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Abstract The gait transition of a quadruped walking robot
is the switching of gait with non-periodic gait sequences
between the periodic ones such as from walk to trot or trot to
walk etc. It is very much important because the robot should
change its gait depending upon the moving speed to enhance
the efficiency of locomotion. In this paper, we present a quasi-
static gait transition control method for a quadruped walk-
ing robot. It is based on the observation on the locomotion
behaviors of quadruped animals, which show a sudden and
discrete changes of gait patterns depending on the speed. The
method predefines gait transition patterns, and gait sequences
are determined according to the current and desired leg pos-
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tures. It can be useful because the applicable to any type
of walking controller. In this study, we implement the pro-
posed method on a self-contained quadruped walking robot,
called Artificial Digitigrade for Natural Environment Ver-
sion IIT (AiDIN-III), and its effectiveness is experimentally
validated.

Keywords Quadruped walking robot - Gait transition -
Leg control - Sequence

1 Introduction

The study of quadruped walking robots is a kind of clas-
sic issues in robotics and it has been performed by many
researchers for long time (Raibert et al. 2008; Jinpoong Jin-
poong; Rebula et al. 2007; Kimura and Fukuoka 2004; Koo
et al. 2007, 2009). Recently, the importance of quadruped
walking robots is emphasized again in accordance with the
increasing necessity of robots with excellent mobility and
adaptability in natural environments.

Along with the mechanical structure of a quadruped walk-
ing robot, its walking control is one of the most important
issues in order to realize successful locomotion. Up to now
various control methods have been reported, for example,
trajectory-based control (Yoneda and Hirose 1995; Hunang
et al. 2001; Choi et al. 2004), heuristic control (Chew et al.
1998; Prattetal. 2001), and oscillatory reflex control (Kimura
and Fukuoka 2004; Koo et al. 2009; Tran et al. 2009; Berns
et al. 1999; Takeuchi 1999; Allen et al. 2003) etc. How-
ever, most of them just focus on single gait pattern such as
walk or trot etc. It works well if the environmental condi-
tions do not greatly change and the required speed of loco-
motion is constant. On the contrary, it is not appropriate in
natural environments such as irregular, and rocky terrains.
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Fig. 1 TIllustration of a gait transition concept of the quadruped walking
robots

The switching of gait pattern is required to cope with various
environmental conditions and improve the efficiency of loco-
motion. In reality, quadruped animals change gait patterns
and speeds depending on the environmental conditions eas-
ily (Muybridge 1957; Alexander 2003; Santos et al. 2006). It
is also required in the quadruped walking robots as illustrated
in Fig. 1.

To cope with the aforementioned problem, algorithms
inspired from rhythmic patterns of biological systems have
been studied such as central pattern generator (CPG), cen-
tral nervous system (CNS), and cerebellar model articulation
controller (CMAC) (Inagaki and Kobayashi 1993; Tsujita
et al. 2008; Matos et al. 2009; Aoi et al. 2010, 2011; Lin
and Song 2002; Remy et al. 2010; Santos and Matos 2011).
However, these methods can applied to quadruped walking
robots, but still not easy to generally used for gait transition
control. They can satisfy the requirements of gait generation
with effectively, but not leg motion planning. Currently, to
control a quadruped robot’s locomotion involves simultane-
ously handling the motion of several legs. Furthermore, to
control leg joints, position, velocity, and torque trajectories
must be planned and thus, well-defined patterns are needed.

In this work, the locomotion and gait transition of
quadrupeds are studied by observing the walking patterns,
and stability is reviewed with respect to the stances in walk-
ing. In addition, a comprehensive analysis on determining
factors of the gait transition is conducted. Based on these,
a quasi-static gait transition control strategy is proposed. Its
main ideais to use a predetermined actuation sequence of legs
according to the phase of the feet in each gait pattern at the
instance of gait transition. The method can perform any pre-
defined gait transition sequence regardless of the complexity
of the controller while preserving stability of the robot. The
method will be implemented in a quadruped robot, called
AiDIN-IIT and validate its effectiveness.

This paper is organized as follows. In Sect. 2, gait patterns
and behaviors of the quadrupeds based on literature survey
are overviewed. And we propose a gait transition idea for fast
gait transition control of a quadruped robot. In Sect. 3, the
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gait transition control method of a quadruped walking robot
is presented in details. This section includes the quasi-static
gait transition control strategy between walking and trotting,
and the controller structure. For evaluating the performance
of the proposed idea, experiments are performed by using
a quadruped walking robot, called Artificial Digitigrade for
Natural Environment Version three (AiDIN-III) in Sect. 4.
Finally conclusions are given in Sect. 5.

2 Overviews of quadruped’s locomotion
2.1 Gait patterns

Quadrupeds move with several gait patterns such as walk,
pace, trot, and gallop etc. Among them, the walk and trot are
the gaits typically used, which are switched depending on the
required speed of locomotion and environmental conditions
(Hildebrand 1965; Song and Waldron 1989).

Figure 2 shows the phase diagram of walk and trot gait of
quadrupeds (Hildebrand 1965; Song and Waldron 1989). The
open block represents swinging phase, and the closed block
denotes supporting one. RF, RH, LF, and LH mean right-
frontleg, right-hind, left-front, and left-hind leg, respectively.
Stride length is the driven distance of the leg in each walking
step and S represents the duty factor.

Walk is characterized by having at least three legs touch-
ing the ground without significant acceleration of the robot.
At times, thus, all the feet touch the ground simultaneously.
The operating sequences of the legs in walk gait is RH, RF,
LH, and LF as shown in Fig. 2. The speed of the support-
ing phase must be kept lower than 1/3 speed of the swinging
phase (Inagaki and Kobayashi 1993). Trot is the gait that two
legs are actuated in pairs, for example two pairs of diagonal
legs with LF-RH and RF-LH as shown in the trot diagram
of Fig. 2 (Nunamaker and Blauuer 1985). The motion of the
legs in these gait patterns can be divided into supporting and
swinging phases (Inagaki and Kobayashi 1993). The support-
ing phase means the foot has contact with the ground, and
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Fig. 2 Phase diagram of walk and trot gait



Auton Robot (2015) 39:169-182

171

support and propels the robot body. In the swinging phase,
the foot is in the air, and is being repositioned for the next
supporting phase. The step length is the distance between
two consecutive feet of one leg on the ground, as shown in
Fig. 2. The status of the foot in walk can be represented by
the Duty Factor 8 defined as follows.

Supporting period of each le
B = pp gp g )

~ Period of single cycle of each leg

The duty factor means the ratio of the supporting period
to the period of single period for one stride motion. In gen-
eral, quadruped animals have duty factors of 0.75, 0.5 for
walk and trot, respectively (Inagaki and Kobayashi 1993).
The change of the duty factor implies gait transition and can
be frequently observed in quadrupeds. Digitigrade animals
such as dogs, cats, and horses select suitable gaits depending
on the velocity of locomotion or the environmental condi-
tions. They employ the walk gait in the lower speed and
switch to the trot gait as the speed increases. It can be easily
explained by using Froude number, which will be discussed
in the next section in details (Cavagna et al. 1976; Griffin et al.
2004). The development of a gait transition method similar
to the quadruped animals is possible if a suitable switching
method of the gait is considered.

2.2 Observation of quadrupeds’ behaviors

In general, the quadruped on locomotion is simply charac-
terized with Froude number defined as follows.

F=2 @

where v is the velocity of locomotion and g means gravita-
tional acceleration. / denotes a characteristic length such as
the height of the hip joint from the ground during standing as

Fig. 3 Tllustration of the
quadrupeds behaviors modeled
as an inverted pendulum

shown in Fig. 3 (Smith and Poulakakis 2004). It is based on
the analysis of the inverted pendulum model as shown in Fig
3, assuming that quadruped animals have an interchange of
kinetic and gravitational potential energy during locomotion
(Cavagna et al. 1976; Griffin et al. 2004).

Froude number can be used as an indicator of when
the gait pattern switches according to the locomotion speed
(Schmiedeler et al. 2001). In the case of F, < 1, for instance,
we expect the leg to be in compression at top of flight, and
the gait represented by this number will tend to exhibit no
appreciable swinging phases. At F,- > | we expect swinging
phase to emerge. According to Alexander and Jayes (Alexan-
der and Jayes 1983), for 1 < F, < 2, we can see symmetric
gaits emerge in quadrupeds.

2.3 Stability of walking

Research on locomotion stability has steadily proceeded for
long time (Papadopoulos and Rey 1996; McGhee and Frank
1968; Messuri and Klein 1985; Nagy et al. 1994; Ghasem-
poor and Sepehri 1995; Lin and Song 1993; Yoneda and
Hirose 1986; Fukuoka et al. 2003). The discriminant criteria
for walking stability are the most important in walking con-
trol of quadruped robots. In general, stability criteria for a
quadruped robot are divided into two cases according to the
gait patterns: one is static stability in walk gaits (Papadopou-
los and Rey 1996; McGhee and Frank 1968; Messuri and
Klein 1985; Nagy et al. 1994; Ghasempoor and Sepehri
1995), and the other one is dynamic stability, typically the
stability in trot gaits (Lin and Song 1993; Yoneda and Hirose
1986; Fukuoka et al. 2003).

Force-angle Stability Margin (FSM) (Papadopoulos and
Rey 1996), Stability Margin (SM) (McGhee and Frank 1968),
Energy Stability Margin (ESM) (Messuri and Klein 1985),
Compliant Static Stability Margin (CSSM) (Nagy et al.
1994), and force based ESM (Ghasempoor and Sepehri 1995)
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Fig. 4 Overview of stability criteria for the quadruped walking robot

are representative stability discriminants proposed by robot-
ics researchers. Among these, SM is the most frequently used
in static gait stability control of quadruped robots because it
very much stable and applicable to the most static gait con-
trol. The left one in Fig. 4 shows the basic principle of SM.
Under SM, quadruped walking robots can walk stably if the
center of mass for the robot is located in a triangular area
(the stability area) of the feet in the supporting phase during
walking, as shown in Fig. 4.

Representative theories for dynamic gait stability include
Dynamic Stability Margin (DSM) (Lin and Song 1993), Zero
Moment Point (ZMP) (Yoneda and Hirose 1986), and Wide
Stability Margin (WSM) (Fukuoka et al. 2003). Among these,
DSM and ZMP need complicated computation processes. On
the contrary, WSM is simple and it can help us control the
stability just by controlling the leg’s supporting phase. The
right side in Fig. 4 shows the basic principle of WSM. WSM
is similar to SM, but extended to dynamic gaits as depicted
in Fig. 4. Thus, WSM is applicable to stability control for
dynamic gaits of the quadruped robots, such as the trot gait.
In this work, we use SM and WSM for developing the gait
transition patterns. They are advantageous because the sta-
bility control during the transition of gait can be simplified
very much. The basic ideas of the gait transition control are
explained in the following subsection.

2.4 Proposed idea

In order to control the gait transition the following three major
issues need to be addressed: (1) the generation of the gait pat-
tern which does not hamper the continuity of leg sequences,
(2) the motion design to make the transition smooth, and (3)
preserving the stability of the robot during transition.

Fig. 5 Proposed gait transition
pattern

In the first, we explain how to generate the transition gait
patterns. In legged locomotion each leg experiences differ-
ent phase positions. Thus, independent control of the velocity
and phase for each foot are needed. We assume that the ref-
erence of each phase velocity and step length during gait
transition is the LF leg. It is reasonable because the gait pat-
tern is just phase relationship among the four legs and one
of the four, that is LF can be the reference. Figure 5 displays
the proposed transition gait pattern from “walk (Pattern A)”
to “trot (Pattern B)” or vice versa. The phase change for a
leg is clearly shown in the walk-to-trot gait transition step of
Fig. 5.

For example, RF, LF, and LH maintain the current or next
walking phase of the current walking pattern, and only RH
changes from the supporting phase to the swinging phase
differing from its regular walk sequence. The step length
and velocity should be controlled as constraint conditions,
because the walk gait has a different velocity and phase in
the supporting phase compared with the trot gait. Thus, it is
noted each leg attempts gait transition with minimum con-
trol of gait sequences. The trot-to-walk gait transition is even
simpler than the walk-to-trot gait transition. The gait transi-
tion does not need to control the step length because the trot
gait has the same velocity in the supporting and swinging
phase, and diagonal pair of legs move together as shown in
Fig. 2. Therefore, we can summarize the control sequences
in the walk-to-trot and trot-to-walk gait transition as shown
in Table 1.

Except the change of gait sequences, the robot should
change its velocity during the gait transition. The change
of velocity, that is acceleration or deceleration can be easily
determined by using Egs. (1) and (2) as follows.

Table 1 The control sequence in the walk-to-trot and trot-to-walk gait
transition in Fig. 5

Step Walk-to-Trot trot-to-walk  Description

LF No change

RH compare to LF with the change
of phase

It is reference one

RF Velocity and step Velocity
length increase  decrease

LH compare to RF without the
change of phase

compare to RH without the
change of phase

From the next step, the regular walk or trot gait pattern is carried
our(or resumed).

Walk to Trot Trot Trotto Walk  walk
— I -

Pattern A

@ Springer
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Fig. 6 The stability during the

gait transition in terms of SM Start

——— Walk Gait

Gait Transition

Trot Gait —

and WSM (black dots is the
foothold of the support legs and
white dots represent the
swinging ones), a the change of
CoM position during
walk-to-trot gait transition, b
The change of CoM position
during trot-to-walk gait

transition
VTrot—normal =V FMax 'gl X (,BMax - IBTrot) (3)
Vwaik—normal = v Fprax 'gl X (ﬁMax - ,BWulk) (4)

where V7,or—normal 1S the normal velocity of a trot gait and
VWalk—normal 18 the normal velocity of a walk gait. Fyyqy i
the Froude number in the maximum velocity for the robot.
Bumax represents the maximum Duty Factor, thatis “1”. From
Egs. (3) and (4) the velocity differences in each gait transition
state are calculated as

AVieceleration = VWalk—normal — VTrot—normal (5)
AVacceleratiun = VTrot—normal - VWalk—normal (6)

where AVgeceleration and AVycceleration denote the velocity
differences for each transition gait, respectively.

In the third, we address how to maintain the stability of
the robot during the gait transition. As depicted in Fig. 6,
the proposed method is based on SM (Stability Margin) and
WSM (Wide Stability Margin). In the case of the walk-to-
trot transition the gait transition will be performed, while
three legs are stepped on the ground as illustrated in Fig. 6a.
During the walk gait, the wavy motion of the CoM is needed
to place the CoM inside the triangle made by footholds of
support legs according to SM. On the contrary, the trot gait
just keeps the CoM of the robot inside the quadrilateral made
by two support legs and the projections of footholds of the
other two swinging ones on the ground. According to WSM,
the CoM is required to be on the geometric center of the
robot. Thus, the CoM is shifted to the geometric center in

e

(a)

advance and a leg is lifted in accordance with the trot gait
pattern.

On the other hand, the trot-to-walk gait transition may
not change the CoM, because the trot gait does not need
CoM motion as shown in Fig. 6b. Thus, the trot-to-walk gait
transition directly connects SM to WSM. After that, each gait
uses the SM or WSM according to the desired gait patterns
after finishing the gait transition.

‘We have addressed how to determine the gait pattern with
respect to LF, but it is applicable to the other cases just by
changing the reference leg. In following section, we intro-
duce a control strategy for simplifying the situations and
control variables to increase its applicability. The appropriate
values of the velocity and step length are explained.

3 Gait transition control strategy

In this section, we address how to find desired foot trajectories
and to choose the other gait patterns. In addition, the control
sequences and the strategy are explained.

3.1 Foot trajectories

As mentioned previously, the gait transition has relation to
many control variables because each leg has different phases
during locomotion. As illustrated in Fig. 7 the locomotion
sequence of the walk gait repeats footholds from Step 1 to
Step 6. Thus, the gait features separate motions of the body’s

SL/2 SL SL
b B ’ d

Step 4

Re'pgated I

Fig. 7 Typical walk gait of the quadrupeds: the grey dotted-line boxes
are body position in the previous locomotion step, and the grey solid-line
boxes are the current body positions. The black circles are the support-
ing phases of the feet, the red closed circles are the swinging phases of

the feet, and the red dotted-circles are the goal positions of the swinging
feet. The red straight dotted-line is the base position of each step, and
the black straight dotted-line is the center of the body position. SL is
the step length (Color figure online)
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CoM and the legs. For example, Step I and Step 4 need CoM
motion, and the other steps accompany the motions of legs.
Thus, three major status of the gait pattern exist as follows.

1) Status 1: the right two legs are moved one by one for a
step.

2) Status 2: to be moving the CoM of the body toward the
right side of the body.

3) Status 3: the left two legs are moved one by one.

Thus, two front and hind legs of the left or right side are
on the ground and have the same phase. For example, LH and
LF, and RH and RF are the same phase in Step I and Step
4. Therefore, the method can reduce the burden of controller
because the controller does not have to control four legs and
body’s CoM at the same time.

In the second, we address how to design foot trajectories
for the gait transition. We begin with a circular trajectory
as shown in Fig. 8, and slight modifications can be allowed

SL

Fig. 8 Proposed foot trajectories: SL is the step length, and H denotes
the foot height

Fig. 9 Illustration of the status

depending on the applications. The swinging phase starts
from point A and accelerates through B, then decelerates
from B through C, and ends at the point C. The rest of the
trajectory, including the straight linear motion line from C
to A, is the supporting phase. The foot trajectories described
in Cartesian Space, can be used in both normal gait and
gait transition. The trajectory can control the velocity, foot
height, and step length. Also, the swinging and supporting
phases can be independently controlled.

3.2 Control sequences for gait transition

The gait transition sequences are classified into two situa-
tions. The one is the sequence for walk-to-trot gait transition,
and the other is that for the trot-to-walk gait transition. In this
subsection, we explain how to build up the control sequences
for these two cases based on the proposed ideas of transition
and foot trajectories.

3.2.1 Walk-to-trot gait transition

As shown in Fig. 9, the transition steps are the combina-
tions of two PHASES, and two sub CASEs for each PHASE.
PHASE represents the foot phase search for either the sup-
porting or swinging phase for a pair of the left or right two
legs. CASE denotes the foot position search for either the
swinging phase for a pair of the front two legs or two hind
legs.

In the first, the walk-to-trot gait transition sequences are
proposed. Figure 9 displays the operating status of each leg
according to the current phase of each leg in the walk-to-trot
gait transition without considering the CoM of the body. As
shown in the right side of Fig. 9, the control strategy consists
of the following sequences: (1) walk gait start, (2) a gait tran-

Transition Commend

of each leg phase during the
walk-to-trot gait transition

Foothold

if, hind leg
swing

®
| CASE 1

Jollowing step (front legs) swing

next step trot gait

Phase Search
Supporting Phase
. ® Ended Phase
. ® Swinging Phase

Foothold

swing

% PHASE 1 ol

\'i

Case Search
I ® Status of the
a pair for two legs
Next Swinging Leg
Selecting
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sition command is given, (3) current foot PHASE search of
each leg, (4) current foot CASE search of each leg, (5) next
swinging legs are selected, (6) increase the locomotion veloc-
ity to that of the trot gait, and (7) trot gait is accomplished.
Here, each search element is detailed as follows.

— PHASE: The swing status of the left or right side two legs.

— PHASE 1 denotes the swing status of the left two legs.
— PHASE 2 represents the swing status of the right two
legs.

— CASE: The swinging motion of the front or hind two legs
in each PHASE.

— CASE I isthe swing status of the hind two legs in each
PHASE. In this case, the trot gait transition is executed
after the swinging motion of the front legs (the next
are the swinging legs after the swinging motion of
the hind legs in each PHASE) if the current swinging
legs are the hind legs.

CASE 2 is the swing status of the front legs in each
PHASE. In this case, the trot gait transition is imme-
diately executed if the current swinging legs are the
front ones.

The basic principle is to pre-make the start position of each
foot and let the body’s CoM perform the trot locomotion. The
transition gaits are carried out after swinging motion of the
front legs, that is, after the swing of the front leg swing and
the motion of the CoM.

The gait transition happens in one of four control situations
according to the connection of each PHASE and CASE as
shownin Fig. 9. If we generalize it, the gait is always switched
at the same instance, that is just after the swing motion of the

front legs by comparing operating sequences of each PHASE
and CASE. Thus, the control variables are the same in all the
control status of the gait transition.

Figure 10 visualizes the whole control sequences of the
walk-to-trot gait transition based on Fig. 9. We can note each
leg control sequence during the gait transition with the body’s
CoM control via the proposed control status of PHASE and
CASE. The control sequence has two control steps, and each
step is divided into CoM control and foot position control.
The transition control velocity Vy,; ; is determined as follows.

AVacceleration

2

where Viyaik—normal and Vycceleration €an be obtained from
Eqgs. (4) and (6). Vicceleration/2 is added in order to pro-
duce smooth gait switching by avoiding the sudden change
of velocity during the transition. As the results, the control
sequences are summarized as follows.

(N

th_t = vWalk—normal +

PHASE or CASE is selected depending on the instance
when the start of the transition is activated.

A decision is made whether the swinging motions of the
following hind legs are performed or not.

The body’s CoM is moved to the center line of the loco-
motion direction denoted as the black dotted line in Fig.
10.

The robot switches to the trot gait by using pairs of diago-
nal legs. For instance, they are RF-LH shown in Fig. 10a,
and LF-RH in Fig. 10b. They include the front legs, that
is RF in Fig. 10a, and LF in Fig. 10b. Both of them are the
legs which have done the last swing motions. In addition,
the robot uses the velocity of Vy,, ; during the transition
step. Control sequences are chosen depending on the status
of PHASE as follows.

mm) Walk Gait (Crawl) SL SL SL
> V\‘f_ ' Vs b=l h d =
e . ) @ ;
T S NI S
- T _-?4‘& ------ ; e - R
N R &TETe e e
t i—b! T % > i > % -]
SL " Move the body's CoM wit SL2 SL2 Vow SL
Transition command: If, input in here Trot Gait is done
input : CASE 1 : CASE 2 Transition step Viwor-normat
(a)
mm) Walk Gait (Crawl) SL2 SL/2
;' ';SL Vsvak-normat i ESL V'"J e niiing W o iy
LH@ [ @LFE e 0 [ - q ; .}
[ I \ i rwd

Move the body's CoM SL

Transition command : If, input in here

' V‘L 13

" Trot Gait is done SL

input : CASE 1 : CASE 2

(b)

Fig. 10 Illustration of the each leg control sequence including the
body’s CoM control step in each status of Fig. 9; the black circles are
the supporting phases of the feet, and the red circles are the swinging
phase of the feet; the red dotted open circles are the next supporting
positions of the swinging feet; the black dotted line is the center line

Transition step

Vivotenormat

of the locomotion direction between the left and right supporting feet;
the red dotted line is the CoM position of the walk gait in relation to
SM; and SL is step length; V,,, ; is the transition velocity, a Control
sequences in the PHASE 1 to CASE 1 or CASE 2, b Control sequences
in the PHASE 2 to CASE 1 or CASE 2 (Color figure online)
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— PHASE I : Change the step length of the right two legs
as SL/2 in the swing motion for each position control
step.

— PHASE 2 : Control value of the step length is the same
as in PHASE 1, but the controlled target legs are the
left two legs.

— the normal trot gait from the next step.

In this section, we propose the control sequences of each
leg and the position of CoM for walk-to-trot gait transition. In
the next subsection, the control sequence of the trot-to-walk
gait transition is addressed.

3.2.2 Trot-to-walk gait transition

In this case, there are only two PHASEs. The basic principle
and definition of the PHASE is similar to the walk-to-trot gait
transition, but the criterion for identifying PHASE is different
from the walk-to-trot gait transition. The case of PHASE in
trot-to-walk has two legs on the ground as the supporting
phase, while that of the walk-to-trot gait transition does three
legs on the ground.

Fig. 11 Illustration of the

With this, we can identify the current walking pattern
according to the number of legs on the ground. Addition-
ally, no other consideration is needed in this case, because
two diagonal legs always move together. As explained in
Fig. 11, the trot-to-walk gait transition has six control steps
without CASE step. The control steps are composed of the
sequences such as (1) trot gait starts (2) The gait transition is
activated (3) the current foot PHASE search of each leg (4)
next swinging leg is selected for gait transition (5) decrease
the locomotion velocity to walk gait (6) switch to the walk
gait. Here, the PHASE 3 and PHASE 4 are defined as follows.

— PHASE 3:

— Both of LF and RH are in the swinging status.
— The leg starting the transition step is LH.

— PHASE 4
— Both of RF and LH are in the swinging status.
— The leg starting the transition step is RH.

Figure 11 can be re-drawn as Fig. 12 to easily explain the
control sequences of each leg. Here, the transition velocity

Transition Commend

Trot gait Start ee——l
3 " -

status for each leg phase during
the trot-to-walk gait transition

Foothold
Phase Search
Tpatern Y if, RF-LH N
' changing Swinging 1 Next Swinging Leg
Left and right legs is @ Selectin 2

Transition (RH)

=) Trot Gait
B~

1 same phase position in ground

Decrease the
¢ Locomotion Speed

. Walk gait

Move the body's CoM  SL
Virot-normat L

LH@ [ LF

Transition

input : PHASE 3

mmp Trot Gait 2SL 2SL
i ——— F -------- s-q-
) M
o e
Mmelhe body's CoM 2y SL g v SL
Transition wak-normal
input : PHASE 4 Transition step Vi, . Walk Gait is done

(b)

Fig. 12 Illustration of the control sequences in the trot-to-walk gait transition; each element is the same as Fig. 10, a Control sequence in the

PHASE 3, b Control sequence in the PHASE 4
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Viw_+ 1s determined as follows.

AVieceleration
Vtw_t = VTrot—normal - f (8)

where, Viror—normal and Vieceleration can obtained by Eqgs.
(3) and (5). It helps a smooth gait transition by avoiding the
sudden velocity change similarly to the walk-to-trot transi-
tion. As shown in Fig. 12 these sequences can be simpli-
fied with four steps similarly to the walk-to-trot transition.
Based on Fig. 12 the control sequences are summarized as
follows.

— The PHASE is selected according to the instance when the
transition command is activated.

— The body CoM is moved to the CoM position of the walk
gait (the opposite direction of the last moved hind leg).

— Anactive leg is selected among the RH and LH (according
to each PHASE), and the gait transition is started. The leg
is moved with the velocity of V;,, ; and the normal step
length.

— The next step uses the front leg of the active leg with the
normal step length.

— The body CoM is moved to the opposite CoM position of
the previous position as the walk gait CoM motion.

— The next step uses the opposite side hind leg of the chosen
leg with the step length of 2SL.

— The last step uses the front leg of the finally moved leg
with step length 2SL.

— The robot is switched to the walk gait from the next walk-
ing step.

4 Experimental validations

The proposed gait transition control strategy has been imple-
mented on a quadruped walking robot, called AiDIN-III, and
its performances were experimentally validated. In the exper-
iments, we used a gait controller proposed by Trong et. al but
the gait transition strategy can be applied to the other con-
trollers (Tran et al. 2012).

Figure 13 shows the overall flowchart of the algorithm.
When the leg transition sequence cannot be used to find a
solution for the transition situation, the robot tries again the
search step.

4.1 Outline of quadruped walking robot AiDIN-III

AiDIN-IIT shown in Fig. 14 has totally 16 DOFs, and each leg
has 3 active joints and 1 passive one. The size of the robot is
(394 (h) x 389 (I) x 135.5 (w) mm), and total weight is about
12.4Kg including all of parts on the interior and exterior. Each
active joint is controlled by a DC motor with an encoder to
measure joint angle. In addition, an IMU sensor is attached

Walk or trot locomotion

T

| Initial gait pattern Transition position completion
P— of feet for a walk or trot
i Transition}
iCommand; t

Transition step operating
and move to CoM

Find 4 Yes

No ~ -
foothold PHASE —_Found? _—
v

|Find current gait patternl

Find Find transition operating legs inside
foothold CASE set of candidate CASE and PHASE
v t
| Find stability margin and position of CoM I

Fig. 13 Overall flowchart of the proposed transition control
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Fig. 14 Quadruped robot AiDIN-III

to the robot body to measure the orientation (roll-pitch-yaw
angles), body linear acceleration and rotational velocity. Fur-
thermore, each leg is equipped with a load cell (z-direction)
to measure the linear force acting on linear passive joint and
the contact ON-OFF state of the leg.

The control system is based on Single Board Computer
(SBC) and a realtime OS, called Xenomai is used for building
up the control program. The motion command is delivered
from a separate computer that connects to the SBC via wire-
less communication. Each motor is controlled by a dsPIC
driving circuitry. These circuits communicate with SBC via
CAN protocol.
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Fig. 15 Snapshot of the gait transition control experiment on outdoor flat terrain: gait transition steps are walk to trot (step 5), trot to walk (step

8), and walk to trot (step 12)
4.2 Experiments

In the experiments, each of different gait patterns and transi-
tion were commanded and tested with the robot. The experi-
ments were performed during 105 sec, and the robot walked
with crawl and trot gait in 0.1 m/sec and 0.15 m/sec, respec-
tively. The robot was run on various real environments such as
flat terrain with blocks, irregular terrain with gravel etc. Gait
transition commands were given as the following sequences:
1) the crawling, 2) trotting, 3) crawling, 4) trotting, 5)
stop.

Figure 15 presents snapshots depicting the experiments in
the flat terrain with blocks. In this figure, the step 5 (walking
to trotting), step 8 (trotting to walking), and step 12 (walking
to trotting) show the moment of the gait transition.

Figure 16a shows the actual foothold position for the front
left (FL) and right leg (FR), hind left (HL) and right leg
(HR) of the robot in experiments. In this figure, the robot
could follow the gait transition motion. 5 ~ 32 sec was the
walk gait, and around t = 32.5 sec was the moment of gait
transition from walk to trot. 33 ~ 53 was the trot gait and
around 53 ~ 55 sec was the moment of gait transition from
trot to walk, and 55 ~ 83 sec was walk gait. Around t = 83
was the moment of gait transition as walk to trot, and finally,
84 ~ 105 was the trot gait, again. As shown in this figure,
proposed control strategy could perform the gait transition
successfully.

@ Springer

Figure 16b shows the data measured from load cell when
each foothold touched the ground. This sensor measured the
state of each legs of the robot such as the swinging and the
supporting state (i.e. each PHASEs and CASEs), and used to
gait transition control of the robot. Comparing with Fig. 16a,
b, it is noted that the sensor produced a reliable measurement
for the state of each leg, and nicely used to control of the gait
transition. In addition, Fig. 16¢ shows the changes of roll
and pitch, yaw angle with IMU sensor during this task. The
robot kept balance with smaller range of rolling and pitching,
yawing angle as shown Fig. 16c.

In the second, the method was tested in the irregular terrain
as shown in Fig. 17. In this figure, the step 4 (walking to
trotting), step 7 (trotting to walking), and step 12 (walking to
trotting) show the moment of the gait transition. The detailed
data of this experiment is shown in Fig. 18. As shown in the
figure, the robot switched the gate successfully and balanced
well during the transition. In addition, the leg pose was also
adapted very nicely.

5 Conclusions

In this paper, we proposed a quasi-static gait transition con-
trol strategy prerequisite to modulate the speed of locomo-
tion of the quadruped walking robot such as walk-to-trot and
trot-to-walk gaits. It easily controls the gait transition with-
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Fig. 16 The experimental data of the robot gait transition motion on flat terrain, a actual leg position, b load cell data at the foothold touch on the
ground, ¢ RPY angle of the body
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Fig. 17 Snapshot of the gait transition control experiment on outdoor irregular terrain: gait transition steps are walk to trot (step 4), trot to walk
(step 7), and walk to trot (step 12)

@ Springer



180

Auton Robot (2015) 39:169-182

XYZ actual position (m)

(a)

o3segEE _wrzzil

Load cell sensing (pulse)

Angle (rad)

(b)

Time (sec)

(©)

Fig. 18 The experimental data of the robot gait transition motion on irregular terrain, a actual leg position, b load cell data at the foothold touch

on the ground, ¢ RPY angle of the body

out complex patterns just by adding new operating sequences
of the legs in the gait transition. It is advantageous because
it does not need dedicated controllers and can be included
in various walking controllers. Also, the walking stability as
well as independent control of the normal walking patterns
such as walk or trot are guaranteed. We have implemented it
in the robot AiDIN-III and its usefulness was validated. In
fact, AiDIN-III cannot running gait not yet from mechanical
elements such as vertebrae, whole weight, motor power, and
etc. For this reason, we have not proposed the running trot
(duty < 0.5) gait transition method in this paper, and we are
working on it as the future works.
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