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Abstract: From the ancient mythology till the modern times, people were trying 

to build an artificial mechanical replica of themselves. Inspired by this long 

tradition of various engineering projects, we will hereby describe a partly 

humanoid robotic structure. Our robotic configuration is composed out of an 

anthropomimetic upper body, but instead of legs it uses a wheeled cart for the 

motion. In our research, this so-called semi-anthropomimetic structure has a 

four-wheeled cart. This work is aiming to analyze the behaviour of the robot that 

is exposed to different kind of external disturbances. Disturbances coming from 

the outside in the form of external forces (impulse and long term) simulate the 

interactions of the robot and its ambience. Necessary simulations were 

thoroughly executed (in that way analyzing robotic balance) and proper size of 

the cart is evaluated following the ZMP theoretical background. 

Keywords: ZMP, Semi-Anthropomimetical structure, Antagonistically coupled 

drives, Biologically inspired robotics. 

1 Introduction 

Due to evolution of the robotics science in the last fifty years and more, 

different branches of this scientific field (such as rehabilitation robots, AGVs, 

industrial manipulators, etc.) have accomplished prodigious results. Still, if we 

thoroughly observe the historical perspective of robotic science, it is obvious 

that all of these different classes of robotics were the “side activities”. Main 

goal, which is result of the research in the entire robotics community, has 

always been development of the humanoids [1]. Standard humanoids (e.g. 

ASIMO) imitate the external form of the human body, but mechanisms of such 

robots are made out of non-compliant drives and rigid segments, that are 

standard property of industrial manipulators. This seriously limits the types of 

interactions in which those humanoids could participate. This is one of the 

reasons why these robots can not compare to humans, considering the 

performance in the real world. 

Anthropomimetic concept tries to solve these problems by copying not just 

the outer form, but the internal mechanisms as well. The general idea of the 
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approach tells that if robots apply human-like mechanisms, then they can 

achieve performance capabilities comparable with them. This biologically 

inspired paradigm has been described recently [2 – 4]. 

Current researching in humanoids is focused mostly on human-specific 

movements (like walk or hopping, etc.), which brings attention to a bipedal 

design. Still, a semi-humanoid robot (an upper body placed on a cart), can also 

have a good accessibility to the most of human environments, in that way 

providing a good flexibility and mobility. Although such mobile humanoids do 

not copy human form, their advantage lies in the cases where rapid motion, and 

fast maneuvers are desirable. 

In our research, semi-anthropomimetic robot (ECCEROBOT placed on a 

mobile platform) is used. We used numerous simulations, in order to emulate 

two types of disturbances. First task was to include impulse and long term force, 

which represent outside disturbances. In the next step, motion is included.  In 

other words, forces were acting on the robot during the motion. Acceleration, 

both lateral and longitudinal, is taken into account. Circular motion, oscillations 

of the pitch, roll, and yaw angles, as well as oscillations in longitudinal and 

lateral direction, are also analyzed. All of the previously mentioned is serving to 

emulate some everyday situations and tasks imposed to the robot. In order to 

prevent overturn of the robot and to explore possible motion limitations, we 

need to properly estimate dimensions of the wheeled platform. 

Reviewing of the papers/projects related to our work is given in Section II. 

Third section shows configuration of our robot, its dynamical properties and 

short overview of the control strategy. Analysis of the design of a mobile 

platform of the robot (through appropriate simulations) is described in Section 

IV. 

2 Background Studies 

A huge number of mobile humanoids was developed, but unlike the bipedal 

gait [5] researches focused on the dynamical stability of wheeled humanoids, 

especially considering a possible disturbances, are not so well-explored. 

Considering this, as well as the fact that anthropomimetic principle is a rather 

new concept, justifies our research. 

Framework for the dynamical formulation and control of humanoids is 

presented in [6]. A control strategy for motion and contact forces is 

implemented, and several behaviours are examined (walking, manipulation 

while walking, jumping, etc.) In [7, 8] analysis of the behaviour of the 

humanoid robot exposed to external forces is thoroughly analyzed. Novel 

method for analysis and control of internal forces and CoM (Center of Mass) is 

proposed in [9], where torque-based approach is illustrated on the ASIMO 

robot. 
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A method for dealing with dynamics stability for a mobile manipulator is 

presented in [10]. Control strategy is carefully chosen in order to prevent the 

system to tip-over. ZMP (Zero Moment Point) is used to define dynamic 

stability. Another ZMP concept, called “stable region”, and its implementation 

are fully described in [11, 12]. Extension of the research [11] is presented in 

[13], where potential method is proposed for stability control. Concepts of the 

prohibitive and goal state of stability are outlined. Paper [14] is oriented on 

issues, considering the waist area of a mobile humanoid. Tip-over analysis for a 

robot that moves on a slope is analyzed in [15]. “Contact forces criterion” is 

used for stability analysis. Paper [16] describes a stability control of motion, 

when mobile manipulator is exposed to external forces. Mobile manipulator 

trajectory planning, with analysis of stability is described in [17]. ZMP theory is 

used as an index of the stability of the proposed 2-link planar nonholonomic 

system. 

3 Properties and Control Strategy 

ECCEROBOT (Embodied Cognition in a Compliantly Engineered Robot) 

was the project funded by European Commission Program. Aim was to build a 

robot by replicating human skeleton and muscle mechanisms (Fig. 1). 

 

Fig. 1 – ECCEROBOT (EDS model). 

 

Comparing to standard humanoids, that are copying just the human form, 

ECCEROBOT also focus on the internal structures (bones, joints, tendons, etc.). 

Detailed description of the robotic system can be found in [3]. Artificial 
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muscles, which are antagonistically coupled, are actuating joints similarly to the 

human muscles (unlike standard humanoids). These muscles represent 

combination of: threads, elastic tendons, and DC actuators. Overall conclusion 

is that human muscles and tendons are faithfully replicated in this way. 

Standard humanoids use leg motion. In our research, mobile platform is 

used instead of legs. This semi-anthropomimetic robotic construction is suitable 

for majority of the house related activities. Robot dimensions are chosen in 

accordance with the human-friendly design. 

Mechanical structure of the ECCEROBOT has a large degree of 

complexity. Human-like nature of the robot is complicated for mathematical 

description. ECCEROBOT model [18] has 20 DOFs (degrees of fredom). Joints 

are coupled between themselves, and they are forming 3 kinematical chains. 

Actuation is performed by a couple of DC motors that work antagonistically. 

Joints are modeled in two manners shown at Fig. 2. Triangular manner is used 

for modeling of the human elbow. Circular manner is used to model majority of 

other joints (shoulder, neck, wrist rotation, waist). 

 

Fig. 2 – Left side of the figure shows triangular joint model, 

while circular joint model is shown on the right side. 

 

Papers [18 − 20] fully describe dynamical model of the semi-anthropo-

mimetic configuration with antagonistic actuators. Thus, we will not go into the 

details further in the text, but simplified version will be presented via equations 

(I) and (II).  
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In (1) and (2): 
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positions of the antagonistically coupled actuators, 
16x
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coordinates of the platform, 
16x

R  stands for external force/torque, and 
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12
 represents input control voltages for 2J antagonistic motors. One 

should take notice, that dynamic model of the cart is not included in the 

presented mathematical model, assuming that it can be decoupled thus making 

its solution separate. 

At this point, brief description of the control system will be presented. 

Control strategy is relied on the puller-follower approach [20, 21]. It is bio-

inspired, and has originated from the antagonistically coupled human muscles. 

Main intention is to separate the actuation roles - the agonist initiates action, 

while antagonist resists to it. Achieving of the wanted joint position through 

control of the antagonistically coupled drives represents a challenge. In order to 

solve this problem, coordination must be provided and actuators must be 

simultaneously driven. This actually means that the puller motor is responsible 

for controlling the position of the joint. While the follower motor deals with the 

additional task – it maintains desired tension (in the tendon) which is imposed 

by preventing of loosening of the antagonist tendon. When it is motion required, 

exchanging of the roles is performed. Multi joint system solution of the 

mentioned problem is presented in [22]. 

4 Designing the Cart 

Moving and interacting in a human-centered environment requires large 

degree of reliability. Although compliant structure makes ECCEROBOT rather 

convenient regarding safety, controlling of such robotic structure can be 

problematic. In this part of the paper we will analyze the stability of the semi-

anthropomimetic robot exposed to external influences. These influences come 

as a result of the robot’s interaction in an environment. In our research, the 

careful observation of the ZMP [23, 24] is performed in the different 

assignments requested from the robot. Consequently, conclusions about the size 

of the wheeled platform are made. As it was mentioned before (Section 2), the 

waist of the robot is the most critical from the control theory view [14], because 

of the platform movements. One should notice that research [25] showed 

ineligibility of the effects of the robot’s behaviour to the platform, thus allowing 

independent synthesis of the control of the platform. 

First task in experimental simulations was to expose a robot to external 

forces, while there is no motion via platform. Impulse and long term force were 

applied. These two sorts of external forces emulate most of the real life 

situations. To be more precise they cover planned situations as well as the 

situations where forces appear by accident. Applied forces act from several 

horizontal direction (two cases, 0 and 90 degrees, can be seen in Fig. 3). 
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Following the previously analyzed issues presented in [14], our forces will be 

applied to the torso area. Paper [26] nicely describes examples coming from 

every day tasks with included external forces. Appearance of unexpected 

external forces can occur during the motion through an unstructured terrain, etc. 

 

Fig. 3 – Direction of the external forces. 

 

Next task was to generalize simulations – besides external influences, 

mobile platform motion is provided. This combination of external forces and 

platform motion is exploring robot’s capability to obtain balance during the 

imposed assignments. We included typical simple motions, as well as their 

combination. Lateral and longitudinal motion while accelerating/decelerating, 

oscillations during the motion in these directions, oscillations and changes of 

angles, circular motion – all of these were included in simulations.  

Ensuring of efficient motion requires a certain bargain. Platform must be 

smallest possible in order to have high maneuver capabilities, but also it must be 

sufficiently large to cover ZMP stabile area. Thorough simulations are 

performed to successfully achieve these requirements. 

Table 1 present Zero Moment Point data in cases when: long term and 

impulse force act on the robot, while there is no motion. The biggest 

disturbance for the xzmp is in the case when impulse force of 2800 N (duration  

t = 0.012 s) hits the robotic structure from the direction of 157.5
o

. 
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Table 1 

ZMP Point (Disturbances following from the described  

forces – long term, and impulse). 

xzmp [cm] yzmp [cm] Direction 

[degrees] 
F
max

 [N] 
min max min max 

Disturbances following from the long term force 

0 150 –16.9 2.8 –2 1.5 

22.5 160 –12.7 2.9 –1.5 1.4 

45 180 –2.5 2.7 –4.1 8.2 

67.5 140 2.2 2.8 –5 9.8 

90 140 2.7 2.8 –1.9 5.8 

112.5 130 2.6 3.3 –1.8 5.9 

135 220 2.4 19.1 –3.4 10.8 

157.5 140 2.8 22.5 –1.4 0.7 

180 130 2.9 23.3 –0.9 1.1 

Disturbances following from the impulse force 

0 2700 –15.4 2.7 –1.6 0.6 

22.5 3100 –21.3 2.8 –0.3 2.9 

45 2500 –2.9 2.7 –15.9 6.6 

67.5 1600 1.8 2.7 –5.5 4.6 

90 1600 2.1 2.8 –6.7 9 

112.5 1800 1.8 4.1 –7.3 8.1 

135 2500 1.8 9.3 –8.1 9.7 

157.5 2800 2.7 24.4 –0.3 2.5 

180 2500 2.7 22.3 –1.2 1.1 

 

Table 2 presents the case that is mixture of external and internal 

disturbances – an impulse force applied to the robot moving longitudinally. It is 

usual case in everyday life. Duration of the forces is t = 0.012 s. Other cases 

will be a subject of different publications. 

Fig. 4 shows the position of the ZMP when impulse force is applied to the 

robot moving longitudinally, for several force directions. 

Our configuration of the ECCEROBOT’s mobile platform has four wheels 

that form a square. Wheels are forming a stable region according to the Zero 

Moment Point concept. Despite the sufficiency of that region in the prevention 

of the system overturn, we define a more strict region R (circle with radius r, 
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inscribed in the square). Introducing of this region prevents cases in which ZMP 

point is in the corners of the square. These are undesirable situations because 

stable region becomes narrow in the corners, and therefore stability can be 

easily threatened due to influences that can not be predicted. Paper [15] 

proposes very similar concept.  Equation (3) presents the approach that we 

described: 

 
222

: ryxR
zmpzmp

≤+ . (3) 

Table 2 

ZMP point (Combined disturbances, lasting 0.012 s,  

following from the motion and external forces). 

xzmp [cm] yzmp [cm] Direction 

[degrees] 
F [N] 

min max min max 

0 1800 –13.2 4.1 –1.4 1.1 

22.5 2000 –13.7 3.2 –1.2 1.3 

45 1800 –5.8 3.8 –1.8 3.3 

67.5 1600 –0.9 3.7 –4.5 4.3 

90 1600 1.6 3.7 –4.8 5.3 

112.5 1800 1.8 4 –6.3 5.5 

135 2300 1.7 4.9 –5.6 5.4 

157.5 3000 2.1 11.3 –1.6 2.9 

180 2800 2.1 12.4 –1.1 0.9 

 

 

Fig. 4 – Influence of the impulse force on the ZMP map. 
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Here, 
zmp
x , 

zmp
y  stand for x and y  coordinates of the ZMP. Stable region is R, 

and its radius is r. Overturn of the robotic system begins if the ZMP gets outside 

of the safe region. In order to calculate minimal value of radius (
min
r ), maximal 

absolute values of the x and y coordinates of the ZMP are used, considering all 

tested cases: 
2

max

2

max

2

min −−

+=
zmpzmp
yxr . Absolute values are considered, because 

we must cover all the possible combinations, and not just separate simulations. 

Analysis of the results shows that the most interesting situation 

(considering our approach) appears in the case where impulse force is acting. 

By analyzing the gained results we found that the maximal absolute values of 

the ZMP coordinates are 24.4 cm for the 
zmp
x , and 15.9 cm for the 

zmp
y . 

Bearing in mind the equation (III), it can be concluded that the minimal radius 

value for the safe region is 
min

29.12cmr ≈ . Therefore ECCEROBOT’s 

platform should be made in the way that the circle with radius 29.12cmr ≈  can 

be inscribed in the square. This ensures robot’s stability in everyday tasks. For 

the square design, side of 2 58.2cma r= ≈  is needed in order to provide 

reliable motion. 

5 Conclusion 

This paper aimed to establish the cart dimensions of the semi-

anthropomimetic robot, bearing in mind that we must keep the balance against 

tipping-over. Presented robotic structure is sensitive to disturbances due to its 

compliance. Our experimental simulations showed how robot stability can be 

obtained for several types of disturbances. Analysis of the robot balance enables 

us to properly design the mobile platform. The obtained results are satisfying, 

which brings an encouragement to the idea that our robot can manage everyday 

tasks in a human-oriented environment (e.g., home). 
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