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DMMS-DEfficient selective-laser melting process simulation
BEN YAHMED Mohamed Amine

Goal
Develop a model order reduction method to accelerate 
the non-linear thermo-mechanical simulation of the 
Selective Laser Melting process.  The model should 
take into account the variability of the input parameters 
(e.g. Laser beam location ) during the building process 
of the designed components.

Motivation
•The manoeuvrability of Additive manufacturing (AM) is a
real asset for the production of complex geometrical
objects. The implementation of new techniques, s.t
topology optimization, is pushing toward the
development of 3D-printing machines.

CISM 2021, Prof J. Hart - MIT

•Parasitic heating, material evolution, shrinkage and
residual stresses are among the different issues related
to AM. The development of reliable digital twins to
predict the occurrence of such defects is key element
for the control of the production process.

•The simulation of these models is still time consuming
and demanding in computational resources.
Accelerating the time simulation of such models without
deteriorating their accuracy is a game changer for the
use and expansion of Laser powder bed fusion
techniques in the future.

Approach

Procedure of the first stage for the Heat Transfer 
model  

1.Generate a High Fidelity non-linear transient Heat
transfer simulation of an SLM building process at the
meso-scale level : The model of reference. [1,3]

2.Using Reduced Basis method by POD-SVD to construct
the Reduced Basis Space [2].

3.Applying Hyper-reduction for discrete FE models
(Following the energy conserving sampling and
weighting approach) to approximate the projected non-
linear system.

Resolution of the Heat Transfer model
•HHT – alpha method of discretization
• Iso-thermal phase change representation
•Preconditioned conjugate gradient solver
•Volumetric heat source (Gusarov model) [3]
•Galerkin reduced based method of projection

Results
Snapshot of the Temperature distribution after 1ms.

High fidelity solution   ROM solution
Time of resolution :80 min     Time of resolution :55min

Proper Orthogonal Decomposition :
Tolerance error : 10-3   Number of modes selected : 44 ( From 201)

•Hyper-Reduction with ECSW :
Number of element retained : 200 ( From 1024)
Resolution with SNNLS Algorithm

Key take-aways
•Reduced Basis method ( Using Galerkin method) is
extended to the case of a parametrized non-linear
transient Heat transfer PDE and shows to well
approximate the model without altering the accuracy

caption

Further reading
1.N. E. Hodge, R. M. Ferencz, J. M. Solberg, Implementation
of a thermomechanical model for the simulation of
selective laser melting. Springer, 23 April 204

2.Reduced Basis Methods for Partial Differential Equations,
Quarteroni, Manzoni, Negri, Springer 2016

3.Gusarov AV, Smurov I, Model of radiation and heat transfer
in laser-powder interaction zone at selective laser melting.
J Heat Transf 131(7):072101, 2009
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DMMS-DEfficient vibro-acoustic modelling for periodic lightweight structures and assemblies 
Van Belle L., Qu F., Cool V., Boukadia R., Claeys C., Deckers E., Desmet W.

Goal
This work gives an overview of design and analysis tools
that allow fast yet accurate vibro-acoustic performance
assessment for infinite and finite periodic structures, with
particular focus on vibro-acoustic metamaterials.

Motivation
Lightweight materials typically suffer from deteriorated noise
and vibration attenuation performance. In the search for
novel lightweight vibro-acoustic solutions, a variety of
materials including composites, lattices, meta- materials, as
well as (layered) multi-material assemblies have recently
gained increasing attention (Fig. 1). The macro-level
behaviour of these often periodic structures typically arises
from specifically introduced meso-scale physics or
geometry, such as (periodic) sub-wavelength resonant
additions in the case of metamaterials.

To design and analyse their vibro-acoustic performance, the
periodicity of these structures is generally exploited by
using infinite periodic structure modelling: a single unit
cell (UC) finite element (FE) model is considered and the
Bloch-Floquet theorem is applied (Fig. 2). However, since
the often complex and small features in these structures
can lead to large UC FE models, efficient tools to
accelerate computations are needed, in particular also for
finite structure modelling since full-scale FE models
rapidly grow prohibitively large.

Approach
▪ Using UC modelling, wave propagation and attenuation
in infinite periodic structures can be analysed based on
dispersion curve computations, by solving a dispersion
eigenvalue problem (Fig. 2). Typically used methods are:
•Wave finite element (WFEM) methods: apply Bloch-
Floquet boundary conditions (BCs) to an FE UC model.
•Shift cell methods: embed Bloch-Floquet solutions in the
weak formulation before discretization of the UC.

To accelerate dispersion curve computations, UC model
order reduction (MOR) can be applied, e.g. GBMS-based
modal reduction for fast WFEM predictions [1,2].

▪ To analyse the forced vibro-acoustic response of
infinite periodic structures, typical UC methods are:
•WFEM and shift cell based methods: couple the FE UC
model to a plane wave expansion description of the infinite
acoustic domains above and below the UC.
•hybrid Wave Based (WB) – FE method: couples an FE UC
model explicitly to modelled periodic acoustic WB UC
domains and applies Bloch-Floquet BCs (Fig. 3).

Moment matching MOR considerably accelerates vibro-
acoustic predictions in shift cell based UC methods [3].

▪ For forced response predictions of finite periodic UC
assemblies, several UC MOR methods were developed:
•GBMS-based sub-structuring: primal assembly of single
GBMS-based UC reduced order model (ROM) in a finite
plate combined with global modal reduction [4].
•GBMS-based wave based method: Trefftz method,
constructs a finite plate wave basis through WFEM
computations on a single GBMS-based UC ROM [5].

These methods enable fast forced response predictions
for otherwise prohibitively large FE UC model assemblies.

Results
A WFEM dispersion curve prediction for a UC as in Fig. 2
and hybrid WB-FE UC based acoustic insulation prediction
and measurement for a similar UC are shown in Fig. 4.

Using GBMS UC MOR for the dispersion curves of Fig. 4
strongly reduces model size and computation time [1]:

Forced response predictions (Fig. 5) for a 10x10 UC plate
(full order model (FOM) size: 1551792 DOFs) speed up
significantly using GBMS-based UC ROM sub-structuring
with global MOR instead of FOM with global MOR only:

Key take-aways
UC-based MOR strategies for infinite and finite periodic
structure modelling allow to significantly accelerate the
design and analysis of novel vibro-acoustic solutions.

Further reading
[1] Van Belle L. et al. (2020), Fast metamaterial design optimization using reduced order unit cell 
modeling. ISMA 2020.
[2] Cool V. et al. (2022), https://doi.org/10.1115/1.4051817
[3] Boukadia R. et al. (2020), A rational Krylov subspace method for the unit cell modeling of 2D 
infinite periodic media. ISMA 2020.
[4] Van Belle L. et al. (2021). Fast forced response calculations of finite metamaterial plates using a 
Generalized Bloch Mode Synthesis based sub-structuring approach. Euronoise 2021.
[5] Qu F. et al. (2021). A unit cell wave based reduced order modelling approach for fast vibration 
response predictions of large-scale finite periodic structures. KLAIM 2021.

Fig. 1: honeycomb sandwich panel (left), truss lattice sandwich panel  
(middle), metamaterial plate with resonant additions (right).
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Fig. 3: sound transmission problem for an infinite periodic structure, 
represented by a single vibro-acoustic hybrid WB-FE UC model [1].

Fig. 4: dispersion curves, with bending waves in red (left) and acoustic 
insulation validation (right). Stop bands are shaded in grey.

Original UC UC ROM
Degrees of freedom (DOFs) 15591 56
Time [s] 2024 15

FOM
based

GBMS
based

DOFs 248 248
Time [s] 2499 90

Fig. 2: infinite periodic structure represented by a single UC FE model.

Fig. 5: forced vibration response 
of clamped 10x10 UC plate using 
FOM and GBMS based MOR [4].

https://doi.org/10.1115/1.4051817
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CoDesignSFormalization framework for manufacturing knowledge and CAD assessment
Bieke Decraemer, Rob Salaets, Philip Eyckens, Wim Boudewyns, Ward Van Houdt, Koen Beyers

Goal
Currently the design of mechanical parts requires 
multiple iterations to reach a manufacturable part. This 
leads to high rework costs and long lead times, as 
manual checking of design rules is time consuming and 
error prone. By formalizing manufacturing knowledge, 
the design rules and the process window boundary 
become clearer and more actionable for both designers 
and manufacturers.

Design rule formalization
•By relying on a simple yet flexible textual input
representation of design rules, we reduced the
complexity of design rule formalization to a structured
thought exercise.

•The formalization framework transforms textual input
into an Abstract Syntax Tree (AST). Using AST’s to
represent mathematical expressions is common
practice We extend this to manufacturing design rules
by introducing the following primitives: surface
properties, manufacturing features and material
dependent bounds.

•The condition line of a design rule is the most important
piece of information to formalize. We introduced a
limited rudimentary set of surface functions that covers
most of the basic global design rules for forming and
moulding processes. These can be used to form
Boolean expression that must hold on (part of) the
design.

•In order to deal with the variability of manufacturing
bounds, bound values can be material, machine and
severity dependent.

Design rule evaluation
•The surface functions in rule conditions are the link from
the rule to the CAD geometry. However, the structure of
neutral CAD models alone is not suited to represent
surface functions of spatially varying and global effects
like thickness or draft angle. Therefore, a discretization
of the geometry is needed. We use both a triangular
mesh and a digital geometry representation, depending
on the required properties for a specific surface
function. The calculation of surface functions is
delegated to geometry libraries: CGAL [1] and DGtal [2].

•Processing of Abstract Syntax Trees:
1. Extract references to surface functions as their

computation is main computational effort.
2. Calculate surface functions on discretized geometries.
3. Inject calculated surface functions in AST leaves.
4. Inject user-selected bound values in AST leaves.
5. Calculate AST nodes in a bottom-up manner.

•As a result, we visualize the regions that do not comply
to the design rules. The first example presents the
evaluation of draft angle design rule. The second
example shows the combined evaluation of detecting
too thin and too thick regions.

Validation on injection moulding case
•The draft angle evaluation shows several undercuts and
critical and warning regions in the design. These make it
more difficult to release the part from the mould and can
be improved by removing overhangs and increasing the
draft angle on the indicated surfaces.

•The thickness evaluation indicates that there are both
too thick and too thin regions. Too thin regions are
difficult to completely fill during injection moulding. Too
thick regions will cause sink marks on a design. This
can be seen on the prototype part in the left of the figure
below.

•Finally, a flawless design is created based on the
feedback given by the design evaluation, as can be
seen in the right of the figure above.

•Automatic design evaluation proved in this validation to
reduce the design lead time from 5 weeks to 3 weeks,
an improvement of 40%. With prototype iterations, the
total lead time could reduce up to 66%.

Key take-aways
•We propose a knowledge formalization method for 
manufacturing design rules and an efficient framework 
for evaluating them given a CAD model.

•Automated manufacturability assessment can reduce 
the number of design iterations, shortening design time 
and time-to-market.

Further reading
[1] CGAL, Computational Geometry Algorithms Library, https://www.cgal.org
[2] DGtal, Digital geometry tools and algorithms library, http://liris.cnrs.fr/dgtal
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DMMS-D
Including injection moulding production models 
in metamaterials performance models
Kristof Steijvers, Claus Claeys, Wim Desmet, Philip Eyckens, Lucas Van Belle, Elke Deckers

Design for lifecycle

Goal
The goal of this work is to enable mass-manufacturable locally
resonant metamaterials (LRMs) with robust vibro-acoustic
performance by design using injection moulding (IM). First, the
IM process repeatability is quantified and compared with 3D-
printing.

Motivation
3. For each resonator type, a batch of 50 samples is injection

moulded in both polypropylene (PP) and acrylonitrile-
butadiene-styrene (ABS). The rings and beams are injected in
the mass or foot separately.

4. After manufacturing, the sample masses are measured using
an analytical balance. Moreover, the resonators are clamped
in a dedicated platform on an EM shaker whereafter the
resonance frequencies are measured by a scanning laser
doppler vibrometer.

5. A batch of ABS beam resonators is 3D printed whereafter the
same measurements are performed and the results are
compared with the IM resonators.

Rings:

Double
beams:

IM VS. 3D printing for the beam resonators:

Key take-aways
• Robust dynamic performance of the resonators 

manufactured with IM, outperforming 3D printing.
• Differences in deviations due to semi-crystallinity.
• Next step: include the coupling between IM simulations and 

structural dynamic simulations. 

Further reading
• Ref 1: K. Steijvers, C. Claeys, W. Desmet, P. Eyckens, L. Van Belle, and E. Deckers,

“On the potential of injection moulding for the production of locally resonant

metamaterials,” in COBEM 2021, 2021, p. 9.

Problems?

1. Current LRM manufacturing techniques are
not suited for mass-manufacturing.

2. Manufacturing processes cause changes in
material properties and geometry with respect
to the initial design, which leads to off-design
LRM performance.

Approach
1. Three existing resonator designs are tailored for IM by

adding draft angles, maximal part thicknesses and corner
roundings.

2. For each resonator, corresponding mould inserts are
designed and machined in-house.

Fig. 2: Mould insert cavities and corresponding products of the a) 
cantilever beam resonator, b) ring resonator, c) double beam resonator

Fig. 3: a) Clamping platform, b) measurement setup, c) obtained velocity 
response of an ABS beam resonator with a resonance frequency of 280 Hz

Results
Beams: • Small spread on mass and frequency.

• No difference between injection location.

• Large mass spread for PP due to voids caused by high
shrinkage of the semi-crystalline PP material.

• Significantly lower spread for ABS on both mass
and frequency.

Fig. 3: Boxplots of the beam mass and frequency for ABS and PP

Fig. 4: Boxplots of the ring mass and frequency for ABS and PP

Fig. 5: Boxplots of the double beam mass and frequency for ABS and PP

• IM found to be a more repeatable manufacturing process for
both mass and resonance frequency.

Fig. 6: Comparison of mass and frequency of the 3D printed and IM beams

Solution?

IM is suitable for mass-manufacturing and IM
simulations can predict material properties and
deformed geometry after production. This allows
forward LRM design for performance.

In a first step, three resonator designs are injection moulded,
whereafter the repeatability of the IM process is quantified based
on measurements.

Fig. 1: Forward design for performance concept
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DMMS-D
Product family design optimization for performance and assemblability

P. Eremeev, H. Devriendt, F. Naets, W. Desmet

Goal
Design optimization of a family of related products, 
considering the performance and assembly process of 
the individual products and the total production cost of 
the product family.

Motivation
•In the traditional development process, design quality of
an individual product always is a main priority. However,
usually a variety of different products is being developed
at the same time. Some of these products could be
partially related, for instance they share one or several
parts or have similar, but not identical parts.
Nevertheless, development and design optimization of
such products are commonly performed independently,
without consideration of their possible mutual influence.

•For a group of related products, it could be reasonable
to consider the design of all the members of the product
family simultaneously. Product family optimization can
provide additional benefits through standardization of
individual parts across different products and unification
of the assembling, manufacturing and other processes,
which determine the total cost of the product family.

•In this work, an approach is proposed to optimize the
design of a product family considering the performance
and assembly process of the individual products and
the total production cost of entire product family. Validity
of the proposed method is demonstrated on the
optimization of a product family consisting of 2
gearboxes.

Approach
•Product family optimization is reasonable only when it
can provide a solution which is different from the one
that can be found by separate design optimization of the
individual products. One way to ensure that, is to define
an objective function of the optimization problem as a
total production cost of the product family:

𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 X = σ𝑖=1
𝑁 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

(𝐶𝑖 + 𝐴𝑖) (1)

𝐶𝑖 = σ𝑗=1
𝑁 𝑝𝑎𝑟𝑡𝑠

𝑐𝑗 1 − 𝐷𝑣𝑗 (2)

where 𝐶𝑖 and 𝐴𝑖 are manufacturing and assembly
process costs of the family members. While
manufacturing cost of an individual product inside the
family is the sum of the costs of all parts in this product
(𝑐𝑗) including volume discount (𝐷𝑣𝑗).

•Presence of the volume discount in expressions 1 and 2
creates a mutual influence of different members of the
product family on the total production cost, making
optimization of the product family reasonable.

•The volume discount function is defined according to
expression 3, where 𝑝 – production size, 𝛽 – maximum
discount (∈[0;1]) and 𝛼 – is a discount rate, which
determines growth of the discount depending on the
production size.

𝐷𝑣 = 𝛽(1 − (1 + 𝑎)−𝑝) (3)
•Additionally, performance and assembly process
metrics applied to individual products within the product
family can be used as optimization constraints.

Results
•Consider a product family, consisting of 2 gearboxes
with an identical topology, but different characteristic
dimensions due to the variance in their performance
requirements. Design of each gearbox is determined by
5 design parameters (figure 1, left).

•Individual costs of the standard parts (e.g., bolts) used
in the gearboxes are calculated using relevant
catalogue prices. For the non-standard parts
(e.g., axles) cost is calculated based on their mass:
𝑐𝑗= 𝑀𝑗 ∙ 𝛾, with empirical coefficient 𝛾 equals 1.33.

•Minimal axle stiffness, calculated using FEA model, are
used as performance constraints for both gearboxes.

•Minimal angle of tools free rotation is used as an
assemblability constraint. It is evaluated as the largest
arc in which a corresponding tool can move at each
fastener location (figure 1, right).

•Figure below shows that when volume discount is
negligible, product family optimization provides the
same results as separate optimizations of individual
products. However, rise of the discount rate increases
volume discount that can be obtained through part
unification between different members of the product
family. This allows product family optimization to find
better design in terms of the total production cost.

Key take-aways
•Product family consideration allows to find the best 
solution, which is either better than the one found by 
individual product optimization or identical to it. 

•Reduction of the total production cost in case of the 
product family optimization can be achieved through 
the parts standardization and unification of the 
assembling and manufacturing processes.

Further reading
•https://doi.org/10.1016/j.procir.2020.02.223

Figure 1. CAD model and design parameters of the gearbox assembly (left) and 
evaluation of the angle of free rotation (right) 

Design for lifecycle
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DMMS-DShell-based topology optimization in view of manufacturability 
Marina Kamper, Frank Naets

Goal
This research aims to develop a unified approach that
allows for shape and topology optimization of thin-walled
structures while also accounting for manufacturability
and ease of assembly.

Motivation
•Thin-walled structures are omnipresent in many fields of
engineering. Optimization methods can be employed to
design these structures such that they sustain loads in
the most effective way.

•While there exist various structural optimization
techniques to alleviate numerical difficulties (e.g., mesh
dependency and checkerboarding), most solutions still
contain complex geometries and remain unsuitable for
manufacturing and assembly. As a result, either the
design has to be produced by means of additive
manufacturing or post-optimization modifications are
required to ensure the design is suitable for traditional
manufacturing methods. The latter invariably leads to a
‘less optimal’ solution.

•The manufacturability and ease of assembly, therefore,
need to be assessed during the structural optimization
process.

.

Results
•Case 2: optimal material layout of a curved shell
structure, simply supported at the corners with a single
point load.

Key take-aways
•Structural optimization lessens the iterative nature that
accompanies preliminary design phases; ergo, it can
accelerate the engineering design process.

•There is still scope for improving current optimization
methods of thin-walled structures, for example, by
including design rules.

•Next steps include studies where the presented
workflow is utilized and evaluated.

Further reading
•S.L. Vatanabe, T.N. Lippi, C.R. de Lima, G.H. Paulino and
E.C.N Silva. (2016). Topology optimization with manufacturing
constraints: A unified projection-based approach. Advances in
Engineering Software. 100. 97–112.

•B. Hassani, S.M. Tavakkoli and H. Ghasemnejad. (2013).
Simultaneous shape and topology optimization of shell
structures. Structural and Multidisciplinary Optimization. 48.
221–233.

Design for lifecycle

Approach
•A typical structural optimization problem involves finding
the design variables 𝒙 ∈ ℝ𝑛 that minimize the strain
energy under mass (or volume) constraints:

Minimize 𝑔0 𝒙 =
1

2
𝑼𝑇𝑲𝑼

Subject to 𝑔𝑖 𝒙 ≤ 0 𝑖 = 1,… , 𝑝

•Design variables include so-called pseudo densities that
describe the material distribution or parameters that
define the shape of the domain.

•After obtaining the optimized design, the ease of
assembly and manufacturability are evaluated. If
needed, additional constraints are introduced, and the
optimization procedure is repeated.

Solve the structural 
optimization problem with 

MMA/IPOPT

N

Define the initial design space, 
design variables and design 

constraints 

Practical to 
manufacture/ 
assemble? 

Assess design rules 

Modify the 
design space 
and design 
constraints

Final concept design 

START

END

Results
•Case 1: shape optimization of an initially flat shell
structure constrained at the corners and subjected to a
point load in the centre.

Fig. 1: Shape optimization of a shell structure, (a) initial shape, (b) optimal 
shape and (c) strain energy evolution.

(c)

(a) 

(b)

Fig. 2: Topology optimization of a shell structure, (a) initial design domain, 
(b) optimal material layout and (c) top view of the optimal design.

(c)(b)

(a) 

Material

Void
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DMMS-DState-space modelling for robomould processes
Mathijs Goris, Frank Naets, Elke Deckers

Goal
The goal of this work is to use a state-estimation
approach for a robomould process to predict the
influence of the movement and the temperature cycle of
the mould, and predict the quality of the parts. Hereto, a
digital twin is developed that combines semi-analytical
models together with novel higher order motion and
thermal models. This system will be updated by
(operational) measurement data.

Motivation
Robomoulding1, robotized rotational moulding is a novel
polymer processing technique allowing to produce
hollow complex parts in a more robust and economical
way as compared to traditional rotational moulding.
Polymer powder is placed in the mould, which is
mounted on a robotic arm, and is electrically heated and
rotated. The powder gets distributed along the inside of
the mould and solidifies into a stress-free part. The
finished product is a stress-free product which results in
a high durability and has no seams. This makes it an
appropriate process for applications like storage tanks
for liquids and gasses. Currently, to find the right process
parameters (path, speed and temperature), mainly a trial
and error method is used. As the process cycles are
relatively long, this results in a long calibration time
together with wasted polymer powder and energy. So it
is of high interest to optimize the calibration process.

Approach
To improve the process, first a digital twin will be setup.
This model incorporates the motion and the temperature
propagation within the mould and the material.
Next, the validated twin will be used to predict product
quality and generate optimal process parameters.

By combining the MBD model, the DEM model and inline
measurements, the following gains will be obtained:
•Sensor fusion

Accessible measurements e.g. temperature, motor
current, joint positions, etc. can be combined in the
model and used to estimate the state of the product.

•Validation
The co-simulation will be able to predict the product
quality. This can validated by performing
measurement on the actual product. (wall thickness,
dimensions, colour, bubbles in the plastic, etc.)

Results
As fore future results, we aim for a more efficient way to
find the optimal process parameters. The cost of the
modelling and computational work would be lower than
the cost of the use of the trial and error method.
•The process can be simulated preliminary to the
production process and the optimal parameters (mould
motion and temperature) can be predicted. These
simulations can run overnight and have zero spill of
powder material.

•When very low computational time is achieved, the
digital twin can run in parallel. This offers a real time
quality estimation of the product and the process can be
adjusted if necessary.

Key take-aways
•By simulating the process, the optimal parameters can
be found more easily. This eliminates a labour intensive
task.

•By implementing a digital twin, the in-process quality of
the product can be obtained and process can be
further optimized.

Further reading
•ref1: Kuijt, J., Kuijt B., Harleman, F., Claus, F.,
Potargent, J. (2016). Apparatus for rotational molding of
plastic material. EP 2 844 446 B1. Bilzen, BE. Gevers
Patents.

Design for lifecycle

a) Matlab MBD simulation of a robotic arm 
b) MBD-DEM co-simulation of a robomould process

Multi-body model 
(MBD)

Discrete element model 
(DEM)

MBD – DEM co-simulation

Input

Logged data
• Joint positions
•Motor current

Logged data
•Temperatures
•Mould motion

Output

• Joint forces
•Mould motion

•Wall thickness
• Inertia

The MBD-model is a 
kinetic model that 
calculates the mould 
movement with forward 
kinematics and obtains the 
joint forces using inverse 
kinematics.

The DEM-model is 
equipped with a thermal 
model and the powder flow 
is modelled based on 
experimental data. The 
model simulates the 
powder flow and the layer 
buildup. 

Robomould process @ KUL – campus Diepenbeek
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DMMS-MA FeasibleSequentialQuadraticProgramming Method forNMPC
David Kiessling, Joris Gillis, Goele Pipeleers, Jan Swevers

Goal
We aim at developing a robust and reliable nonlinear 

optimization solver that solves hard nonlinear problems 
arising in Nonlinear Model Predictive Control (NMPC). A 
special feature of our current approach is that all iterates 
are kept feasible, such that early termination of the 
algorithm is possible.

Motivation
• In NMPC, Nonlinear Programs (NLP) are solved

iteratively and the solution is given as control input to
the controlled system.

• Two major drawbacks in current state-of-the-art 
solvers: the solution time for a problem is often too
long for a given sampling period or the problem cannot
be solved at all.

• Idea: Develop solver that has a globalization
mechanisms such that hard problems can be solved.
Additionally, keeping all iterates feasible such that the
solver could be stopped earlier and that the current
iterate gives a usable suboptimal solution as control
input.

•Approach: Use Sequential Quadratic Programming
(SQP) method with globalization mechanism. Project
every SQP step back on feasible set. Our approach is
named FP-SQP.

• The NLPs are of the following form:

Approach
• The algorithm starts at a feasible point.
• In every SQP iteration solve a trust-region Quadratic
Program (QP):

•Project the iterates back on feasible set with so-called
zero-order iterations: Iteratively correct the higher
order terms of the constraints until feasibility is
obtained:

• For the feasibility corrections the constraints need to
be re-evaluated, then a corrected QP needs to be
solved. If an active set QP solver is used this can be
done at low computational cost.

• The corrected steps needs to be a feasible point and
the so-called asymptotic exactness condition needs
to be fulfilled such that the global convergence theory
holds. Asymptotic exactness means that the original
QP step and the corrected step are not too far from
each other.

• In a trust-region algorithm a step is accepted if the
quadratic approximation of the NLP is accurate enough
within the trust-region. Otherwise the size of the trust-
region is decreased.

Results
• Consider obstacle avoidance of an overhead crane:

• We choose random starting points on the left and on
the right of the obstacle and solve the optimal time
point-to-point motion problem. Our results are
compared to IPOPT:

Key take-aways
•The algorithm has some additional computational cost, 
due to the feasibility corrections, but in the crane 
example often needs less iterations.

•The advantage of feasibility corrections is that the 
algorithm can be terminated at a suboptimal solution 
and the suboptimal solutions are useful as control 
inputs.

Figure 2: Illustration of a feasibility correction step.

Further reading
• Stephen J. Wright and Matthew J. Tenny. A feasible trust-

region sequential quadratic programming algorithm

Enabling Fast Design & 
V&V of Motion Products

Figure 1: Schematic view of an MPC scheme. 

Figure 3: Setup for overhead crane obstacle avoidance problem.

Figure 4: Performance plots of IPOPT and FP-SQP on the crane problems.
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Acquisition of individual Head-Related Transfer Functions 
for VR/AR audio rendering
F. Di Giusto, J. Cardenuto, H. Beriot, T. van Putten, S. van Ophem, W. Desmet, E. Deckers

Goal
•Efficiently acquire perceptually valid individual Head-
Related Transfer Functions (HRTFs) of a subject

•Apply the HRTFs to render accurate individual spatial
audio in a Virtual or Augmented Reality (VR/AR) scene

Introduction
•VR/AR have several potential applications in industry
(e.g. early design review, immersive training)

•Spatial audio matching the 3D VR/AR visual scene is
needed for a realistic and immersive experience

•The HRTFs define the filtering effect of the ears, head
and torso on an incoming sound

•Binaural spatial sound can be rendered filtering a signal
with HRTFs and presenting it through headphones

Current Problems
•Individual HRTFs are needed for the most realistic
audio rendering of a VR/AR scene

•Classical HRTFs measurements in anechoic conditions
are expensive and inapplicable on a large scale

Proposed Solution
•HRTFs can be efficiently numerically computed on the
individual scanned geometry of a subject

•Photogrammetry has a great potential for ears and head
scanning, given its affordability and scalability

•this is based on extracting 3D information of the
surface of an asset from a set of pictures

•The accuracy of this technique for the scanning and the
obtainment of individual HRTFs should be tested

Approach
•A dummy head is scanned with photogrammetry (photo)
and compared to a reference accurate laser scan

•FEM Adaptive Order is employed to compute the
pressure generated by a source placed in each ear on a
spherical measurement grid surrounding the head mesh

•The results obtained on the laser and photo meshes are
compared to reference measured dummy head HRTFs

•An auralization framework is employed to render
binaural audio signals in free field conditions

•A sound source is selected and the HRTFs are used to
spatialize the sound on an arbitrary 3D trajectory

Results
Horizontal Plane Localisation

•Interaural Time and Level Differences (ITDs, ILDs) are
compared between HRTFs

•ITDs and ILDs are in line with measurement results,
leading to correct localisation on the horizontal plane

Vertical Plane Localisation
•Spectral characteristics are compared between HRTFs

•The photo HRTFs show deviation at high frequencies,
leading to inaccurate vertical plane localisation

•this mismatch is attributed to the photo scan error
Auralization

Key take-aways
•Photogrammetry for acquisition of individual geometries 
results in HRTFs valid for horizontal plane localisation

• Increased scanning accuracy is needed to acquire 
HRTFs relating to a correct vertical plane localisation

Further reading
•F. Di Giusto et al., Evaluation of the accuracy of photogrammetry for head-
related transfer functions acquisition using numerical methods, DAGA 2021

•J. Cardenuto et al., Source directivity for auralization using precomputed data
based on discontinuous Galerkin simulations, DAGA 2022 [unpublished paper]

ITD 𝜃𝜃,𝜙𝜙 = 𝑡𝑡𝐿𝐿,𝜂𝜂 − 𝑡𝑡𝑅𝑅,𝜂𝜂

𝑡𝑡: detection instant
𝜂𝜂: percentage of peak amplitude

ILD 𝜃𝜃,𝜙𝜙, 𝑟𝑟, 𝑓𝑓 = 20 log10
𝐻𝐻𝑅𝑅 𝜃𝜃,𝜙𝜙,𝑟𝑟,𝑓𝑓
𝐻𝐻𝐿𝐿 𝜃𝜃,𝜙𝜙,𝑟𝑟,𝑓𝑓

Note: 
ILDs are averaged across 𝑓𝑓

•The binaural auralization results on the 
horizontal and vertical plane can be found 
at the following link or QR code:

https://youtu.be/_XvqVUx4wmk

𝑃𝑃𝐿𝐿 𝑃𝑃𝑅𝑅

𝐻𝐻𝑅𝑅𝐻𝐻𝐿𝐿

𝜃𝜃

𝑟𝑟

𝐻𝐻𝐻𝐻𝐿𝐿−1𝐻𝐻𝐿𝐿

𝐻𝐻𝑅𝑅 𝐻𝐻𝐻𝐻𝑅𝑅−1
𝑆𝑆0

𝑆𝑆𝐿𝐿

𝑆𝑆𝑅𝑅

𝑆𝑆0: input signal
𝐻𝐻𝐻𝐻𝐿𝐿, 𝐻𝐻𝐻𝐻𝑅𝑅: headphone to ear 
canal transfer functions
𝑆𝑆𝐿𝐿, 𝑆𝑆𝑅𝑅: binaural output signals

•they depend on many parameters and are
highly individual due to the different ear shapes

𝐻𝐻𝐿𝐿 =
𝑃𝑃𝐿𝐿(𝑟𝑟, 𝜃𝜃,𝜑𝜑, 𝑓𝑓,𝑎𝑎)

𝑃𝑃𝑂𝑂(𝑟𝑟, 𝑓𝑓)
𝐿𝐿,𝑅𝑅: left and right ear
𝐻𝐻𝐿𝐿, 𝐻𝐻𝑅𝑅: HRTFs
𝑃𝑃𝐿𝐿, 𝑃𝑃𝑅𝑅: pressure ears
𝑃𝑃𝑂𝑂: pressure at the center of the head with head absent

𝑟𝑟: distance from sound source
𝜃𝜃, 𝜙𝜙: direction of arrival 
(azimuth and elevation angle)
𝑓𝑓: frequency
𝑎𝑎: individual characteristics

video scan

dummy head 
pictures

sparse point cloud
and camera poses dense point cloud

watertight meshfinal meshcompare to
laser mesh

reconstruct with
photogrammetry

clean
merge

extract
frames 

triangulate
points

create
mesh

Note: 
head and ears are 
separately scanned, 
manually cleaned, 
aligned and merged

DMMS-DOperator 4.0Intelligent Operation 
and Maintenance

Enabling Fast Design & 
V&V of Motion Products

HRTFssource directivity 
input signal
mono/stereo

binaural
output signal

filteringfiltering

https://youtu.be/_XvqVUx4wmk
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IMAGE PROCESSING

MEASUREMENTS
Image sequence

Excitation force

DMMS-DCamera-based dynamic model identification for mechanical systems
Thijs Willems, Frank Naets

Goal
Cost- and time-efficient time-domain system
identification of structural dynamic components
exploiting the high spatial density of camera-based
measurements and a priori physical knowledge.

Motivation
Camera-based measurements:
• spatially dense → number of spatial measurement

points >> dimensionality of the underlying physical
phenomena (as opposed to common assumption).

• contactless (no mass/cable loading), time + cost
efficient and easy visually interpretable.

→ Opens up the potential to develop new experimental
identification methods: adapt the postprocessing
technique to the measurement characteristics!

Results
• Component: 860x660 mm flexibly suspended plate.
• Motion tracking: 315 circular markers tracked with an

accuracy of 7.6e-6 m.
• Successful correction for (limited) rigid body motion +

extraction of dynamic states (order = 6).
• Identification results: comparison between measured

motion 𝑹, reconstructed motion 𝑩𝐷𝐸𝐹𝑸 and simulated
motion (of the identified model). MAE ~10−5 m.

• Time-efficient: identification in < 70s.
• Cost-efficient: 2 channels vs 315 channels.

Key take-aways
The availability of practically useful spatially dense
measurement techniques encourages us to rethink the
established methods in the field of experimental testing
and can lead to new cost- and time-efficient approaches.

Further reading
• High-Speed Camera based Experimental Modal Analysis for Dynamic Testing

of an Automotive Coil Spring (doi: 10.4271/2021-01-1119)
• Camera-based experimental modal analysis with impact excitation: Reaching

high frequencies thanks to one accelerometer and random sampling in time
(doi: 10.1016/j.ymssp.2022.108879)

Enabling Fast Design & 
V&V of Motion Products

Approach

𝑡 𝑡

CAM1 CAM2
• Stereo camera setup (3D motion)
• Trigger synchronization
• 12 MP@90 fps

• Impulse hammer excitation

Feature detection Feature tracking Triangulation
Corners/Lines/Ellipses
(Shi-Tomasi / Canny)

Lucas-Kanade 
Optical Flow 

Stereo matching
2D → 3D

Spatially dense tracked motion (𝑛 points): 𝑼

EXTRACTION OF LOW-ORDER DYNAMIC STATES
Correction for rigid body (RB) motion

• Projection on analytically constructed RB basis 𝑩𝑅𝐵
• Deformation motion: 𝑹 = 𝑼 −𝑩𝑅𝐵𝑩𝑅𝐵

+ 𝑼

SVD-based projection
𝑹 = 𝑽𝜮𝑾

• Dominant deformation motion basis: 𝑩𝐷𝐸𝐹 = 𝑽1:𝑚
• Low-order dynamic states: 𝑸 = 𝑩𝐷𝐸𝐹

𝑇 𝑹
→ Noise reduction: only dominant motion retained
→ Order reduction: 𝑚 ≪ 𝑛

IDENTIFICATION OF STRUCTURAL DYNAMIC MODEL

ሷ𝑸 + 𝑪 ሶ𝑸 + 𝑲𝑸 = 𝑩𝑭

Two-step identification
(to account for difference in sensitivity)

Initial optimization step
→ Semidefinite programming (CVX toolbox)
→ Accurate 𝑲 and 𝑩
Damping refinement step
→ Least-squares curve fitting
→ Accurate 𝑪

EXPERIMENTAL VALIDATION

Animation

1

2

https://doi.org/10.4271/2021-01-1119
https://doi.org/10.1016/j.ymssp.2022.108879
https://youtu.be/wcbBQAM-B-c


1

Motivation
SI allows to analyze the energy transport through
a structure, i.e., a design tool next to modal analysis:
•Dynamics of the structural excitation mechanism
•Determination of energy sources and sinks
•Energy path design: avoid e.g., acoustic radiation

Currently few methods for curved (3D) structures exist:
•Purely model based (Finite Element Method, FEM)
•Experimental (3D-Laser Scanning Vibrometry)
•Hybrid: camera measurement and FEM approximation
To widely apply SI analysis on industrial structures
(typically small vibration, little damping, high geometrical
complexity) a flexible, inexpensive and minimally
supervised method, that does not assume specific
boundary conditions is needed.
Stereo camera measurements allow for inexpensive and
quick measurements of (moving) dense, 3D point-cloud
data. To deal with the sensitive computation of higher
order spatial gradients on the surface, a regularizing,
local polynomial fitting approach is proposed, which can
also be applied as filter for noise mitigation.

DMMS-D
Evaluation of structural intensity based on point cloud data from 
camera measurements for curved, plate-like structures
F. S. Egner, L. Sangiuliano, R. F. Boukadia, S. van Ophem, E. Deckers, W. Desmet

Goal
Development of a flexible, mesh-free, experimental 
method for the analysis of the structural intensity (SI) 
flow in curved, plate-like structures based on a camera 
measurement. Application to industrial structures for  the 
assessment of energy sources, sinks and transfer paths.

Approach
Measurement of geometry (point cloud) and
displacement: stereo camera system + Lucas-Kanade
optical flow. Estimation of local, curvilinear coordinates
and surface gradients:
•Point-by-point polynomial fit in PCA fitting frame on N
closest points

•Surface gradients derived from fitted polynomial and
projected into local coordinates

Displacement gradient on the surface
•Point-by-point polynomial fit in local coordinates for
each displacement component

•Noise mitigation through spatial filter (repeated fit, cf.
Savitzky-Golay filter)

Evaluation of SI: Kirchhoff plate theory for the
computation of moments, normal- and shear forces

Test cases
•Experimental: clamped, flat plate excited by two
shakers (S1 and S2)

•Numerical (data from FEM): oil-pan structure excited by
point force (F)

Results
Pre-processing: spatial filter for experimental data

Flat plate: experimental SI flow between S1 and S2

Oil-pan: qualitative agreement with FEM prediction

Key take-aways
•Flexible, mesh-free experimental method for SI 
analysis of industrial, curved, plate-like structures

•Experimentally validated for flat plates
•Numerical examples for curved plates
•Effective noise mitigation through spatial filtering

Further reading
•F. Pires et al. (2019): 10.1115/1.4040926 (Structural
intensity on analysis on irregular shells)

intelligent Operation 
and Maintenance

Enabling Fast Design & 
V&V of Motion Products

Simplified procedure of a SI analysis: displacement field (left) 
intensity orientation (middle) and interpretation (right)

Source (e. g. input force)

Sink (e. g. damper)

Transfer 
paths

Camera 
measurement

Geometry 
approx.

Gradients on 
surface

SI evaluation
Displacement 

filtering

Experimental case (left, middle) and numerical case (right) 

Local coordinates (left) and first principal curvature(right) 

Proposed method (left) and FEM (right)

SI orientation and magnitude, experimental case: 
21.5 Hz (left) and 41.5 Hz (right)

Flat plate out-of-plane displacement field at 21.5 Hz: 
original (left), filtered (middle), difference (right)

https://doi.org/10.1115/1.4040926
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DMMS_M
A Digital Twin approach for the estimation of the remaining useful 
life of rolling element bearing based on Transfer Learning
Chenyu Liu, Konstantinos Gryllias

Goal
This research proposes a prognostic method combining
a physics-based bearing Digital Twin model with a
Transferable Gated Recurrent Unit (TGRU) neural
network. The proposed TGRU is able to achieve better
remaining useful life prediction results during the
simulation-to-real transfer.

Motivation
•Deep Learning (DL) models have been widely exploited
in the research of data-driven prognostics.

•The performance of the classic DL model is strongly
related to the amount of training data.

•For bearing remaining useful life prediction, getting
large amount of training data requires high cost and the
long operating duration.

•Transfer Learning (TL) enables the knowledge transfer
from pre-trained DL models, which accelerates the
model construction process and fulfils the aim of cross-
domain model generalization.

•Physics-based Digital Twin model is able to generate
synthetic bearing vibration signals, which could be used
for DL model training.

•The domain shift issue between the Digital Twin and
real datasets could be reduced using transferable
neural network, which aims to extract domain-invariant
features from both the simulation and real data.

Approach
•A bearing phenomenological model is used as the
Digital Twin, which could replicate the vibration
responses.

•The TGRU is proposed using GRU layers to extract the
domain-invariant features from the simulation dataset.

Results
•Due to the combination of simulation and real datasets,
the TGRU is able to obtain the degradation information
from the pre-trained model meanwhile adjusting the
regression process based on the real data.

•Comparative analysis results show that the proposed
TGRU model outperforms the non-temporal methods,
including SVR and CNN.

•The effectiveness of the knowledge transfer is proved
by the superior RUL prediction results, compared to the
source-only and target-only models.

•With the increasing of the simulated signal number, the
predictions yield closer to the ground truth with more
points falling into the 𝛼−𝜆 cone.

Key take-aways
•The contributions of this research not only lie in the 
condition monitoring field, but also shed light on the 
simulation-based deep learning research, which is still 
at its infancy. 

•The proposed methodology could be further extended 
with other types of Digital Twin models to provide more 
accurate physical replications.

Further reading
•https://doi.org/10.36001/phmconf.2020.v12i1.1294
•10.1109/TII.2021.3103412

Time signals of three types of bearing faults

Simulated and real signals in the time and frequency domain 

Transfer learning process of the proposed TGRU

RUL prediction results

intelligent Operation 
and Maintenance Single Motion
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DMMS-M
Rotating Machinery Speed Extraction
through Smartphone Video Acquisition
Toby Verwimp, Alexandre Mauricio, Konstantinos Gryllias

Goal
The goal is to analyse the viability of using smartphones 
video acquisition in order to extract and track the 
(constant or varying) speed of a rotating shaft. Another 
research goal is to extract rotational speeds exceeding 
the Nyquist limit of half the camera’s frame rate.

Motivation
•Rotating machinery often operate under varying speed
conditions. This complicates vibration analysis, which is
a key element of condition monitoring. Nevertheless, a
direct measurement or an indirect estimation of the
rotational speed can simplify the monitoring process.

•The mass use and mass production of smartphones
make cameras more accessible and cheaper. To
increase their frame rate, most smartphones contain
rolling shutter cameras.

•The disadvantage of such cameras is the geometrical
distortion occurring when there is a relative motion
between the captured scene and the smartphone’s
camera. This effect is prominent for high-speed motions
(e.g. high-speed rotating machinery).

•Various methods exist trying to rectify the images, but
only a few methods exploit the rolling shutter effect as a
high frequency sampling mechanism to extract motion
within a video frame.

Approach
•Sequential readout of rolling shutter camera results in
an inclination 𝛼 of (originally horizontal) stripes which
depends on the rotational speed 𝜔.

Results

•Normalized Root-Mean-Square Errors (NRMSE) of
about 3% (or less) are reached for the smartphone
aligned with the shaft with peaks in the percentage error
of about 5% to 8%.

•Nevertheless, even for a misalignment of 60°, the
NRMSE is only 4% with variations in the percentage
error to about 10%.

Key take-aways
•A smartphone camera is a cost-effective tool for 
rotational speed measurement

•A smartphone camera allows measuring constant and 
varying speeds, also above the Nyquist limit related to 
the camera’s frame rate

•The rolling shutter effect is the key to measure high 
rotational speeds with low frame rates

Further reading
•To be published
•https://orcid.org/0000-0001-5024-8811

Single MotionIntelligent Operation 
and Maintenance

Rolling shutter

Global shutter

Speed estimation 𝜔 and reference speed Ω varying between 10 and 50 rps
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DMMS-M
Camera-based experimental modal analysis (EMA): reaching high 
frequency with low frame rate
Yonggang Wang, Felix Simeon Egner, Thijs Willems, Matteo Kirchner, Wim Desmet

Goal
•Contactless and full-field measurement of the modal
parameters to evaluate the dynamic properties of
mecha(tro)nic systems with cameras.

•Obtain higher frequency modes than the Nyquist
frequency of the camera.

Motivation
Camera-based EMA measures the dynamic properties of
structures to serve parameter design, damage
identification, etc. Compared with accelerometers,
cameras have the advantages of contactless sensing (no
added mass/damping), full field measurements with high
spatial resolution, etc., but have the drawbacks of low
frame rate and huge amount of data. We will adopt
random sampling with low equivalent frame rate to
overcome those drawbacks.

arg min
𝐴𝑖,𝜆𝑖



𝑡



𝑖=1

𝑁

ℜ 𝐴𝑖𝑒
𝜆𝑖𝑡 ∗ 𝑓 𝑡 − 𝑦 𝑡

2

𝜆𝑖 = 2𝜋𝑓𝑖𝑗 − 𝜎𝑖
Here, A is a complex number, 𝑓 𝑡 is the excitation, 𝑦 𝑡
is the measured displacement, 𝜎𝑖 and 𝑓𝑖 are damping
factor and eigenfrequency of mode 𝑖 . This nonlinear
optimization problem can be solved by gradient-based
algorithms, and the global minimum is assured by an Results

•Restricting the time intervals of trigger pulses to 0.02s
(maximal sampling frequency is 50Hz), we obtained the
modes up to 218Hz [2].

Key take-aways
•Camera-based EMA achieves full-field, spatially dense 
and contact-less measurement

•Nonlinear optimization with one accelerometer’s data 
and randomly sampled camera data allows to go 
beyond the Nyquist frequency of the camera.

Further reading
•[1] https://doi.org/10.4271/2021-01-1119
•[2] https://doi.org/10.1016/j.ymssp.2022.108879

Intelligent Operation 
and Maintenance

Approach
Workflow (Fig. 2)
(a) Randomly trigger the camera by a pulse signal,
whose intervals uniformly distribute in a range
∆𝑡𝑚𝑖𝑛~2∆𝑡𝑚𝑖𝑛. ∆𝑡𝑚𝑖𝑛 is the inverse of the highest frame
rate allowed by the hardware.

(b) Measure displacement by the Lucas-Kanade optical
flow tracker, with attached markers to improve the
accuracy of points tracking [1].
(c) Build an optimization model derived from the Impulse
Response Function model to recover the modal
response in regular sampling with high sampling
frequency:

Fig.1: Random sampling in time Trigger 
randomly

Fig.3: Experiment setup with a beam, single camera

Fig.2: Data processing and recovery procedure

initial guess of the eigenfrequencies, which are selected
from the stable poles in the stabilization diagram built
from the accelerometer’s data.
(d) Perform EMA with recovered signal through PolyMAX
Experiment setup (Fig. 3)
•Analyze the vertical modes of a clamped-clamped beam
under hammer excitation

Fig.4: Stabilization diagram, MAC matrix and mode shapes

https://doi.org/10.4271/2021-01-1119
https://doi-org.kuleuven.e-bronnen.be/10.1016/j.ymssp.2022.108879
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DMMS-M
Condition monitoring of rotating machinery operating 
under varying condition
Alex Mauricio, Konstantinos Gryllias

Goal
The goal is to have an accurate and early detection of 
rotating machinery damages, such as bearing faults, 
under varying speed and varying load operating 
conditions.

Motivation
• Condition monitoring of rotating machinery is essential

for maintenance scheduling and operating cost
reduction.

• Bearing damages are often hidden and masked under
several dominant sources (such as shaft and gear
meshing), and other background noise sources.

• Under steady speed and load conditions, bearing
signatures are cyclostationary by nature, and the
bearing related frequencies of interest for diagnostics
can be extracted in frequency domain [function of
time].

• Under varying speed conditions, bearing signatures
became non-stationary in time domain, although
retain cyclostationarity in angle domain, and thus
cyclo-non-stationary signals as these can be detected
when taking the shaft angle as a variable.

• Bearing frequency amplitudes and other health
indicators also vary in function of load operating
conditions, thus its diagnostics require normalization in
regards to the applied loads.

Approach
• Angle resampling using the measured speed signal on

the Time-Frequency domain step [STFT], the Order-
Frequency domain of the Spectral Coherence with the
extracted bearing fault related orders can be acquired,

• Integration around the carrier frequencies of the
bearing impulses [IESFOgram] further enhances the
harmonics of the bearing related faults on the order
domain spectrum.

• Extraction of the amplitude of these harmonics with
overlapping windows function of speed allows the
generation of a threshold between healthy and
damaged, and thus providing a robust diagnostics tool
for bearing damages under varying speed conditions.

• Under varying speed and varying load conditions,
Indicators of Cyclo-Non-Stationarity (ICNS) can be
extracted, as less numerically costly and equivalent to
the previous mentioned indicators.

• Sigmoid activation functions for each combination of
load and speed condition are applied on the signal, and
the lower cyclostationary order component is removed
from the signal [AutoRegressive], and the ICNS are
defined as function of speed and load

Results
• Several damages sizes have been implement with EDM

on inner race and outer surfaces of self aligning
bearing and acquired at varying speed conditions on
the Industrial Modular Drivetrain at KUL. Indicators
from the IESFOgram method show correlation
between the damage severity size and speed.

• One self-aligning bearing operated for long duration
until a severe spall was generated. Signals were
acquired under varying speed and load conditions and
the ICNS show a good separation of the distributions
between the healthy and damaged conditions.

Key take-aways
• Indicators for bearing diagnostics are dependant not 

only of damage severity, but also on the speed and 
load conditions. 

• The indicators proposed, which take into account the 
speed, or speed load conditions, allow generation of 
non-overlapping distribution between healthy and 
damaged condition for robust bearing diagnostics.  

Further reading
• [2022] ASME Journal of Engineering for Gas Turbines and Power:

https://doi.org/10.1115/1.4049778
• [2020] Mechanical System and Signal Processing:

https://doi.org/10.1016/j.ymssp.2020.106891

Intelligent 
Operation and 
Maintenance

Single Motion

https://doi.org/10.1115/1.4049778
https://doi.org/10.1016/j.ymssp.2020.106891
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DMMS-M
Condition Monitoring of Wind Turbines Based on Anomaly Detection 
Using Deep Support Vector Data Description
Dandan Peng, Chenyu Liu, Wim Desmet, Konstantinos Gryllias

Goal
Aiming at condition monitoring of wind turbines, if
there are only normal samples collecting from SCADA
system, how to achieve the anomaly detection of wind
turbines?
A deep learning-based anomaly detection method, the
Deep Support Vector Data Description (Deep SVDD),
is proposed for the monitoring of wind turbines.
Compared to the classic SVDD anomaly detection
approach, this method combines a deep network, more
specifically a Convolutional Neural Network (CNN),
with the SVDD detector in order to automatically
extract effective features. Then, Deep SVDD method is
applied on SCADA data from a real wind turbine use
case, targeting to the ice detection on wind turbine
blades.

Motivation

•The early anomaly detection of wind turbines can
improve the reliability and reduce the downtime of wind
turbines, improving the power generation efficiency and
reducing the costs associated with the maintenance,
operation and repair.

•Data collected from SCADA system has huge volume.
Deep learning models can process large data and
automatically learn features well.

•Usually there are many data captured under healthy
operating conditions but very limited available data
covering various types of faulty conditions. Thus, a
Convolutional Neural Network (CNN)-based Deep
SVDD model is proposed for the anomaly detection of
wind turbines using SCADA data as input.

•The Deep SVDD model consists of two main parts.
First, a Convolutional Neural Network (CNN) is used to
extract features from SCADA data. Then, the abstract
intelligent features are fed into the SVDD model in order
to detect anomalies during the operation.

CNN-based Deep SVDD 
•The input of the network is the value of different
parameters (such as wind speed, wind power etc.)
collected at each time point through the SCADA system
of wind turbines.

•The anomaly detection model is mainly composed of a
feature extraction layer and a SVDD-based anomaly
detection layer, as shown in FIGURE 1.

•Both the Conv and the FC layers use the ReLU
activation function to improve the non-linear feature
learning ability. The features of the last FC layer are
mapped to a Hilbert space by the SVDD. Adam
optimization algorithm is employed to optimize the
weight W of the CNN and radius R.

•After obtaining the trained anomaly detection model
from the training samples, given a test sample, the
anomaly score is calculated according to the distance
between the feature representation of the network with
the hypersphere center c, if the distance is greater than
the radius, then it is classified as abnormal, otherwise
as normal.

•Comparison with the State-of-The-Art:
➢Obviously, the ROC_AUC (91.31%) and the PR_AUC
(92.45%) of the OC_Deep_SVDD are the largest
among all the methods. Therefore, the anomaly
detection performance of the OC_Deep_SVDD model
is the best.
➢Deep SVDD requires 15s for training and only 0.12s
for testing, so SVDD is very advantageous in terms of
computational cost.

Key take-aways
•Aiming at the difficulty of obtaining abnormal samples,
this paper proposes a deep SVDD based anomaly
detection method.

•This method can automatically extract effective
features from massive wind turbine dataset through
CNN, and then features are input into SVDD to
construct a data-enclosed hypersphere with the
smallest volume. If the sample falls outside the
hypersphere, the sample is judged to be abnormal.

Intelligent Operation 
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Results
•Dataset: One wind turbine blade icing data. The SCADA
data consists of 26 variables, including operating
condition parameters, environmental parameters and
status parameters. The dataset contains both healthy
and blade icing samples, and thus blade icing samples
are characterized as abnormal samples. There are
30,000 training samples which are normal, and 10,000
testing samples including 5000 normal and 5000
abnormal samples.

Methods OCSVDD IF CAE
OC_Deep

_SVDD

SB_Deep

_SVDD

Training time 25.51 0.50 414.50 14.77 16.12

Test time 13.71 0.16 0.47 0.12 0.12

Parameter# - - 9893 3624 3624
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DMMS-M
Constructing a physics-based virtual sensor for sound estimation 
from a speaker array
Sjoerd van Ophem, Wim Desmet

Goal
The aim of the research is to construct a physics-
based virtual sensor scheme that can accurately
estimate the full sound field from a speaker array,
given the input voltages of the speakers and
measurements from a limited set of microphones.
Amongst others, such a virtual sensor would be
instrumental in active noise control and direct field
acoustic excitation testing applications.

Motivation
•Loudspeakers can be found in many consumer
products, such as headphones, laptops, smartphones,
TVs, etc.

•Speakers are also an important controllable acoustic
source that can be used for acoustic testing and active
noise control applications.

Example of acoustic testing application with a speaker array
•In these applications, it would be of added value to
know the resulting full field sound radiation of the
speaker, even when the speaker is placed in a complex,
non-anechoic environment.

•The modelling of both the speaker and the acoustic
environment is challenging, because

•The speaker is a complex electro-mechanical system
with many uncertainties.

•The acoustic environment has to be modelled, while
keeping calculational cost into account for the virtual
sensor.

Approach
•A system level model, consisting of both the speaker
dynamics and the resulting acoustic wave propagation,
is constructed.

•The speaker is modelled with an electro-mechanical
lumped parameter model (LPM), that outputs the cone
acceleration of the speaker, given the input voltage:

•The accelerations are coupled to a finite element (FE)
model to obtain the predicted radiated sound pressure
in the field (in blue):

• Krylov subspace reduced order modelling is used to
reduce the size of the system level model.

• The resulting state-space model, and a limited set of
microphone measurements + input voltages are used in
a Kalman filter to estimate the full acoustic sound field.

Results

Key take-aways
•A system level combined LPM and reduced order 
FE model is derived for the modelling of sound 
radiation from an array of loudspeakers.

•The model is combined with a limited set of 
microphone measurements in a Kalman filter to 
create a virtual sensor

•The virtual sensor estimates the acoustic field 
accurately

Further reading
van Ophem, S. et al., (2022) Physics-based sound radiation
estimation from multiple speakers by combined lumped parameter
and reduced-order finite element modeling, MSSP, vol. 167, part B

intelligent Operation and 
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Two-speaker virtual sensor validation in the lab.
The virtual sensor performance is validated with a 2-
speaker setup, using 5 microphones as input to the
Kalman filter, and 5 microphones for validation of the
estimation performance. A reduced order model of
around 0.2% of the original FE model is used.

The virtual sensor is significantly more accurate than
numerical predictions from the system level model.



1

DMMS-M
Development of a high resolution magnetic encoder for measuring
transmission error
Thijs Van der Veken, Tim Bollen, Dennis Janssens, Bart Blockmans, Jan Croes

Goal
High-resolution angle estimation to allow for 
transmission error (TE) measurement, by exploiting the 
high-resolution voltage signal of magnetic proximity 
sensors.

Motivation
•TE knowledge valuable for:

•NVH
•Load sensing

•TE measurement difficult due to very low amplitude &
high frequency

•Current SOTA measurement techniques (i.e. optical
encoders, laser vibrometers, paired linear accelero-
meters) are expensive and require precise calibration

•Magnetic proximity sensors
•Low-cost easily deployable
•Provide a voltage signal in function of the gear angle
→ Instead of using square wave pulses to count
passing teeth, exploit high resolution voltage signal

Approach
•The measurement signal of the magnetic proximity
sensor is combined with state-space model predictions
in a state estimator:

•State estimator: Extended Kalman filter (EKF) or
Moving Horizon Estimator (MHE)

•Auto-updating algorithm
•Historic information about the angle – voltage relation
is collected in an estimation map

•The parametrization is based on the interpolation of a
fixed grid of points representing 1 gear rotation, as
illustrated in this figure:

•The parameters of the map are continuously updated
by the incoming estimates

•A discrete filter operation lags the update operation
to filter out noise

•The map is used for:
•Measurement – state mapping 𝑉 = ℎ(𝜃)

•Linearized mapping 𝐻𝑘 =
𝜕ℎ

𝜕𝑥
| ො𝑥𝑘

−

Results
•The benchmark approach consists of an EKF estimator
combined with a square wave signal from the magnetic
sensor (common in industry)

•The benchmark results in the form of an estimated
angle and its corresponding variance are shown here:

•The estimated angle and its variance estimate for the
proposed magnetic encoder are shown in the graph:

•The covariance envelope is reduced with a factor up to 
3*104!

•The accuracy of the developed encoder should still be 
validated with high-resolution validation encoders

Key take-aways
•High resolution angle estimation is a key challenge in 
sensing of rotating mechatronic drives in terms of 
accuracy, deployment and cost

•Augmenting classical proximity sensor with a self-
learning algorithm allows for a high-resolution angle 
assessment. The nonlinearities, which depend heavily 
on the final installation, are included in the sensor 
model

•Future work includes exploiting this sensor for gear 
fault detection and analysis

Further reading
•Not published, similar strategy: 10.3390/act11020035

Intelligent Operation 
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Benchmark results

Developed encoder results
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MaPS
Development of an electrochemical micro-additive 
manufacturing process on a desktop 3D printer
Muhammad Hazak Arshad, Krishna Kumar Saxena, Jun Qian, Dominiek Reynaerts

Goal
The aim is to develop a low-cost micrometric scale
electrochemical micro-additive manufacturing (ECAM)
process that can deposit features accurately.

Motivation
•Capability to deposit complex shapes, miniature
features and surface coatings.

• Free from heat affected zones unlike the popular
selective laser melting (SLM) process.

•Flexible length scale of manufacturing (nanometre to
millimetre).

•Capability to further hybridise with ECM for fast post
processing of ECAM parts or building functional features
onto ECM parts.

Prototype Setup
•Modified Prusa® i3 MK3S FDM 3D printer to allow
FECAM and MECAM as well as ECM.

• 1M Copper sulphate (CuSO4) electrolyte supplied
through a 400 µm plastic nozzle with copper wire
electrode (Ø 350 µm) suspended inside and aligned with
nozzle end.

•Interelectrode (IEG) gap setting through piezo buzzers.
•Z-axis resolution of 50 nm for precise control.

Surface Topography
•Fixed ion-content of meniscus and high scan rates
result in porous deposition with MECAM.

•Deposition in the form of granules.
•Higher scan rate gives irregular Cu granules as the
granules do not have enough time to grow evenly.

•MECAM deposit surface more uniform due to complete
deposition of the ion-content in the meniscus.

•FECAM deposit uniformly covered the complete
substrate.

Key take-aways
•MECAM gives a smooth surface but is a slow process 
and is affected by the deposition trajectory.

•FECAM can rapidly deposit features but has limited 3D 
shape capabilities. 

•FECAM is easier to hybridize with ECM on the same 
setup due to ease of electrolyte flow control.

Further reading
•Arshad, M. H. et al. Effect of electrolyte flow mode on the performance of
micro-electrochemical additive manufacturing (μECAM) process. 21st INSECT
Conference (2021).

•https://youtu.be/VwV6ptk4OAc
•https://youtu.be/VtF1Aq0PlFA

intelligent Operation 
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Process Scheme
•ECAM is a localized deposition process based on the
principle of electrolysis
(reverse of ECM).

•Two flow modes possible.

•Flow based ECAM (FECAM)
•Continuous electrolyte flow.
•Independent of environment.
•Simple control.

•Meniscus Confined ECAM
(MECAM)

•Electrolyte confined in a
meniscus drop.

•Affected by environment
and trajectory.

•Complex meniscus 
control.

•Slow process.

Deposited Features
•‘L’ shaped features of Cu deposited at constant IEG with
10 scan layers at 3 V and (0.1 & 0.8 mm/s) scan rates.

•Edge deviation in MECAM due to formation of two
lagging ends.

•Meniscus width
(~1mm) larger 
than strip width
(667 µm) due to
limited current
density and ion
diffusion.

•Accurate features.
•Deposition rate of
FECAM 750 %
more than MECAM.

Figure 1: a) FECAM, b) MECAM

Figure 2: Left) ECAM Setup, Right) Tool close-up

Figure 3: Features with MECAM at 3 V [a) 0.1 mm/s, b) 0.8 mm/s] 
and FECAM at 3 V [c) 0.1 mm/s, b) 0.8 mm/s]

Figure 4: SEM of MECAM at 3 V [a) 0.1 mm/s, b) 0.8 mm/s] 
and FECAM at 3 V [c) 0.1 mm/s, b) 0.8 mm/s]

https://youtu.be/VwV6ptk4OAc
https://youtu.be/VtF1Aq0PlFA
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DMMS-M
Estimation of Remaining Useful Life of rolling element bearings 
based on state estimation techniques
Junyu Qi, Alexandre Mauricio, Konstantinos Gryllias

Goal
The goal is to develop an optimal statistical model-
based prognostics methodology, which is expected to be
accurate and computation efficient. Moreover, the
technique is not limited to a specific application, but
rather transferable to different applications and
experimental datasets.

Motivation

The main challenges of statistical model-based
prognostics exist:
•It is challenging to prepare a prognostics Health
Indicator (HI) that can well track the degradation
process and present remarkable monotonicity,
trendability, and prognosability.

•In practice, the Starting Prediction Time (SPT),
corresponding to the degradation starts, is not easy to
decide. Especially when HI contains random spiky
values, SPT can be incorrectly detected before the
degradation.

•Several statistical models, e.g., variants of exponential
models, have been studied in the state-of-the-art.
Nevertheless, selecting a statistical model still remains
questionable in reality.

•Variants of state estimator (KFs and PFs) generally
belong to the single-step estimation with the Markov
assumption. They regard the current state only
dependent on the previous state, however, the evolution
of bearing’s failure is an accumulated process.

Approach

•To extract high-quality prognostic HIs, the advanced
entropy and sparsity indicators are calculated.

•A robust anomaly detection strategy based on the
SVDD is proposed to detect the start prediction time.

•instead of the widely used single-step estimation (KFs
and PFs), MHE is studied for bearings’ prognostics.

•To select a proper statistical model, three models
including two widely exponential models and a
polynomial model are compared.

Results

•Applying the proposed selection criteria, a systematic
prognostics HI is prepared from a number of advanced
entropy and sparsity HIs.

•Applying a moving window and several constraints,
SVDD automatically detects the start prediction time.

•Instead of classic single-step state estimator (KFs and
PFs), multi-steps estimator is investigated and it
performs outstanding accuracy than other KFs and PF.

•Compared with the other two exponential models, the
polynomial model achieves better estimated RUL.

Key take-aways
•A robust anomaly detection method SVDD is proposed
to detect start prediction time.

•The multi-step state estimator is the first time
investigated for the fault prognostics of bearings.
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DMMS-MGear diagnostics based on advanced signal processing
Rui Zhu, Konstantinos Gryllias 

Goal
Developing an advanced instantaneous diagnostic
feature for the local tooth damage diagnosis of gears, in
order to realize the ability to detect, locate, and
determine the severity of the fault.

Motivation
•The steady growth of gear faults (i.e. chipped teeth,
pitted teeth) can cause irreparable damage and further
induce unexpected machine breakdowns for drivelines
and transmissions. To avoid this, advanced signal
processing methods for local tooth damage diagnosis of
gears are required.

•As fault characteristic signature of gears could be
masked in the residual signal, a typical way of local
tooth damage diagnosis is applying the wavelet
technology on the residual signal and integrating along
a selected band to obtain the Wavelet-based
Instantaneous Feature (WIF).

•However, the wavelet parameters of WIF are
approximately estimated based on experience and the
integrating frequency band is simply selected by
comparing the scalograms under undamaged and
damaged conditions, the classical WIF may not be
convenient and accurate when the tooth damage
excites several frequency bands.

•Therefore, some improvements need to be made in the
aspects of: (1) parameter optimization for the Morlet
wavelet; (2) automatic frequency band selection
strategy.

•An adaptive parameter optimization for the central
frequency and the bandwidth parameters of the Morlet
wavelet is utilized to achieve the best time-frequency
resolution as well as to adapt to different signals.

•In order to extract the frequency bands containing rich
information content regarding the fault, an automatic
frequency band selection strategy is proposed by
weighting each frequency band with the help of a 1/3
binary tree and the maximum diagnostic feature value.

•When using WIF, The maximum value of healthy gear is
higher than faulty gear, indicating WIF can’t correctly
diagnose faults under the speed of 2400 rpm.

•When using EWIF, the maximum value of faulty gear is
appreciably higher than healthy gear.

•Furthermore, when integrating EWIF within the local
interval of each tooth, the distinction between healthy
and faulty gear is more significant.

Key take-aways

•An EWIF taking into account the adaptive wavelet
parameters selection and automatic frequency band
selection strategy is proposed and validated.

•The proposed EWIF is a strong tool for the local
damage diagnosis of gears.

An Enhanced Wavelet-based Instantaneous 
Feature (EWIF)

•Vibration signals are captured via accelerometers and
resampled based on the rotating speed signal. Then
Time Synchronous Averaging is performed on the
resampled signals. Furthermore, the periodic parts, are
removed to extract the residual signals.

Results
•Dataset: Using a publicly available dataset (PHM 09
gearbox dataset) to validate the proposed method. In
this dataset, helical gears (healthy and chipped tooth)
were tested at a speed of 2400rpm (40Hz) under a high
load. And the sampling frequency is 66.67kHz, the
sampling time is 4s.

Schematic description of the EWIF

Gearbox of PHM 09 dataset 

WIF of healthy and faulty gears

EWIF of healthy and faulty gears 

Intelligent Operation 
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Machine Learning Based Toolpath Optimization for Multi-Stage 
Incremental Forming
Marthe Vanhulst, Hans Vanhove, Joost Duflou

Goal
Broadening the process window for Single Point 
Incremental Forming by efficiently applying multi-stage 
strategies. These strategies enhance material 
distribution and thereby prevent early failure at critical 
regions. The goal is to identify strategies for 
constructing intermediate geometries that result in 
optimal material distribution whilst still taking the final 
accuracy into account.

Motivation
• Increasing formability and accuracy of Single Point 
Incremental Forming (SPIF) with a multi-stage 
approach.

• Material trajectory control in multistep SPIF for 
optimally exploiting intermediate shapes.

Approach
• Improving thickness distribution through a multi-stage approach in Incremental Forming using intermediate 
geometries.

• Using Machine Learning to predict the outcome of the multi-stage SPIF process.
• Using the process results for the optimization of intermediate shapes.

Key take-aways
• Developing a Machine Learning algorithm for predicting the SPIF process outcome (produced shape and thickness).
• Finding intermediate shapes that optimize thickness distributions and accuracy of the final geometry.

Multistep for
increasing
formability

Single Point 
Incremental
Forming
(SPIF)

Verbert J, Belkassem B, Henrard C, 
Habraken AM, Gu J, Sol H, et al. 
Multi-Step toolpath approach to
overcome forming limitations in 
single point incremental forming.

MaPS@KULIntelligent Operation 
and Maintenance
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Mixed Integer Optimization for State/Input/Parameter 
Estimation with Sparse Signals
Nathan Dwek, Matteo Kirchner, Bart Blockmans, Jan Croes

Goal
Facilitate the design, tuning and validation of 
optimization-based estimators for sparse signals such as 
cyclic loads and model perturbations.

Motivation
•Tracking the input, internal state and/or parameters of
mechatronic systems serves many purposes throughout
their lifetime, from design to defect detection, including
control strategies, condition monitoring and predictive
maintenance

•Traditional recursive estimators such as Kalman Filters
(KF) or optimization-based estimators such as moving
horizon estimators (MHE) combine a model of the
system of interest with the available measurements to
estimate the state of the system.

•These estimators can be augmented to perform joint
estimation of the state, inputs, and parameters of the
system, but this raises observability issues and
additional challenges if the input or parameters are
characterized by fast dynamics such as shock loads, or
sudden changes in parameters due to the apparition of
a defect.

•Compressive Sensing (CS) can be used to alleviate
these observability issues when the signals of interest
are sparse over some basis, i.e. they can be expressed
as the combination of only a few active components
amongst a dictionary of shape functions.

•Current CS implementations commonly use
ℓ1-relaxation to allow solving with linear programming
and as a result are difficult to tune and validate.

•From there, CS is exploited to recover 𝑓 using sparsity 
promoting optimization problems, typically relying on 
regularization with the ℓ1-norm of 𝛼:

min
𝛼

𝜆 𝛼 1 + 𝑦 − 𝐻Ψ𝛼 𝑅

•Tuning 𝜆 as well as validating and interpreting the
results of such approaches is a challenge. Here, the
novelty consists of solving the non-relaxed formulation
of the CS problem, either to directly use as an estimator,
or to use as a reference for tuning and validation of the
relaxed estimator. This is done using Mixed Integer
Quadratic Programming (MIQP) and the big-M method.

min
𝑏


𝑖

𝑏𝑖

subject to   𝑏𝑖∈ 0, 1
−𝑀𝑏𝑖 ≤ 𝛼𝑖 ≤ 𝑀𝑏𝑖
𝑦 − 𝐻Ψ𝛼 𝑅 ≤ 𝜀

This allows to directly minimize the number of active 
components in 𝛼, instead of resorting to its ℓ1-norm
•Recent advances in available optimizers allow to solve
this non-relaxed formulation, even though it still comes
at a higher computational price

Key take-aways
• By incorporating a priori knowledge of sparsity over some
basis into the classical model-based estimation, CS allows
to lower the sensor requirements and improves
observability.

• MIQP allows to solve non-relaxed formulations of the CS
problem, which are more intuitive and easier to tune and
interpret.

• This can also be used to validate and tune more
computationally-efficient relaxed formulations using linear
programming

Intelligent Operation 
and Maintenance DMMS-M

Approach
•The known dictionary of shape functions allows to
express the signal to estimate as 𝑓 = Ψ𝛼 where the
vector 𝛼 is sparse and Ψ consists, for example, of Dirac
deltas for impact loads (a) or Fourier waveforms for
periodic loads (b)

Results
•This MIQP-based estimator has been compared to a
linear programming-based relaxed estimator on two
sample use-cases: input estimation of a structure
subject to cyclic loading, and parameter correction of
the stiffness of a system.

(c) Input estimation results in the frequency domain for a
structure excited at a few unknown frequencies. Besides being
easier to formulate, the MIQP-based estimator has the best SNR
and clearest active component recovery

(d) Example of flow for model perturbation detection using
sensitivities to parameters as dictionary of shape functions
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DMMS-M
Model-based state estimation and sensor selection for unobservable 
and non-linear, system level models
Thijs Devos, Matteo Kirchner, Jan Croes, Frank Naets

Goal
•Design of a model-based state estimator featuring non-
linear, system-level models

•Stabilize unobservable state covariances through an 
observable projection

•Select appropriate sensors by investigating individual 
sensor contributions to the estimation performance

Motivation
•Mechatronic systems are becoming evermore complex
consisting of highly coupled subsystems which require
advanced control strategies for safe operation

•Accurate information is needed to drive the innovation
of these smart mechatronic systems such as vehicles,
weaving looms, combine harvesters, …

•Virtual sensing provides a cost-efficient method to
obtain this information but currently only targets one
specific quantity of interest while:
➢ Interest in multiple quantities of interest grows
➢ Use of simple, linear, dedicated models tailored to

the application limits suitable applications

•Solution: develop a multi-objective state estimation
approach exploiting a non-linear, system-level model
featuring coupled dynamics
➢ Apply projection to stabilize unobservable states
➢ Sensor selection based on estimation performance

Approach •Estimator is able to track quantities of interest well

•Stable but unobservable states are not interpretable

Key take-aways
•A novel, multi-objective estimation approach has been 
presented able to handle non-linear equations

•Unobservable estimator covariances can be stabilized 
using an observable projection should they not depend 
on the quantities of interest but will not be interpretable 
nor well-tracked

•Sensor selection can be executed based on the 
contribution to the estimation performance

Further reading
•https://doi.org/10.3390/s21227492

intelligent Operation 
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Results
•Use case: electric vehicle platform represented by a 10 
DOF, non-linear, system-level model

•Exploit standard sensors such as IMU, gyroscopes, 
wheel speed encoders and GPS

•Quantities of Interest: Tire forces, sideslip angle, vehicle 
position

https://doi.org/10.3390/s21227492
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Approach

MaPS@KULProcess anomaly root-cause detection methods in wire-arc DED 
Wout Foqué, Joselito Yam Alcaraz II, Tegoeh Tjahjowidodo, Abhay Sharma

Results

Key take-aways
• Multi sensor approach could benefit root cause

detection.
• The root-cause detection methods could be further

extended to a monitoring system to tackle occurring
defects real-time.

Intelligent Operation 
and Maintenance

Current/Voltage sensors

AE Airborne

Gas flow meter

AE Structural 
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Extracted features
- Time domain
- Time-frequency domain

AE airborne 
signal

Spectrometer 
signal

Defect 
Probability

Root cause
(shielding gas, 

hydrocarbon, etc.)

Classification 
model

Outputs

Signal processing Modeling

Sensor signals

Validation

In a stable process, a current peak is accompanied by
three bursts in the microphone signal, which is a measure
of the variation of energy in the process. The microphone
signal is more intense and irregular when process
instabilities occur.

The structure-borne acoustic signals do not measure the
change in arc energy. At each current wave, the sudden
increase in the structure-borne AE can be attributed to the
metal droplet transfer. However, the current instabilities
are also reflected in an increased intensity of this signal.

Process instability can be captured in the sensor signals
anomalies. This will be key for porosity root-cause
detection.

Irregularities in the sensor signals indicate process
instability, which is detrimental to the product quality.
Deviations in the current data are reflected in an
increased energy of the process.

Goal
• Development of a porosity detection strategy in wire 

DED
• Classify the quality of the welded bead and the 

severity of the porosity level in-process
• Monitor signatures and features that indicate the 

root-cause of the porosity

Motivation

Wire-arc DED advantages

Wire-arc DED has been receiving increasing attention 
from the industrial manufacturing sector in recent years 
due to its many advantages:

• Wire-arc DED is able to achieve a high deposition 
rate. For example, a deposition rate approaching 10 kg 
h−1 is achievable for steels using WAAM, which is 16 
times faster than the maximum deposition rate of 
powder-based techniques.

• A high material utilisation can result in large material 
savings. For instance, for intricate aero engine parts a 
BTF (buy-to-fly) ratio of 30 is not unusual. When these 
parts are produced using wire-arc DED, a BTF ratio of 
1.2 is obtained for high-cost titanium alloy.

In-process detection advantages

• Early defect detection and in-process monitoring is 
beneficial in producing very large parts. Imagine a 
large part having an unwanted porosity in the early 
build stage and only discovering after post-process 
NDT.
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DMMS-M
System-level indirect wheel center load measurement of a 
MacPherson suspension using a flexible multibody model.
Rocco Adduci, Martijn Vermaut, Frank Naets, Jan Croes, Wim Desmet

Goal
Indirectly measure loads exploiting cheap and easy-to-
use strain sensors with physics-inspired multibody 
models through a Kalman filter-based estimator. 

Motivation
• Forces and moments are of paramount importance
concerning the performance, control, durability and
maintenance of mechatronic systems.

• Nevertheless, they are difficult and sometime
impossible to be directly measured in a cost-efficient
and non-intrusive manner.

• In previous work presented by the authors [1], a generic
indirect sensing methodology was presented to
integrate rigid and flexible multibody models with a
state-input estimation approach to indirectly measure
unknown system inputs: the Augmented Discrete-time
Constrained Extended Kalman Filter (ADC-EKF)
technique.

• In this work, the ADC-EKF methodology is applied to a
complex and industrially relevant use case: the quarter
car suspension system. The objective of the work is to
indirectly measure the Wheel Center Loads (WCLs)
representing the system inputs, exploiting strain-level
information (sensors).

Approach
• Firstly, the quarter car prototype is analyzed gathering
the relevant characteristics/properties influencing the
system dynamics, e.g. “rigid and/or flexible” bodies,
“stiff and/or soft” connections and the input interfaces.

• A high-fidelity flexible multibody model of the quarter-
car system is then developed employing the Flexible
Natural Coordinate Formulation [2] (FNCF) and
including nonlinear rubber bushing connection
elements.

• A minimal set of strain sensors is placed on both
physical and digital suspension system through an
advanced optimal sensor selection/placement strategy
based on the Greedy algorithm and the Discrete Error
Covariance matrix.

• Finally, the flexible multibody model and sensor
measurements are included in the ADC-EKF estimation
framework where the (supposedly) unknown inputs and
states are jointly estimated exploiting the selected
strain sensors.

• The same indirect sensing approach has been
repeated for different operating conditions (runs). In the
table below the normalized Root Mean Square (RMS)
error summarizes the quality of the estimation
compared to the experimentally measured WCLs.

Key take-aways
The proposed methodology and tools have:
• been applied and validated on a complex use case 

with an average estimation accuracy below 15% for 
several operating conditions;

• enabled the combination of flexible multibody models  
and a Kalman filter-based estimation algorithm;

• exploited cheap strain sensors to indirectly measure 
expensive and intrusive wheel center loads.

• been implemented in several in-house tools which 
can straightforwardly be applied to a wide variety of 
demonstrators, from academic to industrial cases.

Further reading
•https://doi.org/10.3390/s21134495
•https://doi.org/10.1002/nme.5847

Intelligent Operation 
and Maintenance Motion Product Design

Performance

Control

Durability

MeasurableLoads

Results
• Figure 1 shows the indirectly-measured/estimated
WCLs (cyan curves) having a really good agreement
with the experimental measurements (black curve).
These results have been achieved for a random input
excitation (run 3) exploiting 5 strain sensors: 3 placed
on the knuckle and 2 on the control arm bodies.

Figure 1: Comparison between measured and estimated WCLs.

https://doi.org/10.3390/s21134495
https://doi.org/10.1002/nme.5847
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Intelligent Operation 
and Maintenance DMMS-M

Virtual torque sensing for wind turbine gearboxes
Concept, approach and numerical validation
Jelle Bosmans, Jan Croes, Matteo Kirchner, Wim Desmet

Goal
Development of a virtual torque sensing approach for
wind turbine gearboxes, enabling the use of the load 
torque history information for condition monitoring, 
predictive maintenance and design optimization. 

Motivation
• Gearbox reliability is of high importance for wind

turbine uptime and Total Cost of Electricity (TCoE)
• There is potential to improve reliability through:

o optimized gearbox designs
o robust monitoring and O&M
o improved control

• All these improvements are enabled by monitoring
gearbox input loads

• Direct measurement load sensors are expensive and
intrusive and therefore limited to lab use

Approach (cont.)
1. Sensors & sensor placement algorithm
• Encoders, strain gauges, displacement sensors, and

accelerometers
• We optimize the sensor locations with a sensor

placement algorithm that maximizes an observability-
based metric or the virtual torque sensor bandwidth

• The optimized sensor set contains one encoder and
strain gauges concentrated at the gearbox bushings

2. Estimation algorithm
• Augmented Extended Kalman Filter (AEKF): an

efficient, recursive estimator adapted to nonlinear
systems including unknown inputs (torque)

• Automated tuning of covariance matrices (tuning)

3. Physics-based model
• Torsional drivetrain model
• Quasi-static gearbox housing model:

o Statically reduced linear FE model
o Efficient strain calculation based on linear, angle-

dependent strain response matrix: 𝜖 = 𝑆(𝜃)𝑭

Results: Numerical validation
• Steps of the numerical validation case:

1. Perform a simulation to generate simulated
measurements (encoder and strain gauges on
housing)

2. Add artificial noise to simulated measurements
3. Estimator tuning
4. Virtual torque sensing results show that the

proposed approach leads to an accurate torque
estimation

Key take-aways
•Virtual torque sensing approach based on Augmented 
Extended Kalman Filter was presented, including 
optimized sensor placement and automated filter 
tuning

•Numerical validation shows feasibility of the approach 
with encoder and strain gauges on housing

•Experimental validation of approach based on 
extensive test campaign is ongoing

Further reading
C. Cappelle, M. Cattebeke, J. Bosmans, M. Kirchner, J. Croes, and W. Desmet,
“Sensor selection for cost-effective virtual torque measurements on a wind
turbine gearbox,” Engineering Res., vol. 85, no. 2, pp. 325–334, 2021,
doi: 10.1007/s10010-021-00464-z.

Approach
We focus on a virtual torque sensor which combines
affordable and easy to place sensors such as strain
gauges on the gearbox housing with a model to estimate
the incoming gearbox torque

The virtual torque sensor consists of three main parts:
1. A set of non-intrusive and inexpensive sensors

installed on the gearbox
2. An estimation algorithm: Augmented Extended

Kalman Filter (AEKF)
3. A physics-based model that captures the behavior

relevant to the input torque and predicts the sensor
output. In order to enable (future) real-time use of
the virtual torque sensor, we limit the
computational cost of the models.

Reference Torque
Estimated Torque
1-σ interval

𝑇LSS
[𝑁𝑚]

Time s
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DecisionSSpatial tool wear detection by optical monitoring of cutting tools 
Rob Salaets, Valentin Sturm, Julia Mayer, Ted Ooijevaar, Veronika Putz

Goal
Tool wear needs to be monitored closely to ensure good 
quality of machined parts. We present an automated 
direct monitoring method and setup that estimates at 
any time the cutting tool condition, avoiding time losses 
and major quality issues. The technique can reconstruct 
the cutting tool surface in 3D, allowing a spatial 
estimation of the tool wear with high accuracy.

Motivation
• Manual inspection of cutting tools is both expensive

and time consuming.
• Good machining quality needs sharp tools, therefore 

cutting tools need to be monitoring closely, as tool 
wear can occur unpredictably.

• Cutting tools can be expensive and maximizing the 
useful lifetime can save considerable costs.

Approach
• We show how to leverage the 1D line scan signal at

increasing axial positions into a full 3D reconstruction.
• The projected shadow results in two traces of the

tool’s shape at given depth level.

• After aggregating duplicated information the tangent
line distance can be extracted and by solving the
vertex enumeration problem the shape is
reconstructed.

• Stacking together the cross-sectional shapes from
every depth level will result in a 3D point cloud that
can be easily meshed.

• For a tool wear analysis, measurements can be
compared with point-to-plane distances, after an
Iterative Closest Point alignment.

Results
• We developed an automated tool wear monitoring

system that has a reconstruction accuracy of 40µm,
and a repeatability of 10µm. The latter enables the
system to detect tool wear with good precision.

• The repeatability histogram can be compared to the
tool wear histogram to assess significance of the tool
wear:

Key take-aways
• Manual inspection of cutting tools is both costly and

time consuming. We propose a fully automated and
fast inspection method.

• Many low-cost indirect monitoring techniques exist
for cutting tool wear monitoring. We prove that the
same is possible with a low-cost direct monitoring
technique.

• Our technique can geometrically quantify the amount 
of tool wear, which allows to maximize cutting tool 
life due to timely replacements.

Intelligent 
Operation and 
Maintenance

Setup
• The optical setup consists of a hardware triggered line 

scan camera that registers the spinning cutting tool’s 
shadow inflicted by a collimated backlight.

• For time synchronization the tachometer triggers the 
frame acquisition
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Results
The processed input signal 𝑭(𝒇) can now be multiplied
with the transfer function 𝑯𝒑𝑭 𝒇 , yielding the pressure
response 𝒑(𝒇) in the frequency domain. To obtain the
time-domain sound pressure response 𝒑(𝒕), a last step is
to apply the Inverse Fast Fourier Transform iFFT and
writing the pressures to an audio file (*.wav). The final
sound pressure response 𝒑 𝒕 is shown in Fig. 4.
Listening to the sound files from the QR code in Fig. 5a,
one can hear that the noise sounds metallic and similar
to a gearbox in operation.

To simulate a design change of the gearbox, the damping
in the model was increased and a 2nd 𝑯𝒑𝑭 𝒇 generated.
The effects of this change can be heard in Fig. 5b.

DMMS-D
Auralization of radiated gearbox noise from a full-scale transaxle model 
using numerical vibro-acoustic transfer functions
Jan De Troij, Lucas Van Belle, Sjoerd van Ophem, Jordi Marco I Jordan, Bart Blockmans, Bert Pluymers, Wim Desmet

Goal
The goal of this work is to enable an increased under-
standing of the effects of design changes in a product on
its vibro-acoustic behaviour, by auralizing the radiated
sound pressures. This is achieved by combining simulated
bearing forces with vibro-acoustic frequency response
functions (FRFs) obtained from a finite elements gearbox
housing model.

Motivation
• Increasingly strict noise exposure regulations and rising

customer expectations raise the need to improve the
vibro-acoustic (VA) behaviour of products.

• The automotive industry experiences ecological trends
towards electrification and light-weighting of vehicles.
This gives rise to new and formerly masked noise
problems. Among these, the gearbox is a significant
source of noise and vibrations [1].

• It would be cost- and time-efficient if these noise
problems can be addressed in the early design stages.
This requires an accurate prediction of the VA
behaviour, while having auralized sound signals would
allow an even clearer understanding of this behaviour.

Using a lumped-parameter model of a
gear transmission model in AMESim

[2] (Fig. 2a), a bearing force signal of a two-stage
parallel gearbox (like the one further used in the VA
model) can be simulated. In view of frequency-domain
conversion, this 10 sec. signal 𝑭 𝒕 is post-processed and
a window is applied to avoid spectral leakage (Fig. 2b).

The force signal 𝑭 𝒕 is transformed to the frequency
domain using the Fast Fourier Transform (FFT,, which
results in the frequency-domain force signal 𝑭(𝒇).

From an existing gearbox CAD model, a
distributed parameter VA model is first

built using Finite Element (FE) modelling (Fig. 3b). An
acoustic exterior mesh is wrapped around the structural
FE model of the gearbox and non-reflecting boundary
conditions (Perfectly matched layer) are applied to mimic
anechoic conditions. At bearing hole location A, an axial
unit force is centrally imposed using RBE elements and a
microphone is defined at location B. Using this VA FE
model, the transfer function 𝑯𝒑𝑭(𝒇) between force input
and pressure output is computed in the range of 20-
2500Hz (Fig. 3a). A ∆𝑓 of 0.1 Hz is considered, with the
FE model (total of 160k DOFs) requiring 5.6s/frequency
line. To speed up computations, model order reduction
approaches can be applied.

Key take-aways
• An auralization approach is demonstrated that uses

a combination of i) a lumped parameter model for the
internal dynamics of the gearbox and ii) a vibro-
acoustic finite element model for the structure borne
sound radiation of the gearbox housing.

• The approach provides an auralized feedback of
design changes made in the numerical models.

• Next steps: for a more realistic auralization, head-
related transfer functions should also be included.

Further reading
•[1] J. D. Smith, Gear Noise and Vibration. 2003.
•[2] J. Bosmans, B. Blockmans, J. Croes, M. Vermaut, W. Desmet. 1D-3D
Nesting: Embedding reduced order flexible multibody models in system-level
wind turbine drivetrain models. 2019

Motion 
product 
design

Approach
For a fast auralization, a frequency-domain approach is
followed (Fig. 1). Each step is explained in what follows.

Fig. 1: Flowchart showing the frequency-domain auralization approach

AMESim model 
transmission

Fig. 2: a) AMESim transmission model, b) windowed bearing forces signal

VA FE gearbox 
housing model

A

B

Fig. 3: a) input-output FRF, b) VA gearbox model with microphone grid

FFT

IFFT

Scan to hear the 
difference

Fig. 4: Time domain sound pressure 
response from bearing forces input

Fig. 5: a) QR code to sound pressures of original model, b) QR code to 
sound pressures of model with increased damping
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DMMS-D
Multibody Transient Analysis of Transmissions
High fidelity bearing modelling
Hamid Ghorbani, Jordi Marco I Jordan, Bart Blockmans, Wim Desmet

Goal
Development of a toolbox with industrial applicability for 
the dynamic analysis of rotor-bearing systems, with focus 
on high fidelity modelling and comparatively fast compu-
tation times, targeting both the component-level analysis 
of bearings as the system-level analysis of full drivetrains. 

Motivation
• The performance of mechanical transmissions is largely

governed by the dynamic behaviour of its main con-
stituents, being the gears and bearings.

• Accurate prediction of the elastic deformations and
dynamic stresses of these components is indispensable
for reliable and cost-effective gearbox design.

• In the component-level analysis of bearings, the Finite
Element (FE) method is an effective means to obtain
these quantities under static conditions; however its
use under dynamic conditions is rendered impractical
due to the large number of Degrees Of Freedom (DOFs)
and the high cost of imposing the contact constraints.

• In the system-level analysis of mechatronic drivetrains,
especially in port-based simulation codes, state-of-the-
art bearing-shaft models greatly sacrifice accuracy for
computational efficiency.

• The MUTANT (Multibody Transient Analysis of Trans-
missions) toolbox aims to alleviate the computational
burden of the FE method in dynamic component-level
bearing simulations, and to increase the accuracy of
system-level drivetrain simulation tools while safe-
guarding computational efficiency.

Approach
• The high computational cost of FE-based dynamic

analyses is reduced by developing a novel parametric
Model-Order Reduction (MOR) technique specifically
tailored towards dynamic bearing simulation. In this
approach, the vector of nodal bearing displacements is
approximated by a linear superposition of dynamically
reacting eigenmodes and a set of static contact shapes
that depend on the load apply by and the location of
the bearing’s rolling elements on the raceways:

• The reduced-order raceway FE models are coupled
with 3D analytical bearing models to compute the
internal rolling element forces:

• In order to include 3D bearing flexibility in mechatronic
drivetrain simulations, efficient yet accurate bearing-
shaft models were developed based on linearized 3D
bearing and shaft representations. These models e.g.
allow to investigate the effect of gear misalignments
on the performance of geared transmissions.

Results
• By combining 3D analytical models with a novel MOR

technique, MUTANT is able to reduce the number of
DOFs in dynamic FE-based bearing simulations from
several hundreds of thousands to roughly 10-50 DOFs,
thereby enabling complex dynamic bearing analyses,
including dynamic stress recovery and bearing creep.

• As compared to full-order FE model (FOM) simulations,
obtains a reduction of 3-4 orders of magnitude in
computational cost while preserving accuracy.

Key take-aways
• By combining 3D analytical modelling with parametric

reduced-order modelling, MUTANT achieves gains in
computational efficiency up to 4 orders of magnitude.

• System-level mechatronic drivetrain simulation is en-
abled by accurate yet efficient bearing-shaft models.

Further reading
• Fiszer, Blockmans et al. (2015) Aparametric MOR technique
for bearings. doi: 10.1016/j.mechmachtheory.2014.09.008

𝒖 ≈ 𝑽𝜼 where 𝑽 = 𝜱 𝜳(𝒑)

ROM = 7837 x faster

Motion Product 
DesignSingle Motion
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Multibody Transient Analysis of Transmissions
High fidelity gear modelling
Jordi Marco I Jordan, Sander Neeckx, Jelle Bosmans, Bart Blockmans, Wim Desmet 

Goal
Development of a toolbox with industrial applicability for 
the dynamic analysis of geared transmissions, with focus 
on high fidelity modelling and comparatively fast compu-
tation times, targeting both the component-level analysis 
of gear pairs as the system-level analysis of full drivetrains. 

Motivation
• The performance of mechanical transmissions is largely

governed by the dynamic behaviour of its main con-
stituents, being the gears and bearings.

• Accurate prediction of the elastic deformations and
dynamic stresses of these components is indispensable
for reliable and cost-effective gearbox design.

• In the component-level analysis of gear pairs, the Finite
Element (FE) method is an effective means to obtain
these quantities under static conditions; however its
use under dynamic conditions is rendered impractical
due to the large number of Degrees Of Freedom (DOFs)
and the high cost of imposing the contact constraints.

• In the system-level analysis of mechatronic drivetrains,
especially in port-based simulation codes, state-of-the-
art gear contact models greatly sacrifice accuracy for
computational efficiency.

• The MUTANT (Multibody Transient Analysis of Trans-
missions) toolbox aims to alleviate the computational
burden of the FE method in dynamic component-level
gear contact simulations, and to increase the accuracy
of system-level drivetrain simulation tools while pre-
serving computational efficiency.

Approach
• The high computational cost of FE-based dynamic

analyses is reduced using three approaches: 1) the
development of novel Model Order Reduction (MOR)
methods to reduce the number of DOFs, 2) the
application of hyperreduction to reduce the number
of Floating Point Operations (FLOPs) involved in
computing the contact forces, and 3) the development
of dedicated time integrators for optimizing increment
size selection in forward dynamic integration.

• High accuracy combined with computational efficiency
is obtained in MUTANT‘s system-level simulation tools
by the following two developments:
• Analytical contact detection based on involute gear

geometry and kinematics, slicing the gear width in
order to compute contact force distributions in 3D;

• Improved analytical stiffness computation using an
equivalent-spring representation based on linear
elasticity and Hertzian contact theory.

Results
• Using model reduction, MUTANT obtains a reduction in

CPU time of roughly 4 orders of magnitude as comp-
ared to unreduced dynamic FE simulation:

• Using improved analytical techniques MUTANT’s system-
level tools obtain FE-like accuracy in static conditions:

Key take-aways
• Using novel MOR & hyperreduction schemes as well 

as dedicated numerical integrators, the computation-
nal cost of dynamic FE-based gear contact analyses is 
reduced by 4 orders of magnitude in MUTANT.

• Using improved analytical contact detection and stiff-
ness computation techniques, the accuracy of system-
level simulation tools matches that of static FE codes 
while preserving high computational efficiency. 

Further reading
• Blockmans et al. (2015) A parametric MOR method for
efficient gear contact simulations. doi: 10.1002/nme.4831

DTE [rad]

Rel. error (<4%)

DMMS-D
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DMMS-D
Multidisciplinary design of instrumented 
coupling to enable smart drivetrains
Dennis Janssens, Jan Croes

Goal
The goal of this work is to enable smart monitoring and
control of drivetrains by integrating low-cost, high accuracy
sensors without impacting the system behaviour. By
augmenting the sensors with system models, indirect
quantities such as torque can be estimated. The design here
focusses on extracting rotational position, speed and
acceleration by means of MEMS type accelerometers, which
forms a base for torque estimation on flexible couplings.

Motivation
Among the most important quantities in drivetrain monitoring
and control, are rotational position, speed, acceleration and
torque. When knowing these quantities, an assessment of the
system performance can be made and they can serve as direct
feedback for system drive controllers.

Existing sensors are often quite intrusive and major system
adaptations are mostly needed to install this type of sensors.
By integrating add-on solutions directly to the driveshaft or
flexible coupling, no system adaptations are needed.

Given that space is often limited around drivetrain
transmissions, the design should focus on minimal space
usage, while maintaining unaltered system behaviour.

By exploring add-on techniques for MEMS type
accelerometers, new insights for other possible sensors can
also be gained.

Approach
Combining kinematic and dynamic models of the moving
system and MEMS accelerometer measurements allows for
implicit estimation of the required states through the use of
Kalman filtering techniques.

Through simulations with artificial sensor data, effects of
importance are identified and included in the design steps:

1. Mounting angle → deformation of the sensor platform
should be limited

2. Radius → matching available sensor range to range of
excitation by adjusting the platform radius

3. Cross coupling → the mounting angle should be such that
the sensors are parallel with the tangential direction of the
driveshaft, in case sensor model parameters need to be
identified before mounting

4. Unbalance/misalignment → This should be avoided by
design, but this is not always possible for existing systems.
Including this in the model increases complexity and the
number of parameters to identify, but it is a necessary
step for accurate torque estimates

5. Number of sensors → Higher number of sensors reduces
noise on the estimation results

6. Sampling rate → A high sampling rate is required for high
accuracy at higher rotational speeds

Further design considerations:
→ The sensor platform should be compatible with the required PCB size
→ A custom PCB design is required to integrate the sensors
→ The sensor platform should endure all occurring forces
→ The data transmission method needs to be included

Results
• A first prototype including a flexible coupling for torque

estimation is shown below:

Below figure shows experimental results of the simple model
which assumes perfect alignment, where the actual system
contains misalignment (blue = torque sensor):

Below figure compares the performance through simulation
of the simple model (simple estimator) and the elaborate
model (elaborate estimator) which takes misalignment into
account:

Key take-aways
•A low-cost high accuracy smart drivetrain solution requires
multidisciplinary design

•By combining multiple low cost sensors and a system model
using Kalman filtering techniques, a high resolution encoder
can be realised, requiring smart identification techniques

Motion Product Design intelligent Operation 
and Maintenance

Batteries

Flexible coupling

MEMS accelerometers

Telemetry transmitter
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DMMS-DOptimization for machine behavior identification and design
Simon Vanpaemel, Martijn Vermaut, Wim Desmet, Frank Naets

Goal
Developing a sensitivity analysis methodology for 
optimization of flexible multibody systems. The method 
must be accurate and  computationally efficient for 
problems with a large design space, and have a relatively 
low implementation complexity. The sensitivity 
approach must be general, such that it is applicable for 
various types of objective functions, corresponding 
optimization reference signal and design parameters. 

Motivation
• Many optimization problems for flexible multibody

systems are important for machine identification and
design. For example, parameter identification of
complex nonlinear components such as bushings,
(shock)dampers, etc., which have a high impact of the
loads and vibration transferred through the system.
But also topology optimization to obtain the optimal
structural design resulting in energy & material
efficient designs. Additionally, input optimization to
find the optimal force/torque input to follow a
predefined motion or minimize the time complete a
transition between to configurations of the system.

• Optimization routines that often employ sensitivity
information in order to obtain fast convergence.
Efficient and accurate generation of this information is
important for the performance of the routines. The
Adjoint Variable Method (AVM) is employed because
of its advantageous property of generating sensitivity
information with a computational cost relatively
independent of the amount of design parameters.

Approach (2/2)
• The optimization framework for flexible multibody

systems using an adjoint variable method is as follows:

• The implemented sensitivity framework cooperates
with in-house developed multibody software and
(well-known) Finite Element and post-processing
software packages:

Results (2/2)
• Parameter identification to minimize discrepancy

between measured and simulated spring deflection:

• Fully-coupled topology optimization for large design 
spaces (ca 121 000 parameters):

• System-level instead of component-level optimization; 
optimizing the crank for minimal deformation energy:

Key take-aways
• The AVM-FNCF sensitivity approach is very 

performant in optimization cases for flexible 
multibody systems because of its high accuracy and 
efficient computational complexity for large amounts 
of design parameters

Further reading
• ref1: doi 10.1115/1.4047086

Motion product 
design

AVM-FNCF Self-adjoint # iterations

Energy

Self-
adjoint

AVM-FNCF

Results (1/2)
• Optimized torque signal in order to follow a predefined

angular velocity signal in a flexible slider-crank system:
Approach (1/2)

• The AVM is known for its complex and error-prone
implementation. Therefore, the Flexible Natural
Coordinate Formulation (FNCF) is employed as
underlying multibody formulation. The specific
equation structure obtained through FNCF drastically
reduces the implementation and computational
complexity of the AVM as the simulation derivatives
can be readily obtained and are of limited order.
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DMMS-DVibroacoustic metamaterials to enable lightweight NVH solutions
F. Alves Pires, Z. Zhang, L. Sangiuliano, N.G.R. Melo Filho, H. Denayer, W. Desmet, E. Deckers, C. Claeys

Goal
Develop novel lightweight and compact noise and
vibration solutions to tackle industrially relevant low-
frequency NVH issues.

Motivation
To comply with the ever more stringent environmental
and noise regulations, novel NVH solutions are required
that combine a good performance with a low weight. A
variety of novel vibroacoustic as well as acoustic
solutions are investigated by DMMS, which can rely on
fano resonances or utilise the generalized Snell’s law:

•Structural metamaterials consist of an assembly of
subwavelength resonant elements onto a host structure.

•Acoustic metamaterials can be achieved by either
acoustics resonances or inherently lossy materials (e.g.,
foam). Out of which, the phase gradient (PG)
metamaterials.

To demonstrate the potential of vibroacoustic
metamaterials, four realized concepts are provided:
•Vibration reduction along piping;
•Structure-borne noise in a vehicle;
•Sound transmission through a lightweight panel.
•Acoustic structures for improved absorption and sound
transmission loss

Approach/Results
Vibration transmission reduction along piping:
•Metamaterial solution designed to target a problematic
frequency range.

•Design: resonators formed by laser-cutted aluminium strips
with cut-outs and added masses for a total added mass of
14%.

Structure-borne noise in a vehicle:
•Tire-air resonances around 190Hz worsen the vibroacoustic
behaviour in the interior of a vehicle.

•The currently implemented TVA solution on the rear shock
towers is replaced by 3D printed metamaterial patches,
reducing the mass by ≈48%.

Sound transmission through a lightweight panel:
• In harvesters, engine noise can propagate through the
rooftop panel and excite an acoustic mode of the cabin
around 180Hz.

•A metamaterial solution is designed to be fully integrated
into the rooftop panel with no mass addition and to be
thermoformed in ABS.

Approach/Results

Acoustic metamaterial design:
• PG metamaterial designed based on periodically arranged
cells of foam of different thickness separated by aluminum
plates.

•Creates staircase pattern of the reflection and transmission
phase that eliminates higher order propagating modes,
leading to a high absorption coefficient.

Key take-aways
•Lightweight and tuneable vibroacoustic solution
with improved NVH behaviour, also at low
frequencies.

•Can be realised in different materials and through
various production processes to address a wide
range of applications add an affordable cost.

Further reading
•Deckers, Elke et al. "Locally resonant vibro-acoustic
metamaterials: applications at KU Leuven." DAGA 2021. 2021.

•Ze, Zhang, et al. "Absorption enhancement by phase gradient
metamaterial." Forum Acusticum. 2020.

•https://www.mech.kuleuven.be/en/mod/research/metamaterials

Motion Product Design
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sides

High acoustic 
absorption

Conventional 
NVH solutions

Structural 
metamaterials

Acoustic 
metamaterials

The metamaterial 
solution reduces the 
vibrations around 470Hz

The metamaterial 
patches improve the 
SPL around 190Hz 
at the driver’s ear 
with respect to the 
current solution.

The metamaterial panel 
leads to improved IL 
performance around 
180Hz as compared to 
the original panel.

Absorption coefficient of the PG metamaterial and a foam 
sample from simulation. a) normal incidence 𝛼 over 
frequency. b) oblique incidence 𝛼 at 2000 Hz.
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EDM, ISYECTO exploration 'Cognitive Well-being’
dr. Eva Geurts, Steven Hoedt*

Goal
In this project, we explored and investigated the current
challenges and possibilities of measuring an operator’s
cognitive well-being (e.g. focus, frustration, stress, etc.)
during the assembly of the SmartClamp. Subjects
performed the assembly two times, once assisted by a
Kuka cobot and once without additional assistance.

Motivation
• Operator well-being is becoming an important factor at

the work floor given it potential impact on
productivity, absence at work, …

• Little is known about how to measure cognitive well-
being at the assembly line, since many factors (e.g.
movement) influence the parameters (e.g. heart rate,
respiration rate) that are measured to quantify well-
being. This makes an objective measurement of one’s
well-being very challenging.

Approach
• Brainstorming meetings in a multi-disciplinary team
• Extensive literature review

• Papers on the topic published between two
hackathons [1]

• Two hackathon weeks (September – December)
• SmartClamp use case with Kuka cobot
• Paper-based work instructions

Experiment
• Two participants to test approach and methodology

• Updated based on findings (practical and strategical
updates)

• Two participants (students) to investigate well-being
• Perform SmartClamp assembly

• With the cobot
• Without the cobot

• Introduction of “extra” cognitive load: n-back task
• Cognitive parameters were measured

• Objective (respiration rate, heart rate, gaze
patterns, …)

• Subjective (NASA TLX)
• Duration per assembly subset: 10-20 minutes

Results
• Additional cognitive tasks: long fixation durations and

unfocused
• Complex task: A lot of short fixation durations

between instruction and assembly at hand
• Respiration is an indicator for errors
• Heart rate (variability) was not a good indicator for

cognitive load (literature looks at longer time frames)
• Subjective measurements capture perceived workload

Key take-aways & next steps
• A combination of subjective and objective

measurements can give insights into cognitive well-
being

• Investigate how this can be integrated in a real-life
assembly setting + at what frequency

• Important to investigate how to detect events
automatically instead of labour-intensive manual
data processing

Gaze patterns during execution of assembly without cobot

Further reading
[1] Lagomarsino, M., Lorenzini, M., De Momi, E., & Ajoudani, A. (2021).
An Online Framework for Cognitive Load Assessment in Assembly
Tasks. arXiv preprint arXiv:2109.03627.
[2] Biondi, F. N., Cacanindin, A., Douglas, C., & Cort, J. (2021).
Overloaded and at work: Investigating the effect of cognitive workload
on assembly task performance. Human Factors, 63(5), 813-820.

Operator 4.0

Setup of SmartClamp and Kuka cobot

Topics fitting in 
extension of 

strategy

Tobii eye tracking 
Glasses (gaze 
patterns, focus, …) 

Bioplux sensor
(respiration rate)

Polar chest strap
(heart rate)

Instrumentation, used to analyze cognitive well-being

* Thanks to everyone who was involved in this project
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R&MM, 
ProductionS

CTO exploration Physical Well-being
Kevin Langlois, Joris De Winter, Vassilis Zogopoulos, Renée Govaerts

Goal
Develop methodologies and  models to evaluate 
acceptance of physical assistance technologies by 
operators.

Motivation
• Current Human-Robot Collaboration (HRC) have mainly

focused on postural ergonomics (REBA, RULA). Even
though postural ergonomics is of importance, it is not
sufficient to fully describe safe working conditions.

• Former studies have shown that several occupational
injuries are caused by exertion of excessive physical
effort and repetitive motions in lifting, pushing or
pulling objects.

• Existing techniques to monitor human ergonomics
neglect the dominant effect of interaction dynamics,
which can contribute to the improvement or
worsening of human ergonomics, or they do not
consider robotic co-workers.

• Muscular informed metrics combined with improved
simulation tools and elaborated musculoskeletal
models can potentially provide new insights into how
cobots can benefit physical well-being.

Approach

• An assembly task is designed comprising two
conditions: with and without robotic assistance.

• External forces acting on the body are measured using
force plates. These external forces can be used to
perform inverse dynamics and compute biological
torques.

Results

Key take-away
We observed instances where postural ergonomics
favours one condition (R/NR) and muscular informed
metrics favours the other. In other words, both metrics,
postural ergonomics and muscular informed metrics,
seem to be necessary to draw a more complete picture
of physical well-being.

Postural ergonomics are combined with muscle informed metrics 
to evaluate the acceptance of physical assistance by the robot. 

Left: Hip angles (with/without robot). Right: Muscular activity of 
the triceps brachii (with/without robot).

Further reading
• W. Kim et al. “A Human-Robot Collaboration

Framework for Improving Ergonomics During
Dexterous Operation of Power Tools,” 2021

• L. F. C. Figueredo et al. “Human Comfortability:
Integrating Ergonomics and Muscular-Informed
Metrics for Manipulability Analysis During Human-
Robot Collaboration,” 2021

Operator 4.0
Topics fitting in 

extension of 
strategy

• Key muscle groups are
identified for the given
set of tasks. The following
muscle groups were
targeted:
▪ Biceps brachii
▪ Triceps brachii
▪ Trapezius superior
▪ Deltoideus anterior
▪ Erector spinae

• Postural ergonomics are
assessed using a set of
IMUs (11) with the T-sens
motion capture system.

• Biological angles are
measured and an
ergonomic score is
calculated based on
REBA.

• Maximal Voluntary
Contractions (MVC) are
performed as a baseline
to the muscular activity
measurements.

• An initial method and pilot study was constructed
and validated on two subjects. From this validation
many lessons were learned to accomplish a large
scale methodology to evaluate acceptance of
physical assistance in the future.

• Postural ergonomics and muscular activities were
assessed and compared for the entire assembly
task.
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R&MM
SmartHandler: design of an augmented cobot-system to achieve high 
payload
Furnémont Raphaël, Tom Verstraten, Bram Vanderborght and Dirk Lefeber

Goal
• Our objective is to augment the payload of current 

cobots by 100%.
• This will allow cobots to lift heavier payloads while 

still working in an uncaged environment and help 
users to lift high loads while avoiding injuries.

Motivation
• Moderate loads (10-60kg) impose significant physical

stress on operators, and companies are seeking for
supportive systems in the form of robotic / automated
technology solutions.

• Unlike the current traditional industrial robots, cobots
are designed to provide more flexibility on the
workfloor and work safely alongside humans.

• Although commercial cobots are already safe and
include smart control principles, they can’t handle
enough payloads required by industrial needs.

• The development of cobots with higher payloads
would drastically reduce detrimental ergonomic issues
and long-term health problems due to refrainment of
operators to use current cumbersome hoist systems.

• Cobots with above 10 kg payload capacity are
expected to hold significant market attractiveness in
the near future.

Platform respecting the workspace of the cobot
• Cobots have their own workspace and the first

requirement of the lifting platform is to ensure that a
sufficiently large workspace, with regard to the end
user, is available.

• Amongst possible commercial platforms, a jib crane
with a lifting capacity of 30kg was selected.

• Friction is present in the mechanisms and this strongly
affects the behaviour of the compensator. For a given
ratio 𝑙𝐴/𝑙𝐵, one can see a gap between the zone of
non-equilibrium (moving down (red)/up (blue) area).

• Inside of the white area, any payload is statically
balanced but also require extra force to be moved up
or down.

Key take-aways
• Using a lift assistive platform, the payload of 

Franka is increased by 100% (5,7kg in practice).
• The assistive platforms requires consumption 

when changing the payload. 
• A noticeable amount of friction is also present.

Approach
• One cobot is considered for the first porotype: Franka

Emika Panda whith a payload of 3 kg. Our approach
consists of selecting a platform which will be combined
with the cobot in order to increase its payload by 100%
(hence giving a payload of 6kg for Franka).

• The lift assistive platform will use nearly passive gravity
compensation systems. This means that, for a given
payload, the platform will compensate for the payload.
An actuator is present to set the level of compensation
and thus different payloads can be handled.

Design of gravity compensation systems for variable 
payloads

• The only joint of the jib crane that needs compensation
is its last prismatic joint and thus a constant force
mechanism/module is required.

• Since various payloads need to be compensated, a
variable transmission ratio needs to be introduced.

• To achieve static balancing, the following condition
needs to be fulfilled:

𝐹𝐴𝑙𝐴 = 𝐹𝐵𝑙𝐵
• 𝐹𝐴 is the force provided by the constant force module

(fixed value) while 𝐹𝐵 is the gravitational force due to
the payload. By using a motor, the point 0 can be
moved upward/downward which changes the values
of 𝑙𝐴 and 𝑙𝐵 ( 𝑙𝐴 + 𝑙𝐵 = 𝑐𝑠𝑡) and thus different
payloads can be compensated.

Cobot (white) with a jib crane (orange-grey) and 
compensator (red box)

Compensator schematics

Measured output force characeristics of the compensator

Further reading
• ref: 10.1109/LRA.2022.3147239

https://doi.org/10.1109/LRA.2022.3147239
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DMMS-D
Accelerating Cost Optimization of Product Families through 
Component Commonality Sensitivities
Emin Oguz Inci, Martijn Vermaut, Claus Claeys, Wim Desmet

Product family 
Design

Goal
The objective of this research is to develop an
optimization framework that accelerates the production
cost optimization of a product family via standardization
of components without compromising the performance
requirements for each product in the product family.

Motivation
• Product families are bundles of similar products. [1]
• Commonality → reduces the costs by using same

components or same production platforms and
leveraging on e.g. volume discount and reduced stock
keeping cost [2].

• Diversity → differentiates the performance of
products in the product family.

• Aim: Solving the commonality-diversity trade-off to
minimize the overall cost while satisfying the
performance requirements of each product.

• An automated design space exploration to minimize
the overall cost of the product family is necessary to
assist the designer.

Approach
• The commonality-diversity trade-off is an

optimization problem: which components to be
standardized and to which design value.
• Objective: reduce the cost.
• Constraints: satisfying performance requirements

for the different products
• Model based approach:

• a parametric cost model to estimate the overall
cost of the product family.

• a parametric performance model to evaluate
performance

• Design parameters can be continuous or discrete.
• For continuous variables, capturing commonalities is

challenging due to very localized minima.
• A guided optimization approach is introduced.

• outer shell: optimizes the commonality matrix to
determine components to be standardized or
diversified using commonality sensitivities.

• Inner shell: optimizes design variables for the given
commonality.

Results
Test case:
• 8-frame shedding mechanism of weaving loom.
• Each frame is considered as a product.
• The mechanism itself is the product family.
• Design variables: crank, coupler and rocker lengths

and location of the motors for each frame.
Objective: minimize the production cost while keeping
the motors non-intersecting inside the motor box and
satisfying the motion criteria of each frame.

Results: cost reduction of ~20% in 8h with single core.

Key take-aways
• A model-based nested optimization algorithm is 

developed to reduce the overall cost of product 
family design through the standardization of 
components.

• The methodology can be used for design from 
scratch as well as improving the existing design.

Further reading
[1] https://doi.org/10.1007/s10845-007-0003-2
[2] https://doi.org/10.1080/00207540512331311903Two-stage nested optimization algorithmProduction Volume Discount

~20% reduction in total cost

8-frame shedding mechanism

https://doi.org/10.1007/s10845-007-0003-2
https://doi.org/10.1080/00207540512331311903
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A Smooth Reformulation of Collision Avoidance
Constraints in Trajectory Planning
Dries Dirckx, Joris Gillis, Jan Swevers, Wilm Decré, Goele Pipeleers

Goal
Motion planning in a cluttered environment is 
computationally intensive due to the large amount of 
possible collisions. We formulate a novel approach that 
only uses the most important collision information at 
discrete points on the trajectory by combining all 
collision information using a smooth reformulation of 
the max function. This new approach is expected to 
reduce the required computational effort for motion 
planning.

Motivation
Motion planning in cluttered environments for high-DOF
robots poses certain challenges:
• Collision avoidance for obstacle-rich environment
• Fast planning times required

Time-consuming aspects of motion planning:
• Separate constraint for each obstacle-robot collision 

pair
• Collision avoidance guarantee over full trajectory
→ high nr. of waypoints: higher complexity

The well-known max-formulation max( Ԧ𝑥) can be used to 
effectively reduce the number of collision constraints by 
taking only the closest obstacle into account. This 
formulation suffers from a discontinuous gradient at the 
transition between the values of Ԧ𝑥. In a gradient-based 
optimisation solver, this can pose convergence problems 
if for example the local minimum is located at this 
transition.

Approach
Motion planning is traditionally formulated as Optimal 
Control Problem

with 𝑑 𝑂𝑖𝑘, 𝑅𝑗𝑘 ≥ 0 a collision avoidance constraint for 

each robot-obstacle collision pair at time instance k.

Smooth reformulation of min Ԧ𝑑 using Logarithmic Sum 

of Exponentials (LSE):
• Eliminate non-relevant collision information
• Allow for finer collision check between control points 

by combining all these collision checks into a single 
constraint 𝑑𝑘 ≥ 0

Bounded approximation error of the actual max/min 
distance 𝑎𝑑 dependent on sharpness factor α

Results

Key take-aways
• Effectively reduce number of collision checks and 

computation times for motion planning
• Extending collision avoidance to full trajectory 

between control points while keeping the amount of 
control points low to reduce computational 
complexity

Computation times for 25 start-end configurations of 3D planning 
environment with 7-DOF robot, comparing the traditional 

formulation with the actual minimum distance and the 
approximated closest distance using LSE

Further reading
[1] P. Blanchard, D. J. Higham, and N. J. Higham, “Accurate Computation of the 
Log-Sum-Excp and Softmax Functions.” IEEE, 2019
[2] D. Dirckx, J.Gillis, J. Swevers, W. Decré, G. Pipeleers, ‘A Smooth Reformulation 
of Collision Avoidance Constraints in Trajectory Planning’. Proceedings of the 
IEEE 17th International Conference on Advanced Motion Control, 2022.

Robust adaptive 
control

DMMS-M

Numerical analysis results of 2D AGV case

Illustration of discontinuous gradient for max(
−𝑥3

100
, 𝑥) Interpretation of LSE’s approximation error
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DecisionSContext adaptive controllers for industrial use
Rian Beck, Sudarsan Kumar Venkatesan, Bruno Depraetere, Joram Meskens

Goal

Develop a method to improve controller performance 
by online adaptation of the controller parameters, 
taking into account the following:

→ Relevant contexts to adapt to not known a priori

→ Increase industrial adaption by staying close to the 
current industrial practices (same controller types)

Motivation
• Industrial need for optimizing system performance

under a variety of conditions

• Controllers are often tuned for nominal/average
operating conditions resulting in suboptimal
performance

• Not always easy to manually define different contexts
and tune control parameters for each of these contexts

• Wide variety of adaptive control algorithms exist;
however, their behavior is often difficult to predict
beforehand, thus making it hard to properly validate
them

4) Build a classifier to detect cluster membership for
the clusters found in the previous step, using as inputs a
set of features computed on a moving window over past
data
5) Assemble adaptive controller by combining the
out-come of 3 & 4

• Comparing the performance between a non-adaptive
& adaptive ECMS controller:

• Comparing the performance between an adaptive
ECMS controller & the optimal DP solution:

Key take-aways
• Approach for deriving a context adaptive controller 

was developed
• The relevant contexts to adapt the controller to are

discovered using a clustering-based method
• Validation of the approach on a hybrid vehicle use

case showed a performance improvement of 0.6-
0.8%, coming within 0.5% of the optimal DP solution

Further reading
• R. Beck, S. Venkatesan, S. Bengea, J. Meskens, B.

Depraetere, “A method to derive adaptive controllers
using control-context clustering and its application to
vehicle energy management” IEEE CCTA 2020: 6th
IEEE Conference on Control Technology and
Applications : August 22-25, 2022.

Robust 
adaptive 
control

Cycle Description

Training dataset -1.28

Validation dataset -0.67

Approach
The adaptive controller is designed according to the
following procedure:

1) Build or collect a data-set with a variety of
contexts and desired control parameter values
2) Use a clustering method to form groups with
similar context features as well as similar control
parameters
3) Compute for each cluster a single set of optimal
control parameters

Results
• Application of the approach to a hybrid vehicle in

simulation, using an ECMS controller, leads to the
following adaptation approach

Cycle Description

Training dataset 0.69

Validation dataset 0.47
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DMMS-M
Multi-stage motion planning for maneuvers through narrow passages
Mathias Bos, Wilm Decré, Jan Swevers, Goele Pipeleers

Goal

Perform motion planning through challenging
environments, online at sufficiently high rates with limited
onboard computation power, by planning through free
space instead of around obstacles.

Motivation

Optimizing trajectories for autonomous vehicles such as
UAVs, AGVs and robot manipulators with significant
horizons online is a challenge because

•Fast dynamics and disturbances require fast re-computing
•Available computation power is limited
•Efficiency of solving optimal control problems is very

dependent on the formulation of the control problem

Some motion planning problems benefit from a
reformulation that makes it much faster and more robust
to compute, while keeping optimality. In this case, the
improved reformulation represents obstacles by the free
space between them instead of representing them as a
forbidden space to avoid, e.g., with a separating
hyperplanes approach. This alternative formulation as
convex position constraints on the different parts of the
trajectory decreases the computational load to solve the
optimal control problem (OCP), and, in simulation
experiments, shows to be more robust against varying
initial conditions and environment configurations in finding
time-optimal trajectories.

We present this work for a drone racing context because of
its challenging, complex dynamics and high requirements
for fast computations and reliable, robust control.

Approach

Split up the OCP into stages. Each stage features the same
vehicle dynamics, but different convex position constraints.
Stitching constraints make sure the total combined
trajectory is smooth.

Rockit, MECO’s in-house developed optimal control toolbox,
allows for easy coding of multi-stage optimal control
problems.

Results

•Finds solutions far more easily and for more difficult
environment configurations than separating hyperplanes
obstacle avoidance

•Covers explicit passage geometry, not only penalization
on deviation from center

•Simulation for a full racetrack, with low rate updates on a
receding horizon of the OCP + linearized feedback at a
higher rate of 50 Hz

•Computation times ~350 ms for 2 gates, horizon length
N=80, Rockit – CasADi – IPOPT – ma57 toolchain with
default initialization, on an AMD Ryzen 7 pro 3700u
notebook CPU

•Future work: Speed up possible with SQP, RTI,
Rockit - CasADi C-code generation

Key take-aways
•Fast and robust generation of optimal trajectories through 

narrow passages
•Representing free space instead of forbidden space with 

more efficient convex position constraints

Further reading
Bos, M., Decré, W., Swevers, J., Pipeleers, G. (2022). Multi-stage Optimal 
Control Problem Formulation for Drone Racing through Gates and 
Tunnels, Proceedings of the 17th IEEE International Conference on 
Advanced Motion Control (AMC22)

Robust adaptive 
control

Other possible applications
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DMMS-M
core lab

Nlgreyfast: toolbox for nonlinear grey-box identification
András Retzler, Jan Swevers, Joris Gillis, Zsolt Kollár 

Goal
Robust and fast methods for offline and online identification 
of nonlinear state-space grey-box models:

Motivation
In the single shooting (SS) formulation (as in, for example, the 
MathWorks System Identification Toolbox), for certain models, 
the output response of the model might become non-
contractive (unstable) for certain value ranges of the decision 
variables:

If the solver takes a step into such a parameter range, it fails 
and the optimization cannot continue. Furthermore, the 
solver easily gets trapped into a local minimum. We wanted to 
increase the robustness against such situations.

Approach
We use different formulations of the optimization problem 
that are more robust to a non-contractive initialization for the 
parameters and initial states:

Using multiple-shooting-type formulations, it is possible to 
pass previously non-contractive parameter ranges, but these 
are computationally heavy because of the additional 
constraints and decision variables. The partially constrained 
method allows to find a compromise between robustness and 
computational complexity.

If we can measure or infer (e.g. position → velocity) how the 
states evolve, then we can:
- use it as an initial value for φ in MS/PCMS,
- minimize the 1-step-ahead prediction error (PEM):

Results
We have compared all the methods at 100 simulated 
experiments on an electromechanical positioning system, and 
subsequently applying PEM and SS methods was the most 
robust against a non-contractive initialization:

We have released the implementation of all methods as an 
open-source toolbox on GitHub:
https://github.com/meco-group/nlgreyfast

It's also fast: we have compared this toolbox with the 
MathWorks System Identification Toolbox on the SS case, and 
it was able to solve the same set of problems in an order of 
magnitude less running time.

Key take-aways

Further reading
A. Retzler, J. Swevers, J. Gillis and Zs. Kollár, "Shooting methods for 
identification of nonlinear state-space grey-box models", IEEE 17th 
International Conference on Advanced Motion Control, Padova, 
Italy, 2022.

Robust adaptive control

Check out our toolbox for fast and 
robust methods to solve nonlinear 
grey-box identification problems. →

This toolbox can also take into account 
that some or all of the states can be 
directly measured/inferred. 

https://github.com/meco-group/nlgreyfast
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MOBI
Small Signal Average Switch Modeling and Dual Loop Control of Bidirectional 
Integrated Converter for G2V and V2G Application in Battery EVs 
Shahid Jaman, Mohammed El Baghdadi, Sajib Chakraborty, Thomas Geury, Omar Hegazy

Goal
The goal of this work is to small signal average model of
a 2-stage bidirectional converter to improve the
controller performance for EV charger systems. These
models can well characterize the PE converters and
helps to build a robust dual loop controller. Advantages
of this strategy to achieve less overshoot, better stability
and fast dynamic response during charging and
discharging modes of operation.

Motivation
•By using a small-signal average model instead of
conventional switch models, the computational effort to
simulate the model is much faster than the switch
model.

Fig: Bidirectional Integrated Converter Configuration for G2V and V2G

•The small-signal average model of the above non-linear
network to design the dual-loop controller based on the
k-factor type II strategy. Hence, this controller has
attained a fast-dynamic response during the source and
load variation of the converter plant.

•The controller overshoot and settling time is improved.
The voltage and current ripple is also reduced using the
designed controller.

Approach
•In this system, each module, a three-phase voltage
sensor, a three-phase current sensor, a DC voltage
sensor, a controller, filter inductors on the AC side, and
a filter capacitor on the DC side. The small-signal
average model of AC/DC and DC/DC with associate
passive elements is identified. The corresponding
transfer functions of each converter for G2V and V2G
mode are explained in the paper.

Fig: Small Signal Model of AC/DC Converter

Fig: Small Signal Model of AC/DC Converter
•The dual-loop control system structure to control the
voltage and current of AC/DC and DC/DC respectively
as shown in the figure below. Note that the inner current
loop is 10 times faster in operation than the outer
voltage loop for both converters.

Results
• A simulation model of the integrated bidirectional
converter at 30kW nominal power has been
implemented in MATLAB/Simulink® platform. The
battery performances and dc-link voltage during G2V
and V2G are illustrated in the figure.

•Controller performance is shown in the table below:

Key take-aways
•The comparative simulation study shows that the dc-
ling voltage ripple is less than ±5% for 30kW load
operation and maximum settling time les then 4ms.

•The amount of THD for grid current is less than 10% for
both G2V and V2G operation.

Further reading
•https://ieeexplore.ieee.org/document/9570193

G2V V2G

Robust adaptive 
control
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MOBITwo-layer control approach of a V2G capable off-board charger for electric buses
Boud Verbrugge, Haaris Rasool, Mohamed El Baghdadi, Thomas Geury & Omar Hegazy

Goal
Design of a two-layer control approach for a SiC
technology-based off-board charging system for battery
electric buses (BEBs) where:
•High-level charging management strategy provides an
optimal charging (G2V) and discharging (V2G)
scheduling

•Low-level control system regulates the power in G2V
and V2G operation

Motivation
•Increasing effort in decarbonizing the transport and
energy sectors by focusing on battery electric vehicles
(BEVs) and renewable energy resources (RERs).

•New challenges such as increased energy demand
from charging BEVs and grid stability issues because of
the intermittent nature of RERs.

•Smart charging with vehicle-to-grid (V2G) features,
where the BEVs provide ancillary services to the
distribution grid, is a possible and well-known solution to
overcome these issues.

•BEBs have larger batteries, require high-power
charging infrastructure and are charged in the same
depot, which makes them an interesting option for V2G.

•A HL-CMS is needed to plan the charging process of
the BEBs. An optimal charging schedule is calculated by
a smart algorithm based on the information and
forecasts received by the grid and bus operators.

•Next generation charging systems for BEBs will need to
be more efficient in order to reduce the excessive
losses that come with high-power charging.

•Recent innovations in the switching technology of power
electronic converters (PECs) introduced advanced
WBG materials (SiC and GaN), which allow the new
WBG switches to operate at higher switching frequency
and temperature

•There is a strong need for new controllers to cope with
the high switching frequencies and the fast dynamics of
these devices.

Approach

Low-level controller
• Linear model to design controllers
• PI controllers

▪ outer active power control loop (P)
▪ inner current control loop (Id and Iq)

• Dynamic simulation model to validate control 
performance

High-level charging management
• Multi-variable optimization with a genetic algorithm
• Objective function:

▪ Minimization of the charging cost

• Constraints:
▪ Grid limitation
▪ Charging power limitation
▪ Energy requirements
▪ SoC range (20% – 95%)

Results
Low-level controller
• Controllers are tracking the command 

in G2V and V2G mode
• THD of less than 3.5% is achieved

High-level charging management
• Buses are getting charged when electricity price 

is low 
• Total (dis)charging current remains within limitations 

of the grid operator 
• SoC  remains within optimal range 
• Cost reduction greater than 10% is feasible

Key take-aways
•Low-level bidirectional PQ control strategy 
for an off-board charging system

•High-level charging management to compute 
an optimal charging and discharging schedule 

•Results proved a proper operation of 
the entire bi-level control system

Further reading
•Ref1:https://doi.org/10.1109/ACCESS.2021.3086392
•Ref2:https://doi.org/10.3390/su132112189

Robust 
Adaptive 
Control
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https://doi.org/10.1109/ACCESS.2021.3086392
https://doi.org/10.3390/su132112189
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MOBI
Benefiting Thermosensitive Electrical Parameters for Junction 
Temperature Estimation of the WBG-Based Power Semiconductors
Farzad Hosseinabadi, Sajib Chakraborty, Mohamed El Baghdadi, Omar Hegazy

Goal
In this research, focus is on investigation of the
intelligent junction temperature estimation strategies
based on Temperature Sensitive Electrical Parameter
(TSEP) of semiconductor module and also their pros
and cons. Moreover, the junction temperature estimation
prototype is implemented in lab to validate proper
performance in actual condition.

Motivation
• Nowadays, Power Electronic Converters (PEC) are

utilized to efficiently convert electrical energy between
power generators, storage systems and power
consumers. In addition, the power electronics industry
comes across a growing appeal for increasing
density, cost reduction, and upgrading their products
fast and continuously which has brought severe
reliability challenges. Field data shows that the
semiconductor devices are the most failure-prone
devices which are responsible for an overall 31% of
failures in PEC. Researches show that wear-out of
the semiconductor module is highly associated with
junction temperature swings (ΔTj) [1].

• To address the above issue, it is worthwhile to focus
on thermal management through a rigorous health
monitoring program. Thermal management policy can
be implemented based on accurate measurement of
junction temperature.

• So far, a lot of approaches, including TSEP, have
been proposed which utilizing some of them is not
practical in actual environment. Thus, it would be
beneficial to introduce an approach for junction
temperature estimation based on accessible TSEP
(e.g., Rds,on) [2].

• Moreover, by measuring junction temperature (Tj) and
calculation of ΔTj and feeding lifetime models,
remaining time to failure of the semiconductors can
be calculated which helps to plan for the earlier
maintenance.

Approach
To implement the prototype, following actions are taken:
• A SiC module is stuck on a heatsink.
• For heating the heatsink up, heating resistances are
connected to the heatsink, and a positive temperature
coefficient sensor (PTC) is pasted on the heatsink close
to the module baseplate.

• Utilizing a short ON time signal generated by dSPACE
and natural air circulation for cooling purpose and
enough time gap between pulses, it can be considered
that the junction temperature of the MOSFET can be
considered equal to the baseplate temperature.

• For commissioning test, first, the temperature of the
heatsink is raised to 80 °C and then and dSPACE starts
producing gate pulses. Meanwhile, the microcontroller
measures Vds,on and Ids,on.

• A 3D Rds,on map is generated based on extracted
data.

Results
•The prototype was implemented in the lab and
commissioning tests were performed. A 3D Rds,on map
was generated based on extracted data that the x-axis
is Tj, while y-axis is Ids,on and z-axis is Rds,on.

•3D look up table was implemented as C code in
microcontroller and junction temperature was estimated
based on module resistance and current.

Key take-aways

•Any change in junction temperature results in change
in drain-source resistance which can be taken as
temperature sensitive electrical parameter.

• Due to using look up table, data can be implemented 
in a simple micro controller which increases 
the functionality of the approach.

Further reading

•ref1:10.1109/PowerEng.2013.6889108
•ref2:10.1016/J.microrel.2020.113659
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High-ratio geared muscles for future robots
Pablo Lopez Garcia, Stein Crispel, Anand Varadharajan, Elias Saerens, Bram Vanderborght, Dirk Lefeber, Tom Verstraten

Goal
Help gearboxes become part of the solution instead of
a major problem of next generation robotic devices

Motivation
• Robotic actuation faces yet major challenges to enable
collaborative robots become part of our daily lives

• Robotic gearboxes are a major contributor to these
limitations and are perceived as a major obstacle,
justifying alternative approaches like Direct-Drive or
Quasi-Direct Drive

• Most limitations of these robotic gearboxes originate
from a need for extreme positioning accuracy that
derives from industrial robots and is less relevant in
collaborative robots [1]

• In these circumstances, the versatility of planetary
gear trains represents an opportunity to design a new
gearbox, customized for the needs of modern robots

Approach

• Using a Quality Function Deployment (QFD) analysis
we linked gearbox requirements with robot’s needs to
find a suitable configuration: the Wolfrom gearbox

• Upgrading Wolfrom’s load-dependent efficiency with
optimized tooth macrogeometry and alternative
topologies to reduce internal (latent) power flows [2]

• First feasibility check using the Failure Mode and Effect
Analysis (FMEA) methodology

• Experimental proof-of-concept TRL4 validation using
seven prototypes with different topologies and
optimized macrogeometry [3]

Results [3]
• Load-dependent efficiencies η>85% with 275:1 ratios
• High efficiency also at low loads
• Backdriving torque <1Nm for a 120Nm gearbox

Key take-aways
• Combining alternative Wolfrom topologies with

optimized tooth macrogeometry, very high gear
ratios can be made compatible with good efficiency

• The resulting gearboxes can achieve outstanding
torque density and be easily backdrivable, providing
a promising alternative for collaborative robotics

Further reading
[1] – “Compact gearboxes for modern robotics: a
review”: 10.3389/frobt.2020.00103
[2] – “A Novel Wolfrom-based Gearbox for Robotic
Actuators”: 10.1109/TMECH.2021.3079471
[3] – “R2power: The Proof-of-Concept of a Backdrivable,
High-Ratio Gearbox for Human-Robot Collaboration”:
(currently under review)

Single Motion
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DecisionSA modular framework for multi-sensor target tracking on dynamic robots
Pieter De Clercq

Goal
• Design a modular, flexible and user-friendly frame-

work for representing the entities in a robot’s 
dynamic environment.

• Support data fusion and assimilation techniques for
processing new information in terms of sensor
observations, without reducing the flexibility of the 
framework.

Motivation
• A key aspect to enable autonomous operation, is the

robot’s notion of its environment. Information
retrieved from prior knowledge and/or sensor readings
should be stored in a structured way as to allow the
efficient retrieval of spatial and semantic attributes.

• Prior beliefs, sensor noise and process noise lead to
uncertainties about the true values of the different
attributes in the world model. With data fusion and
assimilation techniques, the attributes’ beliefs can be
updated by adding the information from new – also
uncertain – sensor observations.

• A data fusion framework that represents the full world
model in a single state lacks flexibility. With such an
approach, it is often cumbersome (if not impossible) to
add, change or remove entities from the world model
in a scalable way. Moreover, separate entities and
attributes may benefit from different fusion or
assimilation techniques.

Approach
• A tree structure provides a modular high-level view of

the world. Each node represents an entity that is
described relative to its parent node. An edge
represents the mapping between two nodes.

• An entity may contain a list of attribute hierarchies.
The root attribute in a hierarchy refers to a specific
solver for predicting its values for a given timestep.

• An entity’s edge in the tree is represented by one of its
attributes. This attribute also contains functionalities to
propagate data entities from parent to child frame.

• Attribute solvers contain the core functionalities for
data fusion and assimilation. The modular framework
allows to use a different solver per attribute, which can
be selected based on expected noise models, the
degree of (non-)linearities in motion models, etc.

• The tree structure and attribute hierarchies allow for
efficient search algorithms to resolve queries.

Results
• The framework allows for easy configuration and

maintenance of the world model. Adding a sensor or
changing the implement requires no code adaptations.

• The framework can handle changing topologies during
run-time. This feature is often missing in approaches
where a single solver is used for the complete world.

• The framework’s propagation mechanism handles the
distribution of new information over the different
individual solvers. Moreover, data assimilation is only
performed on the relevant subtree of the world model;
no need to compute forecasts for irrelevant nodes.

Key take-aways
• A tree structure is a modular presentation of the 

world model and allows for efficient query handling.
• Individual attribute-level solvers increase flexibility 

and are compatible with changing topologies.
• Data fusion is still performed on a global level by 

propagating the information to the individual solvers.
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An autonomous tractor needs to operate on a pallet. A perception sensor is
mounted on the tractor chassis. A second sensor is mounted on the fork of the
tractor, which, in turn, can move with respect to the tractor chassis. The different
entities and their attributes and relations need to be modeled in a structured way.

Entities are stored in a tree structure.
The edges represent proper rigid
transformations (SE(3)) and perspective
projections (Pinhole).

Attributes are stored in hierarchies and
refer to specific solvers (Extended Kalman
Filter (EKF) and Constant (CST)). The TF
attribute is used as the entity’s edge.
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After picking the Pallet with the Fork, the tree topology changes. The properties (and
solvers) of individual nodes, however, stay the same: the Pallet remains static, but
now relative to the Fork node instead of the World node.

(1) The position covariances of Tractor
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(1) Initial situation. (2) After propagation
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EDMDetecting Tool Keypoints with Synthetic Training Data
Bram Vanherle

Goal
Finding certain keypoints in tools or other objects used 
in manufacturing can be very useful. The state of the art 
is to do so with deep learning. These machine learning 
algorithms require a lot of labelled training data. We 
therefore train models on synthetic data.

Motivation
• Locations of tool keypoints provide useful information

during the manufacturing process.
• Give customized instructions, analyse operator

workflow and prevent errors.

• CNN’s offer a good method for interpreting images
under varying conditions, but require a large amount
of training data.

• To avoid the human labour of manually creating and
labelling a dataset and the bias introduced by a
human, we have created a tool to generate synthetic
training images

• Training a model on rendered images can cause lower
accuracy when applying it to real images

• We design our data generation method specifically to
avoid this.

• We present a neural network architecture for
detecting tool keypoints, tuned specifically to work
well when trained on synthetic data

• We identify some key techniques for training on
synthetic data and validate their impact.

Approach
Synthetic Data Generation
• We construct a 3D scene containing the tool and

render it to an image
• Getting an exact 3D model is often difficult, we show

it is possible to train the model on similar objects
sourced from the internet

• Introduce as much randomness as possible, this
improves robustness and generalization towards real
data

• A Hybrid raytracing approach is used to optimize
trade-off between rendering speed and visual fidelity

Keypoint Detection Method
• A neural network was trained to generate a

probability map for each keypoint.
• Fully Convolutional Neural network with ResNet50

feature detector.
• Feature map is up sampled five time times with skip

connections
• Intermediate Supervision to boost high level feature

learning,
• Transfer Learning and Data Augmentation for better

synthetic training data performance.

Results
We have created a dataset of real tool images with
keypoints manually annotated for validation. This
includes four tools.

Versus other methods
Compare our model to Simple Baselines (SB) and Stacked
Hourglass Networks (SHN). As well as version without
intermediate supervision (HM). Values are PCK.

Impact of generalization techniques
Test impact of techniques such as: data augmentation,
transfer learning and balancing output loss weights.

Key take-aways
• Model successfully generalizes to unseen real life 

data trained on synthetic images.
• Intermediate feature boosting helps to learn useful 

features.
• We outperform SB and SHN trained on synthetic 

data.
• Transfer Learning and Data Augmentation are very 

important for generalization.

Further reading
• Vanherle et al: Real-time detection of 2d tool landmarks with

synthetic training data. https://doi.org/10.5220/0010689900003061

Visual context 
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Real vs. Digital 
Assembly 
systems

Model IHM HM SB SHN

Screwdr. 86,1 78,0 74,0 46,0

Wrench 88,9 86,1 67,6 66,7

C. Wrench 86,1 82,6 68,6 55,8

Hammer 84,4 68,8 63,5 45,8

Model Def. TL TL + Aug BW

Screwdr. 4,3 68,0 84,9 86,1

Wrench 34,7 86,1 86,1 88,9

C. Wrench 30,2 70,9 84,9 86,1

Hammer 19,8 52,1 85,1 84,4
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DECISIONSDrones for warehouse inventory
Jean-Edouard Blanquart, Jia Wan, Ellen van Nunen

Goal
Fast and efficient pallet and box counting for stocktaking 

in warehouses with drones

Motivation
• Keeping an accurate overview of stock levels in

warehouses, remains a challenge for logistics and
production companies. As flexibility is becoming
increasingly important, goods have to be moved more
frequently and as a result, the risk for errors is higher.
It is therefore paramount that companies can perform
regular inventory checks. However, this routine
requires time and sometimes requires for a freeze of
the operations at the same time. Another practical
barrier is the height on which goods are stored and
which requires personnel to check or scan barcodes
with dedicated equipment that can reach the upper
levels. Furthermore, humans make errors while
counting stock and these result typically in accuracies
less than 95%.

• Flanders Make wants to assist companies in
performing inventory checks more often by developing
a warehouse drone that can autonomously scan goods
for example overnight, when no one is present. The
stock count consists of two parts:

1. Full pallets in the upper shelves
2. Individual boxes on open pallets on the lower

shelves:

Approach
1. Pallet counting for the upper shelves:

• Attach QR marker to pallet
• Detect QR markers to identify and localize pallets

2. Box counting for the lower shelves:
• Attach visual markers to shelves
• Use depth sensor to detect and count boxes

3. Autonomous indoor drone flight :
• Internal flight platform for customized drone size

and payload with full access and control of the
drone software

• Sensor fusion algorithm for localization based on
multiple sensors, such as: Ultra Wide Band
(UWB), LiDAR, IMU and vSLAM

• Autonomous flight control program (based on
results from the Inwaredrones-project)

• Watchdog integration and improved system
architecture to increase the robustness of the
solution

Results
1. Results for pallet counting obtained on datasets

captured in actual warehouse, over all datasets (at
different flight speeds & camera se ngs) :
• Average detection rate: 99.40 % 
• Only fails on QR codes with strong physical

deforma ons 
• Average localization rate: 99.35 % 
• Inventory performance: 
• 99.40 % * 99.35 % = 98.75 % 
• At up to 8 pallets per second!

2. Results for box counting:
• Throughput (pallets per min): 6-8
• Accuracy:

• FM lab 8 
(68 boxes): 99.1%

• Reynamaers Aluminium 
(45 boxes): 97.6%

3. Proved robustness and 
reusability of the solution 
by usage of this demonstrator
setup @ logiville, where an 
external ambassador provides
multiple demo’s

Key take-aways
• Inventory taking can be automated to save costs
• This technology can be placed on a drone 

(but also on another mobile platform)
• Contact us for more info on smart inventory solutions

Jean-Edouard.Blanquart@flandersmake.be
Ellen.vannunen@flandersmake.be

Demonstrator setup @Log!ville

Further reading
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DecisionS
EDM

PILS: Training AI for industry using synthetic images
Joris de Hoog, Risang Yudanto, Nick Michiels, Steven Moonen, Abdellatif Bey-Temsamani

Goal
The aim of PILS is to develop an End-To-End solution for 
training neural networks for object detection and pose 
estimation using hyper-realistic synthetic rendered 
images from CAD models and surface maps. This 
eliminates the need for laborious manual labelling and 
ensures robust model performances, using only 2D 
camera images.

Motivation
• Rendering synthetic training images is a cheap and fast

way of generating realistic training datasets for a
variety of Artificial Neural Networks (ANN).

• These training datasets are generated using intricate
domain knowledge, ensuring that these closely match
the intended application.

• Specific domain knowledge on the parts or the scene is
used to bridge the gap between artificial images and
the real environment.

• The ANN’s can be designed for object detection and
classification, object pose estimation, object tracking,
anomaly detection and more.

• When it is seen that the performance of the model is
not good enough, or that the practical use case does
not correspond to the training data, the training
images can be regenerated for retraining.

Approach
• A 3D CAD model is supplied, together with information

of the surface structure, materials and appearance.
• If a physical item is present, the object can be scanned

in a uniform way to get the exact representation of the
surface detail .

• With this appearance sampling and using domain
knowledge from experts, surface defects are sampled
and randomly applied to the surfaces of the rendered
objects.

• Using a validation test-bench with a State-of-the-Art
3D camera system we have been able to prove the
competitiveness of the complete solution.

• An important challenge in this field is the detection of
small thin metallic plates, particularly in the estimation
of the depth/height of the object. This is inherent in
2D systems, aggravated by reflections and inconsistent
surface textures.

Results
• Using the iterative data generation approach,

combined with refinement learning, the results for
industrially challenging bin-picking are very promising.

• We show that this method is perfectly applicable and
sometimes preferable to expensive 3D cameras for the
integration into real industrial applications.

• Validation of accuracy using SOTA 3D vision system
shows comparable accuracy

• Networks are highly robust against occlusions,
overlap, severe lighting conditions, symmetry and
more.

Key take-aways
• We apply the concept of synthetic image generation 

for training of neural networks on specific industrial 
problems, and prove its usefulness

• The highly flexible nature of this approach enables 
fast iterative development of the complete solution

• The potential cost-savings on data-generation and 
hardware are significant. 

Comparison between PILS result and ground truth obtained with 3D 
camera

Further reading
• Peng, S., Liu, Y., Huang, Q., Bao, H., & Zhou, X. (2018 ). PVNet: Pixel-wise Voting Network for

6DoF Pose Estimation. http://arxiv.org/abs/1812.11788
• Bochkovskiy, A., Wang, C.-Y., & Liao, H. -Y. M. (2020). YOLOv4: Optimal Speed and Accuracy

of Object Detection. http://arxiv.org/abs/2004.10934

Visual context 
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http://arxiv.org/abs/2004.10934
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DecisionS
Quality inspection via AI-based high-speed video processing for 
online control in additive manufacturing 
Rob Heylen, Dries Verhees, Abdellatif Bey-Temsamani

Goal
The melting process in additive manufacturing is 
monitored via high-speed video and processed with a 
neural network to predict deviating system settings. An 
ideal process window is derived via a calibration 
procedure, which allows raising alarms when defects are 
expected and to drive closed-loop control of the process.

Motivation
Selective laser melting or powder-bed fusion is an
additive manufacturing method for 3D-printing of metal:
• Deposit a thin layer of metal powder
• Melt a slice of the object with a powerful laser
• Lower the build platform and repeat

Several quality issues can arise:
• Low laser power: incomplete melting, lack of fusion
• High laser power: gas bubbles, keyhole pores
• Thermal cracks, deformations, balling, …

Quality control is important but difficult. 

In this project, we aim for:
• Non-destructive prediction of process quality
• Primary and secondary quality predictors:

• System setting deviations from optimal
• Direct defect prediction (Lack of fusion and pores)

• Real-time processing to allow online control and 
feedback

Approach
We collect high-speed on-axis video of the melting
process: 128x128 resolution, 20 000 frames per second.

This is used to train a convolutional neural network:
• Input: Raw video frames
• Primary output: Process settings (speed, power, ...)
• Secondary output: Defect alarm via process window
• Throughput: currently 10 000 frames per second

• Acceptable process window and defect alarms
calibrated against a CT-scanned calibration print:
• 215 speed/power combinations printed
• Porosity examined via 3D segmentation of CT scan
• Defect regimes determined in parameter space

Results
• An experimentally derived process window for the

Nextgen 3d printer
• A neural network capable of predicting process

settings
• An online dashboard showing per-layer quality metrics

and defect alerts

Next steps
• Not yet at real-time processing speed
• Close the loop! Use feedback for online control
• Practical industrial deployment for quality control

Key take-aways
• SLM quality control is possible via high-speed video 

analysis with a convolutional neural network
• Defect prediction by comparing predicted settings 

with an experimentally derived process window 
• Closed-loop control should be feasible by this 

approach

Acknowledgment
This work is based on results from the Vision-in-the-Loop
ICON project and the Flanders AI research programme
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• Trained on a test object with
hundreds of layers with known
parameters spanning the
process space

• Tested on an actual print of a
dental implant, with sparsely
induced errors
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Demonstrators
• Indoor mobile platform (MIR)

Goal
Fuse complementary localization technologies to a 

more robust, reliable, cost-effective solution
Provide tools to develop optimal 

sensor combinations for multiple in- and outdoor 
autonomous applications. 

DECISIONSRobust localization
Kurt Geebelen, Jia Wan, Ferran Gebelli Guinjoan, Ellen van Nunen

Motivation
The MARLOC-icon project aims to resolve two
technological barriers (TBs):
• Lack of a software tool for fusing absolute (e.g. GPS,

UWB, Wi-Fi, fiducial markers) and relative localization
technologies (e.g. vison, lidar, INS).

• Lack of guidelines for designing a reliable and
robustness localization solution that trades-off the
needs for limited infrastructure changes, performance,
environmental constraints and cost.

Approach

• First step: late object fusion, using a baseline SotA
SLAM (RTABmap) in combination with the OASE
(Online Asynchronic State Estimation) toolbox

• Second step: update of all main components of the
SLAM algorithm to integrate the absolute localization
measurements:
• Robustified map building
• Relocalization
• Online localization
• Map-updating

• Design toolbox consisting of three parts:
• Simulation environment
• SLAMTEST toolbox which evaluates localization

performance (measured or simulated)
• Optimize sensor placement, using the simulation

environment.

Results
1. An integrated mapping and localization framework

for fusion of visual, lidar, UWB, GPS, fiducial markers
and Wi-Fi based localization

2. A design toolbox that allows to simulate AGVs and
drones operating in industrial indoors and outdoors
environments and simulates the considered sensors,
to evaluate the performance of a mixed absolute
and relative localization system, and to propose a
design for such a system for a given environment
with a tradeoff between total cost of ownership,
robustness

Key take-aways
Robust localization can be realized by 

combining global and local 
measurements

Contact us when you need localization 
solutions for autonomous systems!

Ellen.vannunen@flandersmake.be
Kurt.Geebelen@flandersmake.be

Further reading: Vanhie-Van Gerwen, J., Geebelen, K., Wan, J., Joseph, W., Hoebeke, J., & De Poorter, E. (2021). Indoor Drone Positioning: Accuracy and Cost Trade-Off for Sensor Fusion. IEEE Transactions on Vehicular Technology, 71(1), 961-974.

Adaptive System 
Design

Motion Product 
Design
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Fig: Map building and path based on SotA SLAM without 
(left) and with (right) integration of aruco markers

• Outdoor modular mobile platform • In- and outdoor FM-drone

mailto:Ellen.vannunen@flandersmake.be
mailto:Kurt.Geebelen@flandersmake.be
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CORELABDTAI-FET: New Core Lab
Anastasia Dimou, Joost Vennekens, Mathias Verbeke, Peter Karsmakers

The new DTAI-FET core lab
• brings applied AI expertise to Flanders Make
• connects FM to the large DTAI group

Knowledge-based methods for decision support, 
design automation and data management

• AI systems that use knowledge of domain experts
• Express in easy-to-read format

• Provide decision support

• Interactive, explainable, transparent
Knowledge graphs for data management

• For decision automation: represent (meta-)data as
knowledge graphs
• Reduce dependencies, speed-up data gathering

• For machine learning:
• Automatically discover data and algorithms
• Access control for sensitive and personal data

Constraint-guided machine learning: 
Flexible supervision

Add alternative means of supervision to the machine
learning cycle to improve robustness and reduce the
need for traditional and ‘expensive’ strong labels
For example:
• Supervise regression task by incorporating physical

prior knowledge formatted as constraints

• Supervise clustering task by actively querying
experts if specific examples must be in the same
cluster or not (expert feedback is formatted as
constraints)

Key take-aways

• DTAI-FET offers wide range of AI tools & methods
• Applications in industrial settings
• Benefit from domain knowledge of industrial 

experts

More information
http://dtai.cs.kuleuven.be/stories
peter.karsmakers@kuleuven.be

DTAI FMDTAI-FET

Constraint-guided machine learning: 
Computational limitations

Consider processing platform limitations during when 
learning ML models

Context-aware learning
Account for contextual changes in ML models, to 
improve accuracy and robustness in industrial settings

intelligent 
Operation and 
Maintenance

http://dtai.cs.kuleuven.be/stories
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CORELABKnowledge Graphs for Data Management
Anastasia Dimou, David Chaves Fraga

Knowledge graphs for data management enable 
Seamless integration
Data and algorithms discovery
Access control for personal/private data
Data sharing for decentralized applications

Moving away from centralized solutions:
Producers materialize & maintain KGs, 
& answer all queries

Data integration of heterogeneous and decentralized semi-structured data
relying on (enterprise) knowledge graphs

More Information
Anastasia Dimou, anastasia.dimou@kuleuven.be

Real vs. Digital 
Assembly systems
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All consumers query the same KG

Producer materializes a KG 
& answers all queries

Producer materializes a subset 
of KG & answers all queries

Producer virtually generate a 
subset of the KG  to answer a query

Producer does not generate a KG
but delegates it to a 3rd party

Consumer collects the subsets 
of KGs & composes the answer

Moving towards decentralized solutions: 
Producers materialize only frequently queried subsets of the KG 

& virtually generate the answers to other queries 
Consumers become more intelligent & compose their answers

mailto:Anastasia.dimou@kuleuven.be
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CORELAB
Knowledge-based decision support 
for adhesive selection
Simon Vandevelde, Jeroen Jordens, Maarten Witters, Bart Van Doninck, Joost Vennekens

Goal
Adhesive selection is a time-consuming task. Our goal is
to help experts find suitable adhesives more efficiently.
We propose a flexible interactive user interface, driven
by the knowledge of the domain experts.

Motivation
• Adhesive joints are increasingly used in industry due to

their favorable characteristics such as high strength-to-
weight ratio, design flexibility, planar force transfer
and good damage tolerance. However, there is no
universally applicable adhesive.

• Selecting the correct adhesive in the design process is
a labour- and knowledge-intensive task, crucial to
ensure reliability of the design.

• Adhesive experts typically select adhesives based on
experience, prior knowledge, and trial and error.

• Current software support for this complex task is
l imited:
• Low in interpretability and maintainability
• Often limited in expressiveness, thus incapable of

expressing all required knowledge
• Typically contain a low number of adhesives and/or

substrates

Approach cont.
• Knowledge is represented in the powerful knowledge

representation language FO(·), a rich extension of
first-order logic (FO), and cDMN, a more user-friendly
table-based notation.

• Each adhesive is defined by 21 adhesive parameters,
such as Strength, Potlife, Viscosity, etc. If an adhesive's
parameter value is unknown, the value of its family is
assumed instead.

• The Interactive Consultant, uses the knowledge to
assist the user.

• Functionality:
• The user can interactively set any of the parameters
• The consequences of each choice are automatically

derived
• Each consequence can be explained!

Results
• Experiments: The tool reduceses the ttime needed to

select an adhesives from 3 hours to 3 minutes

• Evaluation by experts:
Tool is useful for junior experts
➢ Quickly find list of candidate adhesives to test
➢ Verify suitability of hand-picked adhesive

Tool is useful for senior experts
➢ Broaden their scope
➢ “discover”adhesives unfamiliar to them

• Advantages of knowledge-based approach:
• Knowledge sharing among experts
• More uniform selection process: less dependent on

which expert handles request
• Knowledge is safely stored, even when experts

leave

Key take-aways
• Knowledge-based decision support for adhesive 

selection
• Based on powerful logical tools: IDP-Z3 reasoning 

system with the Interactive Consultant interface
• Fully generic toolchain: any knowledge base about 

any domain can be plugged in
• User-friendly, interpretable, explainable AI

Further reading
• Adhesive Selection via an interactive, user-friendly

system based on Symbolic AI. Jeroen Jordens, Simon
Vandevelde, Maarten Witters, Bart Van Doninck, Joost
Vennekens. CIRP DESIGN 2022

• www.IDP-Z3.be
• https://doi.org/10.1016/j.eswa.2021.115869

Approach

• We follow a knowledge-based approach: the system
derives its intelligence from the knowledge of domain
experts.

• The knowledge of domain experts is captured during
several knowledge articulation workshops

Intelligent 

Operation and 
Maintenance

http://www.idp-z3.be/
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