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Almost all walking robots are composed of two or more
multi-DOF legs which give them a good ability to traverse
obstacles. Nevertheless, their speed and efficiency when
traversing rough terrains is, in most cases, arguably limited.
Additionally, they have the disadvantage of a generally lower
reliability. The design of robust and efficient one-DOF leg is
on the other hand a complex process. In this paper, a method
to analyze and optimize one-DOF robotic legs is proposed.
The results of a virtual simulation are used in combination
with some performance indices to optimize the geometric
parameters of one-DOF legs. Finally, the results of the sim-
ulation and the actual walking performance of a prototype
using four legs with the computed optimal parameters are
presented and compared with the simulator results. The val-
idation of the simulation model and the optimization method
proposed in this paper represents the main contribution of
this work.

1 Introduction
It is a known fact that wheeled robots are faster and more

efficient than legged robots. Nevertheless, traversing difficult
and rough terrains constitute their main weakness and the as-
pect where legged robots excel. Several research initiatives
have been led on improving the ability of wheeled robots
to traverse obstacles by such diverse means as employing an
adaptive suspension system [1], or implementing multi-stage
bogie mechanisms [2], etc. As detailed in [3,4], legged loco-

∗Address all correspondence related to ASME style format and figures
to this author.

motion systems are, however, still better at traversing uneven
terrains than other locomotion systems.

In the literature, several works dealing with the estima-
tion of the traversability of legged and wheeled robots can
be found, as for example in [3, 5–10]. The traversability of a
robot is defined as its ability to traverse rough terrains. Sev-
eral methods to perform a traversability simulation are used.
However, the common point of all these works is the need
for a model of terrain which the robot should traverse. In
robotics, most methods use simple models of terrains com-
posed of a series of panels with random inclination, such as
in [5, 9].

Nevertheless, in the field of graphic design most authors
agree that fractal methods are the best mathematical repre-
sentation of realistic terrains. Among the fractal methods
available to generate synthetic terrain, the Brownian motion
is widely used by graphic designers. This method is gen-
erally accepted as being an elegant and simple way to gen-
erate artificial terrains [11], but is rarely used in robotics.
The only exception to this is by Yokokohji et al. [10] where
a method was proposed to generate an uneven terrain using
the Brownian motion for later use in a simulation evaluating
the traversability of wheeled rovers.

As mentioned before, in order to evaluate the
traversability of a mobile robot, it is necessary to specify
the terrain that the robot must traverse. The terrain model-
ing technique used in this work is summarized in Section 2,
and presented in more details in [12]. This method gener-
ates synthetic landscapes holding similar characteristics to
real-life topographies, using as model digital pictures of real
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terrain profiles.
The simulation algorithm used in this paper analyzes the

walk of one leg only, instead of the four or six legs that usu-
ally form a legged robot. This simplifies the calculations and
drastically reduces the required computation time yet, as will
be shown in Section 6, yields surprisingly accurate results.
It is indeed assumed that assessing the traversability perfor-
mance of one leg will provide a general idea of how well a
robot composed by several of these legs will perform. An-
other simplification used here is that the algorithm considers
that the terrain is only a 2D profile instead of a 3D surface.
Since most of the robotic legs with few DOF have a planar
architecture this simplification appeared reasonable. Finally,
the terrain is considered solid.

The simulation algorithm proposed here analyzes step-
by-step the walking process of a leg to obtain a performance
index which estimates the probability of this leg to traverse a
specified terrain. The obtained index is later used as the fit-
ness objective function of a multivariable genetic optimiza-
tion of the geometric parameters defining the leg. Finally,
in Section 6, the experimental results of the walking perfor-
mance of a legged robot build using the optimized leg com-
puted via the proposed method are presented and discussed.

2 Synthetic terrain generation
The terrain required for the simulations is produced here

using the method proposed in [12]. The latter is based on the
principle of Fourier series which reproduce a signal by means
of the addition of simple sine functions. Instead of consid-
ering the usual time dependent signal of a typical Fourier
series, the terrain is regarded as a position dependent signal.

The method aims at producing synthetic terrains with
similar geometric characteristics (e.g. smoothness) than
those found in Nature. The first step of the method is to take
a digital photography of the desired terrain profile with a ref-
erence of known size included in the photo (cf. Fig. 1). The
reference is placed as closely as possible in the same image
plane as the profile itself in order to reduce the errors when
the profile in the picture is transformed from pixels into a
vector of positions and heights in meters.
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Fig. 1. Digital picture of an uneven terrain profile.

Afterwards, the power spectral density of the vector rep-
resenting the terrain profile is computed. From the latter,
the principal harmonics of the terrain profile are extracted,
namely each fundamental frequencies fn, with its respective
amplitude An. To generate the synthetic terrain, a simple ad-

dition of sine functions with the frequencies and amplitudes
extracted from the power spectral density is performed, i.e.:

terrain(x) =
N

∑
n=1

An sin( fnx+Θrand), (1)

where terrain(x) is the height at each point x of the newly
generated terrain, and Θrand is a randomly generated phase.

Employing this method, a library of different terrains
with the same characteristics as the original ones can be
produced. In order to generate several terrains, the random
phase Θrand changed each time. This allows the creation of
as much terrains as needed to perform simulations. The num-
ber of harmonics used in the terrain reconstruction is chosen
by the parameter N in the previous equation. It was empiri-
cally noted that using only the first four harmonics the recon-
structed terrains resembles closely the real terrains, hence N
was set to four. Fig. 2 presents an example of three synthetic
terrains produced from the data obtained in Fig. 1.
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Fig. 2. Sample of three generated synthetic terrain from the same
real terrain profile.

3 Traversability simulation
In order to evaluate the traversability of one-DOF legs

over different types of terrain, the simulation proposed in
[12] is used. This algorithm has a modular structure to be
able to simulate various mechanical leg architectures cross-
ing over several different types of terrains. The flowchart
presented in Fig. 3 summarizes the algorithm of the simu-
lator. It receives as inputs: the geometry of the terrain, the
initial position where the leg starts walking, the trajectory
of the foot, and the force that the leg is able to apply to the
terrain at each point of its trajectory. The traversability sim-
ulation was specifically developed for leg architectures with
one-DOF. This makes our custom simulator faster and more
efficient than commercially available simulators that are de-
signed for general problems.

The trajectory of the foot can be computed by means
of the direct kinematics and the force using the principle of
virtual work [13] (cf. the example shown in Fig. 4). Note
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Fig. 3. Flowchart of the proposed algorithm.

that in the upper part of Fig. 4, the axis correspond to the ab-
scissa and ordinate of the feet position in the same plane of
the leg, several definitions are also shown. The step length,
for instance, is defined as the distance between the maximal
and minimal points in the abscissa of the trajectory. In addi-
tion, the trajectory is divided in two phases: the flying phase
which corresponds to the part of the trajectory where the foot
is moving forwards in the air, and the support phase which is
the lower part of the trajectory where the foot is fixed with
respect to the terrain and propels the body of the robot for-
wards.

As illustrated in the flowchart (Fig. 3), the simulation al-
gorithm analyzes each step sequentially from the initial posi-
tion to the end of the terrain. For every step the leg performs
the algorithm checks if the initial position is a stable position.
A stable position is defined as any point on the terrain where
the foot can be placed without slippage, the Coulomb fric-
tion law was used to model the interaction between the foot
and the terrain. Then, for the flying phase of the trajectory
the algorithm checks if a collision against the terrain occurs.
A step where no collision or slippage occurs is considered a
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Fig. 4. Example of the trajectory and forces of the foot of a one-DOF
leg.

valid step. On the other hand, if the initial point is not sta-
ble or if the leg collides against the terrain during the flying
phase, the step is considered as invalid. This iterative process
is repeated until the leg completely traverses the terrain.

Finally, when the simulation is completed, the
traversability index (Tind) can be computed. This index is
a value between zero and one, evaluating the capability of
a leg to cross a given terrain. If the simulation give a Tind
of zero it means that the leg is not able to cross the terrain.
It is also important to mention that if during the simulation
the number of invalid steps is ten times the number of valid
steps, the simulation stops and Tind is set to zero. When a leg
obtains a Tind close to one, this means that it is a suitable leg
to traverse that type of terrain. To compute the traversability
index, the number of valid and invalid steps is used, namely:

Tind =

(
Vs

Is +Vs

)(
Lt

(Is +Vs)Ls

)
, (2)

where Vs and Is are respectively the number of valid and in-
valid steps, Lt is the length of the terrain and Ls is the length
of the step as defined in Fig. 4. The first part of Eq. (2) is a
ratio that quantifies the percentage of invalid steps that took
place during the simulation. The second factor of the lat-
ter equation is an efficiency ratio, which is a key element in
the design of any mobile robots. For example, two different
sets of geometric parameters for the same leg architecture
can produce legs able to successfully traverse the same ter-
rain. Nevertheless, one leg could traverse the terrain in fewer
steps than the other. This means that the most efficient leg
had fewer collisions and less slippage.

4 Optimization of the geometric parameters
In one-DOF robotic legs, the trajectory described by the

foot and the force it is able to apply to the terrain depend
mainly on the way that the actuator is controlled and the geo-
metric parameters defining its architecture. The actuator can
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be appropriately controlled while the robot is walking, but
on the other hand, the geometric parameters of the leg once
built, are constant. With the aim of developing a robotic leg
that does not require a complex control strategy for its ac-
tuator, it is desirable to design it with the best possible ge-
ometric parameters that will guarantee a good traversability
for the robot over a wide variety of terrains.

In the literature, one can find several performance in-
dices used to evaluate legged robots.A summary of the most
frequently used indices such as the stability margin, the
Froude number, the duty factor and the specific resistance, is
reported in [14]. Nevertheless, most of those indices depend
on the type of gait and stance that the robot uses to walk.
As this paper aimed at optimizing only one leg and not a
full walking robot, it was impossible to use most of the com-
monly documented indices that rely on the gait of the robot.
Furthermore, all these indices assume that the robotic leg
considered has multiple and independently controlled DOF.
This makes it tedious to compare the performances of multi
and one-DOF legs. However, for applications where reliabil-
ity is important, a leg with only one actuator would perform
better than a leg with three or four actuators, as it is more
susceptible to failure simply because it has more actuators.

Amongst the indices found in literature, the specific re-
sistance is an important dimensionless number used to eval-
uate the energy efficiency of the mobile robot. It is usually
calculated as follows [14]:

ε =
E

Mgd
, (3)

where E is the total energy consumption for traveling the dis-
tance d, M is the total mass of the robot and g is the gravity
acceleration. The second factor of Eq. (2) of the traversabil-
ity index, as explained in Section 3, evaluates the numbers of
steps required to traverse a certain distance. Assuming that,
in average, every step requires the same amount of energy,
this second factor of the traversability index is actually simi-
lar to ε [14]. The mass of the robot M and the gravity g are
taken into account when the simulation is performed.

Furthermore, many authors [3, 14, 15] evaluate the
workspace of the robotic leg, assuming that the leg have sev-
eral DOF independently controlled. A bigger workspace of a
leg means that the robot has more possible positions to place
its foot in order to reach a stable state. In our case, with
one-DOF leg, the workspace of this leg is limited to its pre-
determined trajectory. The size (length and width) of that
trajectory draws a parallel to the workspace of a multiple-
DOF leg.

As detailed in Section 3, the developed simulator out-
puts a traversability index estimating the capability of a leg
to cross a certain type of terrain and, as a first approach, this
index could be used to optimize the geometric parameters of
the legs. However, four additional performance indices are
subsequently defined as function of the leg only, without tak-
ing into consideration the terrain. This was done in order to
obtain an optimal design considering more precisely certain

characteristics of the foot trajectory such as smoothness, size
and force. The new performance indices were defined to as-
sess the specific problem of optimizing a one-DOF leg.

The traversability index as previously defined indirectly
takes into consideration the characteristics of the foot trajec-
tory. However, an optimized leg using only the traversability
index could have a good traversability characteristic but its
foot trajectory could have rapid changes in direction induc-
ing important torque fluctuations in the joints and actuators,
thereby placing an unnecessary burden on the control sys-
tem. The four additional performance indices proposed in
this paper to tackle this issue are defined as follows:

1. Smoothness index: this index reflects the “smoothness”
of the foot trajectory produced by the leg. It varies be-
tween (0,1] and is calculated as follows:

Ismooth =
max

∣∣∣ ∂γ

∂s

∣∣∣
2π

, (4)

where γ is the tangent angle to the trajectory and s is the
curvilinear abscissa.
A smooth trajectory obtains a smoothness index close
to zero. For example, a circle with a large radius would
obtain a smoothness index close to zero. Simply because
the change of its tangent angle is constant and equal to
the inverse of its radius, once normalized over 2π, would
be a value close to zero. Conversely a trajectory with
one or several large variations of the tangent angle of the
trajectory obtains a smoothness index close to one. The
worst case scenario would be a wedge-shaped trajectory
where the tangent angle changes very fast.

2. Force index: this index is calculated as the average of
the magnitude of the force that the leg is able to apply
to the terrain along the support phase, normalized by the
maximum value of this force, namely:

I f orce =

∫ l
0 | f (s)|ds

l max | f (s)|
, (5)

this performance index also varies between (0,1]. In the
above equation, f is the force the leg is able to apply to
the terrain during the support phase, s is the curvilinear
abscissa of the trajectory and l is the length of the afore-
mentioned support phase. It is desired to maximize this
index because the force that the leg is able to apply to
the terrain is directly related to the mass it is capable of
moving during the support phase.

3. Clearance index: this is defined as the distance between
the maximal and minimal points on the ordinate axis of
the foot trajectory. The trajectory is defined by two vec-
tors: x for the abscissa and y for the ordinate (cf. Fig. 4).
The clearance index is normalized by the double of the
total length of the leg (L) in order to obtain values be-
tween (0,1]:

Iclear =
|max(y)−min(y)|

2L
, (6)
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when the clearance index is equal to one, the leg is able
to overcome obstacles twice higher than its length.

4. Stride index: this performance index is defined as the
distance between the maximal and minimal points on
the abscissa axis of the trajectory of the foot (cf. Fig. 4).
Similarly to the clearance index, the stride index is also
normalized by the double of the total length of the leg
(L) in order to obtain values between (0,1]:

Istride =
|max(x)−min(x)|

2L
, (7)

when the stride index is equal to one, the leg is able to
traverse a ditch or a low obstacle twice longer than its
length.

Using the traversability index obtained from the devel-
oped simulator together with the four indices defined above,
a combined global performance index may be defined. Dif-
ferent combinations of indices could be made in order to cre-
ate this global performance index. A set of possible combi-
nations of the four indices depending only on the geometric
parameters are:

Igeo = Ismooth, (8)

Igeo =
Ismooth

I f orce
, (9)

Igeo =
1

IclearIstride
, (10)

Igeo =
1

I f orce
, (11)

Igeo =
1

IclearIstrideI f orce
. (12)

These five combinations were used in the optimization.
However, it should be noted that one combinations was dis-
carded. If the smoothness index is combined with the clear-
ance or stride indices, inconsistent results are obtained, as
usually, a large trajectory is not smooth and conversely a
smooth trajectory is typically small. After the geometric in-
dex is calculated, it is combined with the traversability index
in order to compute the global performance index, e.g.:

Iglobal =
1

Tind
+ Igeo. (13)

This global performance index was defined as an addi-
tion rather than a multiplication similarly to the geometric
indices, mainly for practical reasons. At first it was defined
as a multiplication, but the global index was a small num-
ber and the differences between a good leg and a poorly de-
signed one was even smaller. By defining it as an addition
its numeric value is bigger, hence the differences between
architecture increases too, which leads to easier reading and

analysis of the results. Additionally the optimization algo-
rithm converges faster.

We attempt to develop a mathematical formula that re-
lates the geometric parameters of a leg and the terrain it must
traverse with its probability of crossing it. However, due to
the non-linearity of the system, this relationship is very diffi-
cult to estimate, if not impossible. Because of this, a numeri-
cal optimization approach was used instead and yielded good
results. The type of optimization performed here is based on
a genetic algorithm, a technique well suited to this type of
problem as it is capable of finding a solution, even when the
analytical method is impractical or cannot yield an exact so-
lution [16].

In our case, the variables to optimize are the geometric
parameters of the leg. To achieve this, the function to be op-
timized performs the traversability simulation presented in
Section 3 over a specific terrain, and also computes one of
the possible geometric indices to obtain the global perfor-
mance index. As the main objective of this research is to
develop a leg able to cross over different types of terrains,
the mean of the traversability index over several types of ter-
rains is used in the optimization. This allows to obtain an
optimal architecture for a set of terrains. Several types of ter-
rains, with different sizes of rock filled and gravel surfaces,
were selected from the local surroundings. These source ter-
rains were used in the synthetic terrain generation method
presented earlier, to become the test grounds for the experi-
mental validation described in Section 6.

5 Simulation and optimization of the Chebyshev leg
The Chebyshev leg is one of the most common and old-

est architectures for legged robots with one-DOF and it is
illustrated in Fig. 5, and described in [17, 18]. Among all
one-DOF leg mechanisms found in the literature, the Cheby-
shev leg was selected as candidate for this prototype mainly
for its simple construction and its reduced number of links.
Many mobile robots with one-DOF legs use the Chebyshev
architecture as a basis to create new leg designs, as presented
in [19–22].

The position of the foot of this leg can be calculated us-
ing the geometric loop-closure equations, namely:

Xp =−c1 +a1 cosα+a2 cosθ, (14)

Yp =−a1 sinα−a2 sinθ, (15)

where α is the actuator angle, a1, a2 and c1 are geometric
parameters defining the leg (cf. 5). Finally, the angle θ is a
function of the actuator angle and the geometric parameters,
and can be calculated as [23]:

θ = 2arctan
(

sinα− (sin2
α+A2−B2)

A+B

)
, (16)
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Fig. 5. Chebyshev leg.

where:

A = cosα− c1

a1
, (17)

B =
c1

b2
cosα−

c2
1 +a2

1 +b2
2−a2

3
2a1b2

. (18)

Afterwards, knowing the Cartesian position of the foot
as a function of the actuator angle, the inverse ratio between
the displacement of the foot and the angular displacement of
the actuator (also known as the mechanical advantage) can
be computed, i.e.:

R =
δα

δs
, (19)

where δs is the displacement of the foot due to an angular
displacement of the actuator δα for α = [0,2π]. Using the
principle of virtual work, to compute the magnitude of the
force generated at the foot (in each point of its trajectory)
one must multiply the actuator torque Ta (assumed constant)
by the previous ratio, i.e.:

f = TaR. (20)

With the equations to compute the foot trajectory and the
force that the foot is able to apply to the terrain, the geomet-
ric parameters of the leg can be optimized in order to obtain
the best possible traversability performance for this particu-
lar architecture. The total length (L) for this leg is defined as
a3 + b3. Additionally, these two lengths were chosen to be
constant; a3 was set to 100[mm], and b3 to 86[mm], in order
to have the same ratio as the femur and tibia of an average
human leg.

Five genetic algorithm optimizations (GA) were per-
formed: one for each possible global performance index de-
scribed in Eq. (13), depending on which one of the five geo-
metric indices presented in Eqs. (8-12) was used. Each opti-
mization had a population of 100 individuals evolving during
100 generations; the standard Gaussian mutation was used.

In order to obtain a leg able to cross over different types
of terrains, these optimizations were repeated over five dif-
ferent types of terrains. These terrains were generated using
the terrain generation method detailed in Section 2.

Several digital pictures of different types of uneven ter-
rains were taken to build a library of synthetic terrains. Us-
ing the selected leg length (L) as a design parameter, some
preliminary optimizations were performed. It was clear that
some terrains were impossible to traverse with a leg with the
selected length. For the final optimizations the most difficult
terrains used, were on the limits of the traversing capabilities
of any leg with such defined length (L).

Additionally, to obtain an accurate traversability index,
the walking process of the leg was simulated over 10 terrains
of each type, yielding a total of 50 terrains. The average
traversability was finally computed.

Five different sets of geometric parameters correspond-
ing to the five different geometric indices previously defined
are obtained. In Fig. 6 the five optimal trajectories are shown,
as well as the traversability index of each leg over the most
difficult terrain (IT labels correspond to the Tind expressed
in percentage). The origin of the 2D space were the tra-
jectories are represented is the actuated joint of the leg as
shown in Fig. 5. The fact that some trajectories obtain a poor
traversability index is due to the relative size of the trajectory
to the terrain. An example of this is if the standard deviation
of the terrain is to big compare to the size of the trajectory
the leg.

Table 1. Geometric parameters of optimal legs

Igeo c1[mm] a1[mm] b2[mm] Tind [%]

Ismooth 115.7 14.6 53.1 93
Ismooth
I f orce

119.6 19.9 64.4 86
1

IclearIstride
123.2 13.5 63.1 85

1
I f orce

108.2 21.0 82.1 0.8
1

IclearIstrideI f orce
99.8 20.1 51.0 0

The geometric parameters which generated the best tra-

Prep
rin

t o
f a

 pa
pe

r fr
om

 th
e A

SME Jo
urn

al 
of 

Mec
ha

nis
ms a

nd
 R

ob
oti

cs
, 2

01
4, 

vo
l. 6

, n
o. 

4



−0.1 −0.08 −0.06 −0.04 −0.02 0
−0.16

−0.15

−0.14

−0.13

−0.12

−0.11

−0.1

−0.09

−0.08

−0.07

[m]

[m
]

 

 

I
geo

= I
smooth

  

I
geo

= I
smooth

/I
force

I
geo

=1/I
clear

I
stride

 

I
geo

=1/I
force

 

I
geo

=1/I
clear

I
stride

I
force

 I
T
 =0

I
T
 =93.1125

I
T
 =85.6449

 I
T
 =86.8616

I
T
 =0.89949

Fig. 6. Trajectories of the Chebyshev leg with optimal geometric pa-
rameters.

jectories as well as their traversability index, over the worst
terrain, are presented in Table 1. The worst terrain is de-
fined as the terrain where all the legs in average obtained
the worst traversability index. These five set of parameters
were analyzed and combined to obtain the final geometric
parameters that will be used in the prototype with the aim of
validating, over a real terrain, the simulation and optimiza-
tion results. The final lengths are the average of the three
legs with the best traversability index. This allows the leg to
traverse different types of terrains. For this leg architecture,
the lengths obtained are: c1 = 119.5[mm], a1 = 16[mm] and
b2 = 60.2[mm].

6 Experimental validation and discussions
In order to validate the results obtained from the

traversability algorithm developed in this paper, several ex-
periments were performed using a simple walking robot de-
signed for this purpose. The prototype is composed of four
legs attached to a frame, as shown in Fig. 7. Each leg is
independently actuated by a Maxon F2140 DC brushed 6
Watt motor. All the motors are coupled with a 6:1 GS 38
spur gearbox from the same manufacturer. In addition, a two
channel quadrature encoder providing 100 counts per turn is
attached to the rear axle of each motor.

The trot gait was chosen to perform the experiments over
the real terrains for its simplicity and stability [14]. In this
gait the diagonal pairs of legs move in synchrony, with one
pair 180◦ out of phase with respect to the other. A particu-
larity of this gait is that the legs are moving at all times. The
legs of the prototype were build using the geometric param-
eters obtained after performing the optimization described in
Section 4.

The final objective is to validate the traversability sim-
ulation, with this objective in mind, the lengths used in the
prototype were introduced to the simulator and the leg was
simulated over different types of terrains. The simulations
results are presented in Table 2.

Fig. 7. Robot prototype.

Table 2. Traversability index for different types of terrains

Type of terrain Tind Optimal leg [%]

Flat terrain 94

11◦ slope 87

18◦ slope 82

Sinusoidal terrain 81

Uneven terrain 61

Using these results as a base line, some real terrains
mock-ups were built. In Fig. 8 the simulation of the real pro-
totype leg over a flat terrain, an ascending slope of 11◦ and a
sinusoidal terrain are shown. A stable foothold is represented
by the two small consecutive circles. From the latter figure it
is clear that the leg is able to traverse the flat terrain with no
difficulty. Nevertheless, when it encounters the slope some
slippage occurs, this is represented by the thinker dark line.
In the case of the sinusoidal terrain a collision occurs in steps
number 2 and 6. Additionally, in some steps the leg slipped
a greater distance compared with the slope terrain. Although
it is not very efficient for this task, the leg is yet again able to
traverse the terrain.
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Fig. 8. Simulated foot trajectories over different terrains.

The experiments consisted in making the robot walk
over the terrains while being recorded on video. A ruled
background was placed behind the robot. Using this back-
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ground and knowing the position of the video-camera, the
distance that the robot moved over each terrain was deter-
mined. Then, the videos were analyzed and the total number
of steps that the robot performed was counted. It is impor-
tant to mention that in the simulation algorithm, the valid and
invalid steps, as defined in Section 3, were differentiated.
However, in the videos only the total number of steps was
considered, as slippage is difficult to establish accurately.
Based on these variables a new index was defined as follows:

T =
(Is +Vs)

D
, (21)

where Is and Vs are the number of invalid and valid steps, D
is the distance the robot moved in meters, this new index has
[steps/m] as unit. As previously mentioned when analyz-
ing the videos, (Is +Vs) is simply the total number of steps
observed. This index was used to compare the result of the
experiments with those of the simulations.

The robot was tested over 5 types of terrains: a flat ter-
rain, an ascending slope of 11◦ and another one of 18◦, a
sinusoidal terrain and an uneven terrain composed of river
stones. The prototype robot was tried 10 times over each ter-
rain, each time changing randomly the starting point. Then,
an average of the index T was computed for each type of ter-
rain. Similarly to the experiments, several simulations were
performed for each type of terrain, changing also the start-
ing point, and for each one the index T was computed and
finally averaged. The friction coefficient between the foot of
the robot and these terrains was measured and input to the
simulator. To simulate the traversability of the robot over
the uneven aggregation of river stones, the terrain generation
method previously developed was used. The results of the
simulation and the experiments are shown in Table 3.

Table 3. Experimental and simulation results

Type of terrain Texperimental Tsimulation %error

Flat terrain 12.3 12.1 1.7

11◦ slope 17.1 16.4 4.3

18◦ slope 22.9 21.4 7

Sinusoidal terrain 24.9 23.1 7.8

Uneven terrain 22.2 21.1 5.2

As expected, with the flat terrain the simulation and the
experimental results are very similar, with less than 2% dif-
ference. This result suggests that all the hypothesis and sim-
plifications made by the traversability algorithm for this par-
ticular terrain are valid. For the first ascending slope of 11◦,
the simulation and the experiments differ only by 4.3%, but
for the 18◦ slope the simulation estimated 7% less steps per
meter than what was observed in the experiments. This dis-
crepancy is due to the fact that the simulation takes into con-
sideration only one leg, instead of modeling the four legged

walking robot used in the experiments. Also, discrepancies
were found in the cases of the sinusoidal terrain and the un-
even terrain in the results.

DOF Speed LEGS
ispralw 2 15 6
bigdog 4 1,8 4
Scorpion 3 1 8

Case Western Robot II (Chiel et al. 1992) 0.5 1 0.083 0.16
Dante II (Bares and Wettergreen 1999) 3 770 0.017 0.006
Atillaa
(Angle 1991) 0.36 2.5 0.03 0.083
Genghisa
(Angle 1989) 0.39 1.8 0.038 0.097
Adaptive Suspension Vehiclea
(Pugh et al. 1990) 5 3200 1.1 0.22
Boadicea (Binnard 1995) 0.5 4.9 0.11 0.22
Sprawlita (Clark et al. 2001) 0.17 0.27 0.42 2.5
RHexa
0.53 7 0.55 1.04

exp sim % error T corrige
12,3 12,1 1,7 12,3
17,1 16,4 4,3 17,1
22,9 21,4 7,0 22,9
24,9 23,1 7,8 24,9

22,2 21,1 5,2 22,5

1,65289256 12,1
4,26829268 16,4
7,00934579 21,4
7,79220779 23,1

y = 0,5598x - 5,0353 
R² = 0,9984 
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Fig. 9. Error between simulation and experimentation over different
terrains.

In Fig. 9 the simulated traversability (Tsimulation), and
their corresponding error respect to the experiments, were
plotted. To establish a pattern the results of the flat ter-
rain, the two slopes and the sinusoidal terrain were used. A
tendency line was added to the graph, showing the quasi-
linear relationship between the error and the traversability.
The formula of this tendency line was used to formulate a
traversability index which takes in consideration the cou-
pling effects between the four legs of the robot. This new
index is computed as follows:

Tcoupling = Tsim +
(0.56Tsim−5.04)Tsim

100
, (22)

where Tcoupling is the traversability considering the coupling
effects and Tsim is the traversability of one leg, obtained us-
ing the developed simulator. Using this index we obtained
traversability for the uneven terrain (whose data was not used
to compute Eq. 22) with less than 2% of error when com-
pared with the experimental results.

Fig. 10 shows a series of snapshots from one of the
videos where the robot is traversing the uneven terrain. The
number in the lower left corner of each snapshot corresponds
to the step number. For example, snapshot 1, was taken right
before the step number one left the ground and started its
swing phase. Step 1−1/2 corresponds to the moment when
the foot landed before it starts to propel the robot forwards.
In this experiment the robot also advanced a distance of ap-
proximately 30[cm] in four steps as in the simulation.

The video also shows occurrences of collisions and slip-
pages. For example, from step 1 to step 1−1/2 it is apparent
that the robot moved backwards as the point where the step
1− 1/2 landed was not stable and the foot slipped. This
also occurred between steps 2 and 2−1/2. Nevertheless, in
general, the robot keeps moving forwards. Also, a collision
can be observed when step 4 starts leaving the ground and
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Fig. 10. Snapshots of the robot traversing the uneven terrain.

collides with the terrain. Consequently, step 4− 1/2 landed
almost at the same starting point as the take off point.

Using a high speed camera the speed of the robot was
measured, it was able to achieved a maximum speed of 1.7
body length per second over a flat terrain. For this measure-
ment the robot used the same trot gait used in all the exper-
iments. Other quadrupeds with multi-DOF like the Tekken
or the BigDog obtain similar speeds, of 1.78 and 1.8 body
length per seconds [24, 25] respectively. However, the legs
of these two robots are driven by three actuators each; hence
their failure rate is presumably higher than a leg with fewer
DOF.

7 Conclusions
In this paper, the authors employed a novel terrain gen-

eration method, as well as a traversability simulation algo-
rithm for one-DOF robotic leg architectures. Additionally,
new performance indices were introduced to evaluate and
optimize this type of mechanisms. In order to validate the
traversability simulation, experiments were performed with
a legged robot prototype using the Chebyshev leg, one of the
most common one-DOF robotic leg architecture. By com-
paring the results of the experiments and the simulations it
can be concluded that the estimation of traversability ob-
tained by the simulation is coherent with the results of the ex-
periments, hence the validity of the newly introduce method-
ology. The proposed traversability simulations together with
the optimization algorithm could help enhance the perfor-
mances of other one-DOF leg architectures.
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