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Abstract

This paper deals with mechanical part assembly plan-
ning. The goal is to automatically compute a collision-free
path for both the part to be assembled and the mannequin
manipulating it. Two approaches are proposed according
to the difficulty of the problem. Both are based on a general
probabilistic diffusion algorithm working in the configura-
tion space of the considered system. The first approach
consists in first planning a path for the part alone and then
in checking the feasibility of the solution by adding the
mannequin. The second one considers the part grasped
and the mannequin as a single system. While the first ap-
proach performs quickly the second one is able to solve
more constrained and difficult cases. Both solutions are
based on the same path planning library allowing the user
to easily evaluate the proposed solutions. Experimental re-
sults based on feedback experiences in automotive industry
are presented.

1 Introduction
1.1 Problem Statement

This paper aims at providing an efficient and practical
solution to the collision-free path planning problem ap-
plied to a mobile mechanical part to be assembled by a
digital mock-up. The main contribution is to add a vir-
tual mannequin in the process of part assembly simula-
tion. Part assembly planning is usually considered as a 6-
dimensional path planning problem for a free-flying object
moving in a 3D digital mock-up. Such a context demands
from algorithmic path planning challenging issues, such as
fine motion planning, narrow passage following ... Adding
a human mannequin in the reasoning loop increases the
difficulty. Indeed a virtual mannequin cannot necessarily
execute the collision-free path computed for the part to be
assembled.
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This is due to the motion constraint imposed by the hu-
man body. Is a given assembly path feasible by a man-
nequin grasping the part? This is the first problem ad-
dressed in this paper. When feasibility checking fails, then
the reasoning should consider the part and the human body
as a single system. In that case the original 6-dimensional
problem becomes a much higher dimensional one: all the
mannequin degrees of freedom involved in the grasping
task should be considered at the planning level. Moreover,
the problem may be further complicated by considering as-
sembly tasks involving two mannequin arms: in that case,
the whole system becomes a closed chain system. Then,
in the worst case, the assembly problem appears as a path
planning problem for a high-dimensional closed chain sys-
tem moving in a highly cluttered environment. This is the
second issue addressed in the paper.

1.2 Related work and contribution

Motion planning for mannequins or digital actors be-
comes an active research area. With respect to the manip-
ulation context we are addressing here, the contributions
mainly focus on inverse kinematics.

General models for mannequin inverse kinematics have
been proposed in [29, 4]. These models use the numerical
algorithms described in [22] which are based on pseudo-
inverse Jacobian transforms. On the basis of this machin-
ery, a planning algorithm for digital actors is proposed in
[28]. In [15] a dedicated kinematic model of mannequins
is proposed allowing efficient computations in the context
of grasping tasks including some capabilities of obstacle
avoidance. In [3] the problem of manipulating while walk-
ing is tackled from a functional decomposition of the man-
nequin degrees of freedom. None of these works addresses
highly constrained spaces which are the main feature of
part assembly.

With respect to path planning in highly cluttered spaces,
our work benefits from the current active research area in
probabilistic motion planning. It gathers several published
ideas in an integrated solution, mainly: probabilistic path



planning and inverse kinematics.

After the pioneering work [6] that combines random
walks and gradient descents in the configuration space,
two kinds of search paradigms are investigated with suc-
cess. The sampling approaches introduced in [16] con-
sist in computing a so-called roadmap whose nodes are
collision free configurations chosen at random and whose
edges model the existence of collision free local paths be-
tween two nodes. Sampling approaches aim at capturing
the topology of the collision free configuration space both
in terms of covering and connectivity in a learning phase.
The diffusion approaches introduced in [13, 19] consist in
solving single queries by expanding a tree rooted at the
start configuration towards the goal to be reached. How
to sample or diffuse within the collision-free configuration
space efficiently? Such questions give rise to numerous
variants of the original algorithms (e.g., [2, 23, 26]).

As part assembly is concerned, diffusion techniques
clearly behave better than random sampling ones. Indeed,
the solution space of a assembly problem has the shape of
a long thin tube. Random sampling within a tube requires a
high density of points while tree diffusion benefits from the
shape of the tube that naturally steers the diffusion process.

On the basis of this simple statement, several technical
issues remain to be solved. How to control the diffusion
process? For efficiency purpose, it should progress fast in
empty rooms and more slowly in constrained spaces. How
to guarantee the safeness of the solution path under an im-
posed user-defined clearance threshold? Such a constraint
depends on the problem and should be automatically taken
into account by the method. We have recently developed
a dedicated iterative algorithm [10] addressing both issues.
It applies for free-flying bodies as well as for articulated
body open chains. Part manipulation with two hands re-
quires to deal with closed kinematics chains. Here we use
a complementary algorithm already published in [9]. Both
algorithms are summarized in Section 2.

The contribution of our paper mainly deals with an inte-
grated view of part assembly with articulated mannequins.
Two main strategies are presented (respectively in Sections
3.2 and 3.3):

e the first one consists in first planning an assembly
path; then an inverse kinematics operator computes
the motions the mannequin has to perform to execute
the assembly path.

e the second strategy is used when the first one fails. It
consists in searching the configuration space of both
the mannequin and the grasped part altogether. In
such a case, the system appears as a high-dimensional
system which makes the planning task more challeng-
ing. However, this strategy allows to address more

complicated cases than the previous one.

2  Geometric Development Kit

This section summarizes the basic geometric tools both
assembly strategies require.

2.1 Iterative path planning algorithm

The path planning algorithm we use is dedicated to
highly constrained spaces where the computed motion is
close to the contact space. The algorithm is iterative. A
first path is computed allowing some penetration in the ob-
stacles. Then the current paths are iteratively re-shaped by
decreasing the allowed penetration threshold. The cases of
failure of the iterative process are automatically detected
and solved.

The approach benefits from several ideas (see [10] for
details):

e As collision checking is concerned, a critical prob-
lem is to perform efficient collision checking (see
overviews in [21, 14]) not only for configurations but
also for local paths. Exact collision checking along
computed paths has been recently addressed in [24]:
path collision checking is performed with a static col-
lision checker while the (usually costly) iterative pro-
cess is speeded up thanks to distance computations.
Here we show how the approach may be adapted to
account for the user-defined imposed clearance con-
straint.

e To overcome the expansive cost of configuration and
path collision checking, some approaches have been
defined to put back the tests and then to avoid useless
computations. This is the case of the lazy approaches
[7, 23] where the algorithms put back collision check-
ing as long as the probability of failure is high. Our
approach consists in starting from a rough solution
path and iteratively refining it. The iterative proce-
dure is based on an original penetration distance con-
trol. When the refinement procedure fails (i.e. when
the current path cannot be locally re-shaped into a
collision-free one), then the search re-starts with a
roadmap composed of the portions of the path that
are collision-free. That kind of procedure has been
recently introduced in [1] to improve the connectivity
of roadmaps.

e Another key point is the control of the diffusion pro-
cess: how to steer the diffusion process without in-
troducing useless side effects? For instance, defining
a new diffusion direction at random by fixing a new



configuration goal (as in [19]) gives rise to a bias in in-
troducing implicit bounding boxes on the translation
parameters. This problem has been already noticed as
critical for assembly problems in [13]. The solution in
[13] depends on a local grid whose resolution appears
as a parameter to be tuned. The solution we propose
is parameter free (see [10] for details).

e Finally our refinement procedure for path reshaping
follows the same idea as the variation approach (intro-
duced in [5] and developed in [12]) where the search
is performed by iteratively growing formerly shrunk
obstacles. In our approach, the growing process is au-
tomatically controlled. Moreover the failures due to
the closure of passages at some stage of the growing
are automatically solved.

The algorithm is general. It works for free-flying ob-
jects as well as for articulated mechanisms. The computa-
tional performance in mechanical part assembly (without
mannequins) is reported in [10].

2.2 Path planning for closed kinematic chains

When the assembly task should involve both mannequin
arms, a closed kinematic loop appears between the man-
nequins bodies and the part (Figure 1). The second strat-
egy we propose below requires to handle path planning in
the combined configuration space of both the mannequin
and the part. In order to handle the motions of closed kine-
matic mechanisms, some path planning methods have been
proposed in the literature [20, 11, §].

In our work we have chosen to use the Random Loop
Generator (RLG) proposed in [8]. The principle consists
in dividing the closed kinematic chain into active and pas-
sive parts. The main idea of the algorithm is to decrease
the complexity of the closed kinematic chain at each itera-
tion until the active part becomes reachable by all passive
chain segments simultaneously. The notion of reachable
workspace of a kinematic chain is introduced: it is defined
as the volume which the end-effectors can reach. An ap-
proximation of such a volume is automatically computed
by the RLG using a simple bounding volume (spherical
shell) consisting in the intersection of concentric spheres
and cones. A guided random sampling of the configura-
tions of the active part is done inside the computed shell
and within the current joint limits. The values of the pas-
sive chain parameters are computed by solving an inverse
kinematics problem (Section 2.3). With respect to the other
methods, the computation of the reachable space speeds up
the search.

Once the roadmap is constructed, a path is found in the
same way as for open kinematic chains.

2.3 Inverse kinematics and reachable space com-
putation

In order to synthesize the coordinated manipulation
paths between the virtual mannequin and the part to be ma-
nipulated in the first strategy below, we need to solve the
inverse kinematics problem aiming at fixing the mannequin
hands on the part.

Kinematics based techniques specify motion indepen-
dently of the underlying forces that produced them. Motion
can either be defined by specifying the value of each joint
(forward-kinematics) or it can be derived from a given end-
effector configuration (inverse-kinematics). In this work
we are especially interested in generating the motions of a
mannequin. In computer animation this approach has been
frequently used to generate the motions of articulated hu-
man characters as in [30, 29, 4]. Several inverse kinematics
(IK) algorithms for 7-DOF anthropomorphic limbs have
been developed based on biomechanical data in order to
best reproduce human-arm motions (e.g., [18, 27]). In our
work we have chosen to use the analytic IK method pre-
sented in [27]. Kinematics-based methods are well adapted
when a specified target is given, like in reaching motions.

3 Planning Strategies
3.1 Model of mannequin

The mannequin model we are considering is depicted in
Figure 1. The mannequin is made of 41 degree of freedom.
In our approach, the number of degrees of freedom con-
sidered for planning is reduced to 15 (Figure 1(a)): each
arm is modeled as a simple 7-dof kinematic chain; an addi-
tional degree of freedom in rotation is located at the pelvis.
We may then apply the analytical solution of IK [27] for
the arms. The pelvis dof allows the articulated mannequin
to increase the reachable space of the hands. A decompo-
sition of the closed chain involved in the grasping posture
is required by the algorithm RLG (Section 2.2). It is illus-
trated in Figure 1(b): the active chain is constituted by an
arm with the part attached to the corresponding hand; the
passive chain corresponds to the other arm.

3.2 First strategy

The first strategy we propose consists in first planning
a path for the part to be assembled (Figures 2(a) and 3(a)).
We assume that the part lies in the reachable space of the
mannequin at any time of the assembly motion. Then the
mannequin is added by using the inverse kinematics oper-
ator above: the user has just to specify the position of the
hands on the part (Figures 2(b) and 3(b)). In this way, a
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Figure 1: Mannequin model: (a) The arms and pelvis 15
dof are considered for planning. (b)The close chain is de-
composed into an active chain (in dark violet) ending with
the object attached to it and a passive part (light green) that
closes the chain.

new path involving all the bodies of both the mannequin
and the part is provided. This new path should be checked
with respect to collision avoidance. If no collision oc-
curs the feasible of the assembly path is guaranteed (Fig-
ures 2(e). The method applies for one hand manipulation
as well as for two hands manipulation.

This simple strategy just requires the path planning al-
gorithm and the inverse kinematic operator above. There
is no need to call for closed loop chain operators. However
refinements may be introduced at this stage to make local
corrections on the arm positions: indeed the human arms
are redundant systems and it is possible to tune the arm
motions locally to remove small undesirable collisions [3].

In this strategy the rotational degree of freedom at the
pelvis is animated by a simple linear interpolation between
the initial posture and the final one.

3.3 Second strategy

The second strategy makes use of all the operators intro-
duced in Section 2. It consists in planning a collision path
for the whole 15 dof system, i.e. the mannequin grasping
the part. The inverse kinematics operator is used to specify
the initial and the final configurations of the whole sys-
tem (indeed, an assembly problem is usually defined just
by specifying the initial and the final configurations of the
part alone).

In the case of a one hand manipulation, the basic iter-
ative path planning algorithm (Section 2.1) is applied as
such without any additional refinement.

Two hand manipulation requires a more technical inte-
gration of the RLG algorithm within the general iterative
one: RLG is used to sample the configurations (in the iter-
ative algorithm) which should be admissible with respect
to the closure of the chain; it is also used to check the col-
lisions along the local paths computed during the diffusion

process.

4 Experimental Results and Comparison
4.1 Worked-out examples

Both approaches to assembly planning have been inte-
grated within KineoWorks ! the industrial software ver-
sion of Move3D. The evaluation has been conducted in the
framework of mechanical part assembly in automotive in-
dustry. The mannequin is made of 22,128 polygonal facets.
The first example (Figure 2) is dedicated to the assembly of
a radiator (total number of polygonal facets: 79,664). It re-
quires a two-hand manipulation. The second one (Figure 3)
aims at proving the maintainability of a wind-screen wiper
motor by using only one hand (total number of polygonal
facets: 26,504). Both use-cases are very constrained: in the
radiator example there is no solution path with a clearance
greater than 14cm ; this threshold is 1mm in the wind-
screen wiper example.

Figures 2 and 3 and show the solutions computed with
the first strategy. We do not display the solution paths
found by the second strategy. Indeed, such paths do not
visually differ from the paths computed with the first strat-
egy.

The running time for each example is shown on Table
1.

Table 1: Computational time in seconds.

Example | Strategy | Total Time
Wiper I 49 s

II -
Radiator I 32s

II 41s

5 Conclusion

This paper has presented two possible strategies to sim-
ulate part assembly planning for a digital mannequin. The
first one solves quickly simple problems while the sec-
ond one is more time consuming, but it solves more com-
plicated operations. Both of them solved industrial real
study-cases involving complex geometric models, highly
cluttered environments and out of the scope of previous
approaches.

The current extensions deal with addressing more com-
plete models of the mannequins. For instance we want to
consider the possibility for the mannequins to bend its legs.
In that case the inverse kinematic problem becomes more
general et requires numerical solution that will certainly
affect the performance of the algorithm.

'KineoWorks is the path planning dedicated Software Development
Kit developed by Kineo CAM.
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Figure 2: Radiator assembly: A first collision-free path
is computed for the part alone (Strategy I) (a). Then, the
mannequin follows the path (b) with a grasping posture au-
tomatically computed by IK (e). Initial and final configu-
rations are shown in (c) and (d).

Finally, assembly tasks often require re-grasping to
change the position of the hands on the object. Assembly
planning in such a context has been already addressed (e.g.,
[17,25]). Nevertheless it has never been applied to the real
sized problems involving mechanical parts and their mo-
tions close to the contact spaces.

Videos

Videos related to this work can be found at
http://www.laas.fr/RIA/RIA-research-motion-character.html
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Figure 3: Windscreen wiper motor assembly (Strategy 1):
A first collision-free path is computed for the part alone
(a). Then the mannequin follows the path with a grasping
posture automatically computed by IK (b).
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