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Abstract 

In this paper we present a new methodology for dynamic movement planning of digital human models in 
constrained environments. The goal is to compute a smooth trajectory of centre of mass (CoM) that satisfies 
dynamic constraints throughout the whole motion. Firstly, we adapt a newly proposed dynamic stability criterion 
in order to define stability constraints in this work. This criterion is then used to analyze human motions from the 
viewpoint of stability. Then we apply the approach to compute trajectories of CoM by implementing parametric 
splines and optimization methods with dynamic constraints.  Finally we apply the generated trajectory in a 
whole-body simulation in order to demonstrate the viability of this approach.  

Keywords: Stability, Motion simulation, Posture and motion, Digital Human Model.  

1. Introduction and related works 

A digital human model (DHM) is a complex 
human-like system with numerous degrees of 
freedom. To realize DHM’s interactive human-like 
motion is an important research problem with broad 
applications in many domains such as ergonomics, 
computer graphics, robotics, movies, games, etc. 
It's always hoped that the DHM can spontaneously 
realize human-like motions adapting to variations 
of environment. To achieve this goal, it's necessary 
to use a dynamic model instead of a kinematic 
model for the DHM. This brings dynamic 
requirements for the motions, especially the 
stability requirement. In this work, we use a general 
stability criterion to analyze the real human 
motions, aiming to comprehend the influence of the 
human/environment interactions over the balance of 
the human. This work can then help planning and 
simulating DHM's motions.  
 
Nowadays, most realistic motions are realized with 
the help of motion capture (Mocap) techniques, 
since they can record and reproduce detailed human 
motions. But the Mocap suffers important 
limitations since it doesn’t take into account the 
dynamics of DHMs. Dynamics based motions with 
controllers and planners attract more and more 
attention. But planning the whole-body motion is a 
rather time-consuming work, requiring usually 

several hours of computation. In this work, we 
propose an intermediate solution in the following 
steps:   

• key postures definition according to the 
tasks and the environment;  

• trajectory planning based on a simplified 
dynamic model;  

• trajectory tracking with the help of a local 
dynamic controller. 

 
Currently, we still depend on the Mocap database. 
In the first step, instead of computing the key 
postures, we extract and take advantage of the key 
frames in the recorded motions.  

1.1.  Stability  

The issue of stability has been studied for many 
years in robotics. For a mechanical system to 
remain in static balance, the classic criterion is 
defined as:  the projection of centre of mass (CoM) 
onto a horizontal plan should lie inside a convex 
support region (Wieber 2002, Bretl and Lall 2008). 
When the system is moving, the classic criterion is 
to confine the ZMP (zero moment point) or the CoP 
(centre of pressure) inside the supporting polygon 
(Sardain and Bessonnet 2004). The “projection of 
CoM” criterion can only treat the static cases, 
making it invalid in dynamic situations. The limit 
of the ZMP criterion is that it can only be used in 
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the case when the human model has co-planar 
contacts with the environment. To respond to this 
limitation, several more universal criteria are 
proposed:  GZMP (Harada et al. 2003); the 
admissible wrench space and the notion of residual 
ball radius to evaluate the quality of equilibrium 
(Barthelemy and Bidaud 2008); the admissible 
perturbation space (Garsault 2008). The 
methodology we propose in this paper is based on a 
slight extension of the criterion developed by 
Garsault. 

1.2. Motion simulation and animation 

There are now several main techniques to simulate 
human motions which can generally be classified 
into kinematics methods and dynamics methods. 
The kinematics methods, mostly based on motion 
capture technique, can realize rather complicated 
and detailed human motions. But it is difficult to 
replay a motion if the environment or the 
dimensions of the human model differ significantly 
from those of the reference motion. Dynamics 
based methods, originally developed and used in 
robotics, are paid more and more attention thanks to 
their better interaction with the environment. These 
methods are based on the dynamic models and use 
control techniques to actuate the muscle forces or 
joints torques (Khatib et al. 2004, Collette et al. 
2007). Up to now, the digital human can realize 
simple manipulations and locomotions by using the 
local controllers. When the environment or the task 
becomes more complex, global planners are used to 
plan whole-body motions by taking into account all 
the bodies and joints, which takes a high cost of 
computing time because of the high dimensionality 
of the configuration space. Some researchers focus 
their efforts in combining the two kinds of methods, 
by using dynamics to edit captured motions 
(Komura et al. 2004, Zordan et al. 2005).  

1.3. Our works 

Motions performed by volunteer subjects were 
captured, reconstructed and analyzed to extract key 
frames.  
 
Based on a simplified model, we formulate the 
admissible perturbation space criterion. From this 
criterion a margin of stability is estimated and used 
to analyze the stability  of the recorded motions. 
 
By using the minimum experimental information 
(namely the state of the DHM’s center of mass at 
key frames) and the dynamic stability constraints, 
we proposed a method to compute a trajectory of 
CoM that is smooth and dynamically stable. An 
example of comparison between the simulated and 
measured trajectory of the CoM is provided.  
 
The viability of this approach is eventually 
demonstrated by the simulation of a whole-body 

DHM movement. The generated trajectory is 
tracked by a dynamic controller which successfully 
guided the DHM to realize a dynamic motion.  

2. Materials and Methods 

2.1. Data collection 

In this study, motions of volunteer subjects passing 
under beams were recorded by virtue of a motion 
capture system.  
 
A kinematic model (26 segments – 62 degrees of 
freedom), based on the commercial DHM Ramsis, 
was tailored to subject’s body. Inertia Parameters 
were estimated from regressions (Dumas et al. 
2007). 
 
Motions were then reconstructed and analyzed by 
using the software RPx (Monnier et al. 2008). 
Trajectory, velocity and acceleration of the whole 
body CoM were estimated from individual segment 
kinematics and numerical derivation associated to 
low pass filtering (Butterwoth recursive 2nd order 
low pass filter with cut-off frequency set at 5 Hz).  
Motion key frames were defined by detecting the 
variations of the human/environment interaction 
(contact and grasp). 

2.2. Mathematic background 

a. Polytope representations and projection 
 

In elementary geometry, a polytope is a geometric 
object with facets, edges and vertices, which exists 
in any general number of dimensions. It can be 
expressed in either the vertex representation (V-
representation): 
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or half-space representation (H-representation): 
    { }mnmn bAwithbAffF ℜ∈ℜ∈≤ℜ∈= × ,: . 

 

Given a set Qn
Q ℜ∈  and a set PnP ℜ∈ with 

∞<≤ PQ nn , the projection of P onto Q is defined 

as: 

    
{ }0:)( mpMqwithPpQqPproj pQ +=∈∃∈=  

for some given PQ nn
pM

×ℜ∈ and Qn
m ℜ∈0 . 

 
Theorem: If kdP ℜ×ℜ∈ is a polytope, then the 

projection of P onto dℜ  is a polytope (Jones et al. 
2004).  
 
b. Skew-symmetric matrix 
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2.3. The stability criterion formulation  

We explore our criterion using a simplified model 
(see Fig. 1). It has a point mass with its position 

defined as 3ℜ∈x .  

 

Figure 1: A simplified model for dynamic stability 
analysis: a point mass with two non-coplanar contacts 
and one grasp.  

An exterior force (a contact or a grasp) is expressed 

by a vector [ ] 3ℜ∈= t
ziyixii ffff . It is applied 

on the point 3ℜ∈ir . The gravity is applied on the 

point mass: [ ] 381.900 ℜ∈−= tg . All variables 

are expressed in the global coordinate system 
(GCS). We attach a local coordinate system (LCS) 
at the point of contact whose three axis are 
respectively (expressed in the GCS): the normal 
direction iv , the sagittal direction is and the tangent 

direction it . Suppose that this LCS has a rotation 

iR  regarding the GCS which defines les relations:  
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The dynamic equations of the system:  
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Denote a vector )(3 knf +ℜ∈  integrating the n 

forces of contact and the k grasping forces, the 
dynamic term is regarded as a perturbation applied 
on the system: 
 mgxmw −= &&    (3) 

Then, the equations (1) and (2) can be expressed as: 
bAfw +=     (4) 

dCfwx +=ˆ    (5) 

where  ],,[ IIA L=  , ]ˆ,,ˆ[ 1 knrrC += L  and 

[ ] tdb 000== . 

Combining the equations (4) and (5): 
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For a point of contact, the condition of no-slipping 
is ensured by:  
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The equation (7) defines the frictional cone 
(Coulomb Model). To simplify the problem, we 
only check this condition in the sagittal direction 
and the tangent direction: 
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0≤ii fβ    (8) 

where  





















−
+
−
+

−=

t
i

t
ii

t
i

t
ii

t
i

t
ii

t
i

t
ii

i

tv

tv

sv

sv

µ
µ
µ
µ

β . 

 
To avoid grasp breaking, a grasping force is proved 
to be confined by (see Appendix 1): 

giigi bfA ≤
   

(9) 

The exterior forces vector f  is proved to be 

limited by a linear inequality (see Appendix 1): 
 cgcg bfA ≤    (10) 

Equation (10) defines a polytope in the exterior 
wrench space namely: 

 { }cgcg
kn bfAfF ≤ℜ∈= + )(3   

The equation (6) defines the projection of F onto a 
6D-space which is also a polytope (see Appendix 
2): 
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Let's denote )3:1(:,1 HH = and )6:4(:,2 HH = ,  

the polytope of the admissible dynamic perturbation 
is expressed as: 

 { }hwxHw ≤ℜ∈= )(: 3ϖ . 
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where xHHxH ˆ)( 21 += , then the stability criterion 

is : 
  

 
 
This criterion is in form of a linear matrix 
inequality of w for a given position x .  

2.4. Margin of stability 

The stability criterion proposed in section 2.3 is 
used to analyze the margin of stability by 
calculating the smallest distance of the dynamic 
term w  from the boundary of the polytope ϖ .  
 
This distance is estimated by the “residual ball 
radius”, i.e. the radius of the largest hypersphere 
centered in w  included in the polytope ϖ  
(Barthelemy and Bidaud 2008). 
 
In this study the foot-ground interaction is modelled 
by four contact points fixed in the foot segment, 
with unilaterality and friction constraints (µ=1.0). 
The hand-beam interaction is represented as a 
simple contact point, fixed in the hand segment, 
with a maximal grasping force set at 600N. 

2.5. Trajectory generation 

We generate the 3D trajectory of CoM by 
computing optimized discrete B-splines. The 
advantage of a B-spline is the possibility to 
manipulate the local curve properties as well as its 
derivative curves by configuring the same set of 
control points. We can impose conditions, for 
example, the positions at some frames, initial and 
final velocities and accelerations, and the respect of 
the stability criterion to guaranty the dynamic 
stability of the trajectory.  

 
Figure 2: An example of a spline for x-direction with 
positions imposed at key frames. n is the number of 
frames. ki is the i-th key frame. 
 

We suppose that the trajectory )(tp  consists of 

three B-splines ( )(),( tytx and )(z t ) who share the 

same knots and have the same number of control 
points. The splines are discretized by a sampling 
time sT 01.0= which is the same as in the Mocap 
experiments. To represent a motion with l frames, 
we can note the position of the CoM at time jT as: 

)( jTp with lj <≤0 .  

In the computation of trajectory, the optimization 
problem is formulated as follows:        
 
Variable to optimize: Vector of control points for 
the three B-splines:
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Objective:  
• Minimize the jerk and minimize the velocity: 
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where ),( ajp&  and ),( ajp&&& are respectively the 

velocity and the jerk at time jT in function of the 
control points vector a; jQ and vQ  are the 

weighting matrix; 
 

Constraints:  
• Positions at key frames: )(),( kTpakp =  

where  )(kTp is the position in key frame k of a 

motion; 
• Zero velocities at the beginning and the end of 

the movement : [ ]talpap 000),1(),0( =−= &&  

• Dynamic constraints at key frames: 

 [ ]( ) hmgakpmakpHH ≤−+ ),(),(ˆ21 &&  
with ),( ajp&&  the acceleration at time jT in function 

of the control points vector a. 
 
The dimension of the vector a should be chosen to 
be superior to the number of imposed equality 
constraints, thus the optimization has enough 
liberties to find the optimal solution.   
 
During the optimization and in order to save 
computation time, we evaluate the criterion at key 
frames, and verify a posteriori that it is satisfied 
along the whole trajectory. If not, we add key 
frames and launch a new optimization from 
previous solution. 

2.6. Whole-body motion simulation 

We use a dynamic controller (Collette 2009) to 
actuate the DHM's whole-body motion. This 
controller uses the generated trajectory of CoM as 
reference and computes the torques for the joints by 
Quadratic Programming (QP) optimization. The 
CoM tracking, hand grasping and foot placement 
are defined in the controller as different tasks, 
which are represented as objectives in the 
optimization. Dynamic equations, joints limits and 
torque limits add constraints to the optimization.  
It's crucial that the reference trajectory should be 
feasible so that the controller can find the solution.  

hwxHstableismovementThe ≤⇔ )(  
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3. Results 

3.1. Motion reconstruction and analysis 

The recorded motions were successfully 
reconstructed and accordingly we got trajectories, 
velocities and accelerations of the CoM, the hands 
and the feet. Further analyses were performed on 
one of these motions, displayed in Figure 3 below. 
The corresponding subject’s stature and beam 
height are 1.75 m and 1.3 m respectively. In this 
motion, 9 key frames were identified namely:  

• Starting frame  
• Left foot lift-off  
• Left foot landing  
• Right Foot lift-off  
• Hand grasp  
• Right Foot landing  
• Left foot lift-off  
• Left foot landing  
• End frame  

 
Figure 3: Snapshots of a reconstructed motion:  passing 
under a beam (not represented) with left hand grasp. 

3.2.  Motion analysis 

The state of the CoM estimated from the 
reconstructed motion is used to compute the 
admissible perturbation space and the margin of 
stability.  
 
The Figure 4 shows an example of the admissible 
perturbation space calculated around the key frame 
158 in which the left foot is lifted. We can notice 
that the volume of polytope decreases greatly 
because of the lift of the left foot. This decrease 
occurs in x-direction, since the two feet are located 
initially along this direction. Due to this decrease, 
the dynamic perturbation termw becomes very near 
to the boundary of the polytope, meaning that the 
human takes a much larger risk of losing balance.   

 
Figure 4: Two polytopes of the admissible perturbation: 
before (red) and after (purple) the lift of left foot (at 

1.58s). The purple polytope is inside the red one. The 
solid point is the dynamic perturbation vector w .  
 
The margins of stability in all the frames have been 
plotted in Figure 5. We can notice the 
discontinuities at the key frames, since the change 
of human/environment interactions occurs in these 
frames. The lift of the left foot at 1.58s brings a 
great risk of losing balance, causing the margin of 
stability fall nearly to zero. The hand grasp at 2.4s 
enhances significantly the safety of stability. 

 
Figure 5: Evolution of margin of stability. Red circles 
indicate the key frames (the first and the last frames are 
also key frames which are not indicated in the figure).  

3.3.  Trajectory generation 

The reconstructed positions of the CoM at the 9 key 
frames were used as constraints to compute a 
smooth and stable CoM trajectory.  
 
The generated trajectory as well as its velocity were 
then compared to their counterparts in the real 
motion (see Figure 6 and 7). 
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Figure 6: Comparison of the Mocap trajectory and the 
generated trajectory: positions expressed in three 
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Figure 7: Comparison of the Mocap trajectory and the 
generated trajectory: curves of velocity. 
 
An a posteriori checking confirmed that the 
stability criterion was respected at all frames. 
Moreover, one can remark the good fit between the 
experimental and simulated trajectories. 

3.4. Whole-body simulation 

In order to illustrate the possible use of the smooth 
and stable CoM trajectory, an example of dynamic 
whole body motion simulation based on this 
trajectory is presented here.  
 
This work is carried out using the software XDE-
DSIMI1, in which a dynamic controller is coupled 
to a 39 degrees of freedom DHM. The dynamic 
controller estimates the joint torques necessary to 
track the CoM trajectory obtained in the previous 
section. 
  
Inputting only the trajectory of the CoM leads to an 
overly underconstrained problem. The resulting 
motion is thus likely to be far from satisfying. 
Therefore for this study we chose to add additional 
task to the controller to better constrained the 
solution. These tasks consists in tracking 
trajectories of the head and polynomial 
interpolations for the left hand and the feet. 
 
Figure 8 displays the simulated motion. Although 
this motion still needs improvements in terms of 
realism and naturalness, it is important to remark 
that the manikin keeps balance at all time. It thus 
validates our approach in the aspect of stability.  
 

                                                           
1 *XDE-DSIMI ("eXtended Dynamic Engine - Distributed 
SIMulation Interface") is the software developed by CEA LIST 
for interactive simulations. 

 
Figure 8: Clips of the whole-body motion in the 
simulation. 

4. Discussion and conclusion 

The dynamic stability criterion confines the 
dynamics of the system inside an admissible 
polytope to avoid slipping at contact points,   grasp 
breaking and losing stability. The minimum 
distance from the dynamics vector to the boundary 
of this polytope is used to evaluate the margin of 
stability. In this work, we use this criterion for the 
analysis of a recorded motion. By tracing and 
comparing the evolutions of the margin of stability, 
we can evaluate the risk of losing balance in each 
frame. We can also see the influence of variations 
of contacts and grasps over the margin of stability. 
 
An approach is proposed to plan the dynamic 
motion of a DHM in constrained environments. In 
this approach, we carry out an optimization of 
control points of B-splines by imposing positions 
and the stability constraints at key frames. In 
addition, objectives like minimizing jerks and 
velocities are used in order to make the motion 
more smooth and natural. In the section 3.3, we 
present the result of this approach to generate the 
trajectory of CoM for a "passing under a beam" 
motion.  
 
This approach is validated by our simulation. The 
human model realizes the stable whole-body 
motion by tracking the trajectory calculated in our 
approach.  
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The dynamic stability criterion that we use in this 
study is limited by the simplification and the 
hypothesis in its formulation. It will be interesting 
in the future work to add inertia to the system and 
to model exterior torques at the contact and 
grasping points. 
 
Our approach still start from some motion capture 
data: feet placement, hand grasp positions, time 
partition among transitions, etc. In the future, we 
intend to add simple planning methods and timing 
considerations into this approach in order to no 
longer depend on the motion capture database. 
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Appendix  

Appendix 1: Criterion synthesis  

If there are n (n≥1) forces of contact: 
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all the points of contact, we must have  
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In order to get the vertices, we need to enclose the 
polytope by defining another constraint for the 
vertical force:  

 limit

n

i

i
zv fffA ≤=∑

=1

  (12) 

By combining equation (11) and (12), we get:
  

cc bfA ≤    (13) 

where  







=

v

f
c A

A
A and 








=

limit

n
c f

b 1,40
 

A grasping force if  must be constrained by : 

 max
gi ff ≤

 
i.e. the force vector must be limited inside a sphere 

in the 3ℜ space. To simplify the problem, we only 
check this condition along the three axis of the 
GCS: 

giigi bfA ≤    (14) 



Z. Qiu et al., Human motions analysis and simulation based on a general criterion of stability 

 8 

where 



























−

−

−

=

100

100

010

010

001

001

giA  and



























=

max

max

max

max

max

max

gz

gz

gy

gy

gx

gx

gi

f

f

f

f

f

f

b . 

If there are k (k≥1) grasping forces 

















=

kf

f

f M

1

that 

have the same force limit, the constraints over the 
grasping forces: 
 gg bfA ≤    (15) 

where ),( gigig A，AdiagA L=  and 
















=

gk

g

g

b

b

b M

1

. 

 
We can integrate the n contact forces and the k 
grasping forces in one vector, then the equations 
(14) and (15) can be synthesized in one equation : 
 cgcg bfA ≤    (16) 

with   



























=

g
k

g

c
n

c

f

f

f

f

f

M

M

1

1

 , 







=

g

c
cg A

A
A

0

0
and 








=

g

c
cg b

b
b . 

Appendix 2: Algorithm of polytope computation 

 
Given the polytope F, we calculate the polytope ϖ  
in the following steps:  

1. Calculate the vertices 
















=
t

s

t

v

v

V M

1

of the polytope F 

from its H-representation; 
2. Calculate pV  (the projections of V in the space 

of 








wx

w

ˆ
); 

3.  Generate the polytope P from pV  and get its H-

representation (i.e. h
wx

w
H ≤









ˆ
); 

4. Rewrite the H-representation in function of w  
and get the H-representation of the new 
polytopeϖ : 

 
{ }hwxHHw ≤+ℜ∈= )ˆ(:: 21

3ϖ . 

 

The Algorithm 1 shows how the function 
generatePolytope() calculates the matrix H1, H2 
and h for each interaction configuration. This 
algorithm is coded in Matlab and it uses the MPT 
toolbox (written by Automation Control 
Laboratory, ETH, Zurich) to carry out the 
manipulations of polytopes. 
 
Algorithm 1: generatePolytope() 
Input : A, C, Acg, bcg 
Output : H1,H2,h 
1. F = polytope(Acg, bcg) 
  
2. V = extreme(F) 

3. 







=

C

A
Pac , 

t
ac

t
ac

t
s

t

t
sac

t
ac

p VPP

v

v

vP

vP

V =
















=
















= MM

11

)(

)(

 

  
4.  P = hull(Vp,'extreme_solver') 
   
5. [H, h]= double(P)   
  
6.  )3:1(:,1 HH = and )6:4(:,2 HH =  

  
Return H1, H2,  h 

 

 


