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Abstract. The paper presents the study of the behavior of the major structural elements of the 
lower limbs of anthropomorphic robot Antares under the influence of different types of loads 
(torsion, fracture). We have determined the required values for actuators torques for motion of 
the robot in space. The maximum values of torques are 5 Nm and 5.2 Nm respectively, and are 
able to withstand the upper and lower leg structures. 

1. Introduction 
Modern developments in the field of humanoid robotics are aimed at making motion characteristics of 
the robot closer to the kinematics of the human body [1,2]. The problem of high energy consumption 
in the realization of the kinematics of the anthropomorphic robot is partially solved by making the 
construction lighter. Auxiliary batteries (an installation site is provided ) will be installed in the upper 
legs to reduce the electrical load on the main battery of Antares as well as to control actuator 
powering, which will help to avoid power supply problems. In this regard, the study of the stability of 
structures and materials and their ability to withstand a given load is of particular interest [3,4]. 

One of the simplest structures of the biped robot is described in [5]. It is made up of a two-
millimeter aluminum sheet, includes six servos operated by an EyeBot controller, and weighs 1.11 kg. 
When walking, the robot reaches a speed of 120 m/h at a maximum angle of 60 degrees between the 
hips. Such robot architecture with six servos is used in [6] to study the operating angles of the joints of 
the knee, ankle and hip. 

The anthropomorphic robot in the HanSaRam series, which regularly participates in the FIRA 
league since 2000, is discussed in [7]. The HanSaRam-VIII (HSR-VIII) robot has 28 servos, weighs 
5.5 kg and can move at a speed of up to 12 cm/s. 

In [8], anthropomorphic robot Lola, having 7 degrees of freedom per leg, weighs 55 kg with the 
180 cm height. The problems of stability of the robot after stopping as well as a gradual contact of foot 
parts with the surface when walking are discussed. Elastic materials of the toe and heel of the robot 
foot ensure the reduction of impact force on the robot structure during touching the surface. 

A home assistive robot with 14 servos and 16 degrees of freedom, presented in [9], has an 
anthropomorphic upper body architecture and a wheelbase. The paper mostly focuses on two-handed 
manipulation of objects by robots during transferring domestic objects. 

Anthropomorphic robot SWUMANOID, 92 cm high, having 24 servomechanisms of the series 
Dynamixel in its construction, is designed in [10] to simulate motions and swimming in water. 
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Unstable rolling of the robotic body in water complicates the calculation of the kinematics of 
movements of a floating robot that consists of 21 composite components. 

After reviewing the humanoid robot structures [11, 12] and focusing on the literature [13, 14], we 
have developed a model of robot Antares (Fig. 1). Antares is a robotic system designed for research 
activities. Its construction, as that of robot DARwin OP [12], consists of parts made from Duralumin 
D16T plates (2, 4, 8, 12 mm thick). The developed model of Antares has a number of advantages 
compared with robot Poppy [11]. These include an increased operating range of motors installed in the 
legs; the use of a more durable material; more optimal distribution of the internal space of the robot. 

Details of anthropomorphic robot Poppy are created based on 3D-printing, which allowed much 
cheaper production of the robot parts and made it possible to use less powerful servos, but reflected on 
robot stability when walking. The robot has 25 servomechanisms Dynamixel MX-64 and MX-28 [12], 
which ensure unobstructed movement of the limbs with a given accuracy and strength margin as gears 
are made of metal. 

A modular robot design helps the researcher to change the movement of any robot’s limb by 
isolating the desired limb from the rest of the body, almost without affecting the performance. The 
structure is specially designed for the installation of additional sensors and connection cables. In 
addition, such a design facilitates periodic robot maintenance service. 

Robot Darwin-OP is a robot platform intended for research and development within the framework 
of an educational process. DARwin OP has high performance and dynamic characteristics and a wide 
range of sensors. 

A modular robot design helps the researcher to change the movement of any limb of DARwin OP. 
The structure also allows the installation of additional sensors. 

In this paper, we study the stability of the basic structural elements of anthropomorphic robot 
Antares (Fig. 1) when subjected to external forces such as linear force and torsion. During the 
research, we have analyzed the movement of the lower limbs and modelled the impact of the external 
load on the constituent elements of robot’s structure. Due to the use of lightweight materials, the 
engines consume less energy. Dynamixel actuators MX-64T (engines Nos. 1-12) and MX-28 (engines 
Nos. 13-22) are used in the construction of Antares; the gears are made of metal, which ensures 
movements with a given accuracy and a margin of safety [12]. 

The modular construction of the robot allows the researcher to change the movement of any robot’s 
limb by isolating the desired limb from the rest of the body almost without affecting the performance. 
The structure allows for the installation of additional sensors and connection cables. Furthermore, such 
a design facilitates periodic maintenance service for the robot. The estimated height of the robot is 100 
cm and the weight is 6 kg. 

2. Motion analysis of lower limbs 
Motion analysis is regarded as the movement of a three-dimensional model in the conditions close to 
real ones and the reading from sensors. The model of the robot, shown in Fig. 1, displays numbering 
of servomotors, for which the motion analysis is carried out using the method proposed in [15,16]. The 
purpose of the simulation is to determine the values of the torque and linear force acting on the robot 
structure. Data from the obtained results can be used to simulate weight loads on various positions of 
the robot in space. In the simulation process, we have determined the torques of the engine output 
shaft in the joints of robot’s leg (ankle, knee and pelvis joints). 

To analyze the motion, robot’s foot was blocked while the leg was moving. Force of gravity G 
equals 9.81 m/s2. The contact between the motor flanges and upper and lower leg plates was 
simulated. Then, equal parameters were set for four engines Nos. 2-5 (Fig.2). In the engine 
parameters, the function “segments” was selected, where engine’s running time is 3 seconds; the 
motor shaft is moving at 85°; the type of segment is cubic. We used the force that replaced the weight 
of robot’s torso of 20 N as the external load. To determine the torque on the engine shafts Nos. 2-5 
(Fig. 2), sensors were installed. The engines worked synchronously and their running time was 3 
seconds. 
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As we can see clearly from the graphs, 
the torso. Engine No.2 only maintains balance
No. 3. The latter, rotating in the knee
elevating the leg. The situation is similar
abutting against engine No. 3, while engine 

For engine No. 2, the torque is τ
total torque in the initial period of time approximately equals 0.3 + 4.5 = 4.8 N
engine is 2.4 N·m. The moment of force applied to the assembly of the lower leg when robot’s leg is in 
a “sitting position” is as follows: 

where l is the length of the arm on which the force is acting.
For engine No. 4 the torque is 

therefore, the total torque in the initial period of time is equal to 4.5 + 0.5 = 5 N
engine is 2.5 N·m. 

The moment of force applied to the upper leg when robot’s leg is in a “sitting position” is equal to:

Thus, based on the motion analysis of two leg assemblies, we determined moments that act on the 
parts of leg when lifting it from the “sitting position”. These moments served to model the application 
of external loads to the assemblies of the lower and u

 
3. Simulation of weight loads on the lower limbs of Antares 
Load modeling is testing if robotic parts and joints can withstand different loads as well as identifying 
weak spots in the structure. The essence of conducting the analysis of 
what stresses occur in robot’s details. On the basis of this analysis, we can evaluate if the developed 
model of the robot is suitable for carrying out different tasks.

We have studied the assembly of the upper and lower leg
alloy D16T and brass. Duralumin was used for making plates for a lower and upper leg and a 
transverse strut. Brass was used for making a stiffening rib for an upper and lower leg. Duralumin is 
destroyed at a lower load than brass is [15], so the simulation process is terminated after reaching the 
threshold of destruction of duralumin. The “global contact (no movement)” was selected as the type of 

 

Figure 1. Engines of the generalized model of 
anthropomorphic robot Antares
 

the graphs, shown in Fig. 2, the engines need different torque
only maintains balance, so it has a small torque in comparison with engine 

the knee joint, moves the lower leg (which abuts against the foot)
situation is similar with engines No. 4 and No. 5. Engine No.

, while engine No. 5 maintains balance. 
For engine No. 2, the torque is τ = 0.3 N·m, and for engine No. 3 the torque is 

total torque in the initial period of time approximately equals 0.3 + 4.5 = 4.8 N·m. The torque per one 
m. The moment of force applied to the assembly of the lower leg when robot’s leg is in 

 

� �
τ

�
�
2,4

0.17
� 14,11 � 15	N, 

is the length of the arm on which the force is acting. 
For engine No. 4 the torque is τ = 4.5 N·m, and for engine No. 5 the torque is 

therefore, the total torque in the initial period of time is equal to 4.5 + 0.5 = 5 N·m. The torque per one 

The moment of force applied to the upper leg when robot’s leg is in a “sitting position” is equal to:

� �
�

�
�
2,5

0.17
� 14,7 � 15	N. 

Thus, based on the motion analysis of two leg assemblies, we determined moments that act on the 
parts of leg when lifting it from the “sitting position”. These moments served to model the application 
of external loads to the assemblies of the lower and upper leg. 

3. Simulation of weight loads on the lower limbs of Antares  
Load modeling is testing if robotic parts and joints can withstand different loads as well as identifying 
weak spots in the structure. The essence of conducting the analysis of structural assemblies is to see 
what stresses occur in robot’s details. On the basis of this analysis, we can evaluate if the developed 
model of the robot is suitable for carrying out different tasks. 

We have studied the assembly of the upper and lower leg. The material selected was duralumin 
alloy D16T and brass. Duralumin was used for making plates for a lower and upper leg and a 
transverse strut. Brass was used for making a stiffening rib for an upper and lower leg. Duralumin is 

than brass is [15], so the simulation process is terminated after reaching the 
threshold of destruction of duralumin. The “global contact (no movement)” was selected as the type of 

Engines of the generalized model of 
anthropomorphic robot Antares 

different torques to raise 
, so it has a small torque in comparison with engine 

lower leg (which abuts against the foot), thus 
No. 4 lifts robot’s leg, 

τ = 4.5 N·m, so the 
·m. The torque per one 

m. The moment of force applied to the assembly of the lower leg when robot’s leg is in 

m, and for engine No. 5 the torque is τ = 0.5 N·m, 
·m. The torque per one 

The moment of force applied to the upper leg when robot’s leg is in a “sitting position” is equal to: 

Thus, based on the motion analysis of two leg assemblies, we determined moments that act on the 
parts of leg when lifting it from the “sitting position”. These moments served to model the application 

Load modeling is testing if robotic parts and joints can withstand different loads as well as identifying 
structural assemblies is to see 

what stresses occur in robot’s details. On the basis of this analysis, we can evaluate if the developed 

. The material selected was duralumin 
alloy D16T and brass. Duralumin was used for making plates for a lower and upper leg and a 
transverse strut. Brass was used for making a stiffening rib for an upper and lower leg. Duralumin is 

than brass is [15], so the simulation process is terminated after reaching the 
threshold of destruction of duralumin. The “global contact (no movement)” was selected as the type of 
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attachment. Surfaces of working holes served as a place of attachment. In 
contact”, we have used a type of the connection “bolt
assemblies are fixed with the help of “fixed geometry” which does not allow feet assemblies to move 
in servo flanges’ attaching point. 
points of servo flanges. Estimated weight of the robot assembly is 6 kg, with each leg weighing about 
1 kg. Half the weight of robot’s body (excluding legs) accounts for the assembly of o
approximately 20 N. This value was calculated for the vertical and lateral (along the normal to the 
front plane) load according to the following formula:

where F is the force applied to the lower leg assembly; 
all weight is distributed over 2 legs.

Figure 2. Dependence of torque

During the simulation process
force aimed at three directions: vertical (perpendicular to the transverse plane), lateral (
normal to the front plane) and lateral (perpendicular to the sagittal plane).

Vertical load and lateral load (sitting position) 
accounts for 25 H, as 20 H is torso’s
(20 H) accounts for the upper leg.

For lateral load (position of the legs in cross splits)
“motion analysis”. It is equal to 20
leg; only torso’s weight (15 H) accounts for the upper leg.

Since motor’s torque varies from 0 to 6 N
torque value with the application of external vertical and lateral loads. The direction of the applied 
force is selected based on the fact that this force will have its maximum 
“sitting” position. Therefore, the direction

To test the leg for torsion, we have
and the inner part of its feet rests
of the leg (0.5 m), therefore, the torque 
the assembly of the leg (with the
torque has the following value: 

�

attachment. Surfaces of working holes served as a place of attachment. In addition to the “global 
contact”, we have used a type of the connection “bolt-connector” for even load distribution. The 
assemblies are fixed with the help of “fixed geometry” which does not allow feet assemblies to move 
in servo flanges’ attaching point. The linear force and torque were used as the external load at fixing 
points of servo flanges. Estimated weight of the robot assembly is 6 kg, with each leg weighing about 
1 kg. Half the weight of robot’s body (excluding legs) accounts for the assembly of o
approximately 20 N. This value was calculated for the vertical and lateral (along the normal to the 
front plane) load according to the following formula: 

� � � 2⁄ � 40 2 � 20⁄ 	N, 
is the force applied to the lower leg assembly; P is weight of legs; the denominator is 2, since 

all weight is distributed over 2 legs. 

torques of engines Nos. 2-5 on their running time for 
 

During the simulation process, assemblies were exposed to 2 types of loads 
aimed at three directions: vertical (perpendicular to the transverse plane), lateral (

normal to the front plane) and lateral (perpendicular to the sagittal plane). 
ad and lateral load (sitting position) on the assembly of the lower leg (

torso’s weight and 5 H is the weight of the upper leg
H) accounts for the upper leg. 

the legs in cross splits), the force value was calculated based on the
. It is equal to 20 H, since 15 H is torso’s weight, and 5 H is the

H) accounts for the upper leg. 
torque varies from 0 to 6 N·m, the simulation was carried out for

with the application of external vertical and lateral loads. The direction of the applied 
force is selected based on the fact that this force will have its maximum value when the foot 

the direction will be along the normal to the sagittal plane of the 
we have modeled such a scenario when the robot is

s against the floor surface. Torsion occurs throughout the 
, therefore, the torque is the same for the assemblies of the lower 

the assembly of the leg (with the foot length equal to 0.0825 m and the weight of the leg

� � � ∙ � � 10 ∙ 0,0825 � 0,825	N ∙ m. 

addition to the “global 
connector” for even load distribution. The 

assemblies are fixed with the help of “fixed geometry” which does not allow feet assemblies to move 
The linear force and torque were used as the external load at fixing 

points of servo flanges. Estimated weight of the robot assembly is 6 kg, with each leg weighing about 
1 kg. Half the weight of robot’s body (excluding legs) accounts for the assembly of one leg, which is 
approximately 20 N. This value was calculated for the vertical and lateral (along the normal to the 

is weight of legs; the denominator is 2, since 

 
for the leg construction 

assemblies were exposed to 2 types of loads - torque and linear 
aimed at three directions: vertical (perpendicular to the transverse plane), lateral (along the 

the lower leg (or upper leg) 
upper leg; only torso’s weight 

value was calculated based on the leg 
is the weight of the upper 

m, the simulation was carried out for the maximum 
with the application of external vertical and lateral loads. The direction of the applied 

value when the foot is in the 
will be along the normal to the sagittal plane of the leg. 

the robot is in a prone position 
occurs throughout the whole length 

lower and upper leg. For 
the weight of the leg - 1 kg), the 
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Figures 3 and 4 present the results of load modelling in the form of stress distribution diagrams, on 
the basis of which it is possible to draw conclusions about the behavior of the upper and lower legs 
assemblies under different kinds of applied load. The diagram of internal stresses reflects the ability of 
a part or assembly to withstand the applied loads. 

 

Figure 3. The simulation results of 
the lower leg model: a) vertical 
load; b) torque load and lateral load 
(along the normal to the transverse 
plane); c) lateral load (perpendicular 
to the sagittal plane); d) torsion 
 

Diagrams of the maximum internal stresses are built according to von Mises and evaluated 
according to equivalent internal stresses in comparison with the yield strength of the used material. 
The material used for making the product begins to weaken when the stress according to von Mises is 
equal to the stress limit value. In most cases, yield strength corresponds to the stress limit value. A 
stress limit is a stress at which the deformation continues to increase without increasing the stress 
inside the product. Units of measurement of yield strength are N/m2. Thus, the results are shown in the 
form of equivalent stress diagrams and a graphical representation of color palette directly on the 
assembly. The location of the maximum internal stress is painted in red and marked with a footnote to 
the current stress value. 

 
3.1. A spatial model of robot’s lower leg 
During the simulation process, assemblies were exposed to 2 types of loads - torque and linear force 
aimed at three directions: vertical (perpendicular to the transverse plane), lateral (along the normal to 
the front plane) and lateral (perpendicular to the sagittal plane). To study the lower leg model, we have 
conducted four experiments described below: 

1) Vertical load of 25 N is applied to the lower leg assembly and is distributed evenly throughout 
the whole volume of plates of the lower leg. The maximum internal stress of the assembly is 
concentrated in the plates of the lower leg (Fig. 3 a); the stress value is 4.53 × 105 N / m2. 

2) The torque of the engine flange (6 N·m) and lateral load of 25 N are applied to the lower leg 
assembly (Fig. 3 b). The load is almost equally distributed over the entire surface of the lower leg 
plates. The maximum internal stress of the assembly is found in the stiffening rib (in the attachment 
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point of a stiffening rib and a lower leg plate); the stress value is 3.79 × 107 N/m2. The maximum 
internal stress of the lower leg plate is in the working hole of a stiffening rib and equals 2.29 × 107 
N/m2. 

3) Load of 20 H is applied to the lower leg assembly (perpendicular to the sagittal plane). The 
maximum internal stress of the assembly is located in the stiffening rib (Fig. 3) and equals 6.72 × 107 
N/m2. The maximum internal stress of the lower leg plate is in the working hole of attachment of the 
stiffening rib and equals 2.45 × 107 N/m2. 

4) The torque equal to 0,825 N·m, acting along the axis that passes through the center of the 
transverse plate, is applied to the lower leg assembly. The maximum internal stress of the assembly is 
on the plate that connects plates of the lower leg (Fig. 3 g); the stress value is 6.13 ·  105 ·  N/m2. 

 

Figure 4. The simulation results of the 
upper leg model: a) vertical load; b) lateral 
load (along the normal to the front plane); 
c) lateral load (perpendicular to the sagittal 
plane); d) torsion 

 
3.2. A spatial model of robot’s upper leg 
To study the upper leg model, we have also conducted four experiments described below: 

1) Vertical load of 20 N is applied to the upper leg assembly and is evenly distributed throughout 
the whole volume of plates of the upper leg. The maximum internal stress of the assembly is 
concentrated in the plates of the upper leg (Fig. 4 a); the stress value is 2.78·105 N/m2. 

2) The torque of the engine flange (6 N·m) and lateral load of 20 N (perpendicular to the transverse 
plane) are applied to the upper leg assembly. The load is evenly distributed over the entire surface of 
the upper leg plates. The maximum internal stress of the assembly is on the plates of the upper leg 
(Fig. 4 b) and equals 1.61·107 N/m2. 

3) Load of 15 H is applied to the upper leg assembly (perpendicular to the sagittal plane). The 
maximum internal stress of the assembly is on the plates of the upper leg (Fig. 4 b) and equals 
2.21·107 N/m2. 
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4) The torque, equal to 0.825 N·m, acting along the axis that passes through the center of the 
transverse plate is applied to the upper leg assembly. The maximum internal stress of the assembly is 
on the plates of the upper leg (Fig. 4 d); the stress value is 6.13 ·  105 N/m2. 

On the basis of the yield strength for the developed leg model, it can be concluded that the 
assembly of the upper and lower leg can withstand the given types of external loads, since the yield 
strength for the leg assembly lies within the permissible range [12, 15]. 

4. Conclusion 
In this paper, we have presented motion analysis of lower limbs of robot Antares, and, on the basis of 
the obtained results, we have simulated application of external loads on the composite parts of robot’s 
legs. According to the data presented in Figures 3 and 4, it can be concluded that by applying various 
external forces to the legs, the internal stress is close to the yield point for the given material.  

Since the assemblies of robot’s structure can withstand the load, calculated previously, without 
being destroyed, the stability of the leg’s design is kept. During the simulation process, we have also 
identified some of the parameters of the future robot model. The lifting of the robot from the “sitting” 
position requires torque which is 2.4 times less than the maximum torque developed by the engine, 
and the construction of the leg can withstand the maximum torque. Thus, the robot is able to perform a 
vertical jump, which has been successfully confirmed experimentally. 

The robot under development is intended for use for educational purposes, such as participation in 
robot football competitions, as well as for the development of assistive technologies of human-
computer interaction based on multimodal interfaces [17-22]. 
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