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Abstract: The article aims to describe stages of development of a mobile, anthropomorphic robot.
The individual phases of the bio-inspired model-based design of a two-legged robot are described,
from the analysis of human walking patterns, through the creation of a simulation model and a
control system to the creation and testing the physical model of such a robot. The bio-inspired de-
sign is based on an analysis of the movements of the individual parts of a lower human body during
walking locomotion. Based on this analysis, the chosen motion model is described as a combination
of passive and dynamic walking with a controlled, linear inverted pendulum model. When creating
the simulation model, an open kinematic chain consisting of a base (the frame) and two effectors
(the legs) is used. The simulation of the virtual model is realized using the software tool Matlab with
its toolboxes Simulink and Simscape, and the results confirm the correctness of the design. The fea-
sibility of the design is confirmed by creation of a physical robot skeleton using 3D printing and by
a commissioning of the control system based on Atmel ATmega2560 and Raspberry Pi Zero W mi-
crocontrollers.

Keywords: bipedal robot; bio-inspired design; simulation; model-based design; LIPM; passive
walker

1. Introduction

The trend of using robots in all spheres of life, especially in industry, is constantly
growing. We are witnessing an increasingly massive scale of production processes ro-
botization in order to relieve people from performing periodic operations or directly cre-
ating processes that are physically impossible for humans. In addition to industrial robot-
ics, we can currently observe an increase in interest in experimental robotics. Humanoid
robots such as Atlas [1], Digit [2] or many others [3,4] represent the current pinnacle of
human effort and intelligence in this technical field.

More and more progress in the field of human walking emulation also brings the
seeds of practical use in terrain inaccessible to other mobile robots. Apart from uneven
natural surfaces, these are mainly urban and industrial environments designed for the
movement of people, not wheeled, or flying robots.

The area of interest in our contribution is to provide an analytical view of human
walking from a mechanical point of view and, based on it, to design robot models at dif-
ferent levels of abstraction. The different levels cover models from the most primitive
model —a mathematical graph of the robot, which provides information about the degrees
of freedom of individual joints and the links between them, and this model is a source of
data for the creation of another—a kinematic model. The next one— three-dimensional
model containing the physical and material properties of the future real model, such as
the weight and density of the construction material, can be considered as another level of
abstraction. This model serves as a source of information about specific dimensions for
the kinematic model. Based on these dimensions, a movement model of the robot is cre-
ated with utilization of the trajectories of individual joints in space during walking. A
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simulation model is a combination of motion and three-dimensional models. The diagram
of the simulation model represents the physical relationships acting on individual parts
of the robot, as well as the control interface. The final product after the simulation is fin-
ished is the physical model. The key design model is a motion model of the robot, and the
model is designed based on the linear inverse pendulum method. An important part of
the design is the control of the robot and the construction of its physical model, based on
which the main idea—identification and transfer of the key features of human walking
into the engineering design of technical equipment— can be verified.

2. Analysis of the Problem Area
2.1. Dynamic Side of the Problem — Human Walking

Human biomechanics deals with the analysis of gait as part of the movements of hu-
man beings. In order to analyze human gait, the human walking was divided into the
unique atomic periodic movements called step phases (Figure 1). These phases are further
divided into two primary step phases, which are made up of eight secondary step phases,
referred to as BAC 1-8 (Basic Action Concept). A set of two primary or eight secondary
phases constitutes a gait cycle. The cycle can be measured from the start of any phase back
to the start of the same phase of the same leg. A cycle is defined by two basic parameters:
the cycle time and the spatial measures of the step. Based on the parameters of the cycle,
the symmetry, variability and quality of the step are further determined. It is obvious that
the step quality parameters are variable for each individual [5,6].

BAC 1 BAC 2 BAC 3 BAC 4 BAC 5 BAC 6 BAC 7 BAC 8
Double Support | Single Support IDoubIe Support I|| )
Initial Loading Mid Terminal Pre- Initial Mid Terminal
Contact Response Stance Stance Swing Swing Swing Swing
Stance Swing

\ Stride /

(Gait Cycle)

Figure 1. Visual representation of the gait cycle [7].

Two primary phases of the step are identified as the stance and the swing. During
the stance phase, the tracked leg is in contact with the ground at all times. In the swing
phase, the tracked leg is in the air all the time. In secondary phases, it is possible to observe
three basic events [5].

The weight transfer makes up 12% of the total gait cycle. This event can be observed
in phases BAC 1 (3%) to BAC 2 (9%). During this event, the initial contact of the heel with
the ground takes place and damping also occurs. Damping factors are in ascending order
of total contribution: bending at the knee, rolling over the heel and elasticity of the skin,
muscles and tendons in the leg. During weight transfer, there is an initial increase in the
moment of force M acting on the person’s center of gravity [5,6].

The support of one leg makes up 38% of the total gait cycle. This event can be ob-
served in phases BAC 3 (19%) to BAC 4 (19%). During this action, there is a movement of
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the upper part of the body and an overall increase in stability. At the end of the BAC 3
phase, the system (human body) acquires the greatest stability during the walking cycle.
At the end of BAC 4, the person’s center of gravity is so deviated that it is not possible to
finish the step stably. In general, single-limb stance as an event is best defined by ankle
rotation [5].

The swing makes up 50% of the total gait cycle. This event can be observed at BAC
5 (12%), BAC 6 (13%), BAC 7 (12%) and BAC 8 (13%) phases. Three sub-events occur dur-
ing this event.

*  Lifting the heel off the ground while keeping the toe in contact with the ground. This
action is included in the BAC 5 phase. It forms the transition between the one-limbed
stance and the swing itself [5].

*  The movement (swaying) of the leg in front of the person’s gravity center is described
in the events of BAC 6 and BAC 7. The distance that the leg travels from the beginning
of the BAC 6 phase to the end of BAC 7 is defined as the step length [5].

*  Preparing for impact. During the BAC 8 phase, the center of gravity acquires the
greatest moment of force (while reducing the acceleration) and the system (human
being) prepares to absorb the impact [5,6].

Based on detailed standardized video footage of real human walking cycle consider-
ing previous movement analysis, data were experimentally collected from the figure’s
walking cycle, which describes the movement of the hip, knee and ankle in space and
time. A virtual measurement unit for distance j was involved in this video footage. During
one phase, three measurements were taken, in which the position of the joint was moni-
tored on the x and y axes (a-plane—side view of the figure) and in the z and y axes (-
plane—front view of the figure). The beginning of the measurement is in phase BAC 3,
because the measurement also dealt with starting from the rest position, when the joints
are located on one vertical axis.

From the graphical representation of the data in Figures 2 and 3, the critical region
and the damping region were identified. Relatively complicated events take place in these
areas and cause significant deviations from the otherwise simply describable trajectory,
especially in the ankle. The activity in this joint has a direct effect on the stability of the
step. Furthermore, a deviation between the cycle lengths in different parts of the gait was
observed from the data. Based on these deviations, the cycle stability function for the
given figurant was visualized. The observed trajectory forms a set of desired values of
joint positions in time. According to the deviations between the observed trajectory and
the generated trajectory of the robot, it is possible to clearly indicate the complexity of the
created model.



Appl. Sci. 2022, 12, 10058

40f 21

y [i] Ankle - first cycle, 24 inputs (a-plane)
1.6

1.4 /'\
1172 [
1 \
0.8 \
\ /
0.4 \\ﬁ //
. L, X

0 2 4 6 8 10 12 x[j]

——Step === Critical area == damping

Figure 2. Ankle trajectory (the first step).
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Figure 3. Ankle trajectory (the second step).

In order to control the gait cycle of the robot, the zero-movement point (ZMP) con-
cept is implemented in the linear inverse pendulum movement model (LIPM).

The place of operation of the pressure force is directly in the place of contact with the
surface on which the robot walks. Therefore, it is a point on the robot foot that occurs
during the physical interaction of the foot with the ground. The principle of the ZMP con-
cept is that a new walking cycle is planned based on a reference trajectory. In the case of
uncontrolled passive-walking robots, the ZMP forms the point of contact of the foot arch
with the ground. The position of the ZMP during the stance phase is not stationary, but
changes from heel to toe. This phenomenon causes complications in the simulation of flat-
footed robots because the stability changes by leaps and bounds after the application of
the pressure force moves beyond the tip of the flat edge. From the point of view of control,
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movement based on the ZMP concept forms one of several optimal trajectories. Walking
appears visually fluid and energetically efficient [8].

By default, the robot step is modeled according to the inverted pendulum model
(LIPM). Unlike an ordinary pendulum, an inverted pendulum does not make an oscillat-
ing motion, but tends to fall to a certain side. The moving base of the pendulum tries to
compensate for the fall and keep it in a vertical position. The vertical position is the un-
stable equilibrium position of the pendulum [9-11]. The body of the robot represents the
weight of the pendulum, which is supported by the leg, which represents the arm of the
pendulum, and rotates around the ankle, which represents the base of the pendulum. The
step cycle is thus formed by the controlled fall of the robot body in a certain range, after
exceeding which the second arm of the pendulum —the other leg—hits. A system modeled
in this way is considered passive, since the dynamics of the system depends on the force
of gravity and the momentum of the system. To complete one walking cycle, the momen-
tum of the system is required to produce forward motion. A system modeled by LIPM is
inherently unstable, but for each input there are initial conditions from which the system
will converge to a stable output. Likewise, there is a stabilization input for all initial con-
ditions [9,10].

The LIPM model provides some variability in the robot design process, as it is inde-
pendent of the dimensions and kinetic model of the structure, or the number of robot legs.
However, it assumes that the weight of the robot’s body is much greater than the weight
of the legs. In an ideal scenario, the weight of the legs is negligible, which is highly un-
likely with a physical model. The LIPM model does not further limit the robot construc-
tion in the mutual position of the center of gravity and ZMP —the length of the pendulum
arm. The implementation of the model is also possible with a higher weight of the legs,
which, however, significantly reduces the stability of the gait cycle. LIPM limits the phys-
ical model only in the number of degrees of freedom in the leg, which must be at least six
[12].

2.2. Static Side of the Problem — Construction Solution

The primary goal of the robot construction was to maintain an anthropomorphic
shape and to copy the original as best as possible in terms of physical properties. For the
proper functioning of the robot, it was necessary that:

*  the ratio of the dimensions of the frame and individual arms, including the joints of
the robot, was as similar as possible to the ratio of the dimensions of human limbs,

*  the center of gravity of the robot was placed as close as possible to the position of the
human body.

In order to fill the requirement that the construction design describes the shape of the
human body as reliably as possible, one of the proportional models of the human body
was chosen (Table 1). The selected model divides the distances between individual points
on the human body into units of length. By observing the given proportions, it was possi-
ble to design a construction on a different scale while preserving the properties of the
original. Since the shape of the body itself is not important in the LIPM model, but only
the position of the center of gravity, the construction of the entire body of the robot was
not absolutely necessary [13].

Table 1. Proportions of the human body according to the R.B. Hale model [13].

Point 1 Point 2 Number of Units
right hip joint left hip joint 2
hip joint knee 3

knee ground (bottom of heel) 3
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Subsequently, based on published information [6,14,15], an analysis of individual
joints in the lower part of the human body was carried out (Table 2). A rotational degree
of freedom was granted to a joint if its angle range exceeded 10° [16].

Table 2. Analysis of joints in the lower part of the human body.

Coupling DOF Type of Kinematic Pair
hip joint 3 spherical

knee 1 rotary

ankle 2 two cylindrical

The design of the robot also depends on the level of system control. According to this
criterion, walking robots are divided into controlled and passive walking robots. Con-
trolled walking robots are those in which the range of each robot movement is given by a
controlled quantity. Passive walking robots are kinematic chains that move stably with a
step without control and without an energy source. The passive step concept can be ap-
plied to both quadrupedal and bipedal robots. The movement is achieved by an initial
impulse relative to the system and an inclined pad along which the robot moves down-
wards. A key feature of passive walking robots is the curved foot. As a rule, the bending
radius is equal to the distance of the center of gravity from the ground when the robot is
in a rest state. Some controlled robots are also based on this concept, where the bending
of the foot—completely or in the position of the heel and toe—improves the energy effi-
ciency of the step and eliminates a step change in stability. A combination of controlled
and passive joints in walking robots is also frequent. A typical example is the reduction of
the knee joint in the robot’s leg in exchange for a shock absorber. Another example is a
robot leg composed of controlled joints in the hip and knee, or the other knee on the same
leg, and a passive foot containing a spring in the toe. The stiffness of this spring ensures a
flat foot shape in the secondary phases of the gait cycle, BAC 1 to 4 and later in BAC 7 to
8. In BAC phases 5 and 6, the foot bends under its own weight to such an extent that it
directs part of the robot’s weight into the toe, similar to human walking. Of course, both
mentioned methods can be replaced by a controlled process. Usually, a combination of
controlled and passive elements of the robot is used to simplify complicated movements
that are more difficult to control [17,18].

3. Modeling and Simulation of Biped Robot

The modeling process was based directly on the analysis results and involved de-
signing the robot at different levels of abstraction and generating walking trajectories. The
individual levels created a simulation model for which a control system was proposed in
the next stages.

3.1. Design of a Simulation Model of a Bipedal Robot

The starting point for the design of the robot was the kinematic model of the robot,
which can be obtained in different ways depending on the principles used [19,20]. In this
case, the modeling process was dependent on the analyzed walking model LIPM and
ZMP, which was adapted to the number of degrees of freedom of the robot. Since it is a
mobile robot, no part of the robot is firmly attached to the ground, so we cannot talk about
a mechanism, but about a kinematic chain. The kinematic chain was divided into three
main parts.

*  The frame is a mobile base on which two manipulators are attached. The center of
gravity of the robot is also located in this part and forms the material part (the head)
of the inverse pendulum. The frame represents the human pelvis.

*  The left leg is the manipulator of the robot, one end of which is attached to the left
side of the frame, and the other end is terminated by an effector. The manipulator
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consists of four arms and six joints. The manipulator represents the arm of the in-
verted pendulum and the human leg, where the effector fulfills the role of the foot.

*  The right leg is a manipulator functionally identical to the left leg, but it is fixed on
the right side of the frame.

Based on the movement analysis, it follows that there are two degrees of freedom in
the ankle and up to three in the hip joint. The implementation of several degrees of free-
dom in one place—such as in a spherical kinetic pair—was realized by dividing the joint
into three rotary kinematic pairs with the smallest possible arms. These rotation pairs ro-
tate around different axes of the coordinate system. In this way, the three degrees of free-
dom of the spherical pair were preserved with a simpler implementation in practice. One
manipulator has six degrees of freedom, just like the analyzed template. Five degrees of
freedom are controlled and one degree of freedom at both ends of the chain is uncon-
trolled. The robot has two arms on a frame with six degrees of freedom. The additional
six degrees of freedom were granted because it is a mobile robot which can freely move
and rotate in space in all directions. The number of freedom degrees of the kinetic chain

Nyopor = 6+ Y)_ n; =6+12 =18 > 6, 1)

where ni represents the number of degrees of freedom of the i-th kinematic pair and j is
the total number of kinematic pairs, is greater than the minimum required number for the
LIPM model.

The graph of the robot in Figure 4 shows the relationships between individual kine-
matic pairs. In the vertices of the graph, the number of degrees of freedom in each pair is
indicated. The mobility of the robot is represented by the absence of a link between the
ground and the kinematic chain. Furthermore, it can be observed that the graph of the
robot is acyclic; therefore, we speak of an open kinematic chain.

Figure 4. Robot graph based on robot analysis (left), robot graph adapted for robot construction
(right).

The kinematic model of the robot was derived from the robot graph (Figure 5). Kin-
ematic pairs were defined in space and therefore in this model we are already talking
about rotational joints with one degree of freedom. Relationships between joints are now
represented by arms. This is a model with a combined type of walking (passive and con-
trolled).
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Figure 5. Kinematic model of the robot (left), visualization of LIPM and ZMP principles on the kin-
ematic model (right).

Denavit-Hartenberg (DH) parameters were determined in the kinematic model (Fig-
ure 6). Conventional DH parameterization uses a uniform method for marking the axes
of coordinate systems in individual joints. It uses two rules:

DH1: X 1 Zi_1, DH2: |xl- n Zi_q V1. (2)

Therefore, in DH, the representation of the homogeneous transformation contains
two parameters less than the usual homogeneous transformation, which facilitates the
analysis of the n-arm manipulator [21].

In the process of identifying the DH parameters, the axes of rotation were first
marked depending on the types of joints. Convention states that the axis of rotation is the
z-axis. Based on the positive direction of rotation, the direction of the axis was determined.
For some opposing joints, the direction of the z-axis was chosen differently to preserve
the natural direction of rotation. Subsequently, two different origins of zero coordinate
systems were chosen, specifically for the right and left leg. In both cases, the origin was
chosen at the joint that connects the leg to the frame. Unlike the rest of the centers of the
coordinate systems, these were not numbered. The center of the coordinate system in the
joint connecting the left leg and the frame was marked Oo, and the center in the joint con-
necting the right leg and the frame was marked Ov’. A different zero-system naming con-
vention for walking robots led to this decision. After finding the remaining origins of the
coordinate systems, the x and y axes were determined by convention according to rela-
tions (3) and (4).

X =2z X Zg ®3)

y=zXy (4)

In effector coordinate systems, the z-axis is generally oriented in the same way as the
axis of the last arm. Thus, the two non-controlled joints at the ends of the kinematic chain
will rotate along the y-axis, not along the z-axis like the controlled joints. In both cases,
the origins of the effectors coordinate systems were chosen at the point created by the
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intersection of the axis perpendicular to the ground, passing through the center of gravity,
and the straight line created when the given effector touches the ground when the robot
is in the starting position. Under ideal conditions, this point is identical to the ZMP. The
analysis of the DH parameters of the robot’s legs is shown in Figure 6. The specific values

of the DH parameters of the kinematic model of the robot are listed in Table 3.

I]
Right leg

DH parametrization

Left leg

21

Frame

—\/
kv‘ O

« Efector

Figure 6. DH parameterization of the right (R) and the left (L) legs.

Table 3. DH parameters of the robot kinematic model.

Left ai [mm] 1 ai [deg] 2 di [mm] 3 Oi [deg] ¢
0 90 L1 01
0 -90 L2 02+90
Ls 180 0 0s
L4 0 Ls 04
L 0 0 Os
Right ai [mm] ? ai [deg] 2 di [mm] 3 Oi [deg] *
0 90 L: Bs
0 20 L2 07—90
Ls 180 0 Os
L4 0 Ls B9
Le 0 0 O10

! perpendicular distance between axes zi-1 and zi, measured along the axis xi.2 the angle between zi-1
and zi, measured from zi-1 in a plane perpendicular to xi. 3 perpendicular distance between axes xi-1
and xi, measured along the axis zi-1.* the angle between xi-1 and xi, measured from xi-1 in a plane

perpendicular to zi-1.

In the DH parameterization, the centers of the coordinate systems and their relative
positions were found. Despite the fact that the effectors seem to fulfill the role of joints in
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the kinematic chain, this phenomenon is not included in the DH parameters, since they
are uncontrolled “joints” between the ground and the robot. The parameterization of the
effector was developed by creating a three-dimensional model of the entire kinetic chain
based on the analyzed kinematic model.

When modeling the effector, knowledge from the materials for the construction of
the foot of a passive walking robot was used. In the starting position, when in contact with
the ground, the effectors create support in the form of two parallel lines. Since the position
of the effector itself is controlled, the length of the foot was designed to be as small as
possible in order to maintain relative stability in the controlled direction of rotation. The
foot width was determined to be as large as possible for the longest arch of its lower part.
The resulting shape of the foot design is shown in Figure 7.

445 mm radius

Figure 7. Proposal of a robot effector.

Due to the chosen ratio of the weights of the legs together with the effectors, with
respect to the weight of the robot frame, the requirement for the use of the LIPM walking
model for the designed three-dimensional model is fulfilled. The basic parameters of the
robot are listed in Table 4.

Table 4. Parameters of the three-dimensional model.

Property Value Unit
the height of the robot’s center of gravity 445 mm
height of the center of gravity of the frame 645 mm
foot height 30 mm
the length of the foot arch 144 mm

the weight of the robot 2.755 kg

The resulting dimensions from Table 4 were used in motion modeling using the in-
verse pendulum model. In the modeling process, the center of gravity of the robot repre-
sented the head of the pendulum in the form of a mass point p defined in space by default
as p = (x, y, z) according to (5)—(7). This position is described in this model as a system of
state variables g = (0r1, Op1, z) in which r represents the length of pendulum arm, or robot
leg in this specific case [22].

X = rSp;Sp = sinep (5)
y = —rS8,; S, = sinb, (6)
z=1D; D=,/1—S8r?—Sp? (7)

Tr, Tp and f, as vectors acting on the center of gravity, arm and head of the pendulum
in formula (8), represent the inputs to the system of equations describing the movement
of the inverse pendulum in space, in the Cartesian right-handed system [22] as
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X Ty 0
(or((5)
7 f —-mg

where m is the mass of the center of gravity. Since the arm of the pendulum is considered
as a link, the variable m belongs to the mass point p. The Jacobian | is an antisymmetric
matrix dependent on the current configuration g(t) and for motion analysis, according to
[21,22], has the form

0 rC S

P P
Jp -rC, 0 =S = =
J= @ =\ —rcs. —rC,S, ; Cr = cos0,, C, = cosb, 9)
D D

A similar Jacobian was later used in the recalculation of joint velocities of the robot
in order to determine the inverse kinematics. In this case, it was used to create the dynamic
equations of the pendulum, and therefore it is multiplied by the vector (X, y,Z) from the
left to create a mathematical model of the inverse pendulum in space [21,22] according to
the relation

OC rgp Sg " T, -rC,.S,

—rC, =S, N[z |_ —1CpSp

m| s rC,s, i <3ZI> (fp> mg — (10)
D D D

In order to use this model to generate step trajectories, restrictions on the movement
of the pendulum along the z-axis were defined. These constraints ensure that the height
of the pendulum head does not change under the influence of the inputs g(t). However,
this height can be changed manually. This restriction is represented in a form of help vec-
tor (kx, ky, —1) of controlled inputs of height of the robot and the intersection z. of the z-
axis. The step width was determined as the length of the arch of the foot; i.e., the maximum
possible. The parameters for the design of the pendulum are listed in Table 5 [22].

Table 5. Three-dimensional model parameters for the LIPM model.

Parameter Model Value  Unit
spread of the legs in the starting position L+ 1Ls 0.091 m
height of the frame in the starting position h 0.644 m
frame height while walking hw 0.570 m
spread of the legs during gait La 0.144 m
step length in walking direction Ls 0.020 m

Step generation took place in three stages. In the first stage, the movement of the
center of gravity and the ZMP in space was identified (Figure 8). According to the limita-
tions of the model, the height of the center of gravity was anchored. This phenomenon
simulated the fact that the legs are not extended when walking as in a fully passive walk-
ing robot. A step with bent knees reduces the movement of the center of gravity along the
z-axis. At this stage, the pendulum consisted of a head and one arm, which alternately
played the role of the robot’s left and right legs. The weight of the pendulum head is preset
to 1 and the weight of the arm is assumed to be zero.
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Figure 8. Generated trajectories of the center of mass and the position of the ZMP.

In the second stage, the foot trajectory was generated based on the mutual position
of the ZMP and the movement of the center of gravity. Trajectories were generated for
eight cycle runs. The analysis showed that during the first two runs of the cycle, stride
length and movement were less similar than during the rest of the runs. This phenomenon
can also be observed in the first two steps of the model, when the feet in the initial position
are located at a spacing of 91 mm from the robot axis, given by the construction. The model
reaches the predetermined step width of 144 mm and length of 20 mm only during the third
run of the cycle. The trajectories were stored in the data-structure footinfos 1 x 8 (Figure 9),
where the column number determined the number of cycle run. One data element con-
tained a 1 x 200 vector (timevec) with time values sampled for a one-second period. Fur-
thermore, this element also contained the joint positions in space stored in two 6 x 200
matrices for the left leg (footleft) and the right leg (footright). The joints positions are repre-
sented by the amount of each joint rotation with respect to the defined direction using DH
parameterization.

\ footinfos | footinfos{1,1} | footinfos{1, 1}.footleft
(0] 1x8 cell Number of cycle run
B " 7 " “
16 Ix1 struct Ix1 struct Ix1 struct Ix1 struct Ix1 struct Ix1 struct Ix1 struct
2
3 Data of one of cycle run

os | footinfos{l,1} % | footinfos{1, 1}.footleft |

fo os{1, 1}
HJ:L;! - Value
oY
EE] timevec 1x200 double
EH footleft 6x200 double | ]
ootrig Ox20U double
( footinfos -T footinfos{1, 1}' \ footinfos{1, 1}.footleft < \

footinfos{1, 1}.footleft

Data of 5 joints changing

1 2 A 7 2
-0.0910 -0.0910 -0.0910 -0.0911 -0.0911 -0.0912 -0.0912
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Figure 9. Data-structure covering the changes of DH parametrization in kinematic, 3D and simula-
tion models.

In the third stage, the trajectories were recalculated to the controlled variables of the
DH parameters using the inverse kinematics task, and the result is the motion model of
the robot made from a 3D material model, which was created with Autodesk Inventor
software.

3.2. Simulation of a Bipedal Robot Walking

The simulation model of the biped robot was created by exporting the three-dimen-
sional model to the Matlab-Simscape simulation environment. The three-dimensional
model was divided into 27 parts, which created links corresponding to the three-dimen-
sional model in the simulation environment. This process was automated using the Sim-
scape Multibody Link toolbox. Six degrees of freedom were added to the model for kine-
matic chain simulation. Contact forces on the lower part of the effectors were also created.
These forces ensure that the bottom of the foot behaves like an ideal rigid body when in
contact with another object.

The axes of rotation in the joints were adjusted to the z-axis in order to follow the
convention of the DH parameterization and the positive direction of rotation was chosen
according to the kinematic model. The resulting block diagram of the simulation model is
shown in Figure 10.
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Figure 10. Simulation model of bipedal robot walking.

The output of the inverse kinematic task is the required quantity in the unmodified
form W’. The quantity W’ must be filtered before entering the controller, because the gen-
erated trajectory is in the form of a function that the simulation solver cannot process cor-
rectly. Sharp local extremes of the trajectories were evaluated as noise and removed with
a low-pass filter. The filter was implemented using the Filter Design Toolbox as a part of
Matlab R2022a software, which allows the user to design the required filter in a short time
even without expert experience in the field of signal processing.

From the diagram of the simulation model shown in Figure 11, it follows that the
control system is based on the principle of regulating the speeds and positions of the ser-
vomotors. To increase the level of robot autonomy, an ideal orientation sensor was in-
cluded in the system. The sensor detects the acceleration and position of the frame in three
axes. The value on the z-axis was monitored at the output of the system. If the deviation



Appl. Sci. 2022, 12, 10058 15 of 21

from the planned position is exceeded by 30 mm, the robot will be turned off in an emer-

gency. The reason is to prevent damage to the robot due to redundant movements in an
unwanted position on the ground.

Left leg trajectory
from Workspace

siminL '

4
E 2
@ ]
il
Inversekinematics Controller
o
| o| numis) I( ) ) I
den(s) +_ PID(s)
e 4 b
Filter 5
Robot

Efector_L

Figure 11. Closed control loop for joint number 5.

The result of the simulation at this stage is the fact that the designed model of the
robot can perform all eight planned steps from the starting position. The length and width
of the first three steps contained negligible deviations from the movement model, which
may be caused by using passive joints. The remaining seven steps were identical to the

motion model. Figure 12 shows the simulation model in motion in different design phases
from different perspectives.
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Figure 12. Simulation of walking of the bipedal robot (a) basic kinematic model; (b) static 3D model;
(c) walking 3D model —front view; (d) walking 3D model —side view.

4. Realization of a Physical Model of a Bipedal Robot

The supporting structure of the robot was made using 3D printing technology. This
technology has proven itself as an effective method of manufacturing parts, mainly due
to its sufficient accuracy and speed for prototyping purposes. The advantage of the mate-
rial used in printing the parts is the low weight compared to other parts of the robot and
the possibility to modify the parts even after printing. For most parts, the wall thickness
was set to four layers and the material filling between the walls was 70%. The Micro-Elec-
tro-Mechanical Systems (MEMS) storage components and the component for stabilizing
the robot in a seated position were printed with only three layers of wall thickness and
50% infill, as these components do not represent the load-bearing elements of the struc-
ture. On the contrary, the effectors were printed with a wall thickness of six layers and a
filling of 80%.

4.1. Construction of a Bipedal Robot

The construction of the robot consists of three main parts.

The robot frame is made up of eleven parts and is divided into two floors. The first
floor is intended for energy sources and is closed from above and below. The second floor
is for the robot’s control interface and is open at the top. For this reason, simple handling
of the interface is possible without the need to disassemble the frame. Each floor consists
of two parts that are connected by a detachable joint. After connecting the two floors, two
components were attached to the front and back of the upper floor to hold the two MEMS
systems. In the space on the first floor, there is a part that allows the robot to sit without
support.

The robot’s legs are made up of twelve parts, five of which are unique. The two parts
are used to secure the servos together to create three degrees of freedom for the 3R and 4L
arms. The connection of these three motors simultaneously creates arms 1L, 1R, 2L and
2R. The rest of the arms are structurally very similar. Each of them is composed of two
parts connected by a detachable joint.
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The effectors of the robot are made of one part, the same for the left and right effec-
tor. The decision, to model the effector as a single part instead of several detachable pieces,
was justified by the fact that the entire effector fits within the scope of the printer and thus
eliminates the possibility of the effector falling apart under pressure at the point of a po-
tential joint (Figure 13).

Figure 13. Final shape of the effector.

4.2. Control Hardware

An Arduino Mega 2560 Rev3 device [23] was chosen to control the operation of the
bipedal robot. This device has 14 PWM channels and thus can control all joints of the ro-
bot. The advantage of the Mega 2560 Rev3 model compared to other models is mainly a
significantly larger number of I/O pins and PWM channels. In general, Arduino products
are considered suitable for prototyping systems due to the low price, the large number of
hardware accessories, and especially the open and freely distributable hardware architec-
ture. To ensure simple remote control, the control interface was supplemented with Rasp-
berry Pi Zero W [24]. The advantage of this device is the relatively large computing ca-
pacity and thus the extensive possibilities of expanding control from the current state to a
robust system. Very small dimensions and low weight are also a big advantage of the
device.

The communication linkage between the Raspberry Pi Zero W and the Arduino Mega
2560 Rev3 is possible using the 12C link, as both components contain the necessary bus.
There are two positions in communication: master and slave, while I2C also supports
multi-master mode. In this case, the Arduino microcontroller was chosen as the master.

The simulation model contains a measuring device for the orientation of a material
object in space (Internal Measurement Unit—IMU), which in our case detects the transla-
tional movement of the robot in three axes. This sensory device is standard in stability
control for biped and other mobile robots and forms the basis of the system’s feedback. In
this case, it is used as a sensor to detect the fall of the robot, when the robot terminates the
ongoing process prematurely. In the physical model, this block is represented by the
MEMS system Bosch BNOO055, which contains the three mentioned sensors and its own
microcontroller. The device has the ability to send output data to the master device in the
form of quaternions which are normally used in robotics when calculating direct and in-
direct kinematic tasks. The BNO55 was calibrated in the automatic NDoF FMC mode
[14,25].

Due to the fact that the mobile robot carries the power source directly on its structure,
a solution was proposed that is ensured by a source with the smallest possible weight for
the longest possible operating time. Since the energy sources are structurally located on
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the first floor of the robot frame, it was necessary that they be rechargeable, and recharg-
ing was possible without the need to disassemble the frame. Because the selected servo-
motors have a different working voltage than the Arduino and Raspberry devices, the
decision to divide the robot power supply into two parts was made. A possible solution
is to connect a voltage stabilizer to 6 V, but in this case the servomotors overheat. There-
fore, the first power source will power all the servo motors and the second power source
will power the rest of the control hardware.

Based on the analysis of the available options, the BH Power 25 6000 mAh Li-po bat-
tery was chosen to power the servomotors. In order to power the rest of the control inter-
face, it was necessary to ensure the power supply of the Arduino Mega device, through
which the remaining devices will also be powered. The use of an external battery for
smartphones appeared to be the simplest solution from the point of view of recharging,
dimensions, and weight, and for this reason the AVACOM PWRB-8001K external battery
was chosen.

5. Solution Testing and Discussion

Testing of the proposed solution was divided into two parts. In the first stage, all
parameters of the robot affecting walking were measured and their deviation from the
simulation model was calculated. Each property was measured five times and then the
average value was calculated. The results of the first part of the testing process are listed
in Table 6.

Table 6. Results of testing the dimensions of the biped robot structure.

Test Property Value Value Deviation
No. [Unit] (Physical Model) (Simulation Model)
1 weight [kg] 3.06 2.75 0.31
2 length L1 [mm] 16 31 15
3 length L2 [mm] 29 51 22
4 length L3 [mm] 254 252 2
5 length L4 [mm] 263 262 1
6 length L5 [mm] 18 27 9
7 length L6 [mm] 62 25 37
8 step 1eng’Fh. in the starting 20 91 1
position [mm]
frame height in the starting 599 570 (644) 2%

position [mm]

From the measurement results of the first part, certain differences between the phys-
ical and simulation models can be observed. The weight difference is attributed to neglect-
ing the weights of the cabling, different fillings of the plastic parts, material inhomogene-
ity of the printed parts and also inaccurate weight data of the used electronic parts.

The differences between the measured and the original values of the L1, L2 and L5
lengths were expected and are attributed to the replacement of the servo motor carriers.
The original method designed in a three-dimensional model consisted of a detachable
joint between a printed servo motor carrier and the wall which with the servo motor was
supposed to rotate. In practice, the great flexibility of the carrier, which stood away from
the given wall, was manifested, which was caused by the weight of the entire robot. This
caused the bending of the shoulders, which led to deviations in the positions of the con-
trolled joints. The chosen modification consisted of replacing the printed carrier with a
standardized one, which was attached to the wall with self-tapping steel screws. These
percentage deviations are large, but the reduction of the distances between the centers of
the coordinate axes in these joints is desired. The deviations between the lengths of L4 and
L5 are negligible and are attributed to either measurement error or plastic extensibility.
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The reduction of the step width in the starting position can be attributed to the re-
sulting deviations in the parameters L1, L2 and L5. The reason is the different starting
point of the measurement of this distance, which was not possible to implement in the
physical model. Therefore, a new frame height was derived from the simulation model
and compared with the measured value. The resulting deviation is largely attributed to
the resulting deviations between the lengths of L6, L3, L4 and L1.

All the differences identified in this phase of testing can be involved in the next
phases of the spiral model of the engineering design of mechatronic systems in order to
achieve an ideal overlap between the design, simulation and final implementation of the
solution.

The second part of the testing was focused on monitoring of stability of the robot at
different step lengths. The measurement in which the robot passed all eight steps from
the generated trajectory was considered successful. Five measurements were taken at each
step length. The robot walked on a horizontal concrete pad in a closed room. The robot
walked independently without physical contact with another object. A successful step is
considered the one after which the walking cycle is completed without falling. The begin-
ning of the measurement of all cycles was in phase BAC 3. The results of the second part
of the test experiments are shown in Table 7.

Table 7. Functionality testing results of a bipedal robot.

Number of Number of The Largest Number of Steps

Test Step Length Successful Failed Measure- Taken in a Failed Measurement

No. [mm)]

Measurements ments (X/8)

1 50 5 0 -
2 60 5 0 -
3 70 5 0 -
4 80 5 0 -
5 90 5 0 -
6 95 5 0 -
7 100 5 0 -
8 105 5 0 -
9 110 5 0 -
10 115 5 0 -
11 120 5 0 -
12 125 5 0 -
13 130 4 1 3
14 135 2 3 3
15 140 1 4 2
16 145 1 4 2
17 150 0 5 2
18 155 0 5 0
- - Y =90 MAX =3

From the test results it is clearly evident that the first three steps are critical, after
which the gait is stabilized. The test experiments show that the robot is able to walk stably
with steps up to 12.5 cm long. The number of all measurements during the second phase
of testing was 90. The measurements took place without interference and external influ-
ences. It is necessary to emphasize that this testing stage served for verification of control
system design proposal. The correctness of the intended idea in defined form was con-
firmed, but at the same time, it is necessary to declare that the designed solution is not
ready for independent continuous infinite walking yet, except for some stable steps. The
constructed and tested prototype of the two-legged robot is shown in Figure 14.
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Figure 14. A tested prototype of bipedal robot MaRo$ (a) construction parts; (b) partial construction;
(c) final version.

6. Conclusions

The topic of the development of humanoid robots is very extensive. Several possible
approaches to the way of controlling bipedal robots in order to ensure movement as sim-
ilar as possible to human walking have been published. This article is focused on one of
the possible methods using the analysis of real human walking. The principle of model-
based design is used, while the bio-inspired design is based on the analysis of the move-
ments of individual parts of the human body while walking. The control system is de-
signed based on a combination of passive and dynamic walking with a controlled, linear
inverted pendulum model. Validation of the designed model using the Matlab simulation
tool confirmed the feasibility of the design. The result of this article is the finding that the
proposed concept can be developed further, after fine-tuning the details, as one of the real
options for the design of walking humanoid robots. This statement is based on the course
and results of the final experiments with the physically constructed prototype of the bi-
pedal robot MaRoS. The development of the prototyping solution is constantly ongoing,
inspired by the spiral model of software product development, and the goal is to com-
pletely reconcile the simulation and physical model of the robot, together with the opti-
mization of energy use in the mechatronic subsystems of the robot.
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