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A Dynamic Simulator Design for Humanoid
Robots
Emre Sariyildiz, Hakan Temeltas
Abstract— This paper proposes a new dynamic simulator for humanoid robots. The exact dynamic model of a
humanoid robot is derived by using floating point base dynamics so that the discontinuity problem of the conventional
methods is solved. To provide better insight into the dynamic behavior of a humanoid robot, the exact dynamic model is
derived by proposing numerical and analytical methods. Although only humanoid robots are considered in this
manuscript, the proposal can be similarly applied to different floating point base dynamic systems such as mobile and
space robots. A new simulator is designed by using the proposed dynamic model and MATLAB-Simulink. Conventional
control engineering schematic diagram is used in the design of the simulator so that users, who have basic control
knowledge, can easily adapt it. Not only the controller and trajectory generation but also the model parameters, such as
impedance of contact model, can be easily modified by users, i.e., the proposed simulator provides an important design
freedom and flexibility to achieve better dynamic model for the actual implementations. Animations of a humanoid robot
are obtained by using the Virtual Reality Toolbox (VRT) of MATLAB. Simulation results of the whole body motion control
of a humanoid robot are given to show the validity of the proposal.
Index Terms— Humanoid Robots, Floating Point Base Dynamics, Locomotion, Simulator Design, Whole Body
Motion Control.

I. INTRODUCTION
Humanoids have several superiorities over other robot systems, e.g., the mechanical structure of a humanoid robot
is very useful to perform complicated tasks in humans’ daily life environments [1-4]. However, current humanoid
robots can perform quite simple tasks, such as walking on an even terrain and are far away from being a part of our
daily life activities due to insufficient control methods [5 and 6]. Since humanoid robots have usually high costs
and the experiments are more laborious and dangerous than conventional robots, designing and validating
advanced controllers and trajectories cannot be easily realized [7]. Dynamic simulators are very useful control
tools in humanoid researches, since advanced control structures and trajectory patterns can be easily designed and
validated [7 and 8]. However, designing a dynamic simulator for humanoid robots is quite challenging task due to
highly nonlinear dynamic model, redundant mechanical structure, and lack of a fixed point against conventional
robotic systems such as industrial robots [9].
The dynamic models of humanoid robots and environmental contact, such as sole and floor contact model, should
be derived to design a dynamic simulator. Conventional dynamic model derivation methods have several
disadvantages in the design of a humanoid robot simulator, e.g., the dynamic model suffers from discontinuity
since the fixed point of the robot changes during locomotion and multiple, i.e., serial and parallel, kinematic
solutions are used in single and double support phases, respectively [10 and 11]. Model simplifications, such as
sub-dimensional dynamic models in frontal and sagittal planes, are generally used to analyze humanoid robots and
design simple simulators; however, they cannot reflect the exact dynamic behavior and limits the performances of
humanoid robots in implementations [12 and 13].
Many different robot simulators have been proposed due to the incontestable advantages, e.g., advanced control
systems can be designed and validated in a reliable, safe and cost effective manner [7, 14 and 15]. However,
dynamic simulators cannot exactly reflect the real world due to model simplifications, which is called as the reality
gap in the literature [15 and 16]. Although comparison studies for dynamic simulators have been proposed, there is
no a clear approach to compare efficiency of simulating humanoid robots [7 and 8]. The simulations can be
significantly improved by considering the actual dynamics of humanoid robots, e.g., actuator dynamics, joint
frictions and so on. However, none of the commercial software packages, such as Webot and Adams, can provide
full control over all the features of interested [7, 8, and 17]. Therefore, designing a dynamic simulator can be very
useful to reflect the exact dynamic behavior of humanoid robots and achieve high performance controllers [17].
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In this paper, a new dynamic simulator is proposed for humanoid robots. A user can easily design advanced
controllers thanks to its user friendly conventional control engineering-based schematic design. The proposed
simulator can be modified by changing the design parameters, such as inertia of humanoid robot, and/or adding
un-modeled dynamics, such as nonlinear friction and actuator dynamics, by users. Therefore, better dynamic
models can be achieved to reflect the dynamic behavior of the actual robot and high performance advanced
controllers can be designed for specific implementations. Without any approximation, the floating point base exact
dynamic model of a humanoid robot is derived by using Newton-Euler algorithm and analytical derivation method
so as to provide better insight into the dynamic behaviors of humanoid robots. Although only humanoid robots are
considered in this manuscript, the proposal can be similarly applied to many different floating point base dynamic
systems such as mobile and space robots. The model of environmental contact, specifically floor and sole contact
model, is as important as the robot dynamics in the simulator design of a humanoid robot. A virtual spring-damper
collision model is used to derive the dynamics of whole body contact model of a humanoid robot, since the contact
forces can be uniquely obtained by using an impedance model which is very well-known by robotics researchers. A
new dynamic simulator is designed by using the proposed dynamic models and MATLAB-Simulink. Animations
are performed by using the Virtual Reality Toolbox (VRT) of MATLAB. Simulation results of whole body motion
control of a humanoid robot are given to verify the proposal.
The rest of the paper is organized as follows. In section 2, the floating point base dynamic model of a humanoid
robot is derived by using numerical and analytical methods. In section 3, contact forces of a humanoid robot are
derived by using virtual spring-damper collision model. In section 4, new simulator is briefly introduced. In section
5, simulation results of whole body motion control of a humanoid robot are given. The paper ends with conclusion
given in the last section.
II. DYNAMIC MODEL OF A HUMANOID ROBOT
In this section, the floating point base exact dynamic model of a humanoid robot is derived by using numerical and
analytical methods.
Figure 1 shows a general structure for a humanoid robot which has four limbs connected to a free floating base link.
The closed form dynamic model of a humanoid robot is derived as follows:
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accelerations of limbs’ joints; M L       represents the limbs’ inertia matrix in which m ij is the inertia
m n1  m nn 
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sub-matrix related to the i th and j th limbs; ML  MB  
 represents the non-diagonal inertia
mw 2  mw n 
matrix in which m v i and m w i are the inertia sub-matrices related to the accelerations of the i th limb and base-link
linear and angular motions, respectively; cB  x, x  and cL  x, x  represent Coriolis and centrifugal force/torque

vectors; g B  x  and g L  x  represent gravity force/torque vectors; τ L represents generalized torque vector of
limbs' joints; J represents Jacobian matrix; F represents external forces and moments acting on the robot, such as
m represents the vector of motor
the reaction force of floor; J m represents diagonal inertia matrix of motors; q
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Fig.1: A general structure for a humanoid robot.

accelerations; and τ m , τ frc and τ dis
m represent the vectors of motor, friction and external disturbance torques,
respectively.
A. Numerical derivation method:
Since a humanoid robot has a highly redundant mechanical structure, derivation of Eq. (1) is not an easy task in
general.
A numerical algorithm can be used to systematically derive the closed form dynamic model of a humanoid robot as
follows:
Inertia Matrix:
1) Derivation of m vv
  , m wv
  and m v i :
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Where n represents the number of the limbs; E 3 represents a 3x3 identity matrix; Ι B represents the inertia of the
base-link; and NE () represents the well-known Newton-Euler numerical algorithm that is widely used to derive
the dynamic models of robots [18].
2) Derivation of m w i , m v i and m ij :
for i = 1: n
x  0, 
x = 0, g = 0, F = 0
for j = 1 : ik

xlimb = 0
i

(13)
(14)

xlimb  j   1

(15)

for k = 1 : n
 k fB , k nB , k τ   NE  k 

(16)

mki  j  = τ
k

(17)

end
m v i  j  =  k fB , mw i  j  =  k nB
k

(18)

k

end
end
Where ik represents the degrees-of-freedom in the ith limb.
Hence, the inertia matrix is derived. The computational load can be decreased by using the symmetry property of
T
the inertia matrix, i.e., mvw
  = mwv
 .
Coriolis and Centrifugal Vector:
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for i = 1 : n
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Gravity Vector:
Gravity vector is similarly derived by using Eq. (19-21) and

x  0, x = 0, g = 0 0 9.8 , F = 0

(22)
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(23)

T

Jacobian:
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i
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end
where p represents the number of F acting on the robot.
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B. Analytical derivation method:
In this sub-section, Eq. (1) is derived by proposing an analytical method. Although same result is obtained, the
proposed analytical method provides better insight into the dynamic characteristics of humanoid robots.
Diagonal Terms of Inertia Matrix:
If it is assumed that x  0, x = 0 and g = 0 except v , then the total inertial force acting on the robot is derived as
follows:

(27)
Ftotal  mvv
 v


where m vv
(28)
    mB   mi  E3 .
i


Let us consider x  0, x = 0 and g = 0 except w instead of v . Total inertial moment acting on the robot due to
angular acceleration is derived as follows:


τ total  mww
w

(29)

The sub-inertia matrix m ww
  is the total inertia of the robot and is derived by using the parallel axis theorem as
follows:







i
T
T
T
mww
   Ι B   i R Ι ci i R  pB_CoMi p B_CoMi E3  pB_CoMi pB_CoMi
i



(30)

where pB_CoMi represents a vector from base-link to the CoM of the i th link.
Finally, if it is assumed that x  0, x = 0 and g = 0 except xL , then the inertia matrices of limbs are derived by
using Lagrangian as follows:



mii   mi J VCoMi T J VCoMi  J WCoMi T i R i Ιi i RT J WCoMi



(31)

i

where J VCoMi and J WCoMi represent linear and angular Jacobian matrices of the i th link's CoM, respectively.
Non-Diagonal Terms of Inertia Matrix:
Let us again consider x  0, x = 0 and g = 0 except w . The total force acting on the robot due to angular acceleration
is derived as follows:

(32)
Ftotal  mvw
w




Ftotal   mB   mi  v CoM   mbody   mi  pB_CoM w
(33)

i
i




where pB_CoM represents a vector from base-link to the robot's CoM; and    represents skew-symmetric matrix.





Finally, if it is again assumed that x  0, x = 0 and g = 0 except xL , then total inertial force and moment acting on
the base-link are derived as follows:
Ftotal   m v j j xL
(34)
j

τ total   m w j j xL

(35)

j

Consequently, the inertial sub-matrices m v j and m w j are derived as follows:

m v j   m j J VCoMj
j



(36)
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j





Since the accelerations of a limb do not directly influence the other limbs’ motions, mij  0 when i  j .

12

(37)

ISSN: 2319-5967
ISO 9001:2008 Certified
International Journal of Engineering Science and Innovative Technology (IJESIT)
Volume 4, Issue 6, November 2015
Gravity
T


g B  9.8  mB   mi  υgT ,  mi  pLi _ CoM  pB   υg 
i
i



j
j
T
gLj  9.8 mi J VCoMi υg





T

(38)
(39)

i

g  [gBT , gL1 T , , gLn T ]T

(40)

Jacobian
Jacobian is derived for the tip point of the rth limb as follows:
r
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where pB_ r L represents the distance between tip point of the rth limb and body; r p ji_ r L
tip

represents the distance
tip

between tip point of the rth limb and joint i; and rk represents the degrees-of-freedom of the rth limb. Equations
(27-45) show that Eq. (1) can be analytically derived except Coriolis and centrifugal force/torque vector without
any approximation.
III. CONTACT MODEL OF A HUMANOID ROBOT AND ENVIRONMENT
In the dynamic simulation of a humanoid robot, the model of environmental contact is as important as the dynamic
model of the robot. In this section, the contact between floor and sole is modeled by using virtual spring-damper
collision model. Although only floor and sole contact is considered in this section, the proposed model can be
similarly used for the whole body contact motion.
The reaction horizontal and vertical forces, which include impact forces that occur when contact starts, are the main
external forces that are applied on a humanoid robot during bipedal locomotion. Since virtual spring-damper
collision model has several advantages, e.g., friction and impact forces can be obtained by using a unique model
and contact can be intuitively described by using the impedance of environment, it is used in the design of dynamic
simulator [19].
The contact model of a humanoid robot's sole and floor is illustrated in Fig. 2. For the sake of simplicity, only four
contact points at the corners of the sole are considered as shown in Fig. 2a. In practice, many humanoid robots use
force sensors at the corner of the soles to estimate reaction floor forces or zero moment points [20 and 21]. It is
assumed that each corner of the sole has three virtual spring-damper models in the perpendicular x, y and z
coordinate directions. They are formulized as follows:
Fxi   D floor x i  K floor xi
(46)

Fyi   D floor y i  K floor y i

(47)

Fzi   D floor z i  K floor z i

(48)
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a) Applied forces at sole
b) Contact model
Fig. 2: Sole-floor contact model and applied forces at sole

Where D floor and K floor represent the floor's damping and stiffness coefficients, respectively; and xi , y i , z i
and x i , y i , z i represent the relative positions and velocities in the x, y and z coordinate directions at point i ,
respectively.
If there is slipping, in which horizontal forces are larger than the maximum static frictional force that is s Fzi , then
Eq. (46) and Eq. (47) are re-written as follows:
Fxi  d Fzi

xi
xi

(49)

Fyi  d Fzi

y i
y i

(50)

Where  s and  d represent static and dynamic friction coefficients, respectively. The zero moment point (ZMP),
which is a widely used stability/equilibrium criterion in dynamic walking, of the humanoid robot can be easily
derived as follows:
4

p ZMP 

p
i 1

fi

Fzi

4

F
i 1

4

Fzi

i 1

Fz

  p fi

(51)

zi

The external force and moment acting on the foot are derived as follows:
4

Ffoot  FZMP   Fi , τ foot   p ZMP - p foot   FZMP

(52)

i 1

IV. NEW DYNAMIC SIMULATOR DESIGN
In this section, a new dynamic simulator for humanoid robots is presented. MATLAB-Simulink, which is one of the
most widely, used development environments for numerical computing in the robotics community and the
proposed dynamic model are used in the design of the simulator [22].

a) Control block diagram in Simulink

b) Humanoid robot animation in Virtual Reality Toolbox

Fig. 3: Proposed dynamic simulator.
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(a) t = 1.53 s.

(b) t = 4.35 s.
Fig. 4: Dynamic walking on an even terrain.

The block diagram of the proposed dynamic simulator is shown in Fig. 3a. In this figure, the block of ―Robot‖
represents the dynamic models given in sections II and III, the block of ―Controller‖ represents any motion
controller that is designed by users, e.g., a ZMP controller, the block of ―Reference‖ represents any reference input
that is generated by considering the control goals, e.g., ZMP trajectory generation, and ―X_HR‖ represents the
states of the Humanoid Robot, e.g., the joint angles and velocities of the robot. The dynamic simulator is designed
by using the conventional control engineering schematic diagram so as to provide a user friendly interface. A
researcher who has basic control knowledge can easily adapt and use the proposed dynamic simulator. Moreover,
it can be easily improved by using many different tools of MATLAB-Simulink, e.g., the singularity of the robot can
be easily analyzed by using MATLAB’s eigenvalue function. Against the commercial dynamic simulator software
packages, not only the design parameters but also the un-modeled dynamics, such as nonlinear friction
disturbances at joints and actuator dynamics, can be directly modified by users. Therefore, better simulation results
can be achieved and high performance controllers can be designed for specific applications as suggested in [17].
Fig. 3b shows the humanoid robot that is designed by using the Virtual Reality Toolbox (VRT) of
MATLAB-Simulink. It should be noted here that advanced CAD models can be similarly used to animate robots in
VRT [23].
V. SIMULATION RESULTS
In this section, whole body motion controllers are designed for a humanoid robot so as to show the efficiency of the
simulator and validate the proposal.
Let us start by considering the dynamic walking problem of the humanoid robot. ZMP is one of the most widely
used dynamic walking stability/equilibrium criterion in bipedal locomotion [24]. The CoM trajectories of the
humanoid robot, which satisfy stable dynamic walking, are derived by using ZMP as follows:
x
p  t 
x
pCoM  t   x pCoM  t0   x pZMP cosh   t  t0    CoM 0 sinh   t  t0    x pZMP



x
x




pCoM  t     x pCoM  t0   x pZMP  sinh   t  t0    x p CoM  t0  cosh   t  t0  

pCoM  t    2  x pCoM  t0   x pZMP  cosh   t  t0     x p CoM  t0  sinh   t  t0  

(53)
where pCoM  t  and x pZMP represent the positions of CoM and ZMP in x direction, respectively; and   g z pCoM
x

in which g represents gravitational acceleration.
An acceleration-based position controller is designed for the CoM of the humanoid robot as follows:
x des
ref
ref
ref

pCoM  t   x 
pCoM
 t   K D  x p CoM
 t   x p CoM  t   K P  x pCoM
 t   x pCoM  t 
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x des

 t  and pCoM  t  represent reference and desired CoM trajectories, respectively.
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(b) ZMP in y direction.

Fig. 5: ZMP in horizontal plane when robot walks on the even terrain.

(a) t = 2.5 s.

(b) t = 6.5 s.
Fig. 6: Dynamic walking on an uneven terrain.

The torques of the robot joints are obtained, i.e., the motion controller is designed, by using the desired CoM
trajectories and the proposed dynamic model. Figure 4 shows the whole body motion control simulation results
when the humanoid robot walks on an even terrain and waves its right hand. The ZMP reference trajectories and
measurements are shown in Fig. 5. Figure 4 and Fig. 5 directly show that the ZMP of the humanoid robot can follow
the reference trajectories and stable dynamic walking is achieved by using the proposed controller.
Let us again consider the dynamic walking problem when the humanoid robot walks on an un-even terrain. ZMP
equations can be similarly used for an un-even terrain; however, the support polygon should be modified as shown
in [20]. To achieve stable dynamic walking, ZMP should be kept in the virtual support polygon that is shown in Fig.
1.
Figure 6 shows the whole body motion control simulation results when the humanoid robot walks on an un-even
terrain and robot arms move to suppress yaw moment and improve the stability [25]. The CoM reference
trajectories and measurements are shown in Fig. 7. Figure 6 and Fig. 7 directly show that the CoM of the humanoid
robot can follow the reference trajectories and stable dynamic walking is achieved by using the proposed
controller.
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Fig.8: Contact with environment.

So far, only the lower body contact motion, i.e., bipedal locomotion has been considered. However, upper body
contact motion is as important as the lower body motion to perform dexterous and versatile tasks. Contact motion
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control is a quite challenging issue due to the safety and performance limitation problems in force control [26 and
27].
Fig. 8 shows simulation results for the upper body contact motion control of the humanoid robot. In this simulation,
the humanoid robot walks towards an obstacle and safely contacts and pushes it. Environmental contact forces are
similarly obtained by using the virtual spring-damper collision model that is proposed in section III. Simulation
results show that the proposed simulator can be used to design different high performance motion control systems
and perform many different complicated tasks. Since not only the controller and reference trajectory but also the
dynamic model of the robot and environment can be adjusted by users, better dynamic model approximation of the
actual system can be obtained for the specific applications of humanoid robots. Therefore, more reliable high
performance motion controllers can be designed by using the proposed simulator.
VI. CONCLUSION
In this paper, a new dynamic simulator is proposed for humanoid robots. Although only humanoid robots are
considered, the proposal can be directly applied to many different floating point base dynamic systems, such as
mobile robots. Conventional dynamic model derivation methods suffer from discontinuity problem when they are
applied to such systems. An exact dynamic model of a humanoid robot is derived by proposing numerical and
analytical methods. The proposal provides a unique model and better insight into the dynamic behavior of
humanoid robots. A new dynamic simulator is designed by using the proposed dynamic model and
MATLAB-Simulink. A user can easily adapt and use the proposed dynamic simulator thanks to its user friendly
conventional control engineering-based schematic design. Moreover, the dynamic model can be modified by users
so more reliable high performance motion controllers can be designed for the specific applications of humanoid
robots. Animations are performed by using the Virtual Reality Toolbox of MATLAB. Whole body motion control
simulation results of a humanoid robot are given to validate the proposal.
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