces.  

�
Fig. 6: An object being grasped by the robot (left) or the robot being grasped 

by the environment (right). 

�
1) Active Compliance Control: In their analysis of dexterous 

grasping, Cutkosky and Kao consider servo compliance, 
structural compliance, and limb geometry in the computation 
of grasp compliance [5]. The resulting compliance matrix 
describes precisely how the object held in a dexterous grasp 
moves in the presence of external forces. In our analogy, in 
which the robot's body is the object in a dextrous grasp, this 
would describe how the robot moves in response to the force 
impulses from the motive module. Furthermore, they present a 
method of specifying servo gains to approximate a desired 
grasp compliance matrix. Without going into the details, a 
surprisingly simple result that sums the stiffness matrices of 
all ``fingers'' is 
�

# � �$�# � �%�S� � � � # &��
�

in which Ke is the 6x6 effective stiffness matrix of the object 
(here, the body of the robot), Kb is the 6x6 stiffness matrix 
representing the structural and servo stiffnesses from each 
limb (computed from concatenated stiffness and Jacobian 

matrices for each limb), and KJi are the stiffness matrices due 
to changes in the geometry of each contact. 

 
For our unique application in which the ``object'' is the body 

of the robot, we can ignore the KJi's. First and foremost, the 
robot body is connected to the ``fingers'' (the limbs of the 
robot) by mechanical joints, not by contact conditions. 
Therefore, the ``fingers'' cannot slip or roll with respect to the 
``object,'' causing a change in the geometry. The only change 
in the geometry can occur as a result of relative orientation 
changes between the limb and body, which will be relatively 
small and easily ignorable. Secondly, we are primarily 
concerned with the response of the body to short-duration 
force impulses. Because these impulses are brief with respect 
to the stiffness computation bandwidth (but not necessarily 
brief with respect to the low level control bandwidth), we can 
consider the stiffness matrix quasi-statically. 

 
2) Active Impedance Control: A potential problem with the 

preceding approach is the compliance will cause the body to 
spring back when the motive force falls to zero. We expect 
this effect can be easily mitigated by peak detecting individual 
joint angles (or Cartesian limb positions) and updating 
reference positions before the system springs back. An 
alternative is impedance control and configuring the body 
inertia properties. 

Loosely speaking, impedance control defines the 
relationship between an object's motion and force 
characteristics, similar to compliance control, but with 
additional terms beyond stiffness, such as damping. Both 
open-loop and closed-loop control of the CRAWLER's 
impedance can be achieved through manipulation of the 
robot’s Cartesian space kinetic energy matrix and active 
impedance control techniques.  

The Operational Space Formulation [9] for multi-robot 
dynamics hinges on the augmented object concept [2][3]. As 
in the dextrous grasp formulation, the CRAWLER body will 
be the ``augmented object'' and we will augment the inertia 
properties of this rigid body with the reflected inertias of the 
limbs of the robot. Like the stiffness matrix, the Cartesian 
kinetic energy matrix, � (x), is dependent on the configuration 
of the limbs and lumps the behavior of limbs and body into 
one mathematical entity. As the name implies, rather than 
manipulating the effective compliance of the body, this 
formulation allows us to manipulate the effective inertia of the 
body.  
�

Neglecting coriolis forces and gravity, the acceleration of 
the body can be computed as 
�
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�
and the A(q) and J(q) are the augmented joint-space kinetic 

energy matrix and augmented Jacobian, respectively. By 
controlling the inertia properties and impedance, we can 
control how the body moves in response to external force 
impulses. 

VI.  DISCUSSION 

The motive modules described here are an attempt to give 
the limbed robot TerminatorBot a set of statically 
configurable actuators to provide greater motive power for 
such activities as climbing ramps and dealing with higher 
resistance environments. The Morphing Bus architecture 
provides a convenient and efficient method of configuring 
modules for a particular application. Prototype modules are 
undergoing testing to verify that they really contribute to the 
capabilities of the robot. Preliminary experiments with the 
transverse tread show the plastic prototype lacks sufficient 
traction, but the coordination algorithms work well in benign 
environments. 

 

�
Fig. 7: The prototype Crabinator crawling along a straight line on a smooth 

surface. 
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