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Mantis 2 is a small-scale leg-wheel ground mobile
robot, designed for exploration, surveillance and in-
spection tasks in unstructured environments. It is
equipped with two actuated front wheels, two passive
rear wheels, and two rotating legs with praying Man-
tis profile, specially conceived for step and obstacle
climbing. Locomotion is purely wheeled on regular
surfaces, with high energetic efficiency and maneuver-
ability, and with stable camera vision. In case of obsta-
cles or terrain irregularities, the rotating legs increase
the motion capability. The main innovation of the sec-
ond version is the introduction of passive one-way aux-
iliary wheels on each leg, which improve the efficacy
of step climbing. The paper discusses analytical and
experimental results on step ascent and descent and
locomotion on irregular surfaces.

Keywords: hybrid leg-wheel locomotion, ground mobile
robot, step climbing

1. Introduction

The importance of service robotics has been continu-
ously increasing over the last few years. While the appli-
cation of robots in structured industrial environments is
well consolidated and mature, the adoption of robots for
intervention in unstructured environments (terrestrial [1,
2], aerial [3,4] and underwater [5, 6]) is still at an early
stage. In particular, ground mobile robots can be applied
to a wide range of tasks, in order to replace direct human
involvement in dangerous locations, or simply to reduce
operational costs. Small-scale ground mobile robots can
move in narrow spaces, and in the presence of radioactive
or chemical contamination.

For all these reasons, the development of surveillance,
inspection, and homeland security ground mobile robots
is today a fundamental research area, which involves
not only mechatronic aspects but also obstacle detection,
scene recognition, and artificial intelligence [7-9].

Independent of the specific task, which determines its
on-board equipment, a ground mobile robot is primarily
characterized by its locomotion principle. There are three
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main classes of robotic locomotion systems: wheeled
(W), legged (L) and tracked (T), and four possible hy-
brid combinations (LW, LT, LW, LWT). Other locomotion
principles (e.g., slithering, adhesive, snake-like robots)
are not general-purpose and are oriented toward specific
applications.

A locomotion system for surveillance mobile robots
must provide motion capability in indoor and outdoor
unstructured requirements, high energetic efficiency, ma-
neuverability in narrow spaces, and stable camera vision.
The advantages and disadvantages of different locomo-
tion approaches are discussed in [10-12]. In general, lo-
comotion systems with wheels (W, LW, WT, LWT) max-
imize energetic efficiency and speed on regular and com-
pact surfaces, while locomotion systems including legs
(L, LW, LT, LWT) maximize obstacle crossing capability
and operative flexibility. Tracks are particularly efficient
on soft and yielding terrains.

One of the basic parameters for selecting the locomo-
tion approach is the size of the robot. For medium to large
robots, the inertial forces acting during locomotion are
never negligible; therefore, locomotion principles char-
acterized by strong trajectory discontinuities and shocks
are not suitable. Consequently, legged locomotion for
big robots is necessarily characterized by high mechan-
ical and control complexity.

On the contrary, for small-scale robots, the inertial
forces are less critical, and simplified hybrid locomo-
tion mechanisms can be adopted, conjugating the ben-
efits of legs and wheels without significantly increasing
the complexity and costs. Examples are rotating legged
robots [13—15] and stepping-triple-wheel robots [16—18],
characterized by locomotion units with three legs placed
at 120°, with a wheel at each end. Another approach to
implement hybrid leg-wheel locomotion is the adoption
of legs with outer circular profile, which can act as wheels
when properly coordinated [19-21].

Mantis belongs to this category of small-scale ground
robots, suitable for surveillance and inspection tasks. It
is a hybrid robot with four wheels, two independently
actuated and two idle, and two legs. The first version
of Mantis and its main features are presented in [22];
the step-climbing maneuver, based on the praying man-
tis leg shape, is analyzed by multibody simulation in [23,
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Fig. 1. Mantis 2 main components.

241]; the benefits of the introduction of one-way auxiliary
wheels on the legs are shown by multibody simulation
in [25]. The present paper is organized as follows: Sec-
tion 2 describes the Mantis 2 architecture, with auxiliary
wheels and variable-length legs; Section 3 discusses the
influence of the main geometrical parameters on the sta-
bility in step ascent and descent; Section 4 presents exper-
imental results on hybrid locomotion capability with vari-
able leg length; and Section 5 provides the conclusions of
the study.

2. Mantis 2 Architecture

Mantis 2 is a general-purpose ground mobile robot
with a maximum payload of 1 kg, suitable for surveil-
lance tasks. Its overall dimensions are approximately
350 x 300 x 200 mm. The main body (Fig. 1, a) is
equipped with two independently actuated wheels (b) and
two independently actuated praying mantis legs (c). In the
second version of the Mantis, each leg is variable-length
and is connected to an auxiliary wheel (f) by a one-way
bearing; the tip of the leg is connected to the rest of the leg
by a passive revolute joint (Ipj), and can bend internally
to soften impacts during obstacle descent, exploiting the
elastic return force of the spring (g).

The rear axle (d) is characterized by two idle wheels
(e) and two passive revolute joints (4j and vj) to adapt to
uneven ground.

Figure 2 shows the step climbing sequence: the robot
approaches the step (Fig. 2, a), then the legs grasp the
step upper surface to lift up the robot body (Fig. 2, b — ¢).
When the legs stop, as the center of gravity of the robot
is further forward than the leg to ground contact point,
the robot rotates forward until the front wheels touch the
ground (Fig. 2, d). Then the legs rotate backward to lift up
the rear axle (Fig. 2, ¢); when the rear axle is sufficiently
high, the front wheels move the robot forward to complete
the maneuver (Fig. 2, f).

In the first version of the Mantis, without unidirectional
auxiliary wheels on the leg extremities, the last phase
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Fig. 2. Step climbing sequence.
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Fig. 3. Main geometrical parameters.

(horizontal motion with lifted rear axle) was the most crit-
ical: this topic is discussed analytically and by multibody
simulation in [25]. The auxiliary wheels are connected
to the legs by one-way bearings, so they can rotate for-
ward during step climbing, reducing friction between legs
and ground, but they cannot rotate backward during hy-
brid leg-wheel locomotion on irregular terrains, avoiding
the consequent traction reduction.

The main geometrical parameters of the robot (Fig. 3)
are collected in Table 1. The robot reference frame is (¥,
), with its origin on the front wheel axis Oy. For the
sake of generality, the static analysis is performed using
the nondimensional ratios of Table 2.

Table 2 also shows the base values of the geometrical
ratios for the Mantis 2 prototype. In the following, the ef-
fects of varying some of these ratios will be analytically
and experimentally discussed; in absence of different in-
dications, the base values are assumed for the remaining
geometrical ratios.

Mantis’ maximum speed is 2.3 km/h on flat ground;
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Table 1. Main geometrical parameters.

Parameter Symbol Value
front wheel radius Ty 55 mm
rear wheel radius Ty 45 mm
leg radius 7 163 mm
auxiliary wheel radius Tla 15 mm
x-coordinate of O; in the x? 32 mm
robot ref. frame
z-coordinate of Oy in the , 80 mm
robot ref. frame 4
wheelbase i 239 mm
step height h 160 mm
Table 2. Main geometrical ratios.
Ratio symbol Definition Base value

a 2r/h 0.69

B r/rs 0.82

Y i/rf 4.35

él x; / Iy 0.58

Y Z; / rf 1.45

" r/rs 2.96

it climbs slopes up to 71.5% (35.6°) with static friction
coefficient between front wheels and terrain greater than
or equal to 0.77.

3. Stability Analysis in Step Climbing

3.1. Stability in Step Ascent

Step climbing is performed by Mantis at low speed,
in quasi-static conditions; therefore stability can be ana-
lyzed statically with good approximation, considering the
maximum pitch angle position represented in Fig. 4. The
position of the overall center of mass (COM) G is rep-
resented nondimensionally by the ratios &g = x{;/ry and
VG = 2/, Where x; and z;; are the COM coordinates in
the robot frame. The angle A¢ 4 is the angle between the
segment G — O, and the vertical direction (O, is the rear
wheel axis point in the x — z plane) in the maximum pitch
position shown in Fig. 4 for a considered nondimensional
step height (1/¢). Considering the angles @y, 0,5 and
Oc shown in the geometrical model of Fig. 4, the angle
AG.asc can be expressed by the following equation:

T T
__9a30_6G:5_((paSC_6)_5G

2
—z—arcsin< Yz-f—%—ﬁ )
2 V&) +(vi+1-B)?

r+& r+&

ey
The static stability condition is verified if the vertical

projection of G lies between the vertical projections of O;
and O, (xg < xp; and xg > xp,). With reasonable mass

AG,asc =
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Fig. 4. Stability in step ascent (maximum pitch position).
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Fig. 5. AG a5 as a function of 1/c¢ and yg.

distributions the first condition is always verified, other-
wise the robot is unstable even on horizontal ground; the
second condition is verified if and only if A¢ 4 is greater
than zero.

One of the most important parameters for robot stabil-
ity is the position of the COM, which varies if a payload
is fixed above the robot’s main body; without payload the
COM nondimensional coordinates are g =0, yg = 0.73.
The 3D graph in Fig. 5 shows the influence of the COM
vertical coordinate (yg) and of the step height (1/a) on
the angle Ag a5, With g always null (with payloads fixed
on the top of the main body, this hypothesis is rather
a good approximation). Obviously, higher steps (higher
1/a) and higher payloads (higher y) are critical for the
robot stability.

The 3D graph of Fig. 6 shows the influence of the leg
length (y;), which is variable on Mantis 2: longer legs
decrease stability during step climbing, because the max-
imum pitch angle increases. On the other hand, a lower
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Fig. 6. A¢ a5 as a function of 1/c and ;.
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Fig. 7. A¢ a5 as a function of 1/c¢ and 7.

limit of the leg length is imposed by the requirement of
touching the ground during hybrid locomotion, as dis-
cussed in Section 4.

Figure 7 shows the influence of the wheelbase (7): for
the same step height, a longer wheelbase decreases the
pitch angle and increases stability. Nevertheless, exces-
sive values of the wheelbase limit the robot agility and
maneuverability in narrow spaces, where the robot can
pivot around a vertical axis, with opposite speeds of the
front wheels. To avoid excessive encumbrance of the rear
axle, an appropriate upper limit for 7 is approximately 5.

3.2. Stability in Step Descent

Stability in step descent can be assessed by consider-
ing the geometry of Fig. 8, which leads to the following
expression:

N
AG desc = arctan (D_11>
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Fig. 8. Stability in step descent.

Ni = yysen(—Bgese) + &1 coS(—Bjesc)
—WGsen(—0gesc) + —EG cos(—Bjesc)
D, = ﬁ - }/sen(_edesc)
+(1 =B+ Yo) cos(—Bjesc) +

2
—écsen(—edesc)—l—a S )

During step descent, the pitch angle 6,4 is negative;
therefore, its opposite is used in Eq. (2). Its value can be
calculated by means of the geometrical scheme of Fig. 8,
obtaining the following expression:

(Y+ §l>sen(_6desc) + (B —1- lm) COS(_edesc)
+n—§—ﬁ:0... R ¢ )

which can be solved in — 6,

N
— 0,05 = 2arctan <D_2>

Ny =—y—&+((v+ &)
2

2
Z(2p-242

H2B(~1 =y + 1)+ yi(2+ ) +1-7)
2
D2=1—|—l//1—2[3+71—a T (/)

D=

The static stability condition is verified if the vertical
projection of G lies behind the vertical projection of Oy,
that is AG,desc > 0.

Figures 9 and 10 show the influence of the COM ver-
tical coordinate (yg) and of the step height (1/a) on the
angle Ag gesc. Considering the geometry of Fig. 8, varying
the step height with fixed leg length determines a circular
trajectory of G around O;. Therefore, if the COM is lower
than O; the angle Ag 405c has a maximum as a function
of (1/a), otherwise it decreases monotonically (Fig. 10).
However, high COM is critical for stability. On the other
hand, the effects of the leg length (Fig. 11) and of the
wheelbase (Fig. 12) are less critical during step descent.

Let us note that the range of normalized step height
considered in the graphs during step descent is wider than
during step ascent, in which there is a stricter limitation,
because the rear wheels have to touch the ground when
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Fig. 10. Ag ges as a function of 1/a.

the legs are vertical and in contact with the step upper
surface [22].

3.3. Experimental Tests on Step Ascent and Descent

Experimental tests have been performed by varying the
leg length, wheelbase, and payload position on the Mantis
2 prototype (Fig. 13). While the approximation of quasi-
static conditions is fully acceptable during step ascent,
which is performed at low speed with the legs always in
contact with the ground, during step descent the dynamic
effects are more relevant, owing to the impact of the leg
tips on the ground. Therefore, while during step ascent,
the experimental tests confirm the analytical limit, as dis-
cussed in [22], and a A 4 greater than 5° can be con-
sidered a sufficient margin during robot operation, during
descent a wider margin is preferable (AG gesc > 10°).

4. Hybrid Locomotion Experimental Tests

On uneven terrains and obstacles, Mantis can perform
hybrid locomotion, using legs and wheels in combination

400

Fig. 12. A gesc as a function of 1/0o and ;.

to improve traction. Fig. 14 shows the effectiveness of
hybrid locomotion while overcoming some tree roots. As
in unstructured environments the obstacle configurations
are very variable, it is difficult to measure the influence
of the geometrical parameters exhaustively on the hybrid
locomotion capability.

In order to solve this problem and to optimize the Man-
tis” design, also considering the hybrid locomotion capa-
bility, a standard test layout has been conceived and built.
It is based on a ramp with the z-profile of Fig. 15. The
ramp is realized in wood and the static and dynamic fric-
tion coefficients between the ramp surface and the robot
front wheels and legs have been experimentally measured;
their values are respectively around 1.1 and 1.0. The slope
of the ramp (angle 6,4, Fig. 15) is variable; the maxi-
mum angle 6,4, that can be climbed in hybrid locomo-
tion for a given set of geometrical parameters is used as
measurement of the hybrid locomotion effectiveness. The
size of the ramp steps (90 mm) has been selected to high-
light the hybrid locomotion effectiveness. As a matter of
fact, in case of a z-profile with smaller steps (with size up
to approximately 30 mm) the leg action is not necessary,
and wheeled locomotion is sufficient.

With this step size, for small angles 0,4, the test is
similar to typical hybrid locomotion conditions on un-

Int. J. of Automation Technology Vol.11 No.3, 2017



Fig. 15. Z-profile of the hybrid locomotion test ramp.

even ground (Fig. 14); on the other hand, for larger angles
the test condition becomes similar to stair climbing with
small rise and going.

The most important geometrical ratio for hybrid loco-
motion on uneven surfaces is the leg length (7;). First, hy-
brid locomotion is possible only if the legs are sufficiently
long to touch the ground when the front and rear wheel are
in contact with a flat surface; this condition is represented
nondimensionally by the following inequality:

ySwHl L5

Figure 16 represents a hybrid locomotion test on the
ramp of Fig. 15, and Fig. 17 represents the maximum an-
gle (64mp) Which can be climbed as a function of the nor-
malized leg length 7. With the base value y; = 1.45, the
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Fig. 16. Hybrid locomotion test.

ramp

50
49
48
47
46
45

43
42
41
40

26 2.8 3 32, 34

Fig. 17. Maximum angle 6,4, as function of ¥.

minimum value of () is 2.45, and a better hybrid loco-
motion performance is obtained with ¥ = 2.8 (Fig. 17).
Nevertheless, this value is too low for square step climb-
ing: for 7 < 2.9, the final phase of the step ascent cannot
be completed correctly. When the front wheels touch the
step upper surface, the robot COM, G, is behind the con-
tact point, C, between the auxiliary wheels and the step
(Fig. 18, a), so when the legs rotate backward they cannot
lift up the rear axle (Fig. 18, b — d). On the other hand,
high values of 7y, are critical for stability in step ascent
(see Fig. 6). Considering these conflicting requirements,
a suitable compromise is in the range of 2.95 <y < 3.0.

5. Conclusion

In the present paper, new analytical and experimental
results on the Mantis robot family are discussed. The
effects of the main geometrical ratios on stability during
square step ascent and descent have been studied analyt-
ically, in particular, the normalized leg length 7;, the nor-
malized wheelbase 7, and the normalized vertical position
of the robot COM y( (influenced by the payload). Exper-
imental tests have been performed to estimate proper sta-
bility margins during operation, in terms of angles A 4sc
and ;LG,desc-

Moreover, a repeatable test ramp with z-profile has
been used in order to measure the effectiveness of hybrid
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Fig. 18. Step climbing failure caused by too low 7.

locomotion with legs and wheels acting in combination.

The discussed experimental and analytical results show
that leg length and wheelbase have to be selected to reach
a compromise between conflicting requirements (stability,
maneuverability, hybrid locomotion capability). More-
over, if it is necessary to climb not only a single square
step but also a stair with multiple steps, the maximum
wheelbase is limited by the going of the stair.

In general, the experimental campaign on Mantis 2 has
given clear design indications and confirmed the effective-
ness of the legs equipped with auxiliary wheels, which
were not present in the first version. The tests confirm
that the auxiliary wheels improve the reliability of the fi-
nal phase of step climbing, when the rear axle is lifted
by the legs, while traction in hybrid locomotion is unaf-
fected, because they can’t rotate backward thanks to the
one-way bearings.

The main advantage of the Mantis with respect to other
small-scale ground mobile robots is its capability of over-
coming steps higher than the robot itself (with the legs
pointing backward, in rest position); other important fea-
tures are the effectiveness of the hybrid locomotion on
irregular terrains and obstacles and the purely wheeled lo-
comotion on flat grounds, with high maneuverability and
stable camera vision.

There are different topics that will be investigated in
the continuation of the research. First, a re-design will be
implemented for possible industrial production: a lighter
construction with simplified mechanics and use of plastic
parts would be preferable to reduce costs. For example,
a component that can be remarkably simplified is the leg,
adopting a flexure hinge to replace both the passive revo-
lute joint Ipj and the spring g (Fig. 1). Another important
research direction is the development of an autonomous
navigation system, including a control algorithm capable
of leg-wheel coordination to improve the dynamic perfor-
mance during obstacle climbing and descending.
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