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A Reduced-Order-Model-Based Motion Selection Strategy
in a Leg-Wheel Transformable Robot

Ting-Hao Wang and Pei-Chun Lin

Abstract—This article reports on a model-based methodology
for a leg-wheel transformable robot to autonomously determine
the use of the wheeled or legged mode based on environmental
RGB-Depth information. A concentric and reduced-order dual-leg-
wheel model was developed to explore the dynamic interactions
between the leg-wheel and terrain. The simulation results revealed
that terrain height variation acts as the key factor in determining
the model’s terrain negotiability; therefore, it was utilized as the
decision index for leg-wheel motion selection. To facilitate real-
time motion selection on the empirical robot, a two-step selection
strategy utilizing RGB-Depth information was proposed. The first
step utilized RGB images to classify seven types of terrain. If the
classified terrain was potentially rough, the second step utilized
depth images to compute the terrain height variation, which was
then compared to the index derived by the dual-leg-wheel model
to select the final operation mode. The strategy was implemented
on a leg-wheel transformable robot and experimentally validated
on various types of terrain. The results confirm that the robot’s
behavior closely resembled the model’s prediction, and using the
proposed strategy to select leg-wheel motion in the robot yielded
the most energy efficient locomotion.

Index Terms—Hybrid robot, legged, motion decision, RGB-
Depth, terrain classification, transformable robot, wheeled.

|. INTRODUCTION

UTONOMOUS mobility can be regarded as one of the most
A important capabilities of mobile robots. This capability relies
on the cyclic and periodic process of sensing, decision, and motion
generation, so the robot can instantly and robustly make an adequate re-
sponse to environmental conditions. Research associated with wheeled
mobile robots usually focuses on localization and navigation problems.
In contrast, a legged robot focuses on the stride-level or short-distance
legged mobility problem.

In addition to ordinary wheeled or legged mobile robots [1], hybrid
leg-wheel robots were designed to enhance mobility. Besides, mounting
wheels on the end of articulated legs [2] or mounting additional active
structures onto wheels as legs [3], [4], some works have focused on
designing transformable mechanisms using extensible wheel rims to
form the legs [5]-[8], or to transform between wheel, leg and track [9].
Previously, we developed a leg-wheel transformable robot Quattroped
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Fig. 1. Photos of the leg-wheel transformable robot TurboQuad and
the corresponding simplified dual-leg-wheel models. (a) In legged mode.
(b) In wheeled mode.

[10], which utilized the same set mechatronic system to drive both
leg and wheel modes. Later, successor TurboQuad [11] shown in Fig. 1
further enabled in situ smooth gait/mode transition and leg-wheel trans-
formation during locomotion. The robot was capable of performing
SLIP-like running behavior as well [12] based on “template and anchor”
methodology [13], [14]. Along with the development of hybrid robots,
we found that the reported research mainly focused on innovative
mechanism design for hybrid locomotion. Some research focused on
gait development by optimizing forward speed and energy consump-
tion using full body dynamic simulation [15], and some analyzed the
deduced model to calculate the optimal joint torques of the feet [16]. In
contrast, the strategy at the decision level, which determines adequate
use of behaviors (i.e., wheeled, legged, or others), was rarely discussed
in the community. A simulation-based long-distance navigation planner
relying on given terrain geometry has been utilized in the leg-wheel
hybrid robot LEON [7]. However, to the best of our knowledge, no
published works have addressed decision-level strategies for leg-wheel
hybrid robots to determine the use of legged or wheeled behavior based
on their mechanism characteristics and limited, short-distance, and
real-time environmental information.

Instead of searching for optimized motion strategies for the robot to
use on each type of terrain based on a delicate sensing system and a
motion controller, we were interested in exploring whether there exists
abasic rule for the robot to select the optimal operation mode based on a
simple sensing and selection rule that is straightforward and sufficiently
general for implementation in other relevant applications. Furthermore,
instead of conducting heuristic experimental tests on the robot to find
the rule, we preferred tackling the problem using reduced-order models
because these models were easier to construct, analyze, and apply to
find motion tendencies than full-body models. We evaluated motion
performance using different formations of the leg-wheel robot in a
simplified but representative simulation environment and identified
the most effective behavior selection strategy to achieve autonomous
switching with improved motion efficiency on our robot. Thus, the
novelty and contribution of this article lies not only in the simple
strategy yielded but also the proposed methodology, which utilizes
reduced-order model-induced behavior to explore and coordinate the

1083-4435 © 2021 |EEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: ULAKBIM UASL - CUKUROVA UNIVERSITESI. Downloaded on November 08,2022 at 13:12:07 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0001-9146-3817
mailto:r05522814@ntu.edu.tw
mailto:peichunlin@ntu.edu.tw
https://doi.org/10.1109/TMECH.2021.3126606

3316

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 27, NO. 5, OCTOBER 2022

CNN classifier

Asphalt
Pavement

Grass
Dirt
Gravel
Step
Stairs

Depth Terrain height
images variation L,

Suggested operating zone ]

L, wheeted » L, o tegea

g Wheeled
mode

Legged
mode

Mode selection

RGB %
L\ < Lh,

images

Experiment

Concentric dual-
leg-wheel model

——===-r

Simulation

Fig. 2.  Decision process of the leg-wheel motion selection strategy.

existing sensing technique for autonomous leg-wheel motion selection
of the leg-wheel hybrid robot.

The proposed strategy is shown in Fig. 2, which focuses on two
major tasks. First, we develop a reduced-order model and analyze
the complex leg-wheel dynamic interactions with the ground, and the
analysis reveals that a simple but representative index, level height Ly,
governs the performance. We determine the most suitable operating
upper bounds ﬁh,max for the legged and wheeled mode to form the
suggested operating zone. Then, we formulate a leg-wheel selection
strategy that relies on a perception system to gather essential environ-
mental RGB-Depth data for the real-time decision process. The RGB
images are utilized to classify the terrain into one of the seven categories
using an off-the-shelf convolution neural network (CNN) technique. If
the predicted terrain is generally flat, the wheeled mode is directly
utilized. If the predict terrain is potentially rough, the approximated
height variation Ly is computed using a depth sensor in real time.
Then, the value f/h is compared to ﬁh,max of the suggested operating
zone (SOZ) to select the most appropriate behavior, legged, or wheeled.

The rest of the article is organized as follows. Section I described the
development of the concentric dual-leg-wheel model, and Section III
reports on the leg-wheel selection strategy. Section IV describes the
experimental results, and finally, Section V concludes this article.

Il. CONCENTRIC DUAL-LEG-WHEEL MODEL

Due to the complexity involved in developing a full-body model
and the possibility of overfitting it to a specific platform without gen-
erality, the simplified concentric dual-leg-wheel model was developed
to capture the essential motion dynamics of the robot negotiating in a
real environment and to extract the variable that governs the motion
performance.

A. Formulation of the Model

Asshownin Fig. 1, the concentric dual-leg-wheel model is composed
of two concentric leg-wheels at the hip joint. Each leg-wheel, as
depicted in Fig. 3, closely resembles the morphology of the robot’s
leg-wheel and is composed of two half-circular legs with radius R,
centers C; ; — 12, and feet T; ; — 1 ,, respectively. The symbol r—f
refers to the vector from hip joint H to the center of half-circle C;.
The leg-wheel can rotate and translate with respect to H, which is also
the center of mass (COM) of the model; thus, it is capable of mimicking
the extracting and retracting motion of an articulated leg [11]. Because
the two half-circular legs move synchronously, the leg-wheel has two
degrees of freedom in its movement, along with the polar coordinates
originating at H, (0, 7),r = |r_1>\ = |r_2>\ When the centers C; ; — 1 »

Fig. 3. Single leg-wheel model. (a) Geometric notations. (b) Mechani-
cal parameters and the free body diagram.

@ (b)

Fig. 4. Three contact scenarios of the leg-wheel model. (a) Rolling
contact. (b) Point contact. (c) Edge contact.

coincide with H, two half-circular legs form a circle and turn into
a wheel (i.e., r = 0), and the model operates in wheeled mode, as
shown in Fig. 1(b). Otherwise, the leg-wheel operates in legged mode,
as shown in Fig. 1(a).

The dynamics of the leg-wheel were formulated using the Newtonian
method. First, the position vector of the COM, Dy, was derived based
on the geometric configuration of the leg-wheel with respect to the
terrain. As shown in Fig. 3(a),

— = = = —
Dyt = Dr. + Dpi = Dp + (~Ri - ¥) (1)
with T} = (—1)" 7(sin 07 + cos 07)
— R (sin @i — cos goj) , rolling and edge contact

(-1)'R (sin 0i + cos 05) , point contact

= .

R, ; — 1,2 refers to the vector from C; to P, which has two formula-
tions based on the leg-wheel’s three contact scenarios shown in Fig. 4.

Therefore, Dpy and Dy, which are later utilized in the equations of
motion (EOM), can be derived as follows.
Rolling and edge contact:

D—pH> = [fRsimp — (fl)ir sin6‘] 1+ [Rcosgo — (fl)ircose] J
(2)

D‘—-H>: {9 [chosap — (fl)ir cos 9] +6? [Rsinap + (fl)ir sinG] }

i—&—{é [—Rsimp +(=1)'r sin@} +6? [Rcoscp + (=1)"rcos 9} }j

3
Point contact:
D—pH> =—(=1)" (R+7) (sinO%Jrcost') 4)
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Di; =—(=1)" (R+7) [(90050792 sin6‘)

— (9 sin @ + 62 cos 9) }] (&)

In derivation of D—>H, D_p> was assumed constant because of its
infinitesimal movement. Next, the EOM of the leg-wheel were derived
based on the free body diagram, as shown in Fig. 3(b). The model
has mass m at the COM and inertia I(r) with respect to the COM,
a function of r. The forces include the leg-wheel’s driving torque T,
gravitational force mg, and ground reaction force Fr = F} é; + F, &,
in natural coordinates, where F; and F,, correspond to the friction force
and normal force of the terrain, respectively. Depending on contact
slippage between the leg-wheel and terrain, the friction force F; has
two possible values according to the Coulomb friction law:

o {Ft, if Fy < u,F, no— slippage ©)
"7\ unFy, if Fy > poF, slippage

Note that the directions of &; and é,, vary depending on the contact
scenario, as shown in Fig. 4. Finally, the translational and rotational
EOMs of the leg-wheel were formulated using Newton’s law of motion:

s I

mDy = mg+ Fr @
o —  — o

I1©=7 —-FgrxDpy—Cy0

Where © = [0 0 0] and Cy denotes the resultant damping coeffi-
cient that remedies the energy loss in the model.

The motion of the dual-leg-wheel model moving on a terrain was
computed recursively based on the EOMs of two sets of leg-wheels
using MATLAB, as shown in (7). The motion was computed in small
time increments because the contact dynamics varied, such as the con-
tact leg, contact scenario, contact point, and leg slipping/nonslipping
condition. Fig. 5 shows a flowchart of the algorithm, which includes
three checks/adjustments from different aspects at each time stamp:

1) Contact Condition Check: The existence of the contact con-
dition between the dual-leg-wheel model and the terrain is checked.
If not, the model falls using the ballistic model. If yes, the algorithm
enters the next check.

2) Geometric Adjustment: The differential motion of the dual-
leg-wheel model is computed based on the final body states of the model
at the previous time stamp. If the model has geometric confliction with
the ground, as Fig. 5(b) shows (i.e., the model’s leg-wheel penetrates
into the ground), the model is incrementally lifted till the contour to
be exactly tangent to the ground at point(s) P. These point(s) are
regarded as the potential contact point(s). The computation details
are described as follows. The penetrated section Q,Q, is computed,
which is projection of the leg-wheel on the ground with respect to
the leg-wheel’s center C'. Then, the new contact point P, which is
along with Q, @, and has the shortest distance to C, is computed. The
D—cp> vector is then extended to intersect with the leg-wheel at point
A. Finally, the leg-wheel is lifted along with TAP until the leg-wheel
coincides with P. If more than one section of the leg-wheel penetrates
the ground, the lifting direction and magnitude is the union of all lifting
vectors, and instantaneous center of rotation is set to be the forefront
one.

3) Kinetics Adjustment: Based on the adjusted final states of the
model at the previous time stamp, as well as the given leg-wheel motion
trajectories versus time, (0(t), r(t)), the dynamic motion of the dual-
leg-wheel model at this specific time stamp was computed using (7). The
EOMs yield the required FT; for motion without slippage. Then, the
assumed no-slippage condition was checked using a friction cone [17].

( Initial Conditions )

(a)

(b-i)
N
Y
(b)
| Geometry adjustment |
No-slip assumption
(c) Kinetics L !
ad ustment Y g
Compute no-slippage Fy | 3
\ 4 Q; A
Fr =0, -
falling (b-ii)
Fo = ps Fy,
slipping
c’
Recalculate Fp
vy
| Solve EOMs p

End loop

Fig. 5. Flow chart of the computational simulation of the dual-leg-
wheel model. The three blocks in different colors refer to the three
checks/adjustments. (a) Contact condition check. (b) Geometry adjust-
ment. (c) Kinetics adjustment.

If the assumption was not satisfied, the modified FT)R, which utilized
kinetic friction, as shown in (6), was computed. Then, the modified
FT; was imported into (7) to recompute the COM state BZ , which
represents the correct body state of the model at this specific time stamp.

These three checks/adjustments are computed at every time stamp
in the sequence. Finally, the motion of the dual-leg-wheel model can
be derived by integrating these differential motions.

Three performance indices were defined and utilized to evaluate
the performance of the model that negotiated rough terrain using the
wheeled or legged mode. The indices included the averaged forward
velocity of the COM v .y (i.€., the ability to cross through the
landscape), the averaged work per COM traveled forward distance wayg
(i.e., the energy cost per unit forward distance), and the sum of the hip
oscillation along a vertical direction per traveled distance 6,y (i.e., the
index for motion smoothness) between time stamps [t;, ¢ 7]:

dac,tf - dac,ti
Vg avg = Wa Wavg
ty | .
_Tipore] | Shescdd
dz,tf - dz,ti T ovE da:,tf - dw,ti

Note that the average of instantaneous speeds throughout the tra-
jectory is equal to the simple average shown in (8). When the wa, is
normalized by weight, the index is equivalent to the specific resistance
[18]. These indices directly indicate the negotiability, energy consump-
tion, and motion smoothness of the model, respectively. The forward
distance between stamps [t;, ¢;] was computed and summed. When
slippage exists, the kinetic friction is utilized in equations of motion. In
this case, the forward distance would drastically decrease. If the model
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Oavg increased.

B. Simulation Results

Many uneven terrains exist in the environment; among them, steps
can be regarded as the basic form. For example, stairs are the sequential
composition of steps and a tree root can be regarded as the curvy bars
with height and lateral shape variations. The model’s ascent ability
requires stronger attention than descent ability since the gravity force
can assist the model motion in the latter case. Unlike a wheel, which
has uniform motion behavior to negotiate steps, legs exhibit a wide
range of terrain negotiating behaviors, depending on the initial relative
configuration between the leg and the step. Therefore, stairs were
chosen as the scenario for simulation. In practical implementation, it
would be difficult to include the stair length in the decision process
due to the real-time sensing constraint (i.e., out of view). Therefore, the
level height of the stair was varied but not the stair length.

Three factors (i.e., the normalized level height f,h = L;, /R, surface
friction of the stairs (), and motion pattern of the dual-leg-wheel
model) were varied in simulations to evaluate the model’s ability to
navigate stairs in both wheeled and legged modes. For simplicity, the
relation between static and kinetic friction coefficients was assumed
to be pur = ps — 0.1. Trotting was utilized as the dual-leg-wheel
driving pattern (6(t),r(t)) with nominal forward speed vy = 0.2
and 0.4 (m/s), which were computed based on the assumption of
the leg-wheel rolling without slippage on flat ground. The detailed
computation of nonlinear forward and inverse kinematics between the
leg-wheel states (6(¢),r(¢)) and the COM states can be found in [11].

Fig. 6 shows examples of the snapshots of the COM trajectories
of the concentric dual-leg-wheel model in the legged and the wheeled
modes, and the complete videos can be found in the supplementary
material. The result reveals the advantage of using the legged mode
over the wheeled mode, where the latter could not climb up the stairs.
In this scenario, the former has better performance in all indices (i.e.,
higher v, avg and lower wayg and d,y) than the latter.

Fig. 7 shows the summarized simulation results of the model nego-
tiating stairs with different Ly and w settings. The initial configuration
of the leg-wheel of the model (i.e., finitia1) Was varied as well to

wheeled and legged modes versus L;, with vy = 0.2 (m/s) and under
two p settings: (@) (ps,pr) = (1.0,0.9) and (b) (us, pux) = (0.6,0.5).
The figure reveals that ﬁh,max,wheeled can serve as the index for the
model to select legged mode or wheeled mode for better traversability,

efficiency, and stability. The exploring precision for L;, was set at 0.5%
of the incremental change when compared to the radius of the wheel.

cover a wide range of possible contact conditions, and the results are
summarized in a statistical manner. Because the model in the wheeled
mode did not have configuration difference under varied 6;,;4ia1, the
results were identical with zero standard deviation. In contrast, the
model in the legged mode with different initial configurations had
distinct performance. A new index the critical operating height L h,max
was defined to identify the maximum Ly, the model could negotiate.
When the model negotiated the obstacle with a height higher than
lAlh,max, the V ave Of the model dramatically approached zero, and
Wave and 0,y increased. Fig. 7 reveals that f)h,max of the model
in the legged mode, i/h,max,legged, is higher than that with wheeled
mode, ﬁh max,wheeled, 1 both surface friction status. This indicates
the model in the legged mode has better traversability on negotiat-
ing barriers when Lh max,wheeled < Lh < Lh max,legged- 1N contrast,
when L n < Lh max,wheeled> the model in the wheeled mode has better
performance with a lower W, and §,,,. Thus, the figure reveals that
L  governed the outcomes of the three indices. Besides, L h,max, wheeled
was served as a critical index to determine the use of the wheeled or
legged mode. When the height of the obstacle of Ly is no greater than
L h,max,wheeled, the model utilizes the wheeled mode to achieve higher
efficiency and stability. Otherwise, the model uses the legged mode for
better traversability.

Fig. 8 shows ﬁh,max’wheeled and i/h,ttlax,legged on the terrain with
more friction settings, and this figure reveals the SOZ of the leg-wheel.
Parameterized by outcomes of three defined indices shown in (8), the
simulation result reveals that the step height governs the negotiability
of the robot much more than the friction and forward speed do. The
ﬁh,max,wheeled maintains similar value between pus = 0.6 — 0.8 at
both speeds, and at high speed, it increases no more than 18%, while p
increases to 1.0. Because variation of ﬁhmax,whcclcd is not significant
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(b) Confusion matrix that validates the performance of the terrain classi-
fication with 95.43% accuracy.

and in situ 1 measurement is challenging, ﬁh,max’wheeled = 0.75was
chosen to grant the terrain negotiability of the model in the wheeled
mode. Based on a similar concept, ﬁh,max,legged = 1.15 was chosen
for the negotiating limitation for the model in the legged mode. To apply
the suggestions from the results of the model to the empirical robot, the
height variation ﬁh of the terrain should be measured on board and in
real time.

IIl. LEG-WHEEL MOTION SELECTION STRATEGY

The proposed leg-wheel motion selection strategy for the robot to
determine the usage of the wheeled or legged mode for terrain negotia-
tion in real time includes two steps. The first step utilizes RGB images
to classify the terrain into seven types: asphalt, pavement, grass, dirt,
gravel, steps, and stairs. For empirically flat terrain, such as asphalt or
pavement, the wheeled mode is directly utilized, as shown in Fig. 2. For
potentially rough terrain, the second step is processed. It utilizes depth
images to compute the required height variation Ly,. The measured
height Ly, was then compared to the SOZ derived by the model to
select the final operation mode.

In the first-step processing, the CNN modified from the off-the-shelf
AlexNet [19] was utilized for terrain classification. In each category, at
least 1000 images under manifold shooting conditions were collected
at both daytime and nighttime for supervised learning, including illu-
mination changes or interferences from small portions of outliers inside
the images. A few examples are shown in Fig. 9(a).

400 1500 BT =
400 L
300 0 750 -
€
200 £ 0
>
100 = 750 .
§40g . [;=1.092
o N -1500
0 T 1000 2000 3000
(mm) y (mm) X (mm) x (mm)
(b) (©
Fig. 10.  Processing of depth information. (a) Depth point cloud repre-

sented in the robot frame. The x-axis and z-axis represent the forward
and vertical direction, respectively. The color represents data in different
heights (z). (b) Grid elevation map. (c) Top view of the grid map, where
the black straight line ahead the robot represents ROI.

As shown in Fig. 10, the second-step processing involves several
tasks related to the elevation map [20]. First, the raw two-dimensional
distance matrix measured from the depth sensor is transformed into the
robot’s coordinates after being filtered with the intensity and confidence
signal, as shown in Fig. 10(a). Then, the exploring space is divided into
grids with side lengths of 200 mm along the horizontal plane, and the
mean height of each grid is computed, as shown in Fig. 10(b). Grids
without data points due to occlusion or a far distance were assigned a
relatively high height. Gaussian blur was also applied to the elevation
map to reduce noise and increase the stability. Then, grids directly
ahead of the robot were identified as region of interest (ROI) as shown
in Fig. 10(c). Next, peak-to-peak height variation within the ROI was
computed, and its normalized value by dividing R was regarded as the
ﬁh of the environment at this specific instant. As shown in Fig. 2, if ﬁh
lies within the wheeled or legged SOZ, the robot was set to operate in
that particular mode. Otherwise, the robot was stopped.

Note that the robot’s negotiation of the terrain is a continuous process,
and a wide separation of the two half-circular legs is more effective in
giving the robot the highest likelihood of successfully navigating the
terrain. Therefore, instead of delicately controlling and programming
the separation of the two half-circular legs using an analog function of
the equivalent step height, a binary decision, wheeled or legged with
the longest leg length, was utilized.

IV. EXPERIMENTS AND DISCUSSION

The performances of the proposed strategy were experimentally
validated using the TurboQuad robot, as shown in Fig. 1. The robot
utilizes a central pattern generator as the control architecture, and
leg-wheel switching takes about 1-2 strides, as reported in [11]. The
color and depth sensors are mounted on the front of the robot. The
sensing region of the RGB camera (BIP2-128c, Basler) lies about
200 — 80000 mm ahead of the robot, with a width of 5000 mm. The
update rate for terrain classification is 40 ms. The sensing region of
the depth camera (Visionary-T, SICK) is 100 — 4000 mm ahead of the
robot, with a width of 3000 mm. The update rate of the map using the
proposed algorithm is about 300 ms

To begin, the performance of the trained network on terrain classifi-
cation was validated using an independent collected dataset, including
50 random images of each category collected at daytime and nighttime.
Statistics from the confusion matrix showed that the overall classifica-
tion accuracy could reach up to 95% for known categories, as shown in
Fig. 9(b). Judging from the results, disturbances including slight motion
blur effects, illumination changes, and outliers, such as pedestrians
or leaves, could barely influence the accuracy. The output was stable
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L, =0.91.

TABLE |
TRAVERSABILITY SUCCESS RATE COMPARISON

I e
0.73 5/5 5/5 5/5
0.86 5/5 5/5 5/5
0.91 0/5 5/5 5/5
1.00 0/5 5/5 5/5
1.18 0/5 5/5 5/5

enough that further filtering processes were needless. The prediction
error mainly came from the testing data with insufficient illumination
at night, or the obfuscation over mixed terrains. The worst scenario
was when the robot mistakenly identified the uneven terrains as the
asphalt or pavement where the robot uses the wheeled mode. Further
investigation indicated that this inaccurate classification only happened
when the robot approached the stairs or steps from far distances, and
the classification was corrected when the target was close enough.
Therefore, the model still achieved satisfactory accuracy and stability
and evidently worked well on unseen scenarios for known categories.

As an example, Fig. 11 shows the stair-climbing experiment of the
robot to exemplify the effectiveness of the SOZ. The stairs have a height
of ﬁh = 0.91, and the friction coefficient between the robot and stairs
(s, prie) was assumed to be (1.0, 0.9). The robot with the wheeled mode
shown in Fig. 11(a) was not able to climb up the stairs and kept slipping
at the corners of the stairs. In contrast, the robot with the legged mode
shown in Fig. 11(b) was able to climb up the stairs. The SOZ shown
in Fig. 11(c) also indicated that the operating point resided outside the
wheeled SOZ and inside the legged SOZ, which matched the robot
behavior. The simulation results were therefore verified to capture the
motion of the robot in terrain negotiation.

The proposed method was validated in five scenarios: on stairs, steps,
and randomly distributed tree root terrain with various [A/h‘ The ih of
the tree root was the height difference between the peak and valley.
The robot was set to negotiate the terrain using the wheeled mode, the
legged mode, and the proposed strategy. For each mode and terrain,
five experimental runs were conducted, and the success rates of terrain
negotiation were recorded (Table I). The results verified that the SOZ
could act as a critical index for mode selection, and it provided accurate
traversability prediction.

Fig. 12 shows the average power consumption of the robot during the
trials, which covers the whole obstacle negotiation process, including

1000 T T T
I \Vheeled
[ Legged
s [ 1Proposed strategy
@ 500 [ I 1
©
o II
0
0.73 0.86 0.91 1.00 1.18
Ly (m/m)
Fig. 12.  Average power consumption using only the wheeled mode,

only the legged mode, and the proposed strategy.

before, during (less than 25% of the time of the experimental run), and
after switching. The results indicate that during the wheeled mode, the
robot’s average power consumption was about 20-30% lower compared
to the legged mode when the terrain was negotiable. When the terrain
was too high to negotiate, the power increased significantly as the
simulation predicted, and the robot in the legged mode had better
traversability and better efficiency than the wheeled mode. In short,
the proposed strategy, which automatically determined and switched
the usage of the wheeled or legged mode, achieved high traversability
and lower average power without the need of manual switches. The
experimental results show that the traversability success rate and the
power consumption of the robot agree with the SOZ suggested from
the simulation. Thus, we confirmed that the simplified model in the
simulation effectively captured the dynamics of the robot in the real
world, and the corresponding optimized selection strategy reached
autonomous mode selection with higher energy efficiency.

V. CONCLUSION

This article report on a methodology to develop the behavior de-
cision strategy for the leg-wheel transformable robot TurboQuad to
autonomously adapt the wheeled mode or legged mode using real-time
RGB-Depth information. The concentric dual-leg-wheel model was
first developed to evaluate the terrain negotiability of the legged or
wheeled mechanism. The results suggested that a single terrain height-
related parameter, level height, was sufficient to be utilized and further
be concluded as the index, critical operating height, to determine the
use of legged or wheeled behavior for empirical implementation.

The two-step motion selection strategy of the robot based on RGB-
Depth sensing information was then developed. The first step utilized
color information to classify terrain into seven known landscape cat-
egories with 95% accuracy, regardless of day or night. For flat terrain
such as asphalt or pavement, the wheeled mode was directly utilized. For
other terrains, the second step utilized depth information to construct
an elevation map for extracting the height variation, so the robot could
determine the use of legged or wheeled behaviors in real time using the
SOZ. The performance of the strategy was experimentally verified in
the robot on five kinds of terrains. The results confirm that the robot
using the proposed strategy negotiated the terrain with a 100% success
rate and consumed less energy than legged-only mode.

This article the process of investigating the possibility of adding
tactile sensing or multiaxis force sensing on the robot, so the phys-
ical variation of the terrain such as compliance and damping can be
identified by the robot for gait selection.
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