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Abstract Recent investigations into biological locomotion have resulted in the de-
velopment of reduced order templates that emphasize the role of lateral dynamics
in achieving rapid and robust fore-aft movement, such as the Full-Goldman model
for dynamic climbing and the Lateral Leg Spring model for horizontal plane run-
ning. The observation of individual animals demonstrating locomotion via both of
these models motivates the development of a single platform that can do so as well.
However, a drawback in developing a robot directly from these models stems from
both having a bipedal configuration. While a bipedal robot could be designed, the
restriction of control approaches, reduction in stability, and preclusion of leg dif-
ferentiation motivates the development of a platform with additional limbs. In this
study, we describe the development of the first quadrupedal platform capable of in-
stantiating the Full-Goldman model, as well as the Lateral Leg Spring model. In
particular, the climbing behavior is characterized and the effect of rear leg posture
is examined for locomotion on a vertical surface. We demonstrate that climbing be-
havior can be impacted by the configuration of the rear legs and that minimizing
the magnitude of rear leg sprawl may improve efficiency, while rear sprawl postures
with a larger magnitude may improve robustness.

Bruce Miller
FAMU & FSU College of Engineering, Tallahassee, FL, USA

Camilo Ordonez
FAMU & FSU College of Engineering, Tallahassee, FL, USA

Jonathan Clark
FAMU & FSU College of Engineering, Tallahassee, FL, USA, e-mail: jeclark@fsu.edu

1



2 Bruce Miller, Camilo Ordonez and Jonathan E. Clark

1 Introduction

Animals have shown the capacity to rapidly and nimbly navigate unstructured en-
vironments and utilize diverse forms of locomotion to traverse different regimes [8,
13, 17, 21]. To better understand the characteristics that lead to the fast, robust
movement exhibited by biological creatures, ‘templates’ have been developed to
examine the dynamics that enable high-performance locomotion [12]. Templates
are reduced-order dynamical models that simplify complex biological locomotory
dynamics into a more tractable problem, facilitating the understanding of how ani-
mals move with the speed and dexterity observed in nature. Several robots have used
templates as a locomotive basis to produce high speed, robust locomotion, demon-
strating how the effective application of principles gleaned from biology can lead to
improved performance in mechanical systems [9, 15, 19, 24].

Recent studies of biological locomotion have highlighted the important role of
lateral dynamics in achieving robust, high-speed locomotion [4, 13]. This has led to
the development of reduced-order models for scansorial and terrestrial locomotion
that incorporate lateral force generation via a sprawled leg posture. Two such mod-
els are the Full-Goldman (FG) model for dynamic climbing [13] and the Lateral
Leg Spring (LLS) model for horizontal plane running [21]. Though these models
operate in different regimes, there are several parallels in the system dynamics and
configurations, suggesting a natural compatibility for their incorporation in a sin-
gle platform capable of utilizing both locomotion modalities. Furthermore, studies
have shown that as individual animals move from horizontal to vertical surfaces, the
forces generated switch from pushing, characteristic of LLS running, to pulling, em-
blematic of FG climbing [20]. Although robotic platforms have been developed for
the individual models [9,23], no robot has yet instantiated two dynamic locomotion
models on the same platform.

While these models and platforms provide insight into the dynamics of biological
locomotion, the simplification to bipedal configurations reduces their scope. Having
only two limbs restricts control approaches that can be considered, limits navigable
environments, complicates the maintenance of balance and stability, and precludes
the utilization of leg differentiation in steady state locomotion. This last point is
accentuated by studies of animals and other multi-legged robots that have demon-
strated that improved locomotion performance can be realized via the utilization of
fore-aft leg specialization [10, 11].

In this study, we extend the bipedal FG climbing model to a quadrupedal config-
uration and describe the design and fabrication of SCARAB (Scansorial and Cur-
sorial Ambulation with a Robust, Adaptive roBot), the first quadrupedal platform
capable of dynamic climbing on a planar surface. The robot is also designed to run
on level and sloped surfaces in a manner described by the LLS running model and to
transition between scansorial and terrestrial regimes as well. This platform enables
and motivates the investigation as to how the configuration of the rear legs affects
dynamic climbing and how it can be optimized to improve climbing performance.

The remaining sections of this paper are organized as follows. Section 2 presents
the FG climbing model and LLS running model used as the basis for the develop-
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ment of the physical platform, as well as scaling arguments and a dynamic simula-
tion of the platform. Section 3 describes the design of SCARAB and its components.
Section 4 details the experimental procedures utilized in both the simulation and ex-
perimental studies. The results of the simulation and physical experiments and a
discussion of their implications are given in Section 5. Section 6 summarizes the
contributions of this study and suggests avenues for future developments.

2 Modeling and Simulation

SCARAB was designed to be able to rapidly traverse both level and vertical sur-
faces. To guide the development of this platform, two biologically inspired mod-
els for dynamic locomotion were utilized as templates. These models, the Full-
Goldman model for dynamic climbing and the Lateral Leg Spring model for hor-
izontal plane running, are described in Sections 2.1 and 2.2, respectively. Both of
these models were developed at a 2g scale, necessitating the use of dynamic scaling
to scale the models’ elements to a size that is more suited to platform develop-
ment. The details of dynamic scaling are described in Section 2.3. Finally, a sim-
ulation was developed to more accurately model the robot, which is presented in
Section 2.4.

2.1 Full-Goldman Climbing Model

Animals of varying size, leg number, attachment mechanism, and morphology have
demonstrated the capacity for rapid vertical locomotion. While it would seem that
differing climbing strategies would be adopted for these animals, the center of mass
trajectories and ground reaction force profiles show similar characteristics [13]. Two
key points can be extracted from these observations. First, the center of mass trajec-
tories appear to be pendular even though climbing animals typically have multiple
legs in contact with the climbing substrate at the same time, restricting free pendular
dynamics. Second, significant lateral forces are generated, almost half those gener-
ated in the fore-aft direction, indicating that lateral dynamics play a crucial role in
rapid vertical locomotion [16]. The dynamics generating this climbing behavior are
captured in the reduced-order Full-Goldman (FG) model for dynamic climbing. A
schematic of the model is shown in Fig. 1A.

The model is composed of a rigid, distributed mass body of mass m and moment
of inertia I attached to two massless legs with a nominal length of l0 consisting of
a spring of stiffness k in series with a linear actuation element. The base of the legs
are fixed a distance d1 above the center of mass and d2 to the left and right. These
attachment points, the hips, are rigid joints, locking the legs at a prescribed sprawl
angle β , defined as the angle between the longitudinal axis of the body and the axis
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Fig. 1 Models for dynamic locomotion. (A) Schematic of the FG dynamic climbing model. (B)
Schematic of the LLS horizontal plane running model. (C) Model utilized for the dynamic simula-
tion of climbing and running with a quadrupedal platform.

along the length of each leg. At the end of each leg is a foot that can attach to the
climbing substrate as a freely rotating pin-joint.

During climbing, each step begins with a touch-down event, which occurs when
one foot establishes contact with the climbing surface, beginning the stance phase
for that leg. At this point the leg spring is at its rest length and the linear actuation el-
ement is maximally extended. The actuation element then begins to contract, pulling
the body towards the stance foot pivot as the body swings as a pendulum about this
point. While the stance leg contracts, the opposing leg extends the actuation element
to the maximal length to prepare for the next step. The stance foot maintains contact
with the climbing substrate until the actuation element has fully contracted, at which
point the contact is broken for the stance foot while the opposing foot establishes
contact and begins the next step. This leg follows the same behavior until the first
foot again touches down. The period between two touch-down events of the same
leg is defined as a stride. The model continues to take alternating steps to generate
the climbing behavior.

2.2 Lateral Leg Spring Running Model

As with rapid climbing, similar locomotion characteristics have been exhibited by
animals of various sizes and morphologies for locomotion on level surfaces. The
sagittal plane dynamics have been well described by the Spring Loaded Inverted
Pendulum (SLIP) model [5, 6]. However, this model neglects the lateral plane
dynamics, which play an integral role in locomotion, particularly in the case of
sprawled posture animals. The Lateral Leg Spring (LLS) model was developed to
account for these effects and to describe the dynamics of horizontal plane of running
animals [22]. A schematic of this model is shown in Fig. 1B.
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The configuration of the LLS running model is similar to that of the FG climbing
model. Two axially elastic legs are attached to a rigid, distributed mass body. How-
ever, two important differences exist between the models. First, the attachment of
the legs to the body at the hip serves as a freely rotating pin joint rather than locking
the legs at a fixed sprawl angle. Second, there is no axial actuation element in the
legs, as the model is energetically conservative. This could not be the case for dy-
namic climbing since kinetic energy is constantly being converted to gravitational
potential and must be replenished through actuation.

A running step begins with a touch-down event, at which point the foot beginning
stance establishes contact with the running surface with the leg fully extended and
at the desired sprawl angle. The body moves towards the stance foot under its own
momentum, compressing the spring and storing energy as elastic potential while ro-
tating around the stance foot and hip joint. The spring then extends, accelerating the
body away from the stance foot and rotating the body. When all elastic potential has
been returned to the system, the stance foot detaches and the flight foot establishes
contact, beginning the next step. Since the hip acts as a freely rotating pin joint about
which the body can rotate during stance, in the flight phase, the leg must be reset
to the desired initial sprawl angle. The process is symmetrical between the left and
right legs and the passage of two steps (one with the left leg and one with the right
leg) constitutes a stride.

2.3 Dynamic Scaling

The similarities in configuration and locomotion of the FG climbing model and
LLS running model simplifies the development of a platform capable of exempli-
fying both locomotion modalities. However, a significant obstacle to designing a
platform based on these models is scale. Since the inspiration for these models was
cockroaches and small geckos, the model parameters are specified for an overall
mass of approximately 2g. The desired mass for the platform was set at 2kg, fol-
lowing power density arguments suggesting the upper limit for a dynamic climbing
platform using conventional DC motors to be at approximately this size [16]. To
preserve the dynamic characteristics that are the reason for embedding these mod-
els in the platform, dynamic scaling is utilized [21]. The derivation of the dynamic
scaling laws have been previously described [1, 10, 21]; therefore, in this paper we
only present the scaling relations and the resulting parameter values, which can be
found in Table 1.

While the parameter values for the scaled models were similar in most aspects,
the desired leg stiffnesses show significant deviation. Since the nominal stiffness
for climbing was twice that for running, it was desirable to develop a mechanism
by which the effective leg stiffness could change when operating in the different
modalities. This was done by developing a leg that had a different stiffness when
loaded while extending (utilized for LLS running) and contracting (utilized for FG
climbing), which is described in detail in Section 3.
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Table 1 Dynamic scaling relations and parameter values for scaling the reduced-order models to
2kg. For model and scaled values, the left value corresponds to the FG (climbing) model value
while the right value corresponds to the LLS (running) model value. Note that there is no actuation
length for the LLS model because it is energetically conservative.

Parameter Model Values Scale Factor Scaled Value Robot Values

Mass (kg) 0.002 / 0.0025 αM 2 / 2 1.88

Leg Stiffness (Nm−1) 6 / 3.5 α
2/3
M 600 / 300 640 / 320

Leg Length (m) 0.0154 / 0.017 α
1/3
M 0.154 / 0.158 0.200

Actuation Length (m) 0.0092 / – α
1/3
M 0.092 / – 0.088

Stride Frequency (Hz) 9 / 10 α
−1/6
M 2.85 / 3.28 Varies

Expected Velocity (ms−1) 0.20 / 0.25 α
1/6
M 0.63 / 0.76 Varies

2.4 Dynamic Simulation

After determining the dynamically scaled values for a 2kg platform, a dynamic sim-
ulation was developed in Working Model 2D R©. The simulation has a quadrupedal
configuration and was designed with mass distributed in the legs and actuation
mechanisms to better model the physical system, as shown in Fig. 1C. This sim-
ulation was used to verify dynamic similarity to the template, as well as for mo-
tor selection, controller design, and investigation of the effect of varying rear leg
posture. It will additionally be used in performing parameter variation studies and
examining transitions between climbing and running. While the model was devel-
oped for and is capable of demonstrating both climbing and running behavior, only
the climbing simulation is detailed in this work. A detailed examination of the run-
ning behavior is omitted in order to allow a more in depth analysis of the climbing
behavior, in particular, the role of fore-aft leg specialization.

3 Physical Platform

After demonstrating that the dynamic simulation preserved the climbing behavior of
the FG model, the first prototype of SCARAB was designed, consisting of four legs
for actuation and attachment, an electronics package for control of the robot, and a
central body to connect the individual components. The fully assembled platform,
shown in Fig. 2A, is approximately 50cm long and 30cm wide, depending on the
configuration of the legs, and has a mass of 1.88kg.

Each leg, shown in Fig. 2B, is actuated via a Maxon RE-max 24 motor (Maxon
222049) with a 24:1 planetary gearhead (Maxon 14397). The motor is in series with
a 3:2 bevel gear set, which drives a crank-slider mechanism to vary the rest length of
the leg. This mechanism is used to add (or remove) energy during locomotion. Ad-
ditionally, each leg has a linear spring in series with the crank-slider, which reduces
the peak ground reaction forces, lowering the stress on the leg and reducing peak
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Fig. 2 Assembled robot and individual components. (A) Photograph of SCARAB on the climbing
surface. (B) Close up of the rear left leg, which is identical to the rear right leg. The front legs are
the same except for the toe, which is reversed for attachment when the leg is extended. (C) Picture
of the custom expansion board for the electronics system. The fully assembled electronics package
has this board as the bottom layer, while the top layer can be seen in (A).

loads on the motor. It also assists with attachment, allowing the loading on the foot
to increase gradually. As mentioned in Section 2.3, the shin, which houses the leg
spring, was designed so it exhibited a different effective stiffness during running and
climbing in a manner similar to that used on RiSE v1 [3]. The mechanism utilized
for this was a slider braced between two sets of compression springs, which can be
seen in Fig. 2B. Since the springs were not attached to the slider, moving the slider
one way or the other would only engage one set of springs. By appropriate selection
of the spring stiffnesses on both sides, the leg could behave with two separate ef-
fective stiffnesses depending on the direction of compression. The design of the leg
is intentionally similar to a previous sagittal plane runner [2], facilitating the future
implementation of SLIP-like running on level and sloped surfaces.

A foot is attached to the end of each leg for attachment to the climbing substrate.
At this stage of development, the goal of the attachment scheme was to utilize a
simple, passive mechanism that would enable reliable attachment without impacting
the dynamic performance of the robot. To this end, the foot is designed to utilize
a hook-and-loop attachment mechanism. Each foot uses a single toe to allow the
attachment point to function as a pin joint. The toe is a debarbed fish hook that has
been bent to allow the point to catch the climbing surface. While this mechanism
is fairly simple, it demonstrates directional adhesion in a manner comparable to
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that utilized by animals and previous climbing robots [14, 18, 24]. Additionally, the
length of the toes on the front leg and back leg are different to position the robot at
approximately a 10◦ angle relative to the climbing substrate. This allows the robot
to pull itself towards the wall while in stance to improve the success of attachment at
touch-down. The climbing substrate is a 2.5m by 1.25m vertical wooden wall with
Berber carpet affixed to the climbing surface.

For platform operation, independent control of four actuators at a 1kHz update
rate was desired. In addition, the control system needed to be compact and light-
weight. This motivated the development of a custom electronics package around the
Gumstix Overo R© Fire. This controller was chosen due to its small footprint, high
clock frequency, expandable memory capacity, and the availability six pulse width
modulation (PWM) and analog-to-digital lines. The primary drawback was the lack
of sufficient general purpose input/output (GPIO) lines. To overcome this limitation,
a custom expansion board, shown in Fig. 2C, was designed based on the architecture
of several Intel microprocessors [7], employing a multiplexed address/data bus and
a separate control bus. This configuration is able to address up to 16 8-bit devices
(or up to 128 individual GPIOs) to communicate with the central processor, though
the current design only utilizes 4 of these device addresses. The electronics pack-
age enabled the utilization of two dual quadrature decoders and four single channel
motor drivers to track and control the motors, while weighing only 298g and fitting
into a 11cm by 13cm footprint.

The body to which the legs and electronics are attached is a 30cm by 30cm alu-
minum frame. The legs are each attached at the hips, located 12.5cm in both fore-aft
and lateral directions from the center of the frame, while the electronics are mounted
directly over the center of the body. This configuration places the geometric center
of mass of the platform approximately in the center of the robot.

For both climbing and running, SCARAB utilizes a trotting gait, in which the
front right and rear left legs are in stance while the front left and rear right legs are
in flight and vice versa. To control positioning of the legs and to maintain the phase
offset of the trotting pairs, position control of the individual leg motors is utilized.
Each motor is given a desired trajectory that is prescribed by the stride frequency
without any information about the position of the other motors. The motor tracks
this desired trajectory using a proportional controller.

4 Experimental Procedure

The aim of the experimental tests described in this work is two-fold. The first goal
is to verify the similarity of the physical platform, simulation, and the FG climbing
model. The second is to examine the effect of rear leg configuration on climbing
behavior. The development of the quadrupedal SCARAB enables the examination
of fore-aft leg specialization, which has been shown to be beneficial for running
robots but had yet to be tested in the scansorial regime.
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To quantify the behavior of the platform, experimental data was gathered using
motion capture and current and voltage sensing. Whole body position and velocity
data was obtained via a motion capture system using a high-speed digital camera
(Casio Exilim EX-F1) that tracked 2 LED markers located above and below the
center of mass of the robot. Motion tracking data was captured at 300 f ps and ana-
lyzed in MATLAB R© using a custom point-tracking script. Power consumption was
calculated from the current draw of the robot and the input voltage. A VektrexTM

VCS10 current sensor and a Sparkfun R© Logomatic V2 was used to measure and log
the current draw of the robot, which was synchronized with the motion capture data
and input voltage to determine the total system power consumption and efficiency
during climbing.

The first experimental goal of verifying the similarity between SCARAB, the
quadrupedal simulation, and the FG model was performed by comparing center of
mass trajectories as well as fore-aft and lateral velocity profiles over the course of a
stride. Since the FG model utilizes a sprawl angle of 10◦, this angle was selected for
the sprawl angle of the front legs on the quadrupedal platforms. A rear sprawl angle
of 10◦ was also selected for this comparison. For the physical platform, the motion
capture system was used to gather data from 15 trial runs, which were compiled to
generate an average center of mass trajectory and velocity profiles over the course
of a stride. In each trial, the robot was placed at the bottom of the wall and climbed
to the top. To help minimize transients, only the data from the final stride was used
for the verification. The simulated data was obtained through forward simulation of
the quadrupedal model. The simulation was allowed 15 strides to reach steady state
before data was gathered from a single stride.

In the second set of experiments, the effects of rear leg posture were investigated.
Several rear leg configurations were examined, as shown in Fig. 3. The first case
was an outward-sprawled configuration, which showed similarity to the observed
leg orientation of sprawled posture animals during climbing (though not necessar-
ily their force generation). The second case was a zero-sprawl configuration, which
was expected to demonstrate similar rear leg function to cockroaches [13]. The third
case was an inward-sprawled configuration and was expected to reproduce ground
reaction forces observed in the rear legs of geckos when climbing rapidly [4]. Over-
all, five rear sprawl angles were examined, ranging from −20◦ to 20◦ in 10◦ in-
crements, with negative angles corresponding to inward-sprawl and positive angles
corresponding to outward-sprawl.

Three behavior characteristics were examined for each configuration: fore-aft
velocity, lateral velocity, and efficiency. The fore-aft velocity corresponds to the
mean fore-aft velocity during the stride. The lateral velocity was calculated as the
root-mean-square lateral velocity during the stride. Finally, the efficiency was de-
termined via specific resistance (SR), calculated by SR = P/mgv, where P is the
average power consumption during the stride, m is the mass of the robot, g is the
acceleration due to gravity, and v is the average fore-aft velocity. Note that lower
values for SR are more efficient.
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Fig. 3 Examined configurations for the rear legs of the platform and expected fore-aft and lateral
ground reaction forces which would be generated when the front-left and rear-right legs are in
stance. (A) Configuration in which rear legs are sprawled outward. (B) Configuration in which the
rear legs have no sprawl. (C) Configuration in which the rear legs are sprawled inward.

5 Results

In preliminary experiments, the robot was run on vertical and horizontal surfaces
and demonstrated mean speeds of up to 0.17 ms−1 when climbing a vertical surface
and up to 0.43 ms−1 when running across level ground. The climbing results are
further discussed below while the running will be more fully examined in future
work to allow for an improved analysis of the two locomotion modalities.

The velocity profiles over the course of a single stride for the FG model, the dy-
namic simulation, and SCARAB are shown in Fig. 4. Both fore-aft and lateral veloc-
ity exhibit similar profiles for all three. However, the fore-aft speed is lower than pre-
dicted by dynamic scaling (see Table 1). This is the result of running the quadruped
at a 1.5Hz rather than the dynamically scaled frequency of 2.85Hz, which was due
to failure to establish attachment with the front feet at high stride frequencies. While
several factors likely contributed, the most significant is probably that the stiffness
of the rear legs being less than the dynamically scaled values. Since the rear toes
were made long enough to produce a 10◦ angle between the body and the wall, they
also acted as a cantilever beam in series with the leg, which was not accounted for
in the development of the platform. This resulted in a lower natural frequency of the
leg, such that when attempting to climb at the dynamically scaled frequency, the rear
springs would not be able to return the energy stored during leg extension. It also
pivoted the body about the rear toe attachments, pitching the front feet away from
the wall. However, the similarity of the qualitative shape of the profiles demonstrates
that SCARAB still exhibits the lateral force generation and oscillating velocity pro-
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Fig. 4 Fore-aft (Vy) and lateral (Vx) velocity profiles during a stride. (A), (B), and (C) show velocity
profiles for the FG model [13], the quadrupedal simulation, and SCARAB, respectively. The error
bars in (c) show the standard deviation for the velocity at increments of the stride.

file characteristic of the climbing template. Furthermore, increasing the speed of the
dynamic simulation results in the expected mean climbing speed being realized.

Rear leg sprawl variations were also examined, as shown in Fig. 5. From these
results, several trends can be noted. First, moving from more outward-sprawled
postures to more inward-sprawled postures increases vertical climbing speed by
10%. Second, zero-sprawl postures exhibit the lowest peak lateral velocities while
a sprawled posture, whether inward or outward, increases the lateral velocity, up
to twice the magnitude of the zero-sprawl configuration. While low lateral veloc-
ity may at first seem desirable, lateral velocities of approximately half the climbing
speed have been shown to correspond to more stable climbing [9]. Third, although
the magnitude of the difference is small (only about 1%), a similar trend to lateral
velocity is observed for specific resistance. This indicates that climbing with a zero-
sprawl posture may slightly improve efficiency while more sprawled postures may
be better suited when stability is most essential.

The effects of utilizing an inward-sprawled posture were unable to be tested on
the physical robot due to attachment failure. This is a result of out of plane roll that
was not captured in the 2D dynamic simulation. The roll results in the front foot
missing the climbing substrate when the leg begins contracting, causing the robot
to fall off the wall. This effect has been seen in previous dynamic climbing robots
and has been dealt with in the past through stabilization via a roll bar extended off
the rear of the platform [9]. While the lack of a roll bar keeps the experimental
platform from utilizing inward-sprawled configurations, the robot is able to climb
successfully with no rear sprawl or outward-sprawled legs, suggesting that the rear
legs, when not sprawled inward, reduce out of plane roll.

Results for the outward and zero-sprawl configurations show similar trends to the
simulation data. To assess the significance of the trends, two-sample t-tests were per-
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Fig. 5 Behavior characteristics as a function of rear sprawl angle. (A), (B), and (C) show the effect
of varying rear sprawl angle on the mean fore-aft velocity, the peak lateral velocity, and the specific
resistance of the quadrupedal simulation, respectively. (D), (E), and (F) show effect of varying rear
sprawl angle for the same behavior characteristics on the experimental platform. The error bars
show the standard deviation in the experimental results.

formed between the behavior characteristics of the zero-sprawl and the 20◦ outward-
sprawled configurations. A significant decrease in SCARAB’s mean climbing speed
(p < 0.001) was observed as the sprawl angle was increased from 0◦ to 20◦, as
well as increases in both peak lateral velocity (p < 0.0001) and specific resistance
(p < 0.001). It is worth noting that the improvement in efficiency on the physical
platform is greater than observed in simulation, and is likely the result of measuring
efficiency via electrical power on SCARAB rather than mechanical power, as was
done in simulation. These results corroborate the simulation findings and suggest a
trade off between efficiency and stability.

6 Conclusions

In this work, we present the design and experimental validation of SCARAB, the
first quadrupedal robotic platform capable of dynamic climbing on a planar surface
and horizontal plane running on level ground. Validation studies showed that the
platform exhibited dynamically similar behavior profiles to the biologically-inspired
Full-Goldman climbing template. In addition, SCARAB was used to investigate
the effects of functional leg specialization on climbing performance. Simulation
results showed consistent trends among the behavior characteristics. First, increased
speed can be achieved through the utilization of inward-sprawled gaits. Second,
increased magnitude of rear leg sprawl can increase the maximum lateral velocity
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during climbing. This has been previously shown to correlate to, and potentially
contribute to, improved stability to perturbations. Third, efficiency is best for zero-
sprawl configurations, though the improvement in specific resistance is slight. The
results from the experimental platform agree with the simulation findings. However,
the utilization of inward-sprawled configurations failed due to unmodeled out of
plane roll that caused attachment failure on the robot.

This study has provided a preliminary examination of quadrupedal dynamic
climbing, but there are still several avenues that deserve further attention. In particu-
lar, a thorough exploration of the stability and robustness of the SCARAB platform
will be undertaken, as well as an investigation of attachment mechanisms, such as
those used by RiSE [24] and StickyBot [18], to explore options for climbing on
various natural and man-made surfaces and to assess the challenges of using these
mechanisms during dynamic locomotion.

While only the dynamic climbing behavior has received in depth analysis thus
far, preliminary investigations into running on level surfaces have been conducted
and a detailed analysis is forthcoming, as well as examinations of both the running
and climbing performance of SCARAB on sloped surfaces. The capacity for loco-
motion via both modes enables the investigation of why animals change the lateral
force generation from pushing to pulling as the slope of a surface increases [20], a
distinguishing characteristic between the FG and LLS models, and which may have
a significant effect on the stability and efficiency of running on inclined surfaces.
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