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a b s t r a c t

This article presents a novel and unifying method for routing of flexible one-dimensional components
such as cables, hoses and pipes with geometric design constraints. A deterministic and resolution
complete grid search is used to find a nominal configuration of the component that is collision-free
and satisfies functional and manufacturing constraints. Local refinement is done in tandem with a
computationally efficient and physically accurate simulation model based on Cosserat rod theory to
ensure that the deformed configuration still satisfies functional constraints when influenced by gravity.
Test results show that the method is able to solve industrial scenarios involving complex geometries and
real constraints with different objectives in mere seconds.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Background

In the early design phase of a product, the competition for
the free design space is tough between different components.
For example, the automotive industry of today is focusing on
electrified and hybrid solutions, where often both conventional
combustion engines and battery supplied electrical engines need
to fit in an already densely packed vehicle. The placement of
each component must be evaluated with respect to geometric
interference with other disciplines and their components.

Specifically, flexible 1D components such as pipes, tubes,
hoses and electric cables need to be routed as efficiently as
possible, while still respecting functional and manufacturing
constraints and requirements. Manufacturing constraints are
typically imposed by process limitations and design limits, e.g. a
pipe can only be pre-bent by a machine with a certain bending
radius and a required straight clamping length in between
bends. Functional constraints can be clearance to the surrounding
obstacles, stress limits or design requirements for the component
to function, e.g. the bending radius of a hosemay impact the flowof
the contained fluid. If there are several feasible design alternatives
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at hand, then one usually wants the one that is optimal with
respect to material consumption (routing length), manufacturing
cost (preformation) and gives preference to occupation of certain
regions of space (placement).

It is of high industrial impact if a flexible 1D component can be
routed by means of virtual methods already in early design phases
(see Fig. 1).

1.2. Routing of flexible 1D components

A flexible 1D component is characterized as a slender object in
R3 where onedimension (the length) is significantly larger than the
other two (the cross section) and that exhibits an elastic behaviour.
It could for instance be a rubber hose, an electric cable or a plastic
or steel pipe.

Let q denote the configuration of a flexible 1D component and
S(q) ⊂ R3 its corresponding volumetric shape. Also, let W ⊂ R3

denote the surrounding obstacles. A configuration is said to be
collision-free if S(q) ∩W = ∅.

Routing of flexible 1D components amounts to finding a ‘good’
configuration of a component in static mechanical equilibrium
that satisfies geometric design constraints inherited from both
manufacturing limitations and functional requirements. The
influence of gravity makes this a tremendously hard task.
Therefore, in a segregated approach, the task can be separated into
two procedures:
Nominal routing. Nominal routing is the task of finding a ‘good’
nominal configuration q0 that (1) connects two connection points
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Fig. 1. Assembly of a high-voltage power cable in a hybrid car.
© 2014, Volvo Car Corporation.

QS and QG, (2) is collision-free and (3) is feasible with respect to
a set of geometric functional and manufacturing constraints of
the form hm(q0) ≥ 0—or reporting that no such configuration
exists. The nominal configuration q0 represents themanufactured1

component at rest. A ‘good’ configuration is usually characterized
as the minimizer of a cost functional related to component length
and placement.
Local refinement. When a component with a nominal configuration
q0 is held at QS and QG and subjected to gravity, it assumes a
configuration q in static mechanical equilibrium. Local refinement
is the task of ensuring that the deformed configuration q of the
flexible component is still ‘good’, collision-free and feasible with
respect to a set of geometric functional constraints of the form
hf (q) ≥ 0.

1.3. Related work

Extensive research has been done in the field of routing of
flexible 1D components; specialized engineering methods have
been derived from motion planning techniques and tailored for
different component types and objectives.

Specialized hose, cable and pipe routingmethods can be catego-
rized into cell-decompositionmethods [1,2], graph-based network
optimization techniques [3,4] and heuristic algorithms [5]. The aim
is usually to generate schematicManhattan-style layouts in, for in-
stance, plants and ships using as few turns as possible or following
geodesic lines on, for instance, aero-engine surfaces. Engineering
methods for routing electrical cables have been developed for dif-
ferent scenarios [6]. Channel routing algorithms have been devel-
oped for automated design of circuit layouts [7]. In power cable
routing, macro-scale methods are used to optimize routes with re-
spect to terrain information [8]. Also, genetic algorithms have been
applied in some extent to solve the problem [9].

From a motion planning perspective, nominal routing of a
slender component with a constant cross section profile in R3 can
be interpreted as the problem of finding a collision free motion
for a slice of the component cross section subject to curvature
constraints in the Special Euclidean Group SE(3).

Determining the existence of a collision-free trajectory has
proven to be NP complete for the general motion planning
problem [10]. Since complete algorithms are of little industrial
relevance because they are too slow, different sampling based
techniques trading completeness for speed and simplicity have
gained much interest. Probabilistic complete methods such as

1 Nominal configurations are typically realized through piecewise bending of
pipes, moulding of hoses and clip attachment and/or taping of electric cables
respectively.
the Probabilistic Roadmap Method (PRM, [11,12]) and Rapidly-
Exploring Random Trees (RRT, [13]), are capable of solving
problems with many degrees of freedom. Deterministic and
resolution completemethods solve the problem in finite timewith
a sufficiently fine resolution [14,15]. The relationship between
deterministic grid search and probabilistic sampling methods is
described in [16]. Dynamic planning methods that incrementally
improve upon suboptimal solutions given updated information
about the problem or limited computation time have been
developed [17]. In non holonomic motion planning, differential
constraints usually reduce the controllable degrees of freedom
to fewer than the state space dimension. Analytical methods
have been derived for car-like vehicles in 2D in [18,19]. PRM
and RRT based methods have been adapted to different under
actuated robots in the presence of obstacles; [20–23] implemented
deterministic space-filling trees suited for this type of motion
planning. Specifically, methods for routing of steerable needles
with curvature constraints have been presented in [24,25]. For
good and comprehensive overviews on motion planning, the
reader is encouraged to read [26–29].

Adding the requirement that the component must also be in
static mechanical equilibriummakes themotion planning tremen-
dously more difficult; Incorporating a simulation model in a
routing algorithm is very expensive due to the problem’s compu-
tational complexity. Also, a flexible component can have infinitely
many configurations corresponding to the same boundary condi-
tions. Motion planning algorithms for linear deformable objects,
most notably in [30–33], have been developed with a focus on ver-
ifying the existence of an assembly operation rather than optimiz-
ing the design of the intended target configuration. However, no
deterministic grid search has been coupled to a simulation model
for routing with both manufacturing and functional constraints. In
separating the problem into a nominal routing step and a local re-
finement step, routing of flexible objects can be achievedwith both
high resolution and physically accurate deformations.

1.4. Scope

This article presents a novel and unifying method for routing
of flexible one-dimensional components with geometric design
constraints. The proposed method combines a deterministic
and resolution complete grid search with a local optimization
algorithm coupled to a computationally efficient and physically
accurate simulation model.

An overview of the method framework is given in Section 2.
In Sections 3 and 4 we formally state and present solution
methods for the nominal routing and local refinement problems
respectively. Test results are presented in Section 5 and our
findings are concluded in Section 6.

2. Method overview

Our proposed method solves the nominal routing problem
and the local refinement problem in a closed loop framework as
illustrated in Fig. 2.

The NominalRouter algorithm seeks a nominal configuration
q0 between QS and QG that is collision-free, feasible with respect
to geometric functional and manufacturing constraints hm ≥ 0
and favourable with respect to a given cost functional. A set of
routing parameters dictate the quality and the properties of the
configuration.

If a solution is found, it may serve as the initial and (optionally)
as the nominal configuration in a simulation model of the
component. The LocalRefiner algorithm attempts to ensure
that the deformed configuration q is still collision-free, feasible
with respect to the geometric functional constraints hf ≥ 0 and
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Fig. 2. Method overview.

Fig. 3. A configuration of a flexible 1D component.

(locally) optimal under influence of gravity by tuning a set of design
variables.

If LocalRefiner does not find a feasible configuration,
NominalRouter is restarted with a revised set of routing param-
eters.

3. Nominal routing

3.1. Kinematics

A configuration q of a flexible 1D component of length L can
– under the assumption that its cross section is planar and rigid
– be described by an arc length parametrized curve in SE(3) =
R3
× SO(3);

q : [0, L] ∋ s → (ϕ(s), R(s)) ∈ SE(3). (1)
Here, R = (d1, d2, d3) ∈ SO(3) describes the evolution of the cross
section orientation along the centre curve ϕ (see Fig. 3).

The volumetric shape S(q) of the component can be traced via
the deformation mapping (s, ξ1, ξ2) → ϕ(s) + ξ1d1(s) + ξ2d2(s),
for material coordinates (s, ξ1, ξ2) ∈ [0, L] × A, where A ∈ R2 is
the cross sectional domain.

The curvature k of ϕ is written

k(s) = ∥∂2
s ϕ(s)∥ (2)

and the bending radius (or radius of curvature) r is defined as

r(s) =
1

k(s)
. (3)

3.2. Problem description

The nominal routing problem for flexible 1D components of the
form (Eq. (1)) is to find a nominal configuration q0 that is collision-
free,

S(q0) ∩W = ∅, (4)

and connects the two connection points QS = (pS, RS) and QG =

(pG, RG) ∈ SE(3),

q0(0) = QS (5)
q0(L) = QG, (6)

and is feasible with respect to the geometric functional and
manufacturing constraints,

hm(q0) :=

r − rmin
l− lmin


≥ 0. (7)

Here, the constraints are manifested as a minimum allowed
bending radius rmin and a minimum allowed straight length lmin.
Furthermore, r is the smallest measured bending radius r(s) along
[0, L] and l is the length of the smallest connected interval on
[0, L] where k(s) ≡ 0 (i.e. the smallest straight segment). Hence,
locally the trajectory of a feasible configuration always lies inside
the reachable volume as illustrated in Fig. 4(a).

A configuration q0 is said to be optimal if it minimizes the cost
functional π defined as a weighted sum of different cost terms
penalizing component length and placement,

π(q0;wL, wφ) = wL

 L

s=0
ds+ wφ


S
φdV . (8)

Here,wL andwφ are non-negative weights for the different cost
terms. Also, φ : R3

→ R+ is a general cost field giving preference
to certain areas in space. In this article, φ is a decreasing function
over the distance field with respect to W ,

φ(·) :=
1

1+ dist(·, W)2
. (9)

3.3. Restrictions

The component is assumed to have a circular cross sectional
profile and a configuration curve where the tangent is always
normal to the cross section, ∂sϕ ≡ d3. For components of this type,
the torsional twist is redundant for the shape of the component.2
Hence, the configuration space we operate in can be reduced from
SE(3) to R3

× S2.
Moreover, we assume that the nominal configuration curve

has a piecewise constant bending radius. Thus, all feasible
configuration curves can be represented by a continuously
differentiable sequence of construction segments of the form

C = {C0, C1, C2, . . . , CN−1, CN}. (10)

A construction segment Ci is either a straight line segment Li or
a concatenation of two straight line segments L0i and L1i of length
≥ lmin/2with a circular arc Ri of bending radius≥ rmin in between;

Ci :=


Li if straight,
(L0i , Ri, L1i ) otherwise. (11)

A connected sequence of construction segments on this form
is guaranteed to satisfy the manufacturing constraints (Eq. (7))
provided that the sequence starts and ends with straight segments
L0 and LN of length≥ lmin/2.

2 The torsional twist needed to satisfy the boundary conditions (Eqs. (5) and (6))
can be distributed as a post-processing step.
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(a) The reachable volume. (b) The uniform grid. (c) A construction segment.

Fig. 4. Illustrations of the structure of the routing roadmap.
The cost functional π can now be expressed as a discrete sum
of cost terms evaluated for the respective construction segments;

π(C;wL, wφ, wN) =

N
i=0


π(Ci, wL, wφ)+ wN


. (12)

Here, wN is an added weight that also assigns a penalty to the
discrete number of construction segments N .

3.4. The routing roadmap

LetG = (V , E)denote a routing roadmapoverR3
×S2 consisting

of a set of nodes V and a set of connecting edges E. The relatively
low dimension of the configuration space allows for distribution of
V on a uniform grid; V := VP × VD. The spatial grid VP ⊂ R3 is a
uniform rectangular grid with a spatial resolution NP that encloses
the work space region. The directional grid VD ⊂ S2 consists of
the unit directions that connect points in VP with a certain hit
resolution ND.

The roadmap edge set E is generated by connecting nodes in V
with feasible and collision-free construction segments of the form
(Eq. (11)). Hence, every edge ei ∈ E is associated with a feasible
construction segment ei ↔ Ci and with edge cost π(Ci, wL, wφ)+
wN . The bending radius of the construction segments is chosen
from a discrete set of allowed bending radii, providing a natural
coupling between the functional andmanufacturing constraints hm
and the local connectivity of the roadmap. In fact, a connectivity
stencil E0 can be generated once and super positioned to help
generate the set of all feasible edges Ei from a given node vi ∈ V .

3.5. Roadmap search strategies

Different strategies can be employed when searching a
roadmap for a path of lowest cost between a start node vS and a
goal node vG. In this article we will evaluate the following basic
strategies.3

Dijkstra’s algorithm. A candidate set of nodes is maintained
and expanded by extracting the candidate node with the least
accumulated cost so far and thenpushing its neighbouring nodes to
the candidate set. The search starts by pushing vS to the candidate
set and finishes as soon as vG is extracted. If the search is continued
until the candidate set is empty, the optimal paths to all reachable
nodes are generated.

3 See e.g. [29] for a more detailed description.
A∗ search. The extraction candidate is chosen using a heuristic
function that guides the search by estimating the cost from the
node to vG. If the heuristic function is admissible (i.e. never
overestimates) and monotonic (i.e. satisfies the triangle inequality
on V ), then it is guaranteed that the optimal solution is found
when vG is extracted. The heuristic can sometimes be improved
by introducing and relating to a set of landmark nodes, for which
the heuristic function gives a better estimate. For example, the
landmark nodes could correspond to nodes in a coarser roadmap
where the optimal solution to the goal is known.
Bi-directed search. Two candidate sets are initiated with vS and vG
respectively. The sets are then alternatively expanded until they
meet in a node that has been extracted from both sets.

The sets of encountered candidates for each strategy are illus-
trated in Fig. 5.

3.6. Algorithm description

Themain idea behind the NominalRouter algorithm is to first
do an exhaustive search on a roadmap over VP in order to

• exclude regions of non-interest and
• generate a heuristic cost field

as a pre-processing step to allow for an efficient exploration of the
full routing roadmap G. This pre-processing step will from now on
be referred to as the R3 sweep.

3.6.1. R3 sweep
Let GP = (VP , EP) be a roadmap over the spatial grid VP where

the edge set EP connects each node in VP to the closest nodes in
the canonical and diagonal directions with a collision-free straight
segment. A sweep of Dijkstra’s algorithm on GP from a start node
generates a tree of optimal paths to all reachable nodes in VP . These
optimal paths in R3 do not consider the manufacturing constraints
but do provide a hint of the location of collision-free passages. Let
πS andπG be the cost fields corresponding to the optimal path trees
from pS and pG respectively. Clearly, if a solution exists, the optimal
path between pS and pG has the cost π∗ := πS(pG) = πG(pS). The
cost field πSG : p → πS(p) + πG(p) then gives the cost of the
optimal path between pS and pG that contains p (if one exists).

3.6.2. Routing roadmap search
Given the full routing roadmap G = (V , E) and a cost field πSG :

VP → R generated from an R3 sweep over VP , we introduce a non-
negative exclusion factor µ in order to discard roadmap regions
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(a) Dijkstra. (b) A∗ . (c) Bi-directed. (d) Landmark-guided.

Fig. 5. Roadmap exploration by different search strategies.
that are unlikely to contain the optimal solution but at the same
time allocate room for fulfilling themanufacturing constraints. The
node set

Vµ := {(p, d) ∈ V : πSG(p) ≤ (1+ µ)π∗} (13)

then contains all nodes in V for which the cost of the optimal path
passing through is at most µ times larger than π∗.

Let Eµ be the edge subset of E that connects the nodes in Vµ. A
roadmap search is carried out on Gµ := (Vµ, Eµ) based on the A∗
strategy using πG as the heuristic function over Vµ. If a solution
cannot be found, then µ is gradually increased to extend the
roadmap search region and the search is repeated until a solution
is found or no exclusion occurs.

Algorithm 1 The NominalRouter algorithm
function NominalRouter(G,QS,QG)

πS ← search(GP , pS)
πG ← search(GP , pG)
for all v ∈ VP do

if πS(v) ≠ ∞ and πG(v) ≠ ∞ then
πSG(v)← πS(v)+ πG(v)

else πSG(v)←∞
end if

end for

µ← 0.1
repeat

Vµ := ∅

for all v ∈ V do
if πSG(v) < (1+ µ)πS(pG) then

Vµ ← v
end if

end for
Q ← search(Vµ, E(Vµ),QS,QG)
if Q ≠ ∅ then return Q
end if
µ← µ+ 0.1

until Vµ = {v ∈ V : πSG(v) <∞}
return ∅
end function

3.6.3. Implementation notes
Collision structures. A crucial bottleneck in the roadmap search is
verifying whether or not an edge ei ∈ E is collision free (i.e. check-
ing if S(Ci)∩W = ∅). Pre-computed collision structures can speed
up this verification significantly. In our implementation, bounding
volume hierarchies as described in [34] are used for checking col-
lision and computing shortest distance between the construction
segments in the connectivity stencil and tessellated representa-
tions of W with potentially millions of triangles.
Search tree maintenance. When maintaining the candidate set of
nodes in the roadmap search, a heap is often used in order to
quickly extract the best current candidate and update the cost
estimate of its adjacent nodes. By storing and updating the node’s
position on the heap, adjacent nodes already placed on the heap
can be looked up in O(1) time.
Parallel computing. The computations of cost fields πS and πG in
theR3 sweep can be executed in parallel to increase computational
performance.

3.6.4. Discussion
One should carefully note that in using the R3 sweep procedure

there is trade-off between computational performance and opti-
mality if the structure of the optimal solution set to GP differs from
that of G. If a solution is found on Gµ, then it is by necessity also
feasible on G but not necessarily optimal on G due to the exclusion.
Also, using πG as the heuristic function in the A∗ search strategy
this can also produce suboptimal solutions, since it is not always
admissible on V .

4. Local refinement

A configuration q0 produced by the nominal routing algorithm
provides

• an initial collision-free route of the component (placement),
and
• a suggestion for the nominal design of the component (prefor-

mation).

However, due to gravity and internal stress, the flexible
component will assume a deformed configuration q in mechanical
equilibrium thatmight violate the functional constraints and/or no
longer be collision-free. With a simulation model and refinement
with respect to a set of design variables, a feasible and locally
optimal configuration of the component inmechanical equilibrium
can be recovered.

4.1. Simulation model

The representation of a flexible 1D component as a framed
curve in Eq. (1) is commonly referred to in continuum mechanics
as a rod. Cosserat rod theory [35] accounts for elastic deformations
in the form of both shearing, stretching, bending and torsion.

The elastic potential energy density of a rod is composed of
quadratic forms in terms of frame invariant strain measures. The
shearing/stretching strain Γ = (Γ1, Γ2, Γ3) and curvature/torsion
strain Ω = (Ω1, Ω2, Ω3) in material coordinates read

Γ (s) = R(s)T∂sϕ(s)− e3, (14)

Ω̂(s) = R(s)T∂sR(s). (15)

Here, Γ1,2 are the shearing strain components in the d1 and
d2 directions and Γ3 is the tension strain, whereas Ω1,2 are
the bending curvature strain components and Ω3 is the torsion
strain. Let Γ0 and Ω0 be the strain vectors for the nominal
configuration q0. With a hyper-elastic constitutive law (which can
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be justified since locally Γ −Γ0 and Ω −Ω0 are small), the stored
shearing/stretching and bending/torsion energy densities read

wΓ (s) =
1
2
(Γ (s)− Γ0(s))TKΓ (Γ (s)− Γ0(s)), (16)

wΩ(s) =
1
2
(Ω(s)−Ω0(s))TKΩ(Ω(s)−Ω0(s)), (17)

for some effective stiffness tensors KΓ and KΩ .
In the presence of a gravitational force field with field constant

g , the total potential energy is then

W =
 L

s=0
wΓ (s)+ wΩ(s)− KρgTϕ(s)ds. (18)

According to the Hamiltonian principle, the static mechanical
equilibrium is characterized as a stationary point to the total
potential energy,

δW = 0. (19)

4.1.1. Contact forces
Friction-less contact forces can be included in the model by

adding a repelling potential energy W C . Hertz contact theory [36]
suggests a potential energy density of the formwC (s) = K Cd(s)5/2,
where d is the penetration depth of S(q) at s with respect to W , so
thatW C

=
 L
s=0 wC (s)ds. Eq. (18) is then extended to

δ

W +W C

= 0. (20)

4.2. Problem description

The local refinement problem is to ensure that, when a
component with a nominal configuration q0 of the form (Eq. (10))
is held at QS and QG and influenced by gravity, the deformed
configuration q is still collision free,

S(q) ∩W = ∅, (21)

and feasible with respect to the geometric functional constraints,

hf (q) := (r − rmin) ≥ 0. (22)

It is also desirable that q is still good with respect to the cost
functional π(q) (Eq. (8)).

The tunable design variables x can in principle be any design
property of the component. In this article, a scaling4 of the nominal
configuration length L and the twist orientation at the connection
points QS and QG are considered. Other choices of x could be
the cross section radius, the individual construction segment arc
lengths or even the nominal configuration strains (Γ0, Ω0) and the
material parameters (KΓ , KΩ , Kρ).

Given an initial configuration q0 and a set of design variables x,
the simulation model in Section 4.1 can now be used to compute
the corresponding deformed configuration q(x) in mechanical
equilibrium (with Γ0 = Γ (q0) and Ω0 = Ω(q0), if q0 is treated
as the nominal configuration of the component).

4.3. Algorithm description

The LocalRefiner algorithm seeks a set of design variables x
that makes the deformed configuration q(x) feasible and (locally)
optimal with respect to the weighted cost functional π . In order to

4 A scaling λL by a factor λ > 0 is assigned by scaling the arc lengths of the
individual construction segments by λ.
treat it as an unconstrained minimization problem, the geometric
functional constraints hf are enforced by adding a Lagrangian
term penalizing deformed configurations with infeasible bending
radii with a corresponding non-negative weight wr . The objective
functional f to minimize is then written

f (x;wL, wφ, wr) = π(q(x);wL, wφ)

+ wr

 L(x)

s=0
min{0, hf (q(x))}2ds. (23)

To minimize f , we employ the Nelder–Mead algorithm [37]. It
is a gradient-free iterative solver for unconstrained non-linear op-
timization problems and thus suitable for coupling with the sim-
ulation model. Also, note that f is not continuously differentiable
due to the last penalty term in Eq. (23) and the distance field φ in
Eq. (9), further motivating the choice of a gradient-free solver.

Finally, we observe that a nominal configuration q0 is already in
a stress-free mechanical equilibrium in the absence of gravity. By
initially turning off the gravity field and then gradually increasing it
during the optimization, the distance field φ is givenmore room to
influence the solution. Also, the solution q0 from NominalRouter
can give a qualified hint on where to introduce a single or multiple
supplementary clips to further constrain the component.

4.3.1. Implementation notes
For an efficient computation of the mechanical equilibrium q

in each evaluation of f in the Nelder–Mead algorithm, the discrete
strain measures in the simulation model are based on non-linear
geometric finite differences and an efficient quasi-Newton solver
is used to find a stationary point to the discrete energy functional.5
Furthermore, since the cross section of the component is assumed
to be symmetric, the penetration depth in the contact force
potential (Eq. (20)) can be computed from the shortest distance to
the centre curve, which in turn can be computed as in [40].

4.4. Feedback

After LocalRefiner, it is still possible that the flexible
component violates the functional constraints hf and is held
collision-free by undesired contact forces. This can be resolved
by restarting NominalRouter with a revised set of routing
parameters; for instance, if the component is in contact with W
the clearance weightwφ can be tuned up; if theminimum bending
radius is too small, the length weight wL can be tuned down and
the bending weight wB and the minimum allowed bending radius
rmin can be increased. In this article, we suggest the simple update
scheme in Algorithm 2 with a given weight increment/decrement
parameter ϵ > 0. The update is run until the incremented weights
become larger than a given threshold of 1.

Algorithm 2 The feedback update
if hf (q∗) � 0 then

wr ← wr + ϵ
wL ← max{0, wL − ϵ}

else if W C (q∗) ≠ 0 then
wφ ← wφ + ϵ

else
q∗ acceptable

end if

5 See e.g. [38,39] for details concerning an efficient implementation of such a
simulation model.
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(a) The academic example: routing through 3 tori. (b) Convergence of the nominal configuration with
respect to spatial and directional grid resolutions NP
and ND .

(c) Computation time with respect to spatial and
directional grid resolutions NP and ND .

(d) Clearance profile for nominal configurations
corresponding to different choices of the length weight
wL and clearance weight wφ .

(e) Clearance profile for the nominal configuration
and the configuration of the component before and
after local refinement (q0 , q and q∗).

(f) Clearance profile for the deformed configuration of
the component after feedback loop iterations 1, 3, 5
and 6.

Fig. 6. The academic example: routing of a flexible 1D component through three tori.
5. Results

The method is tested and validated on two scenarios: an
academic example that involved routing a flexible 1D component
through 3 tori (Fig. 6(a)) and an industrial example that involves
routing an aluminium ducting hose (Fig. 7(b)). The tests are
structured as follows:

First, NominalRouter is evaluated with respect to different
roadmap search strategies and the influence of the R3 sweep is
investigated. Secondly, nominal configurations are generated for
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Table 1
NominalRouter with different roadmap search strategies. NE and NI are the number of heap extractions and the heap size at termination respectively. The time for the
sweep procedure was measured to 0.247 s.

Strategy Sweep Heuristic function Total time (s) Arc length (mm) NE NI

Dijkstra No – 89.232 465.94 115071 28728
Dijkstra Yes – 10.312 465.94 21131 4502
Bi-Dijkstra Yes – 6.255 465.94 14176 16254
A∗ No ∥ · ∥ 0.967 465.94 358 11583
A∗ Yes ∥ · ∥ 0.515 465.94 341 6170
A∗ Yes πG 0.353 466.43 514 4621
Bi-A∗ Yes πS , πG 0.578 468.68 768 11687
(a) Nominal configurations of an AC hose routed with different
priorities (unspecified weights are 0). (red): length (wL > 0), (green):
clearance (wφ > 0), (blue): number of turns (wN > 0).

(b) Locally refined flexible AC hose routed with length priority
(wL > 0). The total computation time was 7.4 s.

Fig. 7. The industrial example: routing of an aluminium ducting hose. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
Source: Courtesy of NEVS.
different sets of weights. Finally, the effect of LocalRefiner is
analysed with respect to clearance. All computations are done on
a standard desktop PC with an Intel Core i5 2.50 GHz CPU.

Table 1 shows results from solving an instance of the academic
example with different roadmap search strategies. Each strategy is
evaluated with and without the R3 sweep. The heuristic functions
considered in the A∗ search strategies are the Euclidean distance
and the R3 sweep cost fields. In all encountered test instances,
roadmap exclusion combined with the A∗ strategy and heuristic
function πG is superior in terms of computational performance.
This comes, as indicated Table 1, with a small trade-off in terms
of optimality, since the heuristic function is monotonic but not
always admissible (see Section 3.6.4).

The convergence of the nominal configuration produced by
NominalRouter with respect to grid resolution is indicated in
Fig. 6(b) by measuring the configuration arc length L. The corre-
sponding computation times are shown in Fig. 6(c). In Fig. 6(d), the
clearance profile along the nominal configuration is plotted for two
different sets of cost function weights, showcasing that a higher
desired clearance comes at the expense of a longer component. In
Fig. 6(e), the clearance profile is plotted along the nominal con-
figuration before and after gravitational influence and after local
refinement. By automatically refining the component length and
the twist at QG, the small clearance at s = 120 mm due to elastic
deformation can be fended off. Fig. 6(f) reflects an instance of the
problemwhere multiple feedback updates are required in order to
resolve the undesired contact point introduced in local refinement.
With ϵ = 0.1 in Algorithm 2, a deformed configuration with clear-
ance 9.32 mm is found in 6 iterations.

The industrial example consists of routing an aluminium duct-
ing hose for the air conditioner (AC) in the engine compartment of
a car, courtesy of NEVS [41]. The surrounding consists of 1.2 mil-
lion triangles. In Fig. 7(a), it can be seen that different sets of cost
function weights yield different global nominal configurations. In
Fig. 7(b) the hose corresponding to length priority is simulated in
mechanical equilibrium. The computation time was 7.4 s for the
routing algorithm and an additional 4.3 s for the preparation of the
collision structures.

6. Conclusion and outlook

This article has presented a unifying method for routing of
flexible one-dimensional components with geometric design con-
straints. In a segregated approach, a resolution complete A∗ based
grid search combined with a lower dimensional sweep proce-
dure first generates feasible nominal configurations. Secondly, a
simulation model based on Cosserat rod theory is coupled to the
Nelder–Mead algorithm to ensure that the flexible component is
still feasible in mechanical equilibrium by locally adjusting a set of
tunable design variables. Test results show that the method is able
to efficiently generate global solutions for different objectives for
industrial scenarios involving complex geometries and real con-
straints.

To extend upon this work in the future there are several
possibilities:
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• Themethod should be extended to flexible 1D componentswith
multiple branching and break out locations and non-circular
cross sections.
• The design of the feedback update in Section 4.4 should be

investigatedmore in detail and the simple scheme in Algorithm
2 could potentially be improved.
• As mentioned in Section 4.3, it should be looked into how to

gradually increase the gravity field during local refinement to
avoid local minima where the configuration is in contact.
• The cost field φ defined in Eq. (9) should be extended to

give preference to more specific areas of space, e.g. favouring
closeness to a certain surface. Also, additional via points could
be introduced in order to further help the designer guide the
routing through preferred regions.
• The structure of the uniform grid sometimes permits optimal

nominal configurations with an unnecessary high number of
turns if the grid is too coarse. This issue can certainly be resolved
by increasing the grid resolution, however a smoothing of the
nominal configuration in a post-processing step could be an
alternative.
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