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Abstract
Adaptive locomotion over diﬃcult or irregular terrain is considered as a superiority feature of walking robots
over wheeled or tracked machines. However, safe foot positioning, body posture and stability, correct leg
trajectory, and eﬃcient path planning are a necessity for legged robots to overcome a variety of possible
terrains and obstacles. Without these properties, any walking machine becomes useless. Energy consumption
is one of the major problems for robots with a large number of Degrees of Freedom (DoF). When considering
a path plan or movement parameters such as speed, step length or step height, it is important to choose the most
suitable variables to sustain long battery life and to reach the objective or complete the task successfully. We
change the settings of a hexapod robot leg trajectory for overcoming small terrain irregularities by optimizing
consumed energy and leg trajectory during each leg transfer. The trajectory settings are implemented as
a part of hexapod robot simulation model and tested through series of experiments with various terrains
of diﬀering complexity and obstacles of various sizes. Our results show that the proposed energy-eﬃcient
trajectory transformation is an eﬀective method for minimizing energy consumption and improving overall
performance of a walking robot.
Keywords: hexapod walking robot, irregular terrain, obstacle avoidance, energy consumption, leg trajectory
optimization.
© 2019 Polish Academy of Sciences. All rights reserved

1. Introduction
Research on walking robots has become more frequent as a research object due to their
resemblance to animals or insects that have developed most eﬀective methods for adaptive
movement and energy eﬃciency through billions years of evolution. In nature, there are no
animals that use wheels instead of legs to move [1], while multi-leg animals such as insects or
Copyright © 2019. The Author(s). This is an open-access article distributed under the terms of the Creative Commons AttributionNonCommercial-NoDerivatives License (CC BY-NC-ND 3.0 https://creativecommons.org/licenses/by-nc-nd/3.0/), which permits use, distribution, and reproduction in any medium, provided that the article is properly cited, the use is non-commercial, and no modifications or
adaptations are made.
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spiders can traverse rough terrains with high speed and in energy-eﬃcient way. Legged robots
with many Degrees of Freedom (DoF) excel the wheeled robots in movement flexibility and
adaptability to diﬀerent terrains by their ability to actively adjust the body height in order to
ensure their stability and balance [2]. As a result, legged robots can overcome obstacles that
are larger than the similarly sized wheeled robots and are limited only by the length of the
robot’s leg.
Adaptive locomotion and energy consumption are major challenges for all walking robots
[3]. Specifically, hexapod walking robots have attracted considerable attention because of their
stability due to always having at least three supporting legs. Also, they have high ability in walking
in complex and unstructured environments such as industrial sites or disaster areas [4], variable
geometry, manoeuvrability, omnidirectional movement, low footprint, high fault tolerance, faster
walking speed and a large number of diﬀerent gaits available [5]. Any modification of gait
configurations results in numerous opportunities for optimization as well as research challenges
[6]. Finally, robots with six or more legs do not usually require profound dynamic kinematics
analysis, because of their static and dynamic stability.
Many robotic scientists have addressed problems of multi-legged walking over irregular terrain
such as quadruped robot with a neural system model to implement online dynamic walking [7],
generation of gait using zero-moment point (ZMP) condition and energy-feedback control [8],
adaptive gait capable of generating reactive stepping for hexapod robot with sensor feedback
[9] and fault-tolerant gait for adaptive locomotion [10]; Central Pattern Generator (CPG)-based
locomotion methodology along with force feedback in order to generate adaptive gaits [1], bioheuristic control strategy based on the CPG model using Hopf oscillators and Radial Basis
Function Neural Network (RBFNN) [11]; a fully connected Recurrent Neural Network (FCRNN)
with multi-objective continuous ant colony optimization (AMO-CACO) for gait generation of
a biped robot [12]; using Bezier curves to optimize foot trajectory and improve the motion
performance of a quadruped robot [13]; adaptive step size depending upon the identified terrain
type [14] and adaptive walking controlled by a neuro-mechanical controller with Modular Neural
Network (MNN) coupled with sensorimotor learning [15].
The problem of high energy consumption in walking robots comes from a large number
of DoF. Most quadruped robots have 12–16 DoF while most hexapod robots have 18–24 DoF.
This makes energy minimization a diﬃcult task that requires in-depth analysis on how energy
consumption depends on robot walking parameters (such as step length and height), gait styles,
etc. Minimizing energy loss can be implemented by analysing and selecting best fitting gait style
or gait parameters [16–21] or by observing turning motion [22]. However, in all these works only
wave and tripod gaits were used and no other walking patterns were included.
Other works on minimization of energy consumption include the development of a more
complete dynamics model [23], design of eﬃcient actuators [24, 25], extending the bearing
fatigue life for leg joints [26], development of elastic load suspension mechanism [27], new leg
design [28], or a control system with genetic algorithm (GA) to observe battery life and move
to recharge station location [29], a dynamical model considering the inertial eﬀects of the legs
[30], and GA combined with inverse kinematics and trajectory planning [4]. None of these papers
studied a more important aspect of walking robots, which is their ability to overcome obstacles.
Being able to minimize energy consumption while robot is traversing over various terrains would
make walking robots more reliable in real missions. Recently, there have been some attempts to
develop methods for walking over irregular terrain and minimizing energy consumption. Still,
most of these works did not consider the complexity of terrain.
In our previous work, we have analysed energy consumption of a hexapod robot walking in an
obstacle-free terrain [31]. Here, we address the problem of minimizing energy consumption of a
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hexapod robot while moving over a terrain with small-sized obstacles. The robot leg trajectory is
constructed to overcome obstacles and diﬀerent trajectories are generated by changing step height
and width. Average energy consumption is calculated to evaluate eﬃciency of the method.
The remaining parts of the paper are organized as follows. We provide a formal description of
terrain, a method for calculating energy consumption, and leg trajectory optimization in Section 2.
The experiments, the obtained results and their analysis are presented in Section 3. Finally, we
present conclusions in Section 4.
2. Methods
2.1. Robot model and constraints
We use an Hexa V4 walking robot with the hexagon type body shape (Fig. 1). Hexa V4
is a small robot, its mass is 1.5 kg; mass of each leg is 0.2 kg. Each leg has 3 servo motors
AX-12, making HexaV4 an 18-DoF machine. Servo motors AX-12 use 900 mA maximum
input current, while STM32 microcontroller consumes only 100 µA/MHz. The control system
is combined from STM32F411RE, a data direction converter (74HC126 and 74HC04), and a
voltage converter 7805 which is used to convert input voltage to 5 V, because the microcontroller
uses 5 V voltage, while servo motors require 10–12 V input to fully function. We also use a
16 MHz external oscillator, which needs around 1.6 mA during run time. This is almost 6 times
less than current consumption of one servo motor. To monitor the current consumption, we use
an INA169 current sensor. The legs of HexaV4 are constructed from three parts: coxa, femur,
and tibia (Fig. 3), which have the following dimensions: 5 cm, 8.5 cm, and 12 cm, respectively.
In neutral stance, all tibia leg parts are positioned at 90◦ and the robot body is elevated at 10 cm.
This is the standard position for neutral movement for this robot. The step length, height, and
width depend on the femur part of leg. In theory, the largest step length, height, and width of
Hexa V4 robot are l max = hmax = wmax = 10 cm. However, due to the mechanical constraints, the
step width can reach only up to 6 cm.

Fig. 1. A hexapod robot HexaV4 with main components.

2.2. Formal description of terrain
Terrain classification is based on the characteristics of a specific robot such as its step length,
height, and width, which are defined by the robot dimensions. Each obstacle can be described
by three dimensions: length L, height H, and width W (Fig. 2). We limit the problem of energyeﬃcient walking over irregular terrain to only small obstacles along the straight path, and introduce
two types of terrain:
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– Flat surface. The irregularities are so small that they can be ignored and changing the robot
movement path is not necessary. Obstacles are characterized as follows:
{L < l i ; H < hi ; W < wi } ,

(1)

where l i , hi , wi – a robot’s initial step length, height, and width, respectively. A step length
is measured in the direction of the forward/backward motion of a robot. A step height is
measured in the direction of the upwards/downward motion of a robot. A step width is
measured in the direction of the left/right motion of a robot.
– Blocking terrain irregularities. These obstacles cannot be overcome with initial parameters
and require changing the leg trajectory. Small obstacles are characterized as follows:

l i < L < l max



 hi < H < hmax ,



 wi < W < wmax

(2)

where l max , hmax , wmax – a robot’s maximum step length, height, and width, respectively.
We assume that a robot already has information about its walking path and all dimensions of
upcoming irregularities such as obstacles that block the path for a robot are also known (Fig. 2).
A robot’s traverse of an obstacle is dependent only on a robot’s step height, length and width.
Other obstacles that not aﬀect the robot’s movement (since they either stay far from the robot
or go below the robot body) are not considered; therefore, the robot’s walking controller has to
process less information when compared with the vision-based systems, where a full world map
is usually generated.

Fig. 2. Terrain irregularities blocking the left and right sides of the robot. The left side is the path of the left
hind (LH); left middle (LM) and left front (LF) legs; the right side is the path of the right hind (RH); right
middle (RM) and right front (RF) legs. L, H, and W are dimensions of an obstacle (length, height, width).

Basic hexapod gaits (tripod, tetrapod, ripple, and wave) diﬀer by the sequence of leg transfer
and swing/support phase time ratio. The step length of the robot must be larger than the length of
an obstacle. If we change the step length, the gait synchronization will be lost, which will result
in a jerky motion of servo motors. Therefore, the step length is only changed for a diﬀerent speed
of robot movement. Some obstacles may be higher and less wide making it easier to step around
it. Other obstacles may be very wide, but not as high, which makes it easier for the robot to step
above the obstacle (see Fig. 3). In any case, the robot should be able to change its leg trajectory
according to the size of terrain irregularities in front of it.
648
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a)

b)

Fig. 3. Diﬀerent ways of overcoming various terrain irregularities: going above the obstacle (left)
and going around the obstacle (right).

2.3. Optimization of leg trajectory
The leg trajectory of a hexapod robot is composed of the linear part and the sinusoidal arc.
The leg trajectory coordinates can be calculated as follows:
(
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where: h – step height; T – gait period; t – time; φ – phase; ε – angle of movement direction.
A leg phase φ is expressed as points in time, when certain changes in the leg trajectory
happen (for example, when the leg either starts moving up or touches the surface). This parameter
is dependent on the gait type. Each leg has a unique phase depending on the gait type, which
shows the time that the exact leg has to be either in the support or transfer phase. A gait period T
is also a unit of time showing the duration of a specific gait. A gait period always has a value of
2 or more, because otherwise the robot would not be able to move.
To modify the leg trajectory, we add the leg motion in zy plane to the trajectory and change
y(t) coordinate as follows:
)
(
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where w – step width.
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Equations (3), (4), and (6) form the required obstacle-avoiding leg trajectory.
The leg trajectory distance d consists of two parts: the linear and sinusoidal arc ones:
d leg = l + s,

(7)

where l is the robot’s step length, and s is the sinusoidal arc length, which has the form:
∫b √
s=

[
]
[dx(t)/dt]2 + dy(t)/dt 2 + [dz(t)/dt]2 dt.

(8)

a

The leg trajectory is half the sinusoidal arc, which means that integration must be done from
0 to π. Also, the sine arc applies only to y(t) and z(t) coordinates, because x(t) coordinate
represents the step length. Having this in mind, we can combine (9), (10) and derive the final
form of the sinusoidal arc as follows:
∫π √
4 + π 2 · w 2 · cos2 ((φi − t) · π/2) + π 2 · h2 · cos2 ((φi − t) · π/2)
s=
dt.
(9)
4
0

2.4. Calculation of energy consumption
Energy consumption is calculated as follows:
∫T
E=

∫T
P(t) dt =

0

U (t) · I (t) dt,

(10)

0

where: P(t) – instantaneous power; U (t) – voltage; I (t) – current; and T – operation time of the
robot.
Voltage is defined by the electromotive function (EMF):
U (t) = R · I (t) + L

dI (t)
+ k E θ ′′
dt

(11)

where: R – electric resistance of the motor; L – rotor inductance; k E – EMF constant and θ̇ m –
speed of the motor.
We can ignore power consumption of the robot microcontroller as it does not have a substantial
influence on overall power consumption. Having this in mind, we only need to calculate the energy
consumption of the robot’s legs. However, (10) is not completely suitable because the operation
time of each separate leg is not known. Instead, we know the speed and leg trajectory distance of
the robot’s legs. We can calculate the energy consumed by an individual leg in a single trajectory
as follows:
d leg
Eleg = U (t) · Ileg (t) ·
,
(12)
v
where: d leg – trajectory distance of a single robot leg; v – leg movement speed; Ileg – leg
current consumption. The leg movement acceleration is not considered, even though the legs
are constantly accelerating and decelerating (i.e., have a sinusoidal profile). However, we are
measuring the current energy consumption of each of the robot’s legs, which depends on the leg
movement acceleration and the leg speed.
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Finally, we can express the energy consumption of the robot as follows:
E=

N
∑

Eleg ,

(13)

leg=1

where N the number of robot legs.
To find the shortest and most energy-eﬀective robot trajectory overcoming the terrain obstacles,
optimization is needed. As energy consumption depends on the leg trajectory distance and current
consumption, the optimization problem can be solved for the minimum leg trajectory distance
and the minimum energy consumption as follows:
(
)
arg min Eleg , subject to w ∈ [0 cm, 6 cm], h ∈ [0 cm, 10 cm], Ileg = f (w, h). (14)
Ileg = f (w,h)

The evaluation of energy-eﬃcient leg trajectory is performed in two steps. First, the energy
consumption is calculated without trajectory optimization, when the robot moves its legs over
the obstacles. For this case, the step parameters are: w = 0; h = H. Next, the leg trajectory
is transformed to go around the obstacle, and the energy consumption is calculated with step
parameters: w = W ; h = hi . Note that the step height is set to the initial height value. This
parameter value remains unchanged because if the obstacle size satisfies the constraints then the
robot will not change its body elevation to overcome the obstacle without collision (the body
elevation is set to 10 cm).
2.5. Kinematics model of hexapod robot
In order to obtain close-to-real-world simulation of robot kinematics, gaits, leg trajectory,
energy optimization, and robot locomotion over irregular terrain, we have developed a kinematics
model of a hexapod robot in MATLAB (Version R2016b, MathWorks, Natick, MA, USA). The
kinematics model of a robot is shown in Fig. 4.

Fig. 4. The kinematics model of a hexapod robot in MATLAB: L1 – length of coxa;
L2 – length of femur and L3 – length of tibia; θ1 – angle of coxa, θ2 – angle of femur,
θ3 – angle of tibia (adopted from [32]).

2.6. Measurement of current consumption
To measure the current consumption of a physical hexapod robot, we use an INA169 highspeed current shunt monitor, which is connected directly to an oscilloscope (Fig. 5). The average
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current Iavg is obtained from the current measurements as follows:
Iavg =

I1 + I2 + . . . + In
,
n

(15)

where n – the number of points.

Fig. 5. A diagram of current consumption measurement. The current
shunt monitor INA169 is connected between the power supply and the
left front (LF) robot leg.

3. Experimental settings and results
3.1. Terrain and obstacles
In practice, we use two types of obstacles: small (3 cm ≤ H ≤ 5 cm), and large (6 cm ≤
H ≤ 8 cm). During the experiments we did not use obstacles with heights between 5 and 6 cm.
However, in case they would appear along the robot’s path, they would be treated as large obstacles.
Examples of obstacles and their comparison with a hexapod robot are presented in Fig. 6.
a)

b)

Fig. 6. Examples of real obstacles: a) obstacle parameters; b) comparison of obstacle sizes with a hexapod robot.
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3.2. Robot simulation
During the robot simulation in MATLAB, we used three types of terrain of diﬀerent obstacle densities: low-density (10 obstacles over a given distance), medium-density (20 obstacles)
and high-density (30 obstacles) terrain (Fig. 7). All obstacles in the model were described by
parameters such as length, width, height, and x and y coordinates, which outlined the position
of each obstacle in the environment and were used to simulate the avoidance of obstacles in the
robot. The speed of each leg was set to the same value as the speed of the robot, thus ensuring
that the movements of the legs are not synchronized in time (the leg speed becomes the same
during the support and transfer phases). The initial movement parameters were as follows: step
length l = 4 cm, height h = 1 cm. In all experiments, the robot walked over 3.2 m distance and
overcome all obstacles. Since the robot and all the legs had to move at a constant speed all the
time, no specific gait was selected for the tests. This means that only a single leg at a time would
go into the transfer phase while other legs would be in the support phase. Thus, only one leg at a
time would avoid the obstacle. Energy calculations were done seperately by inserting necesarry
constant parameter values. The obstacle sizes were chosen randomly in order to simulate a real
terrain.
a)

b)

c)

Fig. 7. Simulation examples of hexapod robot locomotion over diﬀerent obstacle density terrains:
a) low-density; b) average-density; c) high-density ones (adopted from [32]).

An example of the simulated trajectory according to (3), (4), (6) is presented in Fig. 8.
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Fig. 8. An example of obstacle avoidance trajectory of a leg. From top to bottom: x(t), y(t), z(t),
and all coordinates combined together in 3D space.

3.3. Real-world experiments with physical hexapod robot
For real-world experiments with an Hexa V4 walking robot, three terrains of diﬀerent complexity were used: low-complexity, average-complexity, and high-complexity ones. Each type of
terrain diﬀers by the number of obstacles along the robot path: a low-complexity terrain has
10 obstacles; an average-complexity terrain – 20 obstacles; and a high-complexity terrain – 30
obstacles (Fig. 9). The tripod gait was used through all experiments. The speed of robot movement was set the same as during the current consumption experiments, which is v = 0.025 m/s.
The speed of robot leg movement was set to be equal to the speed of robot movement. The leg
movement speed remained unchanged for both support and transfer phases. The initial parameters
were set to: l = 4 cm, h = 1 cm. During each experiment run, the robot had to move over 3.2 m
distance and overcome the same number of obstacles by each side of the robot (i.e., 5, 10, and
15) depending on the terrain complexity. For all types of terrain, five runs were carried out with
diﬀerent sizes of obstacles.

Fig. 9. Hexapod robot locomotion over a high-density terrain with small height obstacles using the wave gait:
a) the robot position at the starting point; b) the robot position at the goal (adopted from [32]).

3.4. Results of current measurements
To evaluate the energy consumption, the measurements of the current consumption with
respect to step height and step width were performed with a real hexapod robot HexaV4 using
an INA169 high-speed current shunt monitor, which was connected directly to an oscilloscope
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(Fig. 4). For all experiments, the robot movement speed was set to v = 0.025 m/s. The current
consumption was measured for a single leg making several steps. Each combination (of step
height and step width) was measured once giving 6000 current values.
The measurement results are presented in Table 1 and for better understandability summarized
as a contour plot in Fig. 10. The values between the measurement points in the contour plot were
interpolated using the cubic interpolation.
Table 1. Dependence of current consumption upon step height and step width of the robot.
h (cm)
1

2

3

4

5

6

7

8

9

10

0

0.194

0.202

0.205

0.208

0.208

1

0.197

0.203

0.204

0.207

0.219

0.219

0.218

0.224

0.209

0.207

0.215

0.214

0.216

0.221

0.222

2

0.258

0.202

3

0.256

0.245

0.205

0.206

0.210

0.208

0.211

0.217

0.219

0.219

0.198

0.203

0.206

0.205

0.213

0.212

0.212

0.214

4

0.215

5

0.252

0.244

0.236

0.205

0.208

0.204

0.206

0.208

0.211

0.213

0.248

0.230

0.215

0.201

0.207

0.209

0.209

0.209

6

0.252

0.211

0.254

0.247

0.234

0.223

0.208

0.203

0.209

0.208

0.208

w (cm)

Iavg (A)

Fig. 10. A profile of current consumption as a function of robot step width and height.

3.5. Statistical analysis of measurement data
We performed the statistical analysis of the results using the Nemenyi post hoc test, which
reports the significant diﬀerences between individual models after the Friedman test has rejected
the null hypothesis that the performance of the comparisons on the groups of data is similar.
The Friedman test assigns ranks to all models according to their performance. The average rank
is given to the models if they have shown the same performance. The null hypothesis states
that there is no diﬀerence between configurations that can be rejected or accepted according
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to the value of Friedman test statistic. Fig. 11 shows the Demšar significance diagram [33],
in which robot leg configurations are arranged on x axis as per their average rank and their
corresponding ranks are given on y axis. The Demšar diagram displays the ranked performances
of the compared configurations, along with the CD, to highlight any configurations which are
significantly diﬀerent. According to this test, two configurations are significantly diﬀerent if their
average rank diﬀers by more than the critical diﬀerence (CD), which is calculated as follows:
√
K (K + 1)
,
(16)
CD = q
D
where: D – the number of datasets; K – the number of configurations and q is calculated on
the basis of studentized range statistic. The results (Fig. 10) show that the statistically significant
smallest energy consumption is provided by the w = 0 cm, h = 1 cm configuration.

Fig. 11. Comparison of robot leg configurations: results of Nemenyi test.

Using the data from Table 1, the prediction model was obtained via multiple regression
analysis as follows:
I = 0.01w − 0.0057h + 0.00079h2 − 0.0015w · h + 0.21,

(17)

where: I – current; w – width and h – height of the step. The significance levels of coeﬃcients for
the statistical prediction model 17 were all exceeding p < 0.001, while for the coeeficient of h,
the significance level exceeded p < 0.01. The Root Mean Square Error (RMSE) of the regression
model is 0.0093, while R2 = 0.6348 (adjusted R2 = 0.6123).
3.6. Comparison of trajectory setting optimization results
The average energy consumption results obtained by simulation without and with optimization
of robot walking trajectory settings for energy eﬃciency are presented in Fig. 12. The energy
savings when using optimization of trajectory settings for energy eﬃciency are summarized in
Fig. 13. The results show that the average eﬃciency of optimization of leg trajectory settings
is 15% for a low-complexity terrain, 19.2% for an average-complexity terrain, and 18.4% for a
high-complexity terrain, which means that the use of optimization of trajectory settings enables
to decrease the energy consumption for diﬀerent types of terrain.
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Fig. 12. Energy consumption of HexaV4 robot for terrains of diﬀerent complexity.

Fig. 13. Energy savings obtained with optimization of robot walking
trajectory settings for energy eﬃciency.

We have performed the statistical analysis of the results using the non-parametric Wilcoxon
rank-sum test and bootstrapping (N = 10000) test. The results show that the diﬀerence in energy
savings is significant between low- and average- (p < 0.001), and low- and high-complexity
(p < 0.05) terrains, respectively, but it is not significant between average- and high-complexity
terrains. The diﬀerences between energy consumption of robot walking without and with optimization are significant for all types of terrain (p < 0.001).
Our results are in line with the eﬀorts of other authors. For example, Zhang et al. [34]
proposed a periodic gait optimization method based on energy consumption index and achieved
a 14% reduction in energy consumption for a multi-legged robot. Chun et al. [35] achieved an
improvement of 14.2% in energy consumption of an agricultural hexapod robot walking on a
compacted soil ground in hilly areas using an optimization of joint positions.
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4. Conclusion
We have analysed optimization of the robot leg trajectory transformation for the energyeﬃcient locomotion of a walking robot over an irregular terrain. We described optimization of
a 3-DoF hexapod robot leg to minimize the leg trajectory distance and energy consumption. We
used an HexaV4 robot for specification of constraints and MATLAB for simulation of terrains
of diﬀerent complexity. The simulation experiments were carried out for three diﬀerent types
of terrain complexity, each varying by the number of obstacles blocking the path of the robot.
The current measurement results obtained from real-world experiments show eﬃciency of the
proposed robot trajectory optimization method, which enabled to achieve a decrease in average
robot energy consumption of over 17%. The proposed method can be used for any type of walking
machine with any number of DoF of each leg.
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