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Abstract: Whole-body motion planning is a key ability for legged robots, which allows for the
generation of terrain adaptive behaviors and thereby improved mobility in complex environment.
To this end, this paper addresses the issue of terrain geometry based whole-body motion planning for
a six-legged robot over a rugged terrain. The whole-body planning is decomposed into two sub-tasks:
leg support and swing. For leg support planning, the target pose of the robot torso in a walking step
is first found by maximizing the stability margin at the moment of support-swing transition and
matching the orientation of the support polygon formed by target footholds. Then, the torso and
thereby the leg support trajectories are generated using cubic spline interpolation and transferred into
joint space through inverse kinematics. In terms of leg swing planning, the trajectories in a walking
step are generated by solving an optimal problem that satisfies three constraints and a bioinspired
objective function. The proposed whole-body motion planning strategies are implemented with
a simulation and a real-world six-legged robot, and the results show that stable and collision-free
motions can be produced for the robot over rugged terrains.
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1. Introduction

Over the last few decades, six-legged robots seem to have received much attention for several
reasons. First, six-legged robots are useful scientific tools that can be employed to investigate
complicated biological mechanisms such as biomechanics and neuroscience, on the side of biology,
and planning and control algorithms, on the side of robotics [1–5]. Second, six-legged robots can
be used in many application scenarios like search and rescue [6,7]. As a result, to date a variety of
six-legged robotic platforms have been constructed.

Locomotion in complex terrain is one of the fundamental topics for legged robotic research.
Broadly, various strategies adopted in the literature may be categorized into different approaches.
The first is an executing-reacting approach which means the robot executes its predefined motions
first then adapts to terrain changes through reactive behaviors. An example in this approach is the
RHex-like robots which employ special-designed curved legs to achieve robust locomotion in rugged
terrains [8,9]. Such designs are simple, reliable and able to mechanically adapt to a certain degree of
terrain roughness. Further, a number of legged robots integrate various control strategies to actively
adapt to rugged terrain. Impedance control and posture control are two commonly used strategies in
this line [6,10,11]. A number of six-legged robots also integrate different reflexes, including stretch
reflex, searching reflex, stepping reflex, and elevator reflex, to react to obstacles or holes during stepping
motions, thereby increasing the robot mobility on unstructured terrain [6,11–13]. An alternate approach
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is a planning–reacting paradigm, which means reasonable motion would be deliberately planned before
robot executing and additional terrain uncertainty would be overcome by reactive motion control.
For example, Lee and Song propose a Bezier curves based path planning method, which enables
a quadruped robot to generate a feasible path in an obstacle-strewn environment [13]. Likewise, in [14],
the authors label the obstacles as accessible or inaccessible regions and then plan path for a legged robot
by employing the potential field algorithm. A recent example is the BigDog quadruped robot, in which
an optimal path was found using 2D cost map and A ∗ algorithm [15]. On this basis, the planned
path is commanded to be followed using robustly reactive motion controllers. With these approaches,
robotic legged locomotion can be accomplished over moderately rugged terrains.

Similar to human rock-climbing, whereby the climber has to carefully plan his/her foot/hand
motions according to the rock wall and his/her capability, over severe rugged terrains, deliberate
whole-body motion planning has to be conducted for legged robots. In addition, careful whole-body
motion planning is also helpful for legged robots to address the limitations of its own kinematics,
for example, a better kinematic margin for subsequent robot movements. In this line, Belter et al.
proposes two-layered whole-body motion planning for the six-legged robot Messor according to
surrounding environment models. The authors use a higher-level planner, which uses A ∗ algorithm to
plan a path, and a lower-level planner, in which the guided-RRT is applied to find feasible motion
trajectories of 18-dimensional joint space [7]. Kalakrishnan et al. employs a combination method of
planning and optimization for a quadruped robot walking dynamically over rugged terrains [16,17].
The trajectory of the robot CoG is generated by a series of quintic spline curves. The trajectory
of the robot torso is given by optimizing squared accelerations along the trajectory based on the
zero-moment point (ZMP) stability criterion. The foot trajectories are initially generated according to
the convex hull of the terrain from the start location and the target location using piece-wise quintic
splines, and then subsequently optimized to eliminate potential shin or knee collisions. Vernaza et
al. decompose the planning problem of a quadrupedal robot into two main phases, namely an initial
global planning phase, which searches for feasible footstep trajectories by the use of the R* search
algorithm, and an execution phase, which dynamically generates complete joint trajectories according
to the planned footstep trajectories [18]. All these attempts have demonstrated the effectiveness of
appropriately generating whole-body motions for legged robots and thereby increased the robot
mobility on unstructured terrain.

In this paper, we focus on the issue of terrain geometry based whole-body motion planning for
a six-legged robot walking on rugged terrain. In our method, leg support and swing are planned
respectively. For leg support, maximizing the stability margin of support-swing transition is mainly
considered, which is distinct from the existing method. In terms of leg swing planning, the problem
was formulated as an optimal control procedure that satisfies a series of locomotion task terms while
minimizing a biologically-based objective function. To better concentrate on the motion planning
problem, it is assumed that the terrain has been already obtained in advance and described by a 2.5D
grid-type digital elevation model (DEM). DEM provides a compact representation, allows for efficient
processing, and avoids the complexity of using full three-dimensional maps. The remainder of the
paper is organized as follows: Section 2 presents a whole-body motion planning method for six-legged
robots, including support and swing planning. Then, the results of both the simulation and experiment
are presented and analyzed in Section 3, followed by a necessary interpretation of the observed
behaviors. Finally, Section 4 concludes with a brief summary of the paper.

2. Methods

Whole-body motion planning is crucial to achieve mobile and robust robot walking.
For a six-legged robot, the whole-body motion can be divided into two parts: one is that some
of the six legs support and propel the torso to achieve corresponding movements on the ground;
the other is that the rest legs take the torso as a floating base and perform swing movements in the



Appl. Sci. 2019, 9, 5284 3 of 11

air. This section first analyzes the stability of six-legged robotic walking, then introduces the motion
planning methods of support and swing, respectively.

2.1. Stability Analysis of Six-Legged Robotic Walking

Stability is the premise of effective motion of a robot. It is necessary to ensure sufficient stability
margin in the whole process of six-legged robotic walking [19]. That is to say, the center of gravity
(CoG) of the robot should be always in the horizontal projection of the supporting polygon formed by
supporting legs at the beginning, during moving and at the end of each waking step. Figure 1 illustrates
an example of tripod gait with a duty cycle of 0.5. In this example, a, b, and c are the supporting
points of current supporting legs, ∆abc is the formed supporting triangle; d, e, and f are the target
supporting points for the following step of the robot, ∆def is the supporting triangle for the following
step; the shaded area is the overlap of ∆abc and ∆def; O1, O2, and O3 are the centers of the maximum
inner circle of ∆abc, ∆def and the overlap, respectively. Without loss of generality, it is assumed that,
at the beginning, the horizontal projection of the robot CoG is at the incenter O1 of ∆abc. When the
six-legged robot starts to move, the projection of the robot CoG on the horizontal plane gradually moves
along the forward direction from O1 until the walking is completed. According to the definition of robot
stability [19], in order to ensure the stability of the robot in the whole walking process, two conditions
need to be satisfied: 1. Before the swing legs contact the ground, the projection of the robot CoG must be
within ∆abc; 2. After the swing legs contact the ground, the projection of the robot CoG must be within
∆def. This requires that the projection of the robot CoG on the horizontal plane falls in the overlap
of the two triangles at the moment of support-swing transition. Otherwise, when the supporting leg
changes, the robot will become unstable, thereby leading to failure of the whole walking task or even
damage to the robot hardware. Furthermore, in order to ensure that the robot can maintain a large
stability margin at the moment of support-swing transition, it is better that the horizontal projection of
the robot CoG falls at the incenter O2 of the overlap at the moment of transition.
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Figure 1. Schematic of stability of six-legged robotic walking with tripod gait.

According to the above analysis, the motion of the robot torso in a walking step can be divided
into two stages: as illustrated in Figure 1, the first stage is the movement from O1 to O2, and the second
stage is from O2 to O3. This paper mainly discusses the planning problem of the first stage, which is
the key point to ensure stable walking. The movement from O2 to O3 is implemented via control
adjustment which is out of the scope of this paper.

2.2. Support Planning

While walking in rugged terrain, the spatial distribution of footholds for support legs is complex
and various, probably leading to inclination and destabilization of the robot. Therefore, it is necessary
to plan, in advance, the movements of the robot torso and thereby the movement of each supporting
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leg. In addition, proper motion is also helpful to enhance the stability and terrain adaptability of the
robot. In this context, the six-dimensional torso pose would be considered. The overall process of
support planning is demonstrated in Figure 2.Appl. Sci. 2019, 9, x FOR PEER REVIEW 4 of 11 
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2.2.1. Torso Horizontal Position and Height

For a walking step of the six-legged robot, one key point of motion planning is to find a proper
target state that maximizes the stability margin of the robot, then the robot can move from current state
to the target state. According to geometric knowledge and the definition of stability [19], when the
projection of the robot CoG is exactly at the center of the maximum inner circle of the support polygon
formed by target footholds, the robot can obtain the maximum stability margin. In order to derive the
incenter O2 (Xr, Yr) of the support polygon, as illustrated in Figure 3, the following steps are adopted:
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Figure 3. Flow diagram to find the incenter of the support polygon.

Step 1: Arbitrarily select a point S (Xs, Ys) in the polygon as the incenter to start calculation. In this
paper, we choose the midpoint of two vertices of a polygon that are not adjacent to each other.
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Step 2: Calculate the shortest distance from the incenter S to each side of the supporting polygon
and the position of the corresponding points. The two points closest to each other were determined
and recorded as A (XA, YA), distance LA, B (XB, YB) and distance LB, respectively.

Step 3: Select a new point C (XC, YC) according to the following rules: if A, B and S are collinear,
then C = A; if A, B and S are not collinear, then choose XC = XA + LA

LA+LB
(XB −XA)

YC = YA + LA
LA+LB

(YB −YA)
(1)

Step 4: Set the step size factor a, and take a point S’ (Xs, Ys) on the extension line of CS as the new
center of the calculation circle according to the following rules, namely:

XS′ = XS + a (XS−XC)√
(XS−XC)

2+(YS−YC)
2

YS′ = YS + a (YS−YC)√
(XS−XC)

2+(YS−YC)
2

(2)

Step 5: Repeat Step 2 with the newly calculated center S’, and compare the calculated minimum
distance L’ with LA. If the value of L’ increases, continue Steps 3 and 4; otherwise, the step factor is
decreased to 0.5a and recalculate the incenter with Equation (2). With cyclic calculation of the above
steps, the incenter O2 (Xr, Yr) of the maximum inner circle of the supporting polygon can be obtained.
In this regard, the planning task of support legs is to propel the horizontal position of the torso from
the current O1 to the incenter O2 (Xr, Yr) of the support polygon.

In terms of the torso height, the purpose is to keep a certain distance from the ground. In this
paper, it is prescribed that the robot CoG and the incennter of the supporting polygon are always
maintained at a certain height h. This can prevent the collision between the robot and the ground
simply and effectively.

2.2.2. Torso Posture

The so-called torso posture mainly refers to the inclination of the body in space, which can be
expressed by yaw α, pitch β and roll γ, respectively. Among them, the yaw α is determined by the
robot’s moving direction, so the posture planning in this section is mainly the pitch β and roll γ of the
torso. In order to obtain the target posture of the robot torso, the following steps are adopted:

Step 1: Derive the target supporting polygon by fitting the target footholds and calculate the pitch
βSP and the roll γSP of the supporting polygon;

Step 2: Calculate the desired pitch βd and roll γd according to the following formula{
βd = 0.5(βSP + βa)

γd = 0.5(γSP + γa)
(3)

where, βa and γa are the current inclination parameters of the robot torso collected by the pose sensor.
So far, we have obtained the initial and termination values of the six-dimensional motion of the

robot torso. Since the torso is passive and has no active driving ability, its movement is completely
propelled by supporting legs. Therefore, the torso motion needs to be transferred to the joint space of
each supporting leg of the robot. For this purpose, N path points are collected from all directions of
the torso, and then the path points of each supporting leg joint are obtained by means of kinematic
transformation and calculation. Next, these path points are interpolated by cubic spline curve to obtain
smooth joint trajectories. Let θl j

1 ,θl j
2 , · · ·θl j

N be the corresponding path points of each supporting leg
joint, where l is the number of supporting legs, j = 1, 2 and 3 are the three joints of a certain supporting
leg, and N is the number of path points. For any joint j of a supporting leg l, the cubic spline curve S is
constructed to meet the path points and continuity conditions, namely:
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S(ti) = θ
l j
i , i = 1, 2, · · ·N

lim
t→ti

S(t) = S(ti), i = 2, 3, · · ·N − 1

lim
t→ti

S′(t) = S′(ti), i = 2, 3, · · ·N − 1

lim
t→ti

S′′ (t) = S′′ (ti), i = 2, 3, · · ·N − 1

(4)

where ti is the motion time variable corresponding to each path point. In addition, in order to solve the
equation, the boundary conditions are further set up:{

S′(t1) = 0
S′(tN) = 0

(5)

With a total of 4(N− 1) boundary conditions, the unique joint interpolation trajectories can be obtained.

2.3. Swing Planning

Swing occurs when the legs take the torso as a floating base and perform swing movements in the
air, as depicted in Figure 4a. Under this circumstance, each swing leg can be considered as a three-axis
manipulator. For such a configuration, energy-optimal collision-free motion planning is usually
considered in the literature [20]. Alternatively, it is also adopted to integrate the moving principles of
human or animal limbs into the motion planning of robotic legs. This could be advantageous in terms
of achieving a natural and graceful leg swing. In this context, the swing planning is formulated as
an optimization problem. The objective function of the generated optimization problem is established
upon the underlying optimality criteria of animal locomotion. In addition, three types of constraint are
considered, namely terrain clearance, initial/final constraint, and physical limit. A direct transcription
method called the Gauss pseudospectral method (GPM), which is characterized by fast convergence,
is adopted to solve the optimization problem. The entire swing planning procedure is summarized in
Figure 4b. More details about swing planning can be obtained in our publication [21].
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Figure 4. Swing planning of the hexapod robot. (a) Schematic of leg swing. (b) Schematic of the swing
planning process.
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3. Results

3.1. Simulation

To validate the whole-body planning method, a simulation platform, consisting of a patch of
rugged terrain and a six-legged robot, is built, as shown in Figure 5. The size of the rugged part is
400 × 800 mm. The maximum peak height is about 178 mm (height of the robot torso in initial state
is roughly 170 mm). The black balls in the figure correspond to rotational joints of the robot. In this
simulation, the robot is commanded to walk across the rugged terrain patch along a given walking
path using the alternating-tripod gait [7,22–24].

To implement the walking simulation, a set of footholds are given manually, according to the
given walking path as well as the current position and pose of the robot. The green balls in Figure 5
correspond to those given footholds. The maximum foothold height is 80 mm while the minimum
height is roughly 10 mm. On this basis, the proposed planning method is employed to produce
whole-body motion of the six-legged robot. In specific, for each walking step, the six-dimensional
trajectories of the robot torso are planned according to the strategies in Section 2.2. The results
are shown in Figure 6. It can be seen from the torso pitch curve that the robot first performs the
hill-climbing movement and then the down-hill movement, which is also consistent with the given
terrain geometry. From the torso roll curve, it can be seen that obvious oscillations occur in the middle
of the walking process, and this is mainly due to the larger height differences of the given footholds
in these walking steps. In addition, the relatively large change in the lateral direction of the robot
torso is to maximize the stability margin of the robot. The foot trajectories of swing legs are generated
using the scheme in Section 2.3. After that, the planned trajectories are converted to the joint space
through inverse kinematics, as shown in Figures 5 and 7 which depict the consecutive snapshots of the
robot walking. By monitoring the joint positions in simulation, it can be seen that the robot maintains
a proper kinematic margin during walking, thereby ensuring a good flexibility and ample room for the
adjustment of robot states.
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3.2. Experimental Study

This section discusses the experimental verification of the proposed planning method with our
six-legged robotic platform (as illustrated in Figure 8). Specific design and control details about the
robot are available in references [5,21,25]. The experimental setup is illustrated in Figure 9. The robot
is commanded to walk through the specified terrain with a certain initial state. The terrain, which is
3D printed by PLA material, is irregular wave shape. Its size is about 850 × 800 mm (width × length).
The maximum peak height is about 160 mm. According to our experimental observations, for the
terrain with small obstacles shown in Figure 8, the irregularities can be overcome using fixed motions
and reactive control. However, the robot would capsize if the fixed motions are still used for the
irregular wave terrain in Figure 9. This is because, severe nonuniform distribution of foot forces and
foot slippages would occur when the robot places its feet onto the irregular peaks. As a result, it is
necessary to plan the whole-body motion of the robot according to the terrain in advance.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 8 of 11 

  
(a) leg 1  (b) leg 2 

  
(c) leg 3 (d) leg 4 

  
(e) leg 5  (f) leg 6 

Figure 7. Trajectories of all the joints of the robot. 

3.2. Experimental Study 

This section discusses the experimental verification of the proposed planning method with our 

six-legged robotic platform (as illustrated in Figure 8). Specific design and control details about the 

robot are available in references [5,21,25]. The experimental setup is illustrated in Figure 9. The robot 

is commanded to walk through the specified terrain with a certain initial state. The terrain, which is 

3D printed by PLA material, is irregular wave shape. Its size is about 850 × 800 mm (width × length). 

The maximum peak height is about 160 mm. According to our experimental observations, for the 

terrain with small obstacles shown in Figure 8, the irregularities can be overcome using fixed motions 

and reactive control. However, the robot would capsize if the fixed motions are still used for the 

irregular wave terrain in Figure 9. This is because, severe nonuniform distribution of foot forces and 

foot slippages would occur when the robot places its feet onto the irregular peaks. As a result, it is 

necessary to plan the whole-body motion of the robot according to the terrain in advance.  

 

Figure 8. Physical prototype of the robot. 

 

Figure 9. Schematic of walking experiment on irregular wave terrain. 

Figure 8. Physical prototype of the robot.



Appl. Sci. 2019, 9, 5284 9 of 11

Appl. Sci. 2019, 9, x FOR PEER REVIEW 8 of 11 

  
(a) leg 1  (b) leg 2 

  
(c) leg 3 (d) leg 4 

  
(e) leg 5  (f) leg 6 

Figure 7. Trajectories of all the joints of the robot. 

3.2. Experimental Study 

This section discusses the experimental verification of the proposed planning method with our 

six-legged robotic platform (as illustrated in Figure 8). Specific design and control details about the 

robot are available in references [5,21,25]. The experimental setup is illustrated in Figure 9. The robot 

is commanded to walk through the specified terrain with a certain initial state. The terrain, which is 

3D printed by PLA material, is irregular wave shape. Its size is about 850 × 800 mm (width × length). 

The maximum peak height is about 160 mm. According to our experimental observations, for the 

terrain with small obstacles shown in Figure 8, the irregularities can be overcome using fixed motions 

and reactive control. However, the robot would capsize if the fixed motions are still used for the 

irregular wave terrain in Figure 9. This is because, severe nonuniform distribution of foot forces and 

foot slippages would occur when the robot places its feet onto the irregular peaks. As a result, it is 

necessary to plan the whole-body motion of the robot according to the terrain in advance.  

 

Figure 8. Physical prototype of the robot. 

 

Figure 9. Schematic of walking experiment on irregular wave terrain. Figure 9. Schematic of walking experiment on irregular wave terrain.

In the experimental procedure, both the robot and the 3D-printed terrain are placed at the
designated locations, and as a result, the terrain information is known for the robot. In addition,
a set of footholds are given manually according to the terrain geometry. The maximum foothold
height is roughly 19 mm while the minimum height is about 148 mm. Under this circumstance,
the proposed planning method is used to produce and calculate the movements of the torso and legs.
Then the joint trajectories are obtained by inverse kinematics. In addition, motion control is crucial
for the experiment implementation. Various robot control methods have been proposed, effectively
improving the performance of robots [26–28]. In this experiment, our aim is to validate the proposed
motion planning method, as a result, each joint is just PD controlled to ensure accurate leg movements,
and impedance control is added in each leg-end to deal with ground reaction force. Snapshots of the
real-world robot walking over irregular wave terrain are shown in Figure 10. Experiments show that
the robot successfully traverses the given terrain.
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Figure 11 shows the trajectory curves of the torso and leg joints during the experiment. The walking
details can be learnt from the trend of these curves. Specifically, as shown in Figure 11a, the pitch
angle of the robot torso first presents an increasing trend, which corresponds to the initial climbing
motion of the robot. Then, the pitch angle shows a decreasing trend, but still maintains positive value,
indicating that the front leg or middle leg of the robot has reached the flat terrain shown in Figure 9.
The pitch angle becomes roughly 0, indicating that the robot has completely crossed the wave terrain.
Small changes of the torso rolling reflect the adjusting effect of the robot during walking.

Figure 11b shows variations of the joint angles in the left foreleg of the robot. Overall, the three
joints display a periodic characteristic, which is consistent with the reciprocating motion of legged
locomotion. In addition, the trajectories are also different in each walking cycle, which is, on the
one hand, due to the terrain irregularity and thereby the different step lengths of each step. On the
other hand, the adjustments of the control system to each joint are also different in the course of
motion. Through the walking experiment on irregular wave terrain, the adaptability of the robot on
complex terrain is further demonstrated, and the effectiveness of the motion planning mentioned
above is illustrated.
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4. Conclusions

In this work, the whole-body motion planning of a six-legged robot over rugged terrain is explored.
The planning problem is decomposed into support motion and swing motion. For support motion,
stability maximization and orientation matching are mainly considered to search for the target pose of
the robot torso, and then the motion in each support leg is generated using cubic spline interpolation.
In terms of swing motion, the problem was transferred into an optimization problem, which minimizes
a bioinspired objective function and satisfies three constraints. Both simulations and real-world
experiments are conducted to validate the proposed whole-body motion planning method. In the
future work, we will focus on dynamic control schemes of legs to enhance the terrain adaptivity of
the robot.
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