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Preface 

The research school on Engineering Mechanics organizes annually the Engineering Mechanics Symposium. 
The aim of this symposium is to stimulate communication and exchange of information pertaining to 
recent developments and ongoing research in the field of Engineering Mechanics.  

In view of the COVID pandemic, the twenty-fourth Engineering Mechanics Symposium deviates from its 
usual two-day format, and will take place in two separate sessions. On Tuesday 26 October 2021, there is 
an on-site session at Hotel Papendal in Arnhem, comprizing the Koiter lecture, poster presentations, and 
the presentation of the Biezeno award. This year’s Koiter lecture will be delivered by Prof. Katia Bertoldi 
(Harvard University) and is entitled   “Multistable inflatable origami:  from deployable structures to soft 
robots”. 

In relation to the poster presentations, a contest is organized in which a jury selects the best four 
contributions. The members of this year’s poster jury are: Dr.ir. Frederic Blom (NRG, chairman), Dr.ir. 
Emanuela Bosco (TU/e), Dr.ir. Francesco Maresca (RuG), and Prof.dr.ing. Bojana Rosic (UT). The poster-
prize winners will be announced in the closing session of the on-site part of the symposium. 

The second part of the symposium takes place online on Tuesday 2 November 2021, and features online 
presentations in the usual workshop format. The workshop organizers provide plenary presentations to 
introduce the trends and challenges pertaining to the workshop topics. The plenary presentations are 
followed by two parallel sessions, each with four presentations by AIOs and PDs from the participating 
universities. Each AIO/PD presentations is scheduled for 15 minutes, followed by 5 minutes discussion. 
Topics of this year’s workshops are: 

Trends and challenges in “Metamaterials” 
Organized by d /e, main organizer), prof.dr.ir. A. (Amir) Zadpoor, dr.ir. V. (Vanessa) 
Magnanimo, dr.ir. A. (Anastasiia) Krushynska (RuG) 
Trends and challenges in “Engineering Dynamics: from Nano to Giga” 
Organized by dr.ir. K. (Karel) van Dalen (TUD, main organizer), dr.ir. M. (Marcel Ellenbroek) (UT),  
dr.ir. R. (Rob) Fey (TU/e)  
Trends and challenges in “Optimization”  
Organized by dr.ir. M. (Matthijs Langelaar) (TUD, main organizer), dr. ir. P. (Pascal) Etman (TU/e),  
dr. ir. Jos Havinga (UT) 
Trends and challenges in “High-performance computing” 
Organized by dr. ir. A. (Anthony) Thornton (UT, main organizer), dr. ir. Michael Abdelmalik (TU/e), dr.ir. Matthias 
Möller (TUD)  

The best presentation within each workshop will be distinguished with a prize. Best-presentation winners will be 
announced in the closing session of the online part of the symposium. 

The assembly of the board of project-leaders, comprizing the senior academic-staff members of the groups 
participating in Engineering Mechanics, takes place online immediately before the online session, on Tuesday 2 
November 2021 at 09:00. 

This report contains more detailed information on the Twenty-fourth Engineering Mechanics Symposium. Included are 
the following sections: 

Section 1: Detailed program of the symposium (Parts one and two)
Section 2: Abstracts of the koiter lecture and introduction to the workshops
Section 3: Abstracts of presentations in the workshops and a short introduction of the presenters
Section 4: Survey of poster presentations
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The best AIO-presentation within each workshop will be awarded a prize. Winners will be announced directly before 
the closing of the symposium on Tuesday, November 2nd, 2021. 

On Tuesdaymorning, November 2nd a meeting of the senior academic staff participating in Engineering Mechanics 
takes place.  

This report contains more detailed information on the Twenty-fourth Engineering Mechanics Symposium. Included are 
the following sections: 

Section 1: Detailed program of the symposium (Part one and two
Section 2: Abstracts of the koiter lecture and introduction to the workshops
Section 3: Abstracts of presentations in the workshops and a short introduction of the presenters
Section 4: Survey of poster presentations
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1 
PROGRAM 

October 26, 2021 
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               Final Program Engineering Mechanics  

Tuesday, 26 October 2021 

10.00-10.30 Registration 

10.30-10.40 Opening of the Symposium 
prof.dr.ir. Harald van Brummelen 

Sydney room 

10.45-11.30 
Poster Discussion Session I:            
Presentation of current research projects, carried out by  
PhD students and Postdocs participating in Engineering Mechanics 

Conference room 
6-7 and 8-9 

11.30 – 11.40 Break  

11.40-12.25 
Poster Discussion Session II:            
Presentation of current research projects, carried out by 
PhD students and Postdocs participating in Engineering Mechanics 

Conference room 
6-7 and 8-9 

12.30-14.00 Lunch Sydney room 

14.00 - 14.50 Koiter Lecture 
Prof. Katia Bertoldi, Harvard University Sydney room 

14.5  – 15.  
Poster Discussion Session III:            
Presentation of current research projects, carried out by 
PhD students and Postdocs participating in Engineering Mechanics 

Conference room 
6-7 and 8-9 

15.  – 15.50 Break  

15.50 – 16.40 Biezeno Lecture 
Lecture and award ceremony 

Sydney room 

16.40 - 17.00 Announcement of winning contributions in the Poster contest 
EM Certificates 

17.00-19.00 Informal reception/Walking Dinner Sydney room 
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2 
KOITER LECTURE 
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The Koiter lecture at the Twenty-fourth Engineering Mechanics symposium will be given by: 

Katia Bertoldi 

Previous distinguished keynote speakers at the Engineering Mechanics symposia were: 

2020 Ellen Kuhl 
2019 Marco Amabili 
2018 William Curtin 
2017 Zhigang Suo 
2016 Kurt Maute 
2015 Stefanie Reese 
2014 Anja Boisen 
2013 Wolfgang Wall 
2012 Roger Owen 
2011 Oded Gottlieb 
2010 Herbert Mang 
2009 Charbel Farhat 
2008 Gerhard Holzapfel 
2007 Bernard Schrefler 
2006 Alan Needleman 
2005 Peter Wriggers 
2004 Alan Grodzinsky 
2003 Ole Sigmund 
2002 Norman Fleck 
2001 Edwin Kreuzer 
2000 Ekkehard Ramm 
1999 John Hutchinson 
1998 Pieter Zandbergen, 
Werner Schiehlen 
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Very popular among children in the form of party balloons, inflatables have also been 
employed in science and engineering to enable the design of a variety of systems, including 
temporary shelters, airbags, soft robots, and shape morphing structures. While most 
inflatables are characterized by an energy landscape with a single minimum, multistability 
can provide a powerful platform to extend their functionality.  
In this talk, I will first show that pressure-deployable origami structures characterized by 
two stable configurations provide opportunities for a new generation of large-scale 
inflatable structures that lock in place after deployment and provide a robust enclosure 
through their rigid faces. Then, I will demonstrate that snapping of spherical caps can 
provide a simple, yet efficient mechanism to realize fluidic soft actuators capable of rapid 
movements. 

   Koiterlecture 

Multistable inflatable origami:  from 
deployable structures to soft robots

Prof. Katia Bertoldi 

 Harvard University, Boston, USA 
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SURVEY 

of 

POSTER PRESENTATIONS 
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NNumber  NName  Univ  Title Poster 

1 J. E. Alvarez UT Thermo-mechanical modelling of polymer sintering 

2 N. N. A  Silveira UT Data Selection Criteria for the Application of Predictive Maintenance 

3 A. Amoozandeh Nobaveh TUD Tuning Kinetostatic Behavior of Spatial Compliant Mechanisms 

4 N.S. Anerao RuG 
Acoustic Metamaterials: experiments with wave attenuation and 
waveguiding 

5 H. Arjmandi-Tash TUD Biaxial compression of centimeter scale graphene 

6 P. Atzampou TUD 
Contactless Position Control of Offshore Wind Turbines during the 
Installation 

7 P. Babbepalli TU/e Reduced Order Modelling for Digital Twins of Medical Imaging Catheters 

8 A. Bechlenberg RuG 
The Ocean Grazer – Simulating complex interactions and nonlinear 
behaviours of a dense wave energy converter array 

9 M.W. Berghuis UT Antagonistic soft robot actuation: when tendons meet pressure 

10 E. A. Bergkamp TU/e Coupling fracture flow and porous media 

11 S. Bhattarai TUD 
Effectiveness of viscoplastic regularization in modeling shear banding 
and necking 

12 X. Chen TUD Dynamics of diamagnetically levitating resonators 

13 N. Chidambaram UT 
Estimation of the Direction of Mixed Frequency Signal for Non-Collinear 
Wave Mixing Inspections for PVC 

14 A. Cometa UT 
Predictive Modelling of Pinching in Cold Rolling of Advanced High 
Strength Steels 

15 B. Cordewener TU/e 
A numerical framework for the electro-mechanical analysis of 
conductive tracks in Lightweight Embedded Electronics 

16 A. Cupertino TUD High-Q spiderweb nanomechanical resonators by Bayesian optimization 

17 N. Dave TU/e 
Computational modelling of water penetration and hygro-expansion in 
paper 

18 A. Delissen TUD Integrated controller and structure optimization 

19 S.C. Divi TU/e Topology-preserving Scan-based Immersed Isogeometric Analysis 

20 K.S. van Dooren TUD 
Development of a Combined Numerical and Experimental Framework 
for Thermoplastic Composite Stiffened Structures 

21 B.J.A. Dorussen TU/e 
A thermo-mechanically coupled discrete element method for the 
simulation of bed-based additive manufacturing processes 

22 O.  UT Co-bonded thermoplastic leading edge protection (LEP) for wind turbine 
blades 

23 G.J.A.M. Eumelen TU/e Elastic and elastic-plastic indentation of embedded materials 

24 T. Ezendam TU/e 
Two automatic partitioning methods for multi-disciplinary non-
orthogonal building spatial design optimisation 

25  TUD 
Periodic structures with a transition zone: three amplification 
phenomena 



26 D. Fioravanti RuG Theory and modelling of Zn-based alloys and HCP high entropy alloys 

27 T. Gartner TUD Computational Modeling of Metamaterials for Impact Protection 

28 R. Giele TUD Topology optimization with cleanability requirements 

29 R. Haasjes UT 
Scalable active noise reduction of acoustic reflections in an anechoic 
chamber 

30 P. Hofman TUD 
Circular Microstructural Volume Elements with Periodic Boundary 
Conditions for Strain Localization Problems 

31 T.H. Hoksbergen UT Fundamental mechanisms of rain erosion of wind turbine blades 

32 M.M. Hoogesteger TU/e Depth Sensitivity of Subsurface Scanning Probe Microscopy: a Nonlinear 
Approach 

33 A. Huijer TUD 
Monitoring of dynamic strain and acoustic emissions of composite 
marine propellers using embedded piezoelectric sensors 

34 A.E. Huisjes TUD 
Propulsion non-sliding gripping mechanisms to singulate agri-food 
products out of dense dynamic environments 

35 Q. Jiang TUD 
Microstructure-informed statistical modelling of cleavage fracture in 
high-strength steels 

36 M. H. J. de Jong TUD Mechanical dissipation by substrate-mode coupling in SiN resonators 

37 N. Jonkers TU/e Texture customization of food using Selective Laser Sintering 

38 L. Ke TUD Multiscale characterization of the fracture energy for delamination 

39 L. S. Keizers UT Predictive Maintenance in a Data-driven World: Physics Wanted! 

40 A. Keskekler TUD Symmetry breaking induced frequency combs in nanoresonators 

41 B.M. Kessels TU/e Model updating for Digital Twins using inverse mapping models 

42 D. König TU/e 
Micromechanical characterization of Zinc coatings and high entropy 
alloys (Next-Coat) 

43 L.J Kootte TUD 
The study of twisting induced skin-stringer separation in postbuckled 
composite panels 

44 S. Koppen TUD Topology optimization of flexures 

45 S. Koufis UT 
A roughness transfer model mastering strip surface roughness during 
cold and temper rolling 

46 T.M. Kousemaker RuG Numerical Investigation of Supercritical CO2 Assisted Extrusion 

47 D. Kovacevic TUD 
Strain-rate based arclength model for geometric and material nonlinear 
microanalysis of UD composite laminates 

48 X. Kuci TU/e On the extraordinary performance of acoustic metamaterials for 
enhanced reflectivity 

49 L. La Rosa RuG 
Multiscale modeling of martensitic transformations in shape-memory 
alloys 

50 A.H. Lasschuit TUD Computational modelling of 3D-printed energetic materials 

51 T. Lenders TU/e 
Rate- and temperature-dependent behaviour of carbon fiber reinforced 
PVDF 



52 A. Li TU/e 
Cohesive zone based conformal meshing of yarn contacts in woven 
composites 

53 Z. Li TUD Tuning Q factor of Si 3N4 nano resonators 

54 L. Liu TU/e A multi-scale framework towards prediction of the martensite/ferrite 
interface damage initiation 

55 R. Liupekevicius Carnielli TU/e Unravelling the New Generation of Acoustic Foam Materials via a Multi-
Scale Approach 

56 M.A. Livani TU/e 
Multi-scale prediction of effective hygro-elastic properties of oak growth 
rings based on microscopic images 

57 R.A. Luimes TU/e 
Experimental-numerical analysis of the structural condition of concrete 
sewer pipes 

58 M.A. Maia TUD 
Accelerating multiscale finite element simulations using neural networks 
with embedded physics-based material models 

59 S. Maraghechi TU/e Mechanical characterization of cellulose fibres by optical profilometry 

60 R.F.M Martens TU/e A new methodology to measure residual stresses in ultra-thin layers 

61 M. Masoumi UT Edge ductility of AHSS in relation with localization and damage 

62 P.C. Meijers TUD Non-contact techniques to stabilise payloads hanging in a crane 

63 S.S. Mirhosseini UT Effect of Retained Austenite on Macroscopic Material Behavior 

64 V. Mishra TUD 
Simultaneous Topology and Deposition Direction Optimization for Wire 
and Arc Additive Manufacturing for Austenitic Stainless Steel 

65 M. Youshi TU/e 
Topology Optimization for Multiple Materials with both Structural and 
Thermal Objectives to Design 3D Printed Building Panels 

66 R. Nienhuis RuG 
Multiscale Physics-Based Models of Pumped-Hydro Offshore Storage 
Technology 

67 B. Nijhuis UT 
Complicated where needed, simplified where possible 
Efficient Simulation of Transient Problems with Localized Nonlinearities 

68 T.F.W. van Nuland TU/e Microstructural modelling of large scale additively manufactured metals 

69 L. Palmeira Belotti TU/e 
On the metallurgical anisotropy in wire arc additively manufactured 
parts 

70 A. Parsa Sadr TU/e 
A multi-physics and multi-scale model for the degradation of historical 
paper 

71 Y. Peng TUD 
Study of the sound escape with the use of an air-bubble curtain in 
offshore pile driving 

72 T.Pini TU/e Crystallinity effects on failure kinetics of PVDF 

73 P.Pirmoradi TU/e 
Design of Concrete Structures with Hierarchical Architectures using 
Additive Manufacturing 

74 L. Poort TU/e 
Structure Preserving Reduction of Interconnected Structural Dynamics 
Models 

75 A. Ravikumar UT 
Model updating approach for the robust optimization of multi-stage 
metal forming 

76 V. Rezazadeh TU/e Microstructural aspects of damage and fracture for edge ductility 



77 F. Riccioli TUD 
Donut: Digital Twinning of Mooring Systems A Hybrid Non-intrusive 
Technology 

78 M. Robin TUD 
Influence of annealing on the adhesion in nanometric SrTiO3 layer on 
SiO2 substrate measured by picosecond ultrasonics at GHz frequencies 

79 F.A.M. Rooyackers TU/e 
A Numerical-Experimental Study on Sulfide Corrosion in Concrete Sewer 
Pipes 

80  TUD Vibrations of graphene reveal motion of bacterial cells 

81 N.M. Sanchez Martinez TU/e Efficient tools for analysis of hybrid Additive Manufacturing processes 

82 A. Sarafraz TUD Dynamics of pressurized nanomembranes 

83 B. Scheeren TUD 
Experimental Investigation of Passive Ultrasonic Signatures Associated 
with Several Roller Bearing Defects 

84 A. Schiller TUD 
Design and Analysis of Aircraft Structures with Innovative Joints and 
Recycled Materials 

85 V. Shah RuG Atomic-scale mechanisms of hydrogen embrittlement in iron 

86 H. Shi TU/e 
Modelling of thermomechanical behaviour of the 3D printed ceramic 
membrane 

87 S.O. Sperling TU/e 
A discrete particle approach for modeling contact induced fracture and 
material detachment of silicon wafers at the micro-scale 

88 J. Storm TUD 
Bayesian optimization of composite microstructures with manifold 
learning 

89 M.J.B. Theulings TUD Transient sensitivity analysis for topology optimization 

90 A. Tsetas TUD 
A non-linear frequency-dependent model for vibration-based pile 
installation 

91 S.V.Valappil TUD Phononic structures to improve the accuracy of ultrasonic transducers 

92 A.C.A. Vasconcelos TUD Single-phase metamaterials for wave filtering 

93 H.M. Verhelst TUD 
Goal-Adaptive Meshing for Structural Analysis with Isogeometric 
Kirchhoff-Love Shells 

94 T. Vermeij TU/e The battle in martensite: damage vs plasticity 

95 N. Vonk TU/e 
Unravelling the physics behind the hygro-expansion of paper: a multi-
scale study 

96 A.N. Vu UT 
A yarn interaction model with improved accuracy in over-braiding 
simulations 

97 D.Wadadar TUD 
Gaussian Process Simulation of Nonlinear History Dependent Material 
Model 

98 C. Wang RuG 
Computational Fluid Dynamics Investigations of Dense Wave Energy 
Converter Arrays 

99 B.P. van de Weg UT Long Short-Term Relevance Learning 

100 J. Wijnen TU/e 
The effect of microstructure stochastics in metal plasticity at the 
microscale 

101 R. Willems TU/e NURBS-based isogeometric analysis of a bi-ventricular heart model 

102 W.J. Wong TUD Semi-analytical model for plastic local buckling in stocky bending 
members 



103 K. Wu TUD Space-time Topology Optimization with PDE Filtering on the Time Field 

104 F. Xu TUD 
Multi-scale Extended Finite Element Method for Deformable Fractured 
Porous Media 

105 Q. Xu TU/e A two-scale method to predict local failure-induced structure collapse 
under fire 

106 Y. Yan TUD Band Structure Analysis of Origami Metamaterials 

107 L. Zhang RuG Development of Gaussian Approximation Potential for Fracture in Iron 

108 L. Zhang TUD Geometrically nonlinear flexure design using topology optimization 

109 X. Zhang TUD Structural Performance of Self-monitoring Composite Marine Propellers 

110 Z. Zhang RuG Programmable Design of Cellular Mechanical Metamaterials 

 



Thermo-mechanical modelling of polymer sintering

J. E. Alvarez, H. Cheng, S. Luding, T. Weinhart
Multiscale Mechanics, Thermal and Fluid Engineering, ET/Mesa+

UNIVERSITY OF TWENTE.

PhD progress
1 2 3 4

INTRODUCTION
This poster presents the computational framework
to analyse the sintering of polymer powders using
the Discrete Element Method (DEM). A novel time-
and temperature-dependent visco-elastic scheme is
proposed to predict the sintering of particles. This
model combines three stages, where each stage
is dominated by a different driving force: adhesive
contact force, adhesive inter-surface force and
surface tension. Experimental data from neck-growth
formation verify and calibrate the DEM parameters. It
enables the characterization of the sintering process
at the particle-particle scale to measure densification
rates of aggregates. A future multi-scale model will
couple the discrete domain to the continuum domain
through an overlapping thermal zone.

Laser beam

polymer powder

100 μm

FEM

DEM
Overlapping thermal zone

Laser beam

Polymer sintering

multi-scale analysis

SINTERING VISCO-ELASTIC KINETICS
A thermo-mechanically coupled DEM model is
developed to describe the sintering process at
short and long times. The simulation framework
is implemented using the visco-elasto-plastic and
dissipative model proposed by Luding [1], in the
open-source software MercuryDPM [2] to compute
particle pair interactions.
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R: Particle radius, a: contact radius. f n : normal force, δ: overlap. k1: loading, k2: unloading and
kc cohesion stiffness. C0: compliance, C1: fluidity, δc separation distance. γ: surface tension,.

θ = (C1γt/R)1/2. t : time and T : temperature. Sintering regime map [3].

RESULTS
The neck-growth kinetics of Polyamide 12 (PA12) is
presented in the figure below, where the sintering of
virgin and aged binary particles were analysed and
compared against experimental data.
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Based on the prediction of neck-growth, the
densification rate of aggregate structures can be
predicted. Figure below show the results using PA12
properties.
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CONCLUSIONS AND OUTLOOK

• Identification of three kinetic mechanisms.

• A DEM framework for short and long time sintering.

• Sintering takes two to three times longer for aged
polymer powders.

The coupling approach to model the sintering process
will be implemented from the micro to macro scales.

REFERENCES
[1] S. Luding, et al. (2005). A discrete model for long timesintering. Journal of the Mechanics and Physics
of Solids.
[2] T. Weinhart, et al. (2020). Fast, flexible particle simulations - An introduction to MercuryDPM. Computer
Physics Communications.
[3] Y. Y Lin, et al. (2020). The role of viscoelastic adhesive contact in the sintering of polymeric particles.
Journal of Colloid and Interface Science.

We thank NWO for its financial support of the Vidi project 16604 Virtual Prototyping of Particulate
Processes.



Data Selection Criteria for the Application of Predictive Maintenance

N. N. A. Silveira1, A. A. Meghoe1, and T. Tinga1,2

1University of Twente
2Netherlands Defence Academy

PhD progress
1            2             3            4
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Introduction
Predictive maintenance develops according to market demand.
Nowadays, there is a need for automated decision-making on
which variables are crucial to increase the accuracy of the failure
prediction. The selection of the variable indicates the necessity of
data collection or can point out the cost of storing data without
necessity. This work proposes a data selection criterion that will
be implemented in a predictive maintenance tool to indicate the
most critical parameters for delivering an accurate Remaining
Lifetime (RUL).

Figure 1: Tool flowchart [1]
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Figure 2: Sensitivity analysis result: screening plan 
of impeller failure rate model

References
[1] Silveira, N.N.A, et al. "Data Selection Criteria for the Application of Predictive 
Maintenance to Centrifugal Pumps." (2021).
[2] NSWC. Handbook of reliability prediction procedures for mechanical equipment 
(2011). 
[3] Campolongo, F., et al. "An effective screening design for sensitivity analysis of 
large models." (2007).

Predictive maintenance tool
Figure 1 presents the flowchart of the tool that delivers the RUL
of a component. The red dotted box represents the data
selection step.

Case study and Data selection criteria
A case study is chosen to apply the proposed approach. A pump
impeller is analyzed based on physics equations and historical
data. The equations represent the model described in the
handbook NSWC2011 [2].
The methodology is based on the Morris method [3]. The red
ellipse in Figure 2 delimits the parameters with high influence
and correlation [1]. Figures 3 represent the importance of the
parameters selected in Figure 2.

= 9.94 0.9 10 + 1.77
= 5 . = 0.6 + 0.05

= , . . . .

: failure rate

: failure rate base

: flow factor

: operating speed
: contaminant factor

: service factor

: maximum flow
: actual flow

: operating Speed

: maximum allowable speed,

Figure 3: RUL Failure rate model FAC minimum and FAC maximum.

Conclusions
• The parameters identified as high importance had a

significant influence on the RUL and indicated parameters
that improve the accuracy.

• This approach identifies which parameter has more impact
and should be chosen to have a better data collection

(1)

(3)

(2)

(4)



Tuning Kinetostatic Behavior of Spatial Compliant Mechanisms 
A. Amoozandeh Nobaveh1, G. Radaelli1, J. L. Herder1

1Precision and Microsystems Engineering,
Delft University of Technology

There are various applications where large-deformable
elements with specific force-deflection behavior are
desirable. In some of those applications, slenderness and
being lightweight are essential, e.g., wearable devices like
exoskeletons and prostheses, where a certain supporting
force is expected within a spatial motion [1,2]. A monolithic
compliant mechanism with a spatial range of motion while
providing non-linear support force can be an answer to this
desire [3]. Here, the main objective is to develop design
methods for this type of compliant mechanism.

PhD progress

1             2              3            4

Introduction Results
1. Shape: As an example, it is shown that there exist a set of
shape parameters for an asymmetric beam for which the
natural rotating behavior of endpoint is corrected toward
more symmetric behavior [4].

References
[1] Dunning, A. G., et al. "Feasibility study of an upper arm support based
on bending beams." 2015 IEEE International Conference on
Rehabilitation Robotics (ICORR). IEEE, 2015.
[2] del Carmen Sanchez-Villamañan, Maria, et al. "Compliant lower limb
exoskeletons: a comprehensive review on mechanical design principles."
Journal of neuroengineering and rehabilitation 16.1 (2019): 55.
[3] Nobaveh, Ali Amoozandeh, Giuseppe Radaelli, and Just L. Herder. "A
Design Tool for Passive Wrist Support." International Symposium on
Wearable Robotics. Springer, Cham, 2020.
[4] Nobaveh, Ali Amoozandeh, Giuseppe Radaelli, and Just L. Herder.
"Asymmetric Spatial Beams with Symmetric Kinetostatic Behaviour."
Symposium on Robot Design, Dynamics and Control. Springer, Cham,
2020.

Methods

Figure 1: Tuning shape parameters for the specific 
kinetostatic behavior.

To achieve a desired kinetostatic behavior from a monolithic
compliant part, there are three available parameters to tune.
Shape, Boundary condition, and Material. Here we are
developing design methods for each of these primary
parameters:1. Shape: A parametrization scheme using B-
splines is developed to form a spatial beam shape based on
a limited number of optimized parameters. All parameters,
including the spine shape, sectional orientations, and
sectional properties of beams, are optimized to enhance the
desired behavior. A relatively quick finite element solver has
been developed to check the behavior in each optimization
iteration.

2. Boundary condition: It is possible to tune the endpoint
stiffness of a spatially curved beam by adding a mobile
torsional stiffener as the variable boundary condition. Here a
slender cruciform beam is used as the main compliant
element, and a short mobile bellow is used as the stiffener. It
is stated that the endpoint stiffness of this spatial compliant
mechanism is mainly due to the bending and torsion of
elements along it. Hence, the movement of a high torsion low
bending stiffener along the beam with low torsion and high
bending stiffness can lead to notable changes at endpoint
stiffness.

2. Boundary condition: It is shown that depending on the
direction of the endpoint stiffness, the contributions of bending
and torsion are different. Therefore, it is possible to
significantly change the endpoint stiffness in one direction
while the stiffness in another direction remains almost the
same.

Figure 2: Symmetric behaviour from asymmetric beam.

Optimization of section and shape

Figure 3: Tuning kinetostatic behavior using a mobile 
torsional stiffener.
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Contactless Position Control of Offshore Wind Turbines during the Installation

P. Atzampou, A. Metrikine, A. Tsouvalas, P.C. Meijers
Delft University of Technology

Project Topic:
Development of a numerical model to simulate the
installation of offshore wind turbines (OWTs, monopile-
founded) using a heavy lift dynamic positioning (DP)
vessel coupled with a contactless technique to mitigate
motion of the hanging payload.

Project Hierarchy:

1st Year – Progress:

Offshore Campaign:
OWT installation through a heavy lift vessel (HLV) and DP.
Assembly of components on deck and connection through
slip-joints.

Date: October 3rd 2021
Location: Princess Amalia Wind Farm
Boarder Project: FOX-DOT6000
Parties involved: HMC, DOT B.V, TUDelft
HLV: Sleipnir
Field Measurements: Environmental Conditions, Crane
Motion, Vessel & Payload Position and Dynamics.

References:
[1] https://www.offshore-energy.biz
[2] O’Connor, W., & Habibi, H. (2013). Gantry crane control
of a double-pendulum, distributed-mass load, using
mechanical wave concepts. Mechanical Sciences, 4(2),
251–261.

PhD progress

Figure 1: Project Mind Map

The achievements of the 1st PhD year involve:

Development of a damped/undamped non-linear model
for a point mass pendulum in 2D/3D with the ability to
be excited by initial conditions, pivot point motion
or/and an external force.

Development of an undamped mechanical model of a
hanging cylinder in 3D. The system can be excited by
initial conditions, pivot point motion or/and an external
force.

Figure 3: Sleipnir (HMC) [1]

Figure 2: Spherical & Double Pendulum

Figure 4: Hanging Rigid Body 



Reduced Order Modelling for Digital Twins of Medical Imaging Catheters
Phani Ram Babbepalli1, Olaf Van der Sluis1 ,Joris J.C Remmers1

1Eindhoven University of Technology

Introduction

References
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Dimensional hyper-reduction of nonlinear finite element models
via empirical cubature. Computer Methods in Applied Mechanics
and Engineering, 313, 687–722.
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quadratic manifold for model order reduction of nonlinear
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PhD progress
1            2             3            4

Example

Reduced Order Modelling (ROM)
Reduced Order Modelling is a technique to construct a
simpler model from a more complex one. There are many
ways a reduced order model can be obtained, but the most
common ones are called projection – based reduced order
models. [1]

In the projection - based reduced order models the state
variables are represented as linear combinations of few
global basis vectors. The global basis vectors can be
computed to already known data (a-priori reduced order
modelling) or can be assumed to unknown and calculated
during the simulation (posteriori reduced order modelling).

The basis vectors are calculated using decomposition of
training data in a-priori ROM. The most common method
used is the Singular Value Decomposition (SVD).

In a posteriori ROM, the basis vectors are assumed to be
unknown, and they are calculated using the separated
representation method. In this method the state variable is
decoupled in both space and time. [2]

The reduced order model can also be developed using a
quadratic manifold. The manifold is generated using the
relevant vibration modes and the curvature of the manifold
is obtained by the modal derivatives.[3]

The time to market for next generation medical devices can
be decreased by generating high-fidelity digital twins of the
devices and the surrounding human tissue .The intricacies
in development of these digital twins result from complex 3D
geometries, multiple materials, multiple length- and time-
scales as well as nonlinear mechanical response due to the
used materials, loading conditions and continuously
changing contact conditions with the surrounding human
tissue.

For a digital twin, to function effectively, the numerical
models that describe the mechanical behavior of the device
during usage should be extremely fast. To this end, reduced
order modelling (ROM) approaches will be developed that
result in a significant reduction in calculation time while
ensuring high accuracy of the model results

Figure 1: Imaging Catheter in the blood vessel

Training data of 5 plated hole (Fig 2) is obtained by loading
the plate biaxially in different combinations of and

Figure 3: Global basis modes presented graphically in mode contribution for a 
particular loading scenario 

Future Outlook

Only SVD based ROM approaches are presented here.
Furthermore, the comparison of different approaches can
give an insight into which of the models can be well suited
for the current application. Three different techniques of
ROM will be compared. They are
• SVD approach
• Quadratic Manifold approach
• Proper Generalized Decomposition (PGD)

The SVD technique is applied to find the global basis vectors.
The contribution of global basis vectors for a loading scenario
in the training data are presented graphically in Fig 3.

Figure 2: Symmetrical portion of 5 plated hole



The Ocean Grazer – Simulating complex interactions and nonlinear behaviours of 
a dense wave energy converter array

A. Bechlenberg1, B. Jayawardhana2, A.I. Vakis1

1CMME, ENTEG, FSE, University of Groningen
2DTPA, ENTEG, FSE, University of Groningen

References
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Wave Energy Converter 
(WEC) Array
- 18 concial floaters (5m diameter)
- 15m distance between centers 

of gravity
- Dense array (distance is 

comparable to size)

Hydraulic
Power Take-off (PTO) 
System
- Pump-Piston for each floater
- Adaptability to different wave 

conditions

But what for?
Efficient Power Absorption of the offshore wave resource
- The adaptability of the transmission ratio is used to tune the array to each 

incoming wave and to optimize power extraction
- The dense array is chosen to maximize resource efficiency by extracting as 

much energy as possible within a smaller area (or footprint)

Simulate the power extraction in irregular waves
- To assess performance of wave energy converter array
- A Power Matrix shows the power extracted in each sea state, defined as a 

spectrum of waves and their occurrence

Array interactions
Constructive or destructive 
effects are caused by 
radiation in the closely-spaced 
floater array. In irregular 
waves, these are highly 
nonlinear and add to the 
complexity of the simulations.

Nonlinear PTO 
force
A physical PTO system is 
designed with multiple 
piston-pump subsystems 
with varying diameters that 
can be activated 
depending on the 
excitation force of the 
system. A hydraulic PTO 
brings nonlinear forces
(Fig. 6) into the system, 
because it behaves 
differently in the upstroke 
and downstroke 
movement.

The complete system

Interferences can be 
assessed with a 
metric called q-factor
(or magnification 
factor); it compares 
the power extracted 
by one single floater 
with the power 
extracted by the entire 
array.

The adaptability of the MP2PTO system (in Fig. 5) is 
approximated by the transmission ratio (α) in the 
simulations [1].

To simulate this system (Fig. 4) a mixed 
time-domain/frequency-domain 
method is applied [2,3].

References
[1] Wei Y., Barradas-Berglind J.J., Van Rooij M., Prins W.A., 
Jayawardhana B., Vakis A.I. Investigating the adaptability of 
the multi-pump multi-piston power take-off system for a 
novel wave energy converter. Renewable Energy 111, 
598–610 (2017). 
http://doi.org/10.1016/j.renene.2017.04.042

[2] Wei Y., Bechlenberg A., Van Rooij M., Jayawardhana
B., Vakis A.I. Modelling of a wave energy converter array 
with a nonlinear power take-off system in the frequency 
domain. Applied Ocean Research 90, 101824 (2019).
http://doi.org/10.1016/j.apor.2019.05.009

[3] Wei Y, Bechlenberg A, Jayawardhana B, Vakis AI. 
Modelling of a wave energy converter array with non-linear 
power take-off using a mixed time-domain/frequency-
domain method. IET Renew. Power Gener. 2021;1–12.
https://doi.org/10.1049/rpg2.12231

Figure 1: Artistic interpretation of 
the Ocean Grazer 3.0

Figure 2: WEC array configuration 
[2]

Figure 3: Interactions between 
floaters in regular waves

Figure 4: Floater and PTO system of the OG 
[2]

Figure 5: MP2PTO system [1]

Figure 6: Force and power in time of 
the PTO system [1]

Figure 7: Power matrix of the OG with adaptability 
through transmission ratio
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Antagonistic soft robot actuation: when tendons meet pressure
M.W. Berghuis1, A. Stanic1, A. Sadeghi2, H. van der Kooij2, B. Rosi 1

1Chair of Applied Mechanics & Data Analysis, University of Twente 
2Department of Biomechanical Engineering, University of Twente

• Build & model for real time control: soft robot 

continuum arm

• Stiffness modulation

• Example application: medical (gastroscopy, 

colonoscopy)

Project goal

Design

• Antagonistic pair: fluidic and tendon driven actuation

• Actuators + sensors

• Material selection

Model

• Dynamic

• Large deformations, nonzero torsion + shear 

• Nonlinear, history dependent constitutive behaviour 

(polymer material)

• External loads 

• Actuation (pressure / tendon) 

• Gravity, buoyancy, drag 

• Friction (tendon-guide)

Reduce

• Computationally efficient phantom: calibration and 

model update framework

• Stochastic modelling setting (uncertainty w.r.t. material 

properties, manufacturing, actuator/sensor noise, 

modelling errors)

• Model order reduction for real time MPC

Optimise

• Stochastic optimisation actuator / sensor placement

Outlook

[1] McCurley, R. S. and W. M. Kier. "The functional morphology of starfish tube feet: the role of a crossed-fiber helical array in 
movement." The Biological Bulletin 188.2 (1995): 197-209.
[2] Murray, Richard M. et al. A mathematical introduction to robotic manipulation. CRC press, 1994,1-8.
[3] Nichols, David. "The histology and activities of the tube-feet of Echinocyamus pusillus." Journal of Cell Science 3.52 (1959), 539-
555.
[4] Pfeifer, Janek. “Sea urchin”. https://commons.wikimedia.org/wiki/File:Seeigel(Galicien2005).jpg. Accessed 10-9-2021, CC BY-SA 
3.0:https://creativecommons.org/licenses/by-sa/3.0/deed.nl 
[5] Sadeghi, Ali. et al "Design and development of innovative adhesive suckers inspired by the tube feet of sea urchins." 2012 4th 
IEEE RAS & EMBS International Conference on Biomedical Robotics and Biomechatronics (BioRob). IEEE, 2012.
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Pressurized 
chamber

Tendons

Fiber reinforcements 
prevent radial 
expansion

• Sea urchin and starfish suckered tube feet are used for 

locomotion and object grasping [1,3,5]. 

• Water is squeezed out / in of an ampulla into the feet for 

elongation and contraction. Crossed-fiber helical 

connective tissue prevents dilation of the feet.

• Longitudinal muscles for bending.

Bio-inspiration

Traditional rigid robots are perfectly suited for fast, 

precise and repetitive tasks [2]. This class of robots find 

their application in neatly structured environments, such 

as assembly lines and high tech pick and place 

production steps. 

However, rigid robots are very uncomfortable when 

interacting directly with humans or in natural 

environments – the lack of structure demands an 

extremely high level of artificial intelligence or control for 

safe interaction. 

Why soft robots?

Instead, soft robots embody this high 

intelligence by means of their 

unconventional materials and 

morphology. Due to high material 

compliance, a soft robot is inherently 

safe in interaction with soft human 

tissue. Inspiration for soft actuation and 

sensing is taken form nature.

in
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m
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Adaptation of “Sea urchin” by Janek Pfeifer, 
licensed under CC BY-SA 3.0 [4]

m.w.berghuis@utwente.nl

www.linkedin.com/in/minke-berghuis

Contact details



Coupling fracture flow and porous media
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1Energy Technology and Fluid Dynamics, Eindhoven University of Technology
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Objective
Develop a large scale model for hydraulic stimulation
with realistic coupling between the fracture fluid flow and
the fluid-filled poroelastic medium.

Enriching the fluid flow model
Bergkamp, E.A. et al. A staggered finite element procedure
for the coupled Stokes-Biot system with fluid entry resistance.
Comput Geosci 24, 1497–1522 (2020).

The fracture fluid flow and the poroelastic medium are coupled
at the fracture walls by conservation of mass and momentum.
Furthermore, two relevant interface phenomena are identified
and captured in the coupling:

1. Fracture fluid may slip over the porous walls of the fracture.
The Beavers-Joseph-Saffman slip rate coefficient β is em-
ployed to control this slip [Saffman, 1971].
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Slip
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2. Fracture walls may have a reduced permeability due to
clogging by additives in a fracturing fluid or by formation dam-
age. The fluid entry resistance parameter models the rela-
tively steep pressure gradient over this so-called skin layer as
a jump in pressure [Showalter, 2010].

p

Inflow

pd

p+

p−

Pressure jump

Upscaling
Bergkamp, E.A. et al. A dimensionally-reduced fracture flow
model for poroelastic media with fluid entry resistance and
fluid slip. Under review (2021).

Modeling a fully-dimensional fracture is computationally ex-
pensive, thereby prohibiting upscaling. Since fractures typi-
cally have a length much larger than their aperture, modeling
a fracture as a line (in 2D), or a surface (in 3D) is justified.

We couple Biot’s model for poroelastic media to a fracture flow
model based on a thin-film approximation of the compress-
ible Navier-Stokes equations. The fracture flow model incorpo-
rates the interface phenomena identified in Part 1. The numer-
ical model is based on a thermodynamic framework in which
all energy storage and dissipative mechanisms in the problem
are identified, including those related to the interface effects.

0 25 50 75 100

t[s]

0.00

0.25

0.50

0.75

1.00

V̇
[m

3
/s
]

×10−3

V̇comp

V̇aperture

V̇leak−off

I

V̇net

0 25 50 75 100

t[s]

0.00

0.25

0.50

0.75

1.00

V̇
[m

3
/s
]

×10−3

V̇comp

V̇aperture

V̇leak−off

I

V̇net

No skin layer Skin layer

Extending to fracture propagation
Current work includes:

• Fracture propagation based on Linear Elastic Frac-
ture Mechanics.

• Study of influence of interface phenomena on frac-
ture propagation.

Extraction from a radial fracture (3D testcase)

Set-up Velocity Pressure Displacement



Effectiveness of viscoplastic regularization in modeling
shear banding and necking

S. Bhattarai, L.J. Sluys

Faculty of Civil Engineering and Geosciences, Delft University of Technology
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Introduction
Non-regularized numerical solutions of localization problems
such as the analysis of shear banding or necking suffer from
mesh sensitivity. Mesh dependency does not have any phys-
ical significance and can be solved by a regularization tech-
nique; viscoplastic regularization being one of them [1].

Methodology

Figure 1: Solid-like shell element[2]

The effectiveness of viscoplastic regularization (Perzyna vis-
coplasticity) in modeling localization phenomena is investi-
gated for cases in which localization is caused by local strain
softening and/or a global nonlinear kinematic effect. Material
parameters in orthotropic plasticity (Hill48) are tuned such
that the model is either prone to necking or shear banding.
A solid-like shell element (Figure 1) is used which is able to
properly capture the through thickness deformation behavior.

Results
Necking example:

Figure 2: Deformed model and accumulation of equivalent plastic
strain in rate independent 4X model and load displacement graph
based on rate independent and rate dependent J2 plasticity

The mesh size dependency in simulating necking process
is pronounced in rate independent models but the mesh de-
pendency can be delayed by using viscoplasticity (Figure 2).
The problem reappears at larger deformation level.

Combined shear banding necking example:

Figure 3: Equivalent plastic strain contour for tensile strip based
on rate dependent Hill48 plasticity with softening branch and normal
yielding doubled with respect to J2 plasticity at 0.75 % deformation

Figure 4: Equivalent plastic strain contour for tensile strip based
on rate dependent Hill48 plasticity with softening branch and normal
yielding halved with respect to J2 plasticity at 0.75 % deformation

Figure 5: Load displacement graph for different material yielding
based on rate independent and rate dependent Hill48 plasticity

Numerical results show that viscoplasticity helps in situations
where shear banding is dominant (Figure 3 - normal yielding
doubled) but its effect diminishes in necking dominant situ-
ations (Figure 4 - normal yielding halved). As observed in
the necking example (Figure 2), the effectiveness of the reg-
ularization technique decreases with increasing deformation
when necking takes place (Figure 5 - normal yielding halved
and isotropic plasticity).

Future Work
The continuum modeling approach will be combined with a
discrete modeling approach (XFEM) to simulate the interac-
tion of necking and cracking phenomena.

Figure 6: Load displacement graph for tearing of ductile alloy [3]

References
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50):7329–7348, 2000.

[2] A Ahmed, FP Van der Meer, and LJ Sluys. Comput
Methods Appl Mech Eng, 201:191–207, 2012.
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Conclusion

Nonlinear frequency response

eddy current density

Objective

Through experimental and numerical studies, it is found that the dominant energy loss source for the diamagnetically levitating resonators is eddy 
currents. By reducing the size of the graphite plate or making composite plates with micro graphite particles, the Q factor can be improved. Besides, 
softening dynamic response is observed when the levitating resonator goes into nonlinear regime.

• A softening response is observed in the levitating resonator 
when driven with a shaker in a high excitation amplitude;
• A hardening response is predicted by the model with a 
higher excitation amplitude.

Instead of making the graphite plate smaller, we increase the Q factor by fabricating a diamag-
netic composite plate using micro-meter graphite particles.  
• The composite plate with graphite particles is able to be levitated;
• The Q factor of a 2mm plate with 20 micro meter particle reaches 2x105, two orders higher 
compared to the pure graphite plate.

Reducing eddy currents

• The levitation height, resonance frequencies, and Qs are measured as a function of plate size;
• Eddy current damping dominates dissipation in mm-sized plates;
• We use finite element simulations to model eddy current damping and find close agreement 
with experimental results; 
• Qs above100 million are theoretically attainable by reducing the size of the diamagnetic 
resonator down to microscale.

Energy dissipation source

• MSA400 Polytec laser Doppler vibrometer 
for the readout;
• Electrostatic or base excitation method;
• The levitation setup is put inside a vacuum 
chamber to get rid of air damping.

Experimental setup
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X. Chen1, P. G. Steeneken1,2, F. Alijani1

Dynamics of diamagnetically levitating resonators

1 Department of Precision and Microsystem Engineering
2 Kavli Institute of Nanoscience

Delft University of Technology, the Netherlands

• Passive levitation: diamagnetic levitation offers 
stable confinement of an object from its environ-
ment at zero power;
• Absent from mechanical friction, the levitating 
resonator potencially has extremely high mechani-
cal Q factor;
• A promising technique for developing next gener-
ation unclamped resonant sensors. 

x
zy

N

SN

S

5mm

• Understand the energy dissipation 
mechanism;
• Reduce the energy loss and 
increase the mechanical Q factor;
• Understand nonlinear dynamics.
• Advance the application of the 
diamagnetically levitating resonator.
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Estimation of the Direction of Mixed Frequency Signal for Non-Collinear Wave Mixing 
Inspections for PVC

N. Chidambaram1,2, R. Loendersloot1, D. Yntema2, T.Tinga1

1University of Twente. Faculty of Engineering Technology (ET)
2Wetsus European Centre of Excellence for Sustainable Water Technology

Motivation

Method

References
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Figure 2: Measured vs expected values for (a) time delays
and (b) propagation angles w.r.t reference element

The diverging beam supports the assumption that the
mixed frequency wave is generated at a point rather
than in a region (interaction volume). This is in
accordance with theoretical solution of ψ.
A constant propagation angle based on time delays
would point to a line or area source of interaction. This
is in accordance with measured ψ after array element 5.

ψ

α

ψ

Single element transducer 1 Single element transducer 2

Phased array

Water

PVC

Pump wave 1 Pump wave 2

Mixed frequency  
wave 

Interaction 
volume

(a) (b)

For non-collinear wave mixing inspections (see
Figure 1),

Unknown propagation direction of mixed
frequency wave.
Unknown size of interaction volume
Accurate positioning of transducers required
Solution: Use phased array for reception of
mixed frequency signal

Experimental setup (Figure 1) and point
source analytical solution[1, 2].
11 active elements in phased array
Time delay (Δt) estimation based on cross
correlation.
Propagation direction (ψ) estimation based
on time delays.

Figure 1: Experimental setup
Figure 3: Relative change in calculated time delays w.r.t
measured values

Conclusion 
Results
Experimental results of time delay and propagation
direction compared to analytical solution are shown in
Figure 2.

Overall trend in theoretical solution (Figure 2(b)) shows
an increasing propagation angle, i.e. a diverging
ultrasonic beam.
Measurements show constant propagation angle for

array elements 1 to 5, and then increases. The constant
part corresponds with ultrasonic beam of finite diameter
and diverging edges.
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Future work
Identifying the sources of deviation.
Estimation of size of interaction volume.
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Deviation in magnitudes of Δt and ψ obtained from
theoretical solution w.r.t measured values though trend
is similar.
Measured value may be more accurate as the phased
array and PVC are stationery and is solely based on
signal processing.
The theoretical values are based on measurements of
acoustic and geometrical parameters that may have
small errors.



Predictive Modelling of Pinching in Cold Rolling of Advanced High Strength Steels
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INTRODUCTION

Steel producers need to meet a growing demand for thin gauge AHSS products. During rolling of thin sheets shape defects may occur,
sometimes developing as pinching. Pinched strips are characterized by surface marks, wrinkling, repetitive ripples, local ruptures and,
in some cases, strip breaks. Heavy pinches damage the rolls, resulting in significant process delays and extra costs.

EXPERIMENTAL WORK

Pinched strip from production line (5,25 x 1,40 m).

Rolling directionRolling direction

NUMERICAL MODEL

The objectives of this research are:

• understanding the pinching mechanism;
• developing a predictive simulation model;
• identifying controllable process settings to

achieve stable rolling conditions.

The strategy followed in this project
includes:

• experimental investigation;
• numerical finite element modelling.

Pinches could be created in a single-stand pilot mill (Tata Steel). The
performed rolling tests showed that:

1. disruptions in the lubrication result in:
- local change of conditions at the roll bite;
- non-uniform thickness reduction over the strip’s width;
- uneven strip’s velocity;

2. shape problems (waviness) may occur upstream of the roll bite;

3. buckles pass through the rolls, topple on the side, creating folds
(ripples).

Furthermore, the severity of pinching resulted to be sensitive to
misalignment of the work rolls (strip’s sideward movements).

Microscopical analysis of the cross section in the rippled area of a pinched strip.

1

Camera frames taken from the entry side of  the roll bite.

1. The developed modelling strategy for pinching prediction is based
on coupling

• a 2D plane strain model of the roll bite;
• a shell model to simulate the strip’s behaviour outside of the roll

bite.

2. The coupling is made via an equivalent rolling model: the roll is a
line where a numerical algorithm acts, enforcing the thickness strain
and the frictional restraining forces determined by the 2D model.

3. This model allows to apply strains and forces which correspond to
uneven lubrication conditions at the roll bite.

The model predicts buckling upstream (and downstream) of the roll
bite at the side of higher lubrication, as observed in the pinching
experiments.

2D (ALE) model Shell modelShell model

CONCLUSIONS

Equivalent rolling model.

Lower 
lubrication Higher 

lubrication

Higher 
lubrication

Lower 
lubrication

• The pinching experiments have shown the relation between shape defects and pinching.
• The formation mechanism of pinches can be numerically reproduced by connecting a detailed (2D plane strain ALE) model of the roll

bite and an equivalent (shell) rolling model.
• Instabilities in the strip’s behaviour due to uneven conditions at the roll bite can be simulated using the developed coupled model.

2

3

Prediction of instabilities using the coupled model.
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A numerical framework for the electro-mechanical analysis of conductive tracks 
in Lightweight Embedded Electronics

Britt Cordewener, Marc Geers, Joris Remmers

Eindhoven University of Technology
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Numerical frameworkGeometry generation

Introduction

In printed electronics, conventional AM techniques, are deployed for the integral production of multi-material, lightweight and complex
structural products with embedded electronics and fully encapsulated interconnecting conductive tracks. The electro-mechanical
performance of the printed conductive tracks is strongly depending on the composition of the conductive inks and the microstructure
obtained after processing of the inks. To analyze this performance in terms of the resistivity, a multi-physics model is created that
allows for the analysis of the effects of strains imposed on the microstructure of a track and the prediction of the electro-mechanical
performance of given ink compositions.

Results

In order to capture the
response of the conductive
track accurately, an adeq-
uate geometrical represent-
tation of the track’s micro-
structure is required as an
input for the multi-physics
model.

A meshing tool is generated
that creates a representative
2D mesh based on SEM
images. Currently a similar
procedure is being created
for 3D meshes based on CT
scan data.

Electromechanical fracture is composed out of two
successive mechanisms: mechanical fracture of the solid
and the decrease of conductivity as a direct result hereof.
A multi-field approach is adopted in which the response of
a solid body is described by the displacement, the electric
potential and an auxiliary variable the crack phase-field.
The system is implemented in a finite element framework
and solved using a staggered incremental procedure.

In a preliminary study, the effective
resistivity of simplified 2D re-
presentations of conductive tracks
under mechanical loading is
analyzed. The contour plots show
the development of damage and its
consequence on the potential field
distribution.
An increase in resistivity is
observed, which is caused by crack
formation in the conductive
material, that resembles the trends
observed in experimental research.
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Bayesian Optimization

Experimental validation

Computational expensive simulations with many local solutions

require optimizer that can search using a small number of iterations:

data-scarce machine learning -> Bayesian optimization.

Optimized high aspect ratio design fabricated from tensile

thin-films silicon nitride (Si3N4) on silicon substrate.

1 mm

10 um

10 um

10 um

Devices experimentally measured with optical interferometer show

remarkable agreement with simulations, with the highest mechanical

quality factor yet measured in this frequency range at room

temperature.

Objective and Motivation

Suspended Si3N4

Combine machine learning and 

nanotechnology to develop 

nanomechanical resonators with 

unprecedented isolation from

environmental noise source (high-Q).

High-Q:

• enables operation at room temperature for 

quantum technologies:

• improves acceleration, force sensitivity:

How?

Bio-inspired base model = Spiderwebs

Their unique sensing capabilities make them 

promising starting points for machine learning 

algorithms to design nanomechanical sensors.

Optimized mode found at iterations 136 with a novel ”torsional soft

clamping” mechanism: out-of-plane deformation localized in the

inner ring of lateral beams and coupled to torsional motion of the

radial beams to isolate the mode from ambient thermal noise.
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• discovery of a soft-clamping mechanism by Bayesian optimization

• ability of machine learning to uncover new strategies in computing and

nanotechnology

• development of a new class of nanomechanical resonators:

• Q > 10
9

at room temperature

• smaller aspect ratios than previous state-of-the-art designs

• easier, cheaper and faster to manufacture

• important step towards high-precision sensing and room temperature

quantum technologies.
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Computational modelling of water penetration and hygro-expansion in paper

N. Dave1,2, R.H.J. Peerlings1, T.J. Massart2, M.G.D. Geers1

1Eindhoven University of Technology
2Université Libre de Bruxelles

Background
Paper consisting of an underlying fibrous network is notably
susceptible to variations in moisture content. Consequent
wetting and drying at the fibre level may result in significant
deformation of the sheet.

New generation inkjet printers often use water-based inks
and these moisture induced deformations greatly affect the
industrial performance of digital inkjet printers. It is
important to understand, predict and control such behaviour
with a multi-scale view of paper.

Objectives

Approach
In this work, the time-dependent factors involved in
deformation of a paper strip that is fully or partially wetted
from one side and subjected to different boundary
conditions is studied with numerical modelling.

References
[1] Bosco E., Peerlings R.H.J., Geers M.G.D. (2017) 180-189
[2] Bosco E., Peerlings R.H.J., Geers M.G.D. (2015) 43-52
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Outlook
Although the underlying fibre-level mechanisms are partially
understood, with development of a homogenized sheet-level
computational method, the industrial partner, Canon
Production Printing (CPP), will be in a position to design
their inks and machines' paper handling in such a manner
that the detrimental effects of hygroscopic strains are
optimally mitigated.

• Modelling pore water transport, pore-fibre mass 
exchange and hygro-mechanical response of paper by 
incorporating features of a complex network of fibres.

Fig. 4: Hygro-elastic material model

Fig. 1: Canon’s VarioPrint iX-series high speed inkjet printing system.

Fig. 2: Moisture induced deformation.

Fig. 3: Pore water penetration through capillary suction and pore-fibre exchange..

• Deriving relevant time scales involved in the hygro-
expansion of paper under complete and partial wetting.  

Fig 5: Schematic of immersion testing of a paper strip in a bath of water.

The different time-scales involved, in the process of
imbibition into the inter-fibre pores and absorption (or fibre
mass exchange) by the fibres, are analysed. The resulting
hygro-expansion at the sheet-scale due to swelling of the
wet fibres is then solved to predict the response of the
paper strip.

We provide a phenomenological model here to describe
the dynamic liquid flow through the thickness of a paper
strip, via the pores and fibrous network, and resulting
moisture-induced displacements through a hygro-elastic
material model.

Fig. 6: Schematic showing curl instability during wetting and drying.

Fig. 4: Time scales of imbibition and redistribution.



Integrated controller and structure optimization

A. Delissen, F van Keulen, M Langelaar
Delft University of Technology

Introduction
In the optimization of controller-structure, the goal is to 
maximize the bandwidth of the entire system. Extra care 
needs to be taken to ensure closed-loop stability and 
robustness [1].

Open loop
As a controller r , a simple PID controller is used, with 
tuneable bandwidth and gain

For the plant t , mass and stiffness matrix are scaled 
according to the element design variable. Eigenmodes are 
calculated to form a reduced order model.

Solution
We know that the peak value occurs in the proximity of the 
(closed loop) eigenfrequency y . So by making a local 
approximation (circle) in the complex Nyquist domain, 

we can approximate the maximum amplitude as 

The final optimization problem becomes:

References
[1] G van der Veen, et al., Mechatronics 47 (2017). 
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Closed loop
The closed loop robustness is determined by keeping a 
minimum margin between the loop transfer r 
and the  ‘ ’-point: the modulus margin n . 

This represents the robustness of the system against 
disturbances on the output signal.

• There are many peaks, which cannot be aggregated into 
one constraint function, because of peak switching and 
convergence issues.

• Peak frequencies cannot explicitly be calculated, but only 
numerically.

Problem

robustness [1].

disturbances on the output signal.

PrPPP oblem

Results

Using 10 eigenmodes, and 3 unique sensor positions to
simulate position dependency, we obtain the following
results after 157 design iterations.

Bandwidth 9.31 rad/ms Mode 2 15.03 rad/ms

Mode 1 8.65 rad/ms Mode 3 17.55 rad/ms



Topology-preserving Scan-based Immersed Isogeometric Analysis
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Topology-preservation procedure

To exploit the advantageous properties of IGA in a scan-based
setting, it is important to extract a smooth geometry. This can
be established by convoluting the voxel data using B-splines
[Verhoosel et al., 2015], but this can induce problematic topo-
logical changes when features with a size similar to that of
the voxels are encountered. This poster presents a topology-
preserving segmentation procedure using truncated hierarchi-

cal (TH)B-splines (see Figure 1). A moving-window-based topo-
logical anomaly detection algorithm is proposed to identify re-
gions in which (TH)B-spline refinements must be performed.
The criterion to identify topological anomalies is based on the
Euler characteristic, giving it the capability to distinguish be-
tween topological and shape changes.

(a) Original grayscale (b) Voxel segmentation

(f) Smooth grayscale
(g) Smooth

segmentation

(c) V

(h) S

(e) F(V, S)

Moving window

(d) Indicator function

(i) Corrected smooth
segmentation

g(x) > 0

B-spline smoothing

g(x) > 0

Mask

refinement

Figure 1: llustration of the topology-preserving image segmentation procedure.

Immersed IGA simulation

The resulting topology-preserving immersed isogeometric
analysis is demonstrated using the image-segmentation of a
stenotic carotid artery (see Figure 2) with the complete (stabi-
lized) immersed isogeometric analysis problem [Hoang et al.,
2019]. A scan-based analysis on a representative data set is

considered to demonstrate the practical applicability of the pro-
posed technique. In this contribution, we restrict ourselves to
uniformly refined meshes, keeping in mind the extension to an
adaptive analysis framework as a possible further development.
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Figure 2: The pressure and velocitymagnitude for the segmented domain constructedwith the topology-preservation procedure.



Figure 5: Buckling shape of: (a): Fuselage section;(b) Test 
panel.

Development of a Combined Numerical and Experimental Framework for 
Thermoplastic Composite Stiffened Structures

K.S. van Dooren, C. Bisagni
Delft University of Technology

Aerospace Structures and Computational Mechanics

Objective
The main objective is to develop a combined numerical
and experimental framework, with the main focus on
thermoplastic sub-component level structures, as shown
in the building block approach in Figure 1.

This framework is developed in support of the development
of the STUNNING multifunctional fuselage demonstrator.
Within this framework, thermoplastic stiffened primary
structures resulting from different manufacturing
technologies, such as thermoplastic welding, will be
studied with the goal to reach higher levels of TRL. The
framework aims to capture the post-buckling behavior,
initiation and propagation of damage and final failure of
thermoplastic stiffened primary structures. The failure
mode of thermoplastics have shown to be very dependent
on its manufacturing method, which increases the difficulty
to capture the failure modes as seen in experimental
testing.

Design of Thermoplastic Stiffened Test Panels 
Representative of the STUNNING 
MultiFunctional Fuselage Demonstrator
Three-stringer test panels representative of the STUNNING
MultiFunctional Fuselage Demonstrator (MFFD) are
designed to investigate skin-stringer separation of the
welded interface due to buckling [2]. The buckling and
failure behaviour of a fuselage section is determined, which
is used as reference behaviour during the design process.
This allows for studies of the same phenomena on a lower
structural scale in a more cost-effective manner.

References
[1] K.S. van Dooren, E. Labans, B.H.A.H. Tijs, J.E.A. Waleson and 
C.Bisagni. “Analysis and Testing of a Thermoplastic Composite Stiffened 
Panel under Compression”, ICCM22 – 22nd International Conference on 
Composite Materials, Melbourne, Australia, 2019. 
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Figure 1: Building block approach.

Analysis and Testing of a Thermoplastic 
Stiffened Panel with Butt-joint Construction 
Two panels manufactured by GKN Fokker were analysed
and tested at TU Delft [1]. The panels included a crack of 70
mm in the skin-stringer interface, which is a representation
of Barely Visible Impact Damage (BVID). The failure mode
of interest is skin-stringer separation due to buckling.

Figure 2: Comparison of buckling shape between FE (left) 
and test (right).

Figure 3: Comparison of crack opening.

Figure 4: Area of interest of the STUNNING MultiFunctional
Fuselage Demonstrator.

[2] K.S. van Dooren and C. Bisagni. “Design and Analysis of Thermoplastic 
Welded Stiffened Panels in Post-buckling”, American Society for 
Composites (ASC) 36th Annual Technical Virtual Conference, 2021. 
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A thermo-mechanically coupled Discrete Element Method for the simulation 
of bed-based Additive Manufacturing processes

B.J.A. Dorussen, M.G.D. Geers, J.J.C. Remmers
Eindhoven University of Technology

Mechanical Engineering – Mechanics of Materials
Graduate School Engineering Mechanics

Introduction
Nowadays, various Additive Manufacturing
(AM) techniques are able to print a variety
of materials with an ever increasing quality
and precision. However, many process
aspects still rely on previously obtained
experience. Numerical simulations are able
to provide a fundamental understanding of
an AM process and can be used to predict
and correct phenomena that may yield
undesired product properties or shape.
Here the Discrete Element Method is used.

Solid

References
[1] Xin H., Sun W.C., Fish J. (2018) Discrete element simulations of powder-bed sintering-based additive manufacturing. Int J Mech Sc 149 (April): 373-392.
[2] André D., Iordanoff I., Charles J.L., Néauport J. (2012) Discrete element method to simulate continuous material by using the cohesive beam model. Comp Meth App Mech & Eng 213-216: 113-125.
[3] Hahn M., Schwarz M., Kröplin B.H., Wallmersperger T. (2011) Discrete Element Method for the thermal field: Proof of concept and determination of the material parameters. Comp Math Sc 50: 2771-2784 
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Discrete Element Method (DEM)
In the model, powder and solid material are
represented by spherical particles. The state
is governed by coupled thermo-mechanical
balance equations. The particles have their
specific radius and a position , rotation

and homogeneous temperature .

Powder

The mechanical behaviour of a
solid is approximated by a beam
bond model [2]. When particles
are sintered, mass moves from
cthe particle volumes to their link. The

mass centres move closer together and
a bond is created, which is represented
by a cylindrical Euler-Bernoulli beam
with radius and elastic modulus .
The beam radius depends on the beam
ratio and is computed with: = .

dWhen the created bond
deforms, the analytical
beam solutions can be
used to compute the
resulting forces and
moments:

= 6 +
= 2 2 +

In which is the shear modulus and and the (polar)
area moment of inertia. is the deformation angle, which
can be decomposed around a specified axis. Solid particles
do not only conduct heat through the contact area, which is
why an effective area and mass are used [3].

Heatsource
Heat is added to particles by
assuming a Gaussian intensity
distribution at the laser spot on
the powder layer, according to:= 2

Results

Particles are in contact when they overlap. A repellent contact
force and moment is generated according to [1]:= ; = ×
Where is the contact stiffness, and the distance from
particle to the contact midplane. is derived via dimensional
analysis. When particles are in contact, they conduct heat:= ( )
With the thermal conductivity and the contact area.

The presented model is capable
of simulating powder as well as
solid material behaviour, for both
transient thermodynamics and
mechanical testing. Additionally,
various printing phenomena can
be observed when simulating an
a

With the absorptance, the attenuation coefficient, ,
and the relative coordinates, the laser power and
the spot radius.

AM printjob, such as warpage and delamination. With this DEM model
bed-based AM processes can be simulated from powder to product.



Co-bonded thermoplastic leading edge protection (LEP) for wind turbine blades 

References
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Interphase characterization 

The aim of this project is to
• determine the bond strength of the co-bonded LEP material systems (ABS-polyester/glass and PC-polyester/glass)
• investigate the relationship between the interphase morphology and the bond strength.

• Interphase morphology has a significant influence on the 
bond strength.

• Homogeneous mixing (ABS-polyester/glass) leads to a 
higher peel energy by promoting plastic deformation of 
the interphase, while phase separation (PC-
polyester/glass) results in brittle interfacial failure.

Fracture performance

Conclusions Ongoing and Future Work 
• Different LEP material systems
• Modeling of process-induced deformations

Introduction 

Figure 2: Schematic representation of the co-bonded thermoplastic 
(TP) LEP concept. An interphase is formed between the co-bonded 
polymers as a result of interdiffusion.      
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Figure 1: Effect of LEP 
on blade damage [1]. 

Leading edge damage caused by rain droplet impact, as a result of 
harsh weather conditions and high tip speeds, is a prominent 
problem for offshore wind turbine blades. 

x

y

Figure 3: Optical micrographs showing (a) homogeneous
and (b) phase separated interphase for (a) ABS-
polyester/glass and (b) PC-polyester/glass.

Figure 4: Interphase thickness measured
from optical micrographs.

Figure 5: Hardness across the interphase 
measured by nanoindentation tests. 

Figure 6: Peel energy measured by
climbing drum peel tests. 

ABS-polyester/glass PC-polyester/glass

Figure 7: SEM images of the fracture surface (TP-side) showing the plastic deformation at the 
interphase for ABS-polyester/glass and brittle interfacial failure for PC-polyester/glass. 
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Elastic and elastic-plastic indentation of embedded materials
G.J.A.M. Eumelen1, A.S.J. Suiker1, E. Bosco1, N.A. Fleck2

1Eindhoven University of Technology, Department of the Built Environment
2University of Cambridge, Department of Engineering

Introduction
Indentation tests on embedded materials, e.g., histori-
cal paint samples embedded in a resin, can result in 
measured properties that deviate from the actual mate-
rial properties. To simplify the process of extracting the 
actual properties from these experimental results, this 
work proposes an analytical model capable of describ-
ing the change in the measured stiffness. This model 
can be used directly to obtain the Young’s modulus of 
the embedded material, and it can be used in combina-
tion with the cavity expansion model proposed by John-
son (1985) to obtain the yield stress.

Model description
The model is based on the expansion of a cavity inside 
a spherical particle (material 1) that is embedded in an 
infinite matrix (material 2).

Solving this model results in an expression for the effec-
tive stiffness as a function of the stiffness mismatch 
(E2/E1), relative cavity size (a/b) and Poisson’s ratios:

E(a) = E1 f (E2/E1, a/b, 1, 2)
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Elastic-plastic indentation (axisymmetric)
The yield stress ( y) of the material can be determined 
by substituting the expression for E(a) in the model 
presented in [1] for elastic-plastic indentation.

[1] K.L. Johnson. (1985). Contact Mechanics. Cambridge University Press.
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Experimental
The Young’s modulus can be obtained from experimen-
tal results obtained for a paint sample embedded in 
resin, such as presented in [2].

[2] N. Fujisawa, M. ukomski. (2019). Materials & Design, 184:108174
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Conclusions
The model proposed here accurately describes the 
indentation behaviour of embedded materials. Conse-
quently, it can be used to calculate the Young’s modulus 
and yield stress of embedded materials.



Currently, both automatic partitioning methods are
researched regarding the requirements and preferences.
These are the following: (1) the automatic partitioning
method should result in a conformal geometry for as many,
if not all, NOBSD; and (2) it should apply to other ground
shapes of NOBSD apart from the quad-hexahedron. The
partitions are preferred to (3) be of consistent size and as
close as possible to a convex region to be suitable for the
multi-block meshing principle presented in figure 1; and (4)
to resemble a feasible structural grid for the application of
the zoning use-case presented in figure 1. The first
requirement has already been tested on 20 NOBSD cases.
As a result, the iterative partition method generated 9 and
the triangular partition method 19 conformal geometries.

Two automatic partitioning methods for multi-disciplinary non-orthogonal 
building spatial design optimisation

T. Ezendam1,  K. Pereverdieva2, H. Hofmeyer1,3,, M.T.M. Emmerich2

1Eindhoven University of Technology
2Leiden Institute of Advanced Computer Science

3Eindhoven Artificial Intelligence Systems Institute

Introduction
Sub-optimal decisions at the conceptual phase of design
have a large impact on the final performance of the building.
Better support with relevant tools at the beginning of the
design process will thus give a great improvement to this
performance. Relevant tools should consider multiple
disciplines and Non-Orthogonal Buildings Spatial Designs
(NOBSD) to better represent buildings found in practice.

Automatic partitioning methods
Two automatic partitioning methods are proposed to obtain
this conformal geometry. These are developed for the
NOBSD representation consisting of non-orthogonal defined
quad-hexahedrons with vertical and horizontal planes. Both
methods result in a collection of conformal geometry, either
in quad-hexahedrons or triangular prisms. An overview of
the steps performed in both methods to obtain this result is
shown in figure 2.
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Future work

Conformal geometry
Within such a tool, the transition from a NOBSD to multiple
discipline-specific models may be facilitated by a conformal
geometry. A conformal geometry is characterized by the fact
that it contains no non-corner vertex intersections. Also, it is
only allowed for any borderlines of the geometry to fall on
any adjacent geometry's borderlines or no geometry. See
figure 1 for an example of a conformal geometry and the
visualization of two of the three use-cases related to
discipline-specific model definitions: (1) to solve element
connection and intersection problems within a finite element
mesh, (2) to allows for the grouping of sub-parts of the
geometry into zones for spatial layouts that are more logical
from a discipline’s point of view, and (3) to define properties
and loads on the geometry.

Figure 2: visualization and explanation of the two 
automatic partitioning methods 

Figure 1: Generation of discipline-specific models from a 
building spatial design vs a conformal geometry



Periodic structures with a transition zone: three amplification phenomena 

Introduction
Periodic systems under the action of moving loads have
attracted the attention of researchers in the past century.
These problems pose academic challenges and are of
high practical relevance due to their application in railway,
road, and bridge engineering, among others.

A.B. Fărăgău1, J.M. de Oliveira Barbosa1, A.V. Metrikine1, K.N. van Dalen1

1Delft University of Technology, faculty of Civil 
Engineering and Geosciences, 

department of Engineering Structures, 
Dynamics of Solids and Structures section

PhD progress
1            2             3            4

Figure 1: Model schematics.

Figure 2: Displacement evaluated under the moving load; the location 
of the stiff zone is indicated by the grey background.

1. Wave-interference phenomenon

3. Wave-trapping phenomenon
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Figure 4: Snapshot of the displacement field; the stiff zone is indicated by 
the grey background.

Conclusions
The amplification of stresses and displacements in the
transition zones can lead to numerous fatigue and wear
problems in the catenary system and in the energy
collector of the train. These three phenomena can be
considered as additional constraints of the design
parameters at transition zones such that these
amplifications are avoided.

2. Passing to a critical velocity

Figure 3: Displacement evaluated under the moving load; the location of 
the stiff zone is indicated by the grey background.Despite the numerous studies on periodic systems, few are

dedicated to the influence of a local inhomogeneous region, a
so-called transition zone, on the dynamic response. The
objective here is to present three phenomena that can lead to
response amplification in periodic systems with a transition
zone.

The waves generated by the moving load outside the transition
zone are reflected almost entirely by the stiff region if the
frequencies of the waves are in one of the pass bands of the
stiff region. This almost complete reflection leads to wave
interference close to the moving load, which in turn leads to
response amplification.

Results show that this mechanism is of importance when the
velocity of the load is slightly higher than one of the resonance
velocities in the soft regions. Also, for small lengths of the stiff
zone energy can be tunnelled to the soft domain leading to a
reduced amplification of the response.

The second phenomenon is the passing from non-resonance
velocity in the soft region to a resonance velocity in the stiff
region. This causes resonance to occur inside the stiff region
leading to a drastic amplification of the response mainly inside
the stiff region. Results show that this mechanism leads to the
biggest response amplification between the three phenomena.

The third phenomenon is the wave trapping inside the stiff
region. For some specific values of the wavenumber and
frequency of the waves generated in the soft region, these
waves can get trapped inside the stiff zone potentially leading
to response amplification around and inside the stiff zone.
Results show that this mechanism leads to response
amplification inside the stiff region even when the moving load
is relatively far away from it. However, for reasonable values of
damping, this mechanism is not as pronounced as the other
two.

3. Wave-trapping phenomenon

Figure 4: Snapshot of the displacement field; the stiff zone is indicated by
the grey background.

The third phenomenon is the wave trapping inside the stiff
region. For some specific values of the wavenumber and
frequency of the waves generated in the soft region, these
waves can get trapped inside the stiff zone potentially leading
to response amplification around and inside the stiff zone.
Results show that this mechanism leads to response
amplification inside the stiff region even when the moving load
is relatively far away from it. However, for reasonable values of
damping, this mechanism is not as pronounced as the other
two.

2. Passing to a critical velocity

Figure 3: Displacement evaluated under the moving load; the location of 
the stiff zone is indicated by the grey background.

The second phenomenon is the passing from non-resonance
velocity in the soft region to a resonance velocity in the stiff
region. This causes resonance to occur inside the stiff region
leading to a drastic amplification of the response mainly inside
the stiff region. Results show that this mechanism leads to the
biggest response amplification between the three phenomena.
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Introduction and motivation
Zinc coatings are widely used to protect steels from corrosion. However, their wear
resistance is insufficient to guarantee formability. Alloying Zn with small amounts of other
elements (e.g., Al, Mg) is a good strategy to enhance wear resistance.
Here, the alloying strategy is further explored by moving to high entropy alloys (HEAs) and
studying unexplored region of the phase diagram to identify new materials for coating
applications.

The project: From conventional Zinc to HEAs
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Project aims:
• Reveal the deformation and fracture mechanisms that control wear in Zn coatings (Fig. 3).
• Investigate the effect of alloying on these atomistic mechanisms, focusing on the Zn-rich part of

the phase diagram of typical alloys used in coating applications (Fig. 4).
• Investigate the potential of the novel hexagonal closed packed high entropy alloys (HCP HEAs)

in improving wear resistance.

The main project goal is to develop a theory to efficiently identify the most promising compositions
within the immense configurational space, including the inner part of the phase diagram (Fig. 5), in
order to propose new promising ductile HCP materials for coating applications.

Preliminary results: Benchmarking interatomic potentials Conclusions and outlook
First step to perform atomistic simulations is finding a reliable
interatomic potential for pure Zinc, an element that is challenging
to model at this scale. A candidate is the Artificial Neural Network
potential by Nitol et al. [5], that is benchmarked to test its ability in
reproducing properties of Zn.

Fig 2: Active slip systems as a function of the 
applied uniaxial stress direction in pure Zn.Fig 1: HCP slip system. From [1].

Fig 3: Conventional pure Zn coating. From [2]. Fig 4: ZnAlMg coating. From [3].

Fig 5: a) Schematic representation of an HEA 
with 5 different elements. b)High entropy 
region in a phase diagram. From [4].

Fig 7: Stacking fault energy surface 
of the basal plane in Zn.

• Conventional Zn coatings cannot meet the industrial
formability standards.

• The potential of alloying to improve wear resistance will
be investigated here. By using DFT and MD, in the
coming months, the influence of the generalized stacking
fault energy surface on dislocation core structures and
mobility will be investigated, including the effects of
alloying.

Fig 6: Stacking fault energy of basal plane
along [11-20] direction computed using 
NN potential, DFT and a MEAM potential. 
From [5].

The study involve Density Functional Theory (DFT) and Molecular
Dynamics (MD) simulations to investigate atomistic processes
that control dislocation glide (see Figs. 1 and 2) and fracture in Zn
and Zn-containing HEAs.
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Introduction
Mechanical metamaterials are man-made materials which
derive their unusual properties from the geometry of their
microstructure rather than their constituents/composition.
Auxetic metamaterials (so-called negative Poisson’s ratio
materials) have been demonstrated to exhibit a number
of mechanical properties in the (quasi) static regime that
are potentially very promising for impact protection, given
these properties are preserved in the highly dynamic regime.
In this regime it is an open question to which extent the
mechanical properties are retained and can possibly be
compensated for by adjustments in the microstructure, since
the highly dynamic impact regime is typically accompanied
by large plastic deformations, geometrical and material
nonlinearities, as well as rate and inertia effects. Examples
of this behaviour in the static case are given in Fig. 1.

Figure 1: compression of re-entrant honeycombs
(upper: horizontal / lower: vertical)

Project
This projects aims to develop adequate computational
models to guide the design of impact resistant metamaterials
in the dynamic regime.
The research is subdivided into the following steps:

• Modeling of the material on the microscale including
nonlinearities

• Surrogate modeling and macroscale simulation
including nonlinearities

• Inclusion of design parameters into the surrogate
model & optimization based on parametric surrogate
models

Figure 2: Comparison of model with (linear) analytic results

Initial Results and Outlook
In a first step, a Finite Element model using special Cosserat
rods was implemented. It’s results – in the linear regime –
are well in accordance with analytic results from literature
[1] (see Fig. 2). Besides 2D-structures, also 3D-structures
are to be investigated. Here especially lattices, that offer
different symmetries, and the effect of those symmetries onto
the homogenization are of interest. E.g. nearly transversely
isotropic lattices - with a hexagonal or triangular unit cell
in-plane - could offer further benefits. One possible design is
depicted in Fig. 3.

Figure 3: Envisioned transversely isotropic 3D-lattice

References
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Figure 1: (left) the structure is not drainable because of a 
pocket and a flat surface; (right) the structure is drainable.

Topology optimization with cleanability requirements

Reinier Giele, Fred van Keulen, Matthijs Langelaar
Delft University of Technology

Introduction
Topology optimization is a widely adopted method for
structural optimization, but designs can become complex.
Multiple industries also require structural components to be
cleanable. An essential aspect of cleanability is that the
design is drainable: the fluids used for cleaning can leave
the component independently. This requires 1) a minimum
runoff angle and 2) an absence of pockets. The goal is to
take drainability into account during the optimization.

Drainage method
This research is done for density based topology 
optimization on a structured mesh.
Idea: Our focus is on the void regions, because the fluids 
reside here. Void regions should always have void regions 
beneath, because then the fluid can run off there.
Method: A filter converts any blueprint design into a 
drainable design. This is done in a layer-by-layer manner, 
from bottom to top, with a (smooth) minimum and a 
(smooth) maximum operator. This bans void regions with 
only solid regions beneath.

Test setup
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Runoff angle
The runoff angle is an important parameter for drainability, 
and it is desired to be as small as 10°. This is obtained 
through a grid refinement in vertical direction. The drainage 
filter step is applied on this refined grid. The FEM analysis is 
still done on the original grid.

Figure 5: (left) optimized structure without drainage filter; 
(middle) optimized structure with a 45° runoff angle;
(right) optimized structure with a 11° runoff angle.

Figure 4: (left) boundary conditions for 2D;
(right) boundary conditions for 3D, with clamped elements on 

one side, and a sidewards load on the other side.

The filter succeeds in creating drainable designs, as the
fluids will always be able to run off the structure. A smaller
runoff angle allows for designs with better compliance.

Figure 2: drainage filter steps to create a drainable design.

Figure 3: the runoff angle can be controlled by grid refinement.

2D results

3D results
In 3D there are more runoff options, towards all directions
and also sinkholes can be created through the structure.

Figure 6: (left-top) optimized structure without drainage filter;
(right-top) optimized structure with a 11° runoff angle;

(right-bottom) same design seen from another perspective;
(left-bottom) same design with a smooth projection.

The method is tested with boundary conditions that create
non-drainable designs if no filter is used. The structure is
optimized for compliance, with a fixed volume constraint.
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Introduction
Acoustic anechoic chambers are used to conduct
measurements and experiments under free-field conditions.
In the ideal case, all acoustic waves are absorbed at the
walls, such that no reflections exist. In reality low frequency
sound will be reflected by the walls, due to limitations of
passive absorption measures [1]. Active noise control is
effective at lower frequencies, which makes this a promising
addition to the passive wall absorption.

Approach

Preliminary simulation
References
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Outlook

Goal

A time-domain algorithm that iteratively minimizes the
mean squared error signals is used as a starting point. This
algorithm will be optimized for this specific application to
enhance its computational efficiency and speed.

Fig. 2: 2D simulation configuration using a setup 
with 60 inputs and 60 outputs.

The transfer functions of this setup are computed in
COMSOL and are exported for each source-sensor pair.
The algorithm is used to iteratively converge to a controller
that attenuates the reflections from the walls up to 500 Hz
with 9.8 dB averaged over the sensor locations. The
algorithm is terminated after 2.4 hours computation time.
The algorithm ran on a single cluster node with an Intel
Xeon Silver 4216 at 2.10 GHz with 16 cores and 96 GB of
random access memory.

It is expected that several improvements can be made to
the algorithm that is used as a starting point. Using this
improved algorithm, the goal is to scale up towards a
system with hundreds of sources and sensors.

To distinguish the inward- and outward- sound field [2]:
• = + , is used by the reference sensors,
• = , is used by the error sensors,
where denotes the particle velocity in the radial outward
direction and denotes the pressure.

Acknowledgements
This research is funded by TNO. The support and funding
from TNO are gratefully acknowledged.

Fig. 1: Anechoic chamber at the University of 
Twente.

A 2D setup is designed with:
• 60 secondary sources,
• 60 primary sources,
• 60 reference sensors,
• 60 error sensors,
as shown in Fig. 2, similar to the setup in [2]. The specific
impedance at the walls is 10 , where is the density of air
and is the speed of sound.

The goal of this project is to efficiently compute a
controller that is characterized by:
• The controller is fixed;
• The control system supports up to hundreds of inputs

and outputs;
• The controller is computed with measured transfer

functions, which:
• enables the use of ordinary sources and

sensors;
• eliminates a calibration stage.
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Introduction
A common choice for multiscale modeling of the mechanical 
response of composites is to use periodic boundary 
conditions (BCs) on square representative volume elements 
(RVEs). However, these periodic BCs over-constrain the 
response when strain localization takes place in bands that 
are not compatible with the imposed periodic constraints. 

Previously developed improvements are based on aligning 
the periodic BCs with an evolving localization band. This is 
either done by applying a rotation to the periodicity frame or 
by imposing the periodic BCs in a weak sense and then 
applying a shift to the function that couples points. However, 
with matrix-inclusion RVEs, this change of the periodicity 
frame may cause a mis-alignment of inclusions that cross 
opposing edges, resulting in an artificial reinforcement along 
the RVE edge, which limits the number of supported 
localization angles and fails to provide a transversely 
isotropic response [1].

Circular micromodels
It is shown that circular RVEs with a straightforward 
application of periodic BCs, as proposed by Glüge et al. in 
[2], provide a response which is independent of the load 
orientation, but fail to predict full softening behavior (see 
Figure 1). 

Results

It is demonstrated that the circular RVE with the modified
periodic BCs successfully predicts a transversely isotropic
response with full softening. However, the response is
slightly stiffer in the pre-peak hardening branch.
Furthermore, the formulation is susceptible to spurious
modes when it is used in combination with a continuum
damage model.
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Therefore, a modification to the periodic BCs on a circular 
RVE is proposed, which allows for cracks to cross the 
edges. This is achieved by adding an unknown jump to 
the periodic constraint equations, which does not affect the 
response before localization (see Figure 2).

MSc progress
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Figure 1: Desired failure mode is not supported by a straightforward 
application of the periodic BCs as proposed in [2].

Conclusions

Figure 4: 3D plot of the displacement in x-direction ( . Left: 
before localization. Right: after localization.

The performance of the formulation is tested with a series of 
simulations where uniaxial macroscopic strain rates are 
imposed under varying angles (see Figure 3). The 
fluctuations in the displacement field (for are shown 
in Figure 4.

Figure 2: Desired failure mode is supported by the modified periodic BCs.

Figure 3: Top: stress-strain response of the circular RVE with the 
new modified periodic BCs and the square RVE with the classical 
periodic BCs. Bottom: corresponding contour plots of history 
variable 



Fundamental mechanisms of rain erosion of wind turbine blades
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Rain erosion damage
Larger offshore wind turbine blades lead to a higher energy
production but cause high tip speeds (>100ms-1). The tips
interact with rain droplets causing erosion damage over time
as seen in figure 1. Leading edge protection (LEP) systems
are applied to reduce this damage, but the contact pressure
initiation and damage mechanisms are not yet fully
understood. In order to develop reliable coating systems,
understanding these fundamental mechanisms is of high
importance [1].

Building a representative model
In order to accurately model LEP performance, a physically
representative contact pressure model is required. This
means that the contact pressure should be dependent on:
- Droplet radius
- Impact velocity
- LEP elastic parameters
- Time
- Distance to the center of impact

Furthermore, representative physical phenomena should be
included in the model. These phenomena include:
- Compressibility in the droplet
- Lateral jetting of the droplet
- Air cushioning (effect shown in figure 4)

Currently available models do not consider most of these
parameters and phenomena and are therefore not sufficient
to describe the contact pressure and determine LEP
performance. A Multiphysics model including all these
effects is required to determine an accurate contact
pressure that can be used to model LEP lifetimes and
optimize the LEP system.
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Figure 1: Typical erosion damage.

Droplet impact mechanisms
High speed impact of a liquid droplet onto an elastic surface
causes a compressible region both in the droplet and in the
target as seen in figure 2. This compressed region has a
certain contact radius that depends on the droplet size and
the impact velocity. When the contact radius velocity
decreases below the acoustic velocity, lateral jetting of the
water occurs and the pressure is released. Therefore, the
pressure depends on time, distance to the center of impact,
droplet size, impact velocity and the target elastic
parameters. Which are not all accounted for in currently
available models.

To overcome these issues, generally a numerical method is
used to determine the contact pressure [2]. By taking the
axisymetrically averaged contact pressures, figure 3 can be
generated. However, these impact pressures are greatly
reduced by the presence of an air layer in between the
droplet and the target which is not considered in currently
available numerical models. By using a sophisticated model
that includes all physical phenomena, a reliable estimation
of the contact pressure can be made which allows for LEP
performance simulations and optimization studies.

Figure 2: Droplet impact mechanisms.
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Figure 3: Contact pressure development.

Figure 4: Stress field in LEP with air 
cushioning (left) and without air cushioning 

(right).
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Introduction
One of the major challenges surrounding the transition to-
wards more complex structures required for next generation
semiconductor devices is the lack of nondestructive metrol-
ogy tools capable of measuring properties of buried fea-
ture properties [1]. Subsurface Scanning Probe Microscopy
(SSPM) (See Figure 1) is a promising technique, measuring
subsurface features based on the change in the nonlinear
tip-sample interaction these features incur in contact mode.

x

zs(t)

w(x , t)

Figure 1: Overview of some essential components of a
SSPM setup: probe, tip and sample with a buried feature.

Nonlinear Depth Sensitivity
Figure 2 shows a finite element model of the tip and sample,
used to determine the influence of the depth of a subsurface
feature on the nonlinear tip-sample interaction, which can be
captured in a Hertzian-like contact law:

F (d) = κdγ , (1)

which is then combined with a modal model of the probe.

Figure 2: View of the FEM model of the tip of the AFM-probe
and sample with subsurface feature.

Figure 3 shows a comparison between linear and nonlinear
resonance curves occurring at different operating points for
two feature depths, from which it can be concluded that non-
linearities can increase the amplitude contrast.
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Figure 3: Amplitude of the deflection signal for different input
frequencies at linear and nonlinear operating points.

The amplitude contrast can be significantly changed by care-
fully tuning a second excitation frequency around the second
resonance frequency, as shown in Figure 4.
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Figure 4: Amplitude contrast with two excitation frequencies.

Conclusion & Outlook
Modal interaction through the nonlinear tip-sample con-
tact can significantly enhance amplitude contrast in certain
SSPM methods. However, procuring quantitative subsurface
measurements from the deflection response requires further
research.
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Introduction
The implementation of an embedded piezoelectric sensor
network inside a composite marine propeller can allow for:

• Measurement of dynamic strains related to hydrody-
namic loads;

• Measurement of acoustic emissions that can give an
indication of the nature, location and growth of dam-
ages inside the blades.

These measurements can also allow for more detailed as-
sessment of the models that are used to predict the propeller
deformation for design purposes. An impression of the con-
cept is given in Figure 1.

Figure 1: Impression of an FRP marine propeller blade with
embedded piezoelectric sensors under hydrodynamic load.
The sensors record contributions of acoustic emissions (AE)
and dynamic strain (S).

Objective
Measurement of the dynamic response and structural in-
tegrity of marine composite propeller blades using embed-
ded piezoelectric sensors.

Embedding procedure
For initial laboratory experiments carbon fibre reinforced
plastic (CFRP) coupons with embedded piezoelectric sen-
sors have been made, shown in Figure 2.

Figure 2: Left: piezoelectric sensor (1) with leads (2), glass
fibre insulation (3) and cut-out (4) in AS4-8552 prepreg (5).
Right: ultrasonic scan of cured panels [1].

Measuring acoustic emissions
To record damage-related acoustic emissions using embed-
ded piezoelectric sensors, coupons were destructively tested
under a four-point load, as seen in Figure 3.

Figure 3: Failure of coupon under four-point bending. A cut-
through of the sensor is highlighted. Recordings of AE mea-
sured by two reference sensors and the embedded sensor
[1].

Feasibility of measuring dynamic strains
From numerical simulation of a composite propeller blade
in an irregular wake field [2] the strain distributions are re-
trieved. Using electro-mechanically coupled governing equa-
tions and experimental investigations, the feasibility of mea-
suring dynamic propeller strains is assessed in terms of
signal-to-noise (FI). An example is shown in Figure 4.

Figure 4: A feasibility index (FI) for measuring the 30Hz com-
ponent of strains inside the propeller blade relative to white
noise with 0.1V magnitude. [1].

Conclusions
• Embedded piezoelectric sensors can measure acous-

tic emissions originating from failure mechanisms
within the composite;

• Embedded piezoelectric sensors can allow for mea-
surement of dynamic strains that are expected for the
considered composite propeller in operation.

Further development of the methodologies for damage and
load monitoring using embedded sensors is carried out in the
ECoProp project.
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Propulsion non-sliding gripping mechanisms to singulate agri-food products out
of dense dynamic environments
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Introduction and motivation
Grasping agri-food products is challenging since they have
a large variety in size, shape, mass, mechanical structural
and surface properties, and are vulnerable. Singulation of
the target product out of its environment (which is dense,
unstructured, and dynamical) is the first step of a agri-
robotic manipulation process and is hard to accomplish
using current grippers since they require too much working
volume, grasp force, or are too inflexible to deal with natural
variations. Furthermore, gripper cleanability is unaddressed
but a major gripper requirement to achieve the hygiene
standards of the agri-food industry.

Method
As envisioned solution, gripper fingers need to be
developed that are capable to follow the object's surface
while exerting minimal normal and shear forces on neither
the target nor surrounding objects. We can achieve a
compact mechanical design by interacting advantageous
with the environment, e.g. by supporting the grippers
structural stability with surrounding objects, or minimizing its
steering system by using the path of least resistance
between the objects as guiding.

Figure 1: Envisioned non-slip gripper finger (two 
pieces) to obtain grasp in dense environment 
(pink); each having two counter rolling flexure 
sheets (grey) guided through steerable finger core 
(yellow).
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Proposed solutions 
For now, a propulsion mechanism by rolling forwards is 
selected as a strategy to be surface following while avoid 
sliding forces. An example of a mechanical realization is an 
inversion mechanism comprising two counter rolling 
caterpillars (flexible sheets) that enclose a finger, as shown 
in Figure 1. This finger has a stiff inner core that guides the 
sheet, provide structural stiffness but also the flexibility to 
steer. The flexible plates at the innerside rolls from the 
inside to the outside of the finger and have twice the speed 
of the finger core and no speed difference with the 
environment such that it rolls forward without extering
tangential forces.  Another mechanical solution is shown in 
Figure 2 and is equipped with a belt (instead of flexure 
sheets) that is guided through rollers. This finger core is pre-
shaped such that it follows a circular path while it is 
enforced out of the grasper hand palm. We will use this 
prototype in further steps to validate the potential of rolling 
grippers to maneuver between objects for grasping in dense 
agri-food environments. 

Figure 2: First prototype to test the rolling principle;
Finger core enclosed by a belt is moved forward. 
belt is guided by rollers. 
(made in cooperation with Msc. student B. 
Friederich)

FlexCRAFT

Challenges
The next step will be to explore the solution field for 
propulsion non-sliding grippers via a morphological chart 
based on sub-functions, various strategies to coupe them, 
and ensuing sub-solutions. 
System-level challenges are e.g. the integration with the 
robotic system since its control system is currently vision-
based feed-forward while it needs to switch to touch-based 
feedback once the first contact between the gripper and the 
object is obtained. The caterpillar fingers will find their way 
through the collection of objects and will determine the 
movement of the robotic arm to follow, till the object is fully 
encaged. Contact mechanics models are needed to 
describe the interaction between the gripper and the 
collection of objects 
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Introduction
• Background: Cleavage fracture exhibits strong sensitivity 

to material characteristics at the microstructural level, and 
is coupled with a constraint effect originating from the 
macroscopic stress state.

• Challenge: Fracture toughness models based on a local 
approach are physically driven, but rarely directly verified 
against microstructural observations, or are typically 
limited to one or two microstructural parameters.

• Motivation: To model the material toughness based on 
microstructural features in complex multiphase materials,  
such as high strength steels. 

Materials
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Grain measurement

Inclusion measurement
Macroscale test & simulation

Microscale simulation

Statistical prediction of toughness
(based on weakest-link theory)

I II

III

Micromechanism

Method

Results

Conclusions

• Quenched and tempered S690 steel plate, tested at -100°C
• Through thickness inhomogeneities (total thickness of 80 mm)
• Centerline segregation bands (CL) exist as local brittle zones

• A satisfactory match between model and experiments can 
be found if the inhomogeneities in the microstructural 
toughness parameters, the yield strength, and the grain 
size are appropriately accounted for. 

• The cleavage parameter associated to local brittle 
microstructures should not be homogenized outside the 
local brittle zone and a “Cleavage variation method” is 
required to better capture the influence of the local brittle 
zone on macroscopic toughness.
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Nb-rich inclusion acting as cleavage initiation site

(Mg,Al)(O,N) inclusion identified 
as an initiation site 

• The values of cleavage parameters are determined by inverse 
modelling using the measured fracture toughness. 

• The determined cleavage parameters are used to study the 
sensitivity of fracture toughness on several characteristics of 
the segregation bands, for example,  the level of yield strength 
(represented by a ratio of yield strength ).

Fig. 4 Cleavage prediction of middle section specimens 
with various 

Fig. 1 Schematic representation of the methodology 

Fig. 2 Variety of cleavage initiations through the thickness

Fig. 3 Verification of the cleavage parameters determined by 
inverse modelling (a/W is the initial crack length/specimen width)
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Introduction
Nanomechanical resonators play a central role in next-generation clocks, filters,
resonant sensors and quantum technologies. A key performance metric for these
applications is the resonator Q-factor (dissipation rate-1). Microchip substrates of
such resonators can greatly impact performance, and we analytically describe and
experimentally demonstrate the mechanism for this increase in dissipation [1]:

The resonator and substrate modes are coupled

References:

Model Method
Huygens already investigated the coupling of resonators through their
substrate in the context of synchronization [2]. A common assumption
is that the substrate is infinite with respect to the resonator, but this is
not always true: The substrate can have distinct eigenmodes at the
resonator frequencies (~100 kHz). We simulate two stacked, discrete

A FEM simulation gives a more nuanced result: The geometry, mode
shape and effective mass determine the coupling.

and damped resonators. 
When their frequencies 
overlap, energy exchange is 
most efficient. The Q-factors 
hybridize to that of the 
lowest Q resonator:

Coupling 
creates effective 

dissipation

To test this dissipation mechanism, we need to precisely control the
resonance frequency of our SiN trampoline resonators. We use a
periodic array of holes (photonic crystal) to change the mass and
thereby frequency of the resonator. This keeps the resonator
geometry fixed, as the dissipation is sensitive to the exact resonator
geometry [3].

[1] M.H.J. de Jong et al., in submission 
[2] J.P. Ramirez and H. Nijmeijer, Physics 
World 1 (2020)
[3] R.A. Norte et al., Phys. Rev. Lett. 116 (2016)

Conclusion
There can be a coupling between a nanomechanical
resonator and its substrate if they have eigenmodes
at the similar frequencies, which can lead to an order-
of-magnitude reduction in the resonator Q-factor. 

Outlook
Generate design principles for combined 
resonator and substrate devices.
Investigate coupling between separate 
resonators on same substrate

Measurement protocol: We measure the resonator Q by driving at resonance and observing the
exponential decay, a ‘ringdown measurement’. To extract the Q, we fit the linear slope in log-
scale, and transform that to a decay time. We use a Polytec MSA400 Laser Doppler Vibrometer.

Results
We show the spectra of combined substrate (I) and
resonator (II) modes, showing overlap indicating
coupling. Inset shows the ringdowns. Adding tape
to the substrate increases the Q-reduction due to
mode coupling, allowing us to compensate for a
spread in Q from fabrication. We show:

To see coupling between resonator and substrate modes, their
frequencies have to match to within their linewidths (=ω/Q). Typical
resonator & substrate Q’s are 106 and 104, so matching resonances
is challenging. Adding tape to the substrate reduces its Q-factor,
which eases this constraint. From fabrication, we have a typical
spread in frequencies of ~500 Hz.

Coupling reduces the Q 
by an order of magnitude

There is considerable spread due to resonator
position on the substrate, heating from the laser
and frequency drifts due to creep.

Dynamics of Micro and 
Nanosystems group
PME department, TU Delft
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Introduction

The possibility to use 3D printing techniques in food process-
ing opens up a new world of food customization. Besides
creating attractive, unique dishes, Selective Laser Sintering
(SLS) can be used to tailor mechanical properties of prod-
ucts by influencing the structure at different length scales,
illustrated in Figure 1.

Figure 1: The texture properties of the food product result
from the printing process through the mechanical proper-
ties of the material, originating from the microstructure, and
macroscopic design

Process-property relations
By linking the used energy density ED in the SLS process to
the relative density of the microstructure, obtained from in-
situ CT compression testing, and the macroscopic mechani-
cal properties, see Figure 2, the following relations are found:

• Lower ED enhances ductility
• Higher ED increases the relative density
• Higher ED increases the stiffness

Figure 2: Relating process parameters, captured in the
energy density, to the relative density for understanding
process-property relations.

Modeling
The mechanical response of a Selective Laser Sintered
product consisting of 50% native wheat starch, 40% mal-

todextrin and 10% palm oil is obtained from uniaxial
compression testing. The observed anisotropic elastic-
viscoplastic-damage behavior is adequately predicted by a
thermodynamically consistent constitutive model, shown in
Figure 3.

Figure 3: Model predictions of the anisotropic compressive
response of Selective Laser Sintered food. Experimental
curves are shifted horizontally to account for initial contact
issues

Macroscopic design
Texture properties of a specifically designed macroscopic
geometry can be predicted by combining the process-
property relations, the validated model and the finite element
method. This predictive tool allows for texture customization.
The printed cookies of Figure 4 look ordinary but consist of
multiple closed unit cells with varying texture that provide a
unique experiences during consumption.

Figure 4: Ordinary looking cookies with a surprising texture
experience

Outlook
Warpage reduction strategies should improve the geometri-
cal quality of the printed products. Systematic variation of
local properties within a macroscopic design will provide the
necessary design rules for creating personalized food.
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Background
Fiber-reinforced polymer composites are often used in
laminated form, where different layers of unidirectional ma-
terial are stacked together, delamination is a key weakness
that needs to be addressed. Consequently, the amount of
energy to grow delamination cracks is a crucial input for ad-
vanced virtual testing tools.

matrix splitting at +45 plies

matrix splitting at 90 plies

delamination at interface fibre failure of 0 ply

Figure 1: Delamination of composite laminates

Objective
To predict fracture energy of delamination under general
fracture modes for composite laminates via a computa-
tional homogenization approach.

σ = Dε

Homogenized elastic Plastic RVE Damaging RVE Softening RVE

Microcrack

Mesocrack (XFEM)

Figure 2: Computational homogenization model with XFEM on mesoscale and different
levels of complexity in the microlevel response

Computational homogenization for cohesive failure
A generic computational homogenization approach for mod-
eling onset and propagation of cracks in heterogeneous
materials that is capable of considering various microscale
mechanisms has been proposed.

• acoustic tensor bifurcation criterion is reinforced by
an additional condition to help detect the localization
mode more robustly.

• scale transition parameter h is studied for a range of
different scenarios and endowed with a geometrical in-
terpretation.

• various numerical tests have been performed to con-
firm the objectivity and validity of the framework.

Macro strain εb

Macro jump βM

Macro Traction tM

Combined
Macro strain
εM

Homogenized
stress
σ̄M

εM = εb +
1
h
· βM ⊗s nM

tM = σ̄M · nM

Same framework as classical FE2

Figure 3: Computational homogenization approach for material localization failure

End-Notched-Flexure (Mode II) example
The contribution of micro plasticity to modeII delamination
is qualitatively investigated by applying the proposed frame-
work.

Fm

fiber direction

Equivalent plastic strain

0 2 4 6 8 10
0

10

20

30

40

50

60

Displacement [mm]

Lo
ad

[N
]

Plastic matrix material

Elastic matrix material

Figure 4: Plasticity in micro models and load-displacement curves of ENF test

Outlook
Adopt realistic micro models with experimental material
properties of matrix and fiber to carry out delamination sim-
ulations. And investigate the delamination energy under dif-
ferent fracture modes.
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Motivation
• Prognostics are crucial for 

predictive maintenance
• Varying conditions 

complicate prognostics

• Physics-based models are 
uncertain

• Data-driven models have 
high data requirements

• Solution: fuse data and
physics!

Method

RUL

State & 
model 

prediction

State & 
model 
updatepedictio

Results Conclusion

Future work

• If loads measured:
- Real-time degradation 

data reduces model  
uncertainty

- Perfect prediction for
(known) future loads

• If loads unmeasured:
- Real-time degradation

data compensates for  
assumed and real loads

- Only accurate prediction
for constant operational
profile

- Can slowly adapt to
new operational profile

• Applying the methodology 
to real case studies

• Limited and indirect 
degradation measurements

• Handling arbitrary and 
unknown uncertainties

Real-time 
loads

Real-time 
degradation

Future loads

• Unscented Kalman Filter
• Predict future state and 

model parameters
• Update prediction with

measurement

“
Loads unmeasured Loads measured

Artificial crack growth data

Updates parameter m 
when loads measured

?

Acknowledgements
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NWA.1160.18.238.

Updates parameter m 
when loads unmeasured

Prediction at N=30.000
when loads unmeasured

Prediction at N=17.000
when loads unmeasured

Prediction at N=17.000
when loads measured

Prediction at N=30.000
when loads measured
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Model updating for Digital Twins using inverse mapping models
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Introduction
To ensure that a high-tech system digital twin is and remains
an accurate representation of the physical system, model up-
dating can be applied. However, methods for model updat-
ing, generally, do not enable:

• (near) real-time updating,
• updating of physically interpretable parameters,
• updating nonlinear models.

Therefore, in this research, the Neural Network Updating
Method (NNUM) [1] is used as a basis to develop an up-
dating method which does meet these requirements.

Methodology
An inverse model updates a reference model by mapping
features of output signals, measured at the physical system,
to a set of interpretable parameter values, see Figure 1.

Inverse mapping

model

Forward model

Inverse model

Excitation signal

(forces, moments)

Physical model

Simulated output

response

(time series data)

Actual parameters

(e.g., masses, stiffnesses)

Measured output

response

(time series data)

Inferred parameters

(e.g., masses, stiffnesses)

Figure 1: Inverse models for parameter updating.

In the NNUM, this inverse model is given by an Artificial Neu-
ral Network (ANN). This ANN is trained using the combi-
nation of simulated output features and the associated pa-
rameter values of a forward dynamics model, see Figure 1.
The values inferred from features extracted from (real-world)
measurements are then used to parameterize, i.e., update,
the reference model. In this research, in contrast to [1], non-
linear models are updated.

Preliminary Application
The NNUM is employed to update a (nonlinear) multibody
demonstrator system, see Figure 2. Here, the degrees of
freedom y and θ are available through (simulated) measure-
ments and for F and M sinusoidal excitation signals are
used. In this example, the updating parameters are m2 and

m3. Here, it is assumed that their true values lie in some
user-defined ranges. The ANN is trained using 9000 simula-
tions in which the parameters vary randomly in the specified
ranges. The features consist of 10 time samples per output
signal, as indicated by the red diamonds in Figure 3.

y

θ

Beam 1

Beam 3: m3, J3

Beam 2: m2, l2

kT kL

ey

ex

ez

M
yG,3

xG,3

F

g

dL

dT

Figure 2: Demonstrator system.

Results
Parameter values are estimated for 2000 simulated experi-
ments. The average error of the estimates is shown in Table
1, where we see that these estimates are relatively accu-
rate. Output signals obtained by simulating the model with
the updated values, show high agreement with the reference
simulations, see Figure 3.

Future work
The NNUM enables (near) real-time updating of models.
However, some yet unexplored research topics are:

• optimal excitation design,
• employing different types of output signal features,
• quantification of uncertainty in parameter estimates,
• hyperparameter tuning of the ANN,
• application to complex systems/updating problems.

References
[1] Levin, R.I. and Lieven, N.A.J. ”Dynamic finite element model

updating using neural networks”. In: Journal of Sound and Vi-
bration 210.5 (1998), pp.593-607.
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Table 1: Updating parameter
errors.

Updating
parameter

Mean absolute
relative error [%]

m2 1.83
m3 3.66

Figure 3: Simulated output signals related to the reference system and the updated system.



Zinc is commercially used to protect steel from a corrosive environment, as it
prevents the oxidizing molecules to reach the substrate and acts as an
sacrificial anode. The major problem about these coatings is the inherently
brittle and soft nature of zinc. Despite the fact that many deformation
mechanisms are available for zinc, strains of only 0.05-0.12[2],[3] are usually
achieved before fracture, thus during deformation processes of steel, the zinc
layer breaks and reveals the substrate, making the substrate prone to corrosion.

Micromechanical characterization of Zinc coatings and high 
entropy alloys (Next-Coat)
D. König1, T. Vermeij1, J. Hoefnagels1

1Eindhoven University of Technology

Problem
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Preparation and characterization

References
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[2] Bell, R. L., & Cahn, R. W. (1957) Mathematical and Physical 
Sciences, 239 (1219), 494-521.
[3] Price, P. B. (1960) Philosophical Magazine, 5(57), 873-886..
[4] Yin, B., Wu, Z., & Curtin, W. A. (2017) Acta Materialia, 123, 
223-234
[5] Du, C et al. (2018) Acta Materialia, 146, 314-327.

Fig.1 HCP unit cell and 
its slip planes [4]

Fig. 2 Zinc coating after 4% tensile stress [1]

Mechanical testing

• Understanding deformation mechanism of zinc on a
microscale level

• Develop a new material with improved mechanical and 
corrosion properties

Goals

Support

Steel

Zinc

Support

Steel

Zinc

C
athode

+ -

Electrolyte

Zinc
(Anode)

Fig. 4 Grinding and electropolishing zinc in wedge shape

Fig. 5 Milling T-shaped Specimen into wedge tip with FIB

5 μm 5 μm

Fig. 8 a) Micro tensile stage set up b) Alignment 
of gripper with T-shaped sample c) Gripper with 
sample under angle[5]

Fig. 9 a) IPF of 
gauge section b) 
Corresponding 
strain map c) SE 
image

Fig. 6 EBSD of gauge 
section

Front Back

Fig. 7 Applying InSn
pattern for DIC

1 μm

Fig. 3 Zinc coated car body

2 μm



TThe study of twisting induced skin-stringer separation in postbuckled composite panels

L.J Kootte1, C.Bisagni1
1Delft University of Technology

Introduction
The objective of this PhD is to develop a methodology that can predict skin-stringer separation in composite stiffened
structures, considering interactions between separation and postbuckling modes. An adaptive multi-point test can recreate the
critical buckling deformation, where either twisting or bending of the skin can cause separation. Small single-stringer
specimens are used to improve the certainty and understanding while decreasing the overall cost of the test campaign. The
single-stringer specimens are designed to specifically recreate the critical postbuckling conditions by studying the placement of
the loading points and supports (Sx, Sy) in figure 1. So far, the tests have shown to be repeatable and predictable. Differences
between the numerical and experimental arise due to complex effects of delamination migration and other effects that
increase the resistance to crack growth. The separation of the skin at the location of highest twisting and the corresponding
force-displacement curves of the numerical model and the experimental test are shown in figure 2. Ultimately, this
methodology should enable an increased understanding of the potential separation behaviour, such that more of the load-
carrying capabilities of composites are exploited, allowing stiffened composite panel designs to operate far into the
postbuckling regime.

References
[1] Kootte, L.J., Bisagni, C., Dávila, C.G., and Ranatunga, V., “Study of Skin-
Stringer Separation in Postbuckled Composite Aeronautical Structures”,
American Society for Composites (ASC) 33rd Technical Conference, Seattle,
WA., 2018.

Figure 1: Comparing the out-of-plane deformation of a critical region in the postbuckled panel to a single-stringer specimen.

Studying separation with a single-stringer panel in four-point twisting [2]

Figure 2: Numerical-experimental comparison: a) Force-displacement response; b) Skin-stringer separation.

b) 

FEM

C-scan

Numerical
Experimental

Separation

Specimen is 20 times
smaller than panel

Load
Fixed support

SY SX

Four-point ttwisting

[2] Kootte, L.J., and Bisagni, C., “A Methodology to
Investigate Skin-Stringer Separation in Postbuckled Composite Stiffened

Panels”, AIAA Scitech 2020 Forum, AIAA 2020-0477, 2020.

Design of a single-stringer specimen to replicate twisting deformation due to postbuckling [1]

Buckling 
≈ 120 kN
Initiation of separation
> 400 kN

The financial support received from the European Office of 
Aerospace Research and Development (EOARD), United 
States Air Force, is gratefully acknowledged.
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Topology optimization of flexures

S. Koppen, M. Langelaar, F. Van Keulen

Delft University of Technology
Precision and Microsystems Engineering

PhD progress
1 2 3 4

Introduction
High-tech equipment critically relies on flexures for precise
adjustment. Through elastic deformation flexures offer ex-
treme position repeatability within a small range of motion.
Topology optimization proves a prospective tool for the syn-
thesis of custom short-stroke flexures.[1]

Problem
Despite the attention devoted to topology optimization of flex-
ures a generally accepted optimization problem formulation
is absent. The main challenges are

• Versatility and applicability of use

• Implementation complexity

• High number of coupled ‘user’ parameters

• Inferior convergence properties

• Computational effort

Aim
This study proposes a novel topology optimization formula-
tion for the synthesis of short-stroke flexures uniquely based
on strain energy measures.

The idea is to impose an upper bound on the stiffness of
a priori defined kinematic degrees of freedom (DOF) while
maximizing the stiffness of corresponding degrees of con-
straint (DOC).

Method
The optimization problem formulation reads as

max
x

f [Ei [x]] , i ∈ DOCs

s.t. Ej [x] ≤ E j , j ∈ DOFs

x design variables, with 0 ≤ xi ≤ 1
f monotonically increasing function
E strain energy

Properties
The optimization problem formulation holds advantageous
intrinsic properties:

• Simple in understanding and use; resembles ‘classic’
stiffness optimization

• Versatile; no restriction on DOF / DOC both 2D and 3D

• Computationally efficient; requires solution to a single
system of equations (per design iteration)

Figure 1: 2D flexure design with variation in degrees of free-
dom and constraints.

Figure 2: Variations on 2-DOF design with (left) robustness
constraint and (right) stress constraints.

Figure 3: A 2-DOF design without (left) and with (right) over-
hang limitations imposed and their rigid body interpretation.
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A roughness transfer model mastering strip surface roughness during cold and 
temper rolling

Stratos Koufis, Javad Hazrati, Ton van den Boogaard
University of Twente, Faculty of Engineering Technology, Non Linear Solid Mechanics

Goal
The research goal of this project is to understand the
physics of the surface deformation and roughness transfer
during rolling processes and to identify determining physical
phenomena which take place at micro scale (asperity and
grain scales) and macro scale (roll bite contact). The
knowledge will be used to develop physical roughness
transfer models for temper rolling processes.

Introduction
Emerging of “smart” industry 4.0 technologies challenges
the conventional manufacturing processes such as rolling of
the steel strips. In this regard, automotive and packaging
industries requirements on surface texture of the steel strips
are becoming increasingly stringent. Surface texture
determines the visual appearance and tribological behaviour
of the strips [1]. These properties can be controlled or
optimized by implementing new technologies, such as laser
textured work rolls. These enable customization of the work
roll surface texture (figure 1) and thereby the steel strip
surface properties. However, these new texturing
technologies require deep fundamental know how and
advanced models to optimally deploy them

Figure 1: Roll texturing techniques: Mill finish, Electrical
discharge texturing (EDT), Laser Texturing (LT).
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Proposed method

Figure 2: Schematic framework of the roughness transfer model.

To create a multi-scale roughness transfer model,
experimental work and simulations will be done at both
macroscale and microscale as it is explained in figure 2.

Future work
The current focus of the research is to develop a
macro scale rolling finite element model and to validate it
with existing experimental data. Moreover, Uniaxial planar
compression experiments will be done to investigate the
deformation of the strip surface indented by single or
multiple dimples. Effects of dimple size, shape and
presence of lubricant will be considered. Then, a numerical
model of the compression experiments will be developed.
The model later will be used in the multi-scale roughness
transfer model.

Mill finish EDT LT

Figure 3: Finite element macroscale model and the resulting
pressure distribution along the roll bite.
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Introduction
Extrusion is widely considered to be the workhorse in the
the plastics industry. Advantages of the processing method
include being able to combine multiple unit operations in
one device (e.g. mixing and reaction)1. Supercritical CO2
(sCO2) can a.o. be used for foaming and extraction. While
there is some literature on mixing performance of twin screw
extrusion systems2, little is known about modelling the
mixing characteristics of various mixing elements in multi-
phase flow systems including sCO2. This PhD research
aims to attain the following goals, with 1) being presented
on this poster:
1) Investigate the mixing characteristics under various

geometries
2) Model processes using sCO2 as an extraction solvent
3) Model reactive extrusion processes using sCO2

Model

There are considerable velocity differences between the
dispersed and continuous phases with 30 degrees
staggered kneading blocks. The sCO2 tends to backflow in
this configuration. Increasing the blocks’ angle increases
residence time and shear rate, improving mixing.

References
[1] Lechner, F. The Co-rotating Twin-Screw Extruder for 
Reactive Extrusion. Reactive Extrusion: Principles and 
Applications. 2018. Wiley-VCH Verlag GmbH & Co. KGaA.
[2] Fard, A.S. Analysis and optimization of mixing inside 
twin-screw extruders. PhD Thesis TUe (2010)
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Figure 2: Twin screw extruder simulation domain

Preliminary Results

Figure 1: Kneading blocks (left) and screw mixing elements 
(right) are used in the simulations to study mixing patterns.

The commercial software COMSOL is used to model the
transport phenomena. Figure 2 shows a configuration with
kneading blocks.

First, a non-isothermal laminar flow is simulated for a well-
developed polypropylene flow (non-Newtonian) with the 
following momentum balance and dynamic viscosity function 
(Carreau). 

Figure 3: Velocity field dispersed phase (left) and continuous (right)
with 30 degrees staggered kneading blocks. 

Figure 4: Pressure field 

The momentum and mass transport for the multi-phase study 
using the mixture model are defined as follows:



Strain-rate based arclength model for geometric and
material nonlinear microanalysis of UD composite laminates
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Problem statement & motivation
Develop a Representative Volume Element (RVE) model with periodic boundary conditions [1] such that the deformation and
stress state of the RVE are equivalent to a unidirectional (UD) composite laminate exposed to the strain-rate ε̇y . To satisfy
these requirements a dedicated arclength control formulation is introduced. With this model it is possible to analyze UD
composite systems on the microlevel, accounting for different orientation of the reinforcement and an arbitrary strain-rate,
while keeping the same geometry of the RVE.
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θ1 = θ0 + φ

cos(θi ) = ci

sin(θi ) = siφ

The constraint equation of the arclength control method ensures that the
Fyy component of the global deformation gradient F, calculated from the
RVE, is equal to the corresponding value calculated from the prescribed
ε̇y :

exp(εn−1
y +ε̇yΔt)︸ ︷︷ ︸

Fyy imposed from input

Fyy calculated numerically from RVE︷ ︸︸ ︷
−s0s1

(
1+ u11

l01

)
−c0c1

(
1+ u22

l02

)
−c0s1

u21
l02

=0

The component Fyy is obtained from the RVE following the relation:
F = QT

1F̄Q0. The unit load vector f̂ of the arclength method is de-
rived from the expression for internal nodal forces in the local frame:
f̄int =

∫
Ω0

B0F̄−1σ̄JdΩ0, and has the following components:

f̂11=A0
1J

(
s2
1

F̄11
−c1s1

F̄12
F̄11F̄22

)
, f̂21=A0

2J c1s1
F̄22

, f̂22=A0
2J

c2
1

F̄22

where A0
j is the initial surface on which a stress component is acting, and

J is the determinant of the RVE deformation gradient.

Results
The RVE composed of thermoplastic polymer matrix (PEEK) and carbon fibers is exposed to three different strain-rates,
while considering two different orientations of the reinforcement with respect to the loading direction: χ = 30◦ and χ = 60◦,
where χ = 90◦ − θ0. The Eindhoven Glassy Polymer (EGP) [2] material model is used for the matrix part, whereas a trans-
versely isotropic constitutive law is used for carbon fibers [3]. The contour plots show the distribution of the three stress
components in the local frame of the RVE.
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On the extraordinary performance of acoustic metamaterials for 
enhanced reflectivity

X. Kuci, M.G.D. Geers, V.G. Kouznetsova
Eindhoven University of Technology

Introduction
Many medical procedures, like needle placement, are
typically performed under the guidance of ultrasound
imaging. The main challenge, however, remains the
quality of the ultrasound image of small medical devices.

Numerical results
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Locally resonant acoustic metamaterials (LRAM) are
proposed to develop new generation coatings for these
medical devices. The LRAM owes its favourable properties
to the interaction between the inclusion of subwavelength
dimensions and a stiff lightweight host matrix, Fig. 2(a),
which gives rise to band gaps formation, Fig. 3.
Consequently, the waves are reflected back to the source
leading to an enhancement of the sound reflection.

Figure 1: (a) Ultrasound guided procedure 
(www.embedded-computing.com), (b) Ultrasound guided 
needle placement (www.gehealthcare.com.au)

1. The LRAM coating improves the reflectivity and thus, 
the visibility of needle compared to alternatives that 
exist on the market. 

2. The geometrical and mechanical properties of the 
metamaterial greatly influence the performance of the 
coating.

Figure 4: Schematic of numerical model with the LRAM
layer (top) and the comparison of the reflection
performance of the LRAM coating to alternatives (bottom)
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Figure 2: (a) Schematic of LRAM unit, (b) Local resonance 
mechanism

Figure 3: Dispersion spectrum – Band gap formation 
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Conclusion

Influence of geometrical/mechanical 
parameters

● Mass of core
The lower bound of the band gap (local resonance 
frequency) lowers when the mass of the core becomes 
heavier, leading to a wider band gap. 

● Stiffness of rubber
When increasing the stiffness of the rubber coating the 
band gap size increases as well. However, the local 
resonance frequency is shifted to a higher value.

● Number of unit cells
Increasing the number of consecutive unit cells in the 
metamaterial layer will result in broadening of the 
frequency range of the increased reflection, up to entire 
band gap width.
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IDEA: use existing TEM/HRTEM on twins Ni-Ti interfaces to 
guide atomistic modeling.

Crystallography: lattice parameters of Ni-Ti monoclinic B19’
martensite weakly depend on alloy composition and observation
temperature ([4], see Fig. 3).

Atomistic simulations: DFT quantum accurate, but small systems
(~100 atoms). MD millions of atoms, but experimental/quantum
accuracy is the issue. SME & SE involve large systems of atoms:
a reliable interatomic potential (IAP) for MD is needed.

ASSESSING IAPs FOR MD: MD lattice parameters should match the
twinning structures observed experimentally!

The quality of an IAP is usually tested against DFT and
experiments. Our analysis (Fig. 4) shows that only RF-MEAM IAP [5]
captures the correct B19’ structure within experimental accuracy.

Energy Minimization (Continuum-) Theory (EMT) successfully
used to explain self-accommodated structures in Ni-Ti [6]:

rotation tensor, stretch tensor of one side of the twin with
respect to the other, identity tensor, twinning shear, shear
direction, twin plane. Lattice parameters are the only input data
needed!

Shape-memory alloys (SMAs) widely used in engineering applications
for their ability to recover large strains under cyclic loads.

Strain recovery in SMAs due to reversible austenite-martensite (A\M)
transformations (stress/temperature driven).

Functional Fatigue: repeated heat/stress cycling lowers maximum
recoverable strain of SMAs (Fig.1).

PROBLEM: Functional Fatigue limits applications!

Mechanistic origin of Shape-Memory Effect (SME) & Super-elasticity (SE) unknown:
fundamental mechanism needed to be revealed to limit functional fatigue.

Twinning equation (Eq. 1) predictions on Ni-Ti twins match experiments [6]. EMT, with 
experimental lattice parameters, predict a ±7% error range for the twinning shear (Figure 5). 

Twinning shear EMT predictions (with “atomistic” lattice parameters) outside the ±7% range
except for RF-MEAM IAP [5] (Figure 5).

RF-MEAM IAP [5] best IAP for both crystal structure (Fig. 4) and twinning system (Fig. 5).

Further research questions:
1. Why are Srinivasan et al. (2019) [5] MD simulations better than DFT simulations?
2. Why fitting on DFT data if they do not match experiments to enough accuracy?

Next research steps:
1. MD simulation of twins and A/M interfaces
2. Analysis of interfaces with topological methods
3. Mobility of interfaces
4. Bring atomistic information to the

continuum-scale picture. Can SME and SE
be predicted ab-initio?

Multiscale modeling of martensitic transformations 
in shape-memory alloys

L. La Rosa, F. Maresca
Computational Mechanical and Materials Engineering, 

Engineering and Technology Institute, University of Groningen

l.la.rosa@rug.nl
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Methodology

Results & Conclusions

HIGH TWIN INTERFACE MOBILITY AT 
MICRO-SCALE

ROBOTICS AEROSPACE
BIOMEDICAL

Fig.1. Under stress/temperature cycles, “detwinning” starts to occur and SME and SE is then observed at the macroscopic scale [2]. 
This is used in many applications [3]. Functional Fatigue appears in non-recoverable strains.    

EXPERIMENTS

CONTINUUM 
THEORIES

CRYSTALLOGRAPHYMICROSTRUCTURES ATOMISTIC 
MODELING

Fig. 2. Integrated analysis to linking experiments, crystallography, theory and atomistic modeling.

Fig.3. Near-equiatomic composition Ni-Ti lattice parameters show weak dependence on chemistry and temperature. 

Fig. 4. Atomistic calculations of Ni-Ti lattice parameters. Compared with experimental observations, within ±1% error, only Srinivasan et al. (2019) [5] MD IAP 
catch correctly all the lattice parameters of Ni-Ti B19’ martensite.    

Fig. 5. EMT predictions of twinning shear. The twinning equation (Eq. 1) is applied to lattice parameters from atomistic simulations.

SME & SE AT MACRO-SCALE
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Computational modelling of 3D-printed energetic materials

A.H. Lasschuit1, J. Weerheijm2,1, L.J. Sluys1

1 Delft University of Technology, the Netherlands
2 TNO Ypenburg, the Netherlands
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Introduction
Energetic materials (EM) consist of solid particles embedded
in a polymer binder. EM have a high volume fraction of solid
particles separated by a thin film of polymer, see figure 1.

Figure 1: SEM image of the tension failure plane of an ener-
getic material [1].

The pre-polymer is liquid until hardened with UV-light. The
liquid form of the pre-polymer allows for additive manufactur-
ing (AM) of energetic materials. AM enables new unique ge-
ometries of EM products with which energetic performance
can be optimised. This method also introduces layers in the
geometries, which could reduce the overall material strength.
Fractures in EM affect the energetic performance possibly
negating the benefits of AM enabled geometries. To investi-
gate the effect of AM on EM multiple length-scales are con-
sidered, see figure 2.

Figure 2: Representation of different length scales in an AM
grain, micro: particles in polymer binder, meso: AM layers,
macro: complete material

Numerical methodology
The EM is modelled with the finite element method. In fig-
ure 1 one can see that failure occurs at the interface of a
solid particle or in the polymer. Therefore, the solid particles
are assumed to be spherical and linear elastic. The binder
is modelled with the generalised Maxwell model and a gra-
dient enhanced damage model [2]. The interface between
binder and particles is modelled with Turon’s bilinear cohe-
sive model [3] enhanced with the stress from the neighboring
elements [4]. The homogenisation from the micro- to macro-
scale is performed with computional homogenisation. The
AM layers (meso-scale) are modelled with the same cohe-

sive zone model on the macro-scale. The representative vol-
ume elements (RVE) are created with the discrete element
method (DEM). Representation of the complete framework
is shown in figure 3.

Figure 3: An RVE of the micro-structure, red is the polymer
binder and blue the solid particles.

Experimental results
Uni-axial compression experiments are performed to charac-
terise the behaviour of the material. To determine the effects
of AM on the mechanical behaviour of EM, cast samples
and AM samples are investigated. The polymer binder will
be investigated separately (only in cast-form), for parameter
identification of the polymer material model. The binder-only
compression experiments show a viscous response with in-
creasing strain-rate. The addition of particles increases stiff-
ness and ultimate strength, and decreases ultimate strain
compared to the binder-only results. However, increasing
particle volume fraction from 40% to 70% increases the ulti-
mate strength and strain. Comparing the cast and AM results
shows a decrease in stiffness and ultimate strength. AM
adds an additional length-scale, the meso-scale in figure 2,
which results in an anisotropic response in the experimental
results. These characteristics are included in the described
multi-scale modelling platform for 3D printed EM products.

Figure 4: Uni-axial compression of (left) cast and (right) 3D
printed EM
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Rate- and temperature-dependent behaviour of carbon fiber reinforced PVDF

T. Lenders1, J.J.C. Remmers1, T. Pini1, L.E. Govaert1, M.G.D. Geers1

1Eindhoven University of Technology

Introduction
Carbon fiber reinforced PVDF is a potential for the use in
the oil and gas industry, (Figure 1). Carbon fiber provides
high strength and PVDF is used for its favourable thermal
and chemical properties, which are required in harsh deep-
sea environments. A micromechanical model is created to
describe and predict the micromechanical behaviour of
carbon fiber reinforced PVDF. To this extent, a model
describing the rate- and temperature-dependent intrinsic
behaviour of PVDF is combined with a constitutive model
describing the fiber-matrix interface.

Methods

Results and discussion
The response of PVDF over a range of applied strain rates
and temperatures is predicted and compared to
experimental results as shown in Figure 3. The stress
response is slightly overpredicted for the highest strain rates
due to lack of strain softening in the model.
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Figure 1: Thermoplastic Composite Pipe [1] (left) and a microscopic 
image of the cross section of the composite (right).

The plane strain model of the composite is presented in
Figure 2. A quarter of a carbon fiber is embedded in a PVDF
matrix, connected by an interface illustrated by the dashed
red line. Periodicity and symmetry constraints on the
boundaries result in a square fiber stacking. The interface is
modelled using cohesive zone elements that follow a double
linear traction separation law.
The properties of the cohesive zone elements are varied to
investigate its influence on the microstructural behaviour of
the composite. A vertical deformation is applied and the
average stress in the 22-direction is calculated to compare
the model responses. A model without interface elements is
used as reference solution, marked as Full Adhesion (FA).

Figure 3: Predicted stress-strain curves (solid lines) compared to 
experiments (markers) at 5

The stress-strain curves of the microstructures in Figure 4
show the average response of the composites together with
the deformation maps. The ultimate traction compared to
the yield stress of the matrix determines the onset of initial
failure. The fracture toughness is of influence on the
deformation path of the microstructure.
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The intrinsic rate- and temperature-dependent elasto-
viscoplastic behaviour of PVDF is modelled using the
Eindhoven Glassy Polymer (EGP) model [2] with the
mechanical analogue shown in Figure 2. In this model the
stress is calculated according to Eq. 1.= 1 + + ,

, , , 1
The rate- and temperature-dependence is captured in the
Eyring flow viscosity . Experimental data obtained from
uniaxial compression tests performed over a range of
applied strain rates and temperatures [3] is used to fit the
material parameters required in the EGP-model.

Figure 2: Mechanical analogue of the EGP-model (left) and the 
micromechanical model of the composite (right). 

Conclusion
The behaviour of PVDF is predicted over a range of applied
strain rates and temperatures. The micromechanical
analysis showed strong interaction between interface failure
and matrix deformation.

Figure 4: Average stress-strain curves (left) and deformation maps 
indicating the maximum in-plane principal strain (right).

This research is supported 
by Shell Global Solutions



Cohesive zone based conformal meshing of yarn contacts in woven composites
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Motivation

Methodology
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I. Zero level of 
inclusions , .  

II. Generate Octree 
grid point .

III. Identify grid 
points

IV. Delaunay 
triangulation

V. Identify elements 
and nodes sets.

VI. Constrain nodes to the 
signed distance function.

Iteration 0
(Initial state)

Iteration 1 Iteration 10 Iteration 100

[1] K. Ehab Moustafa Kamel, B. Sonon, T.J. Massart, An integrated approach for the conformal discretization of complex inclusion-based microstructures, 
Computational mechanics, 2019
[2] B. Wintiba, D. Vasiukov, S. Panier, S. V. Lomov, K. Ehab Moustafa Kamel, T. J. Massart, Automated reconstruction and conformal discretization of 3D woven 
composite CT scans with local fiber volume fraction control. Composite Structures, 2020

Realistic model = small gap (fiber size) = costly mesh
Solution : Remove the gap and replace with cohesive zone element in interface

The mesh generation tool by Kamel [1] introduces small continuum matrix element between contacting yarns, which is computationally
costly for nonlinear simulations. Thus, we proposed a robust meshing algorithm that can incorporate interface elements between yarns. It
will get rid of the small matrix element between yarns and reduce mesh size drastically.

RVE geometry generation tool [2]

RVE size: 1.95×2.82×2.92 
Gap size: 
Nodes : 1,739,400
Elements : 10,833,395

Implicit geometry Yarn surface mesh Volume meshCT scan

Mesh generation tool [1] 

Surface meshing (with re-triangulation) Results

Figure 3: 3D interlock woven RVE

Figure 2: Plain weave RVE

Figure 1: Convergence of yarn surface mesh and interface mesh 
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Here is the steps shown by two inclusions in 2D. After identify the points within/around the inclusions and obtain triangulations in step III
and IV. The next step is to identify the outer and inner boundary node sets (colored points in step V). Then the nodes in the node sets will
be projected to its corresponding signed distance function (step VI).

The surface meshing will be done in iterations. In each iteration, the
volume mesh is optimized with Persson-Strang truss analogy while the
surface nodes are projected to the corresponding signed distance function.
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Due to the existence of abundant nonlinear factors in NEMS, studying the nonlinear dynamic behaviors of them has important 
theoretical and practical significance for understanding their complex motion. In this project we aim at methodologies for optimizing 
the geometry of nano mechanical resonators to engineer their nonlinear range, damping and mode-coupling. This will be carried out 
by combining finite element analysis and nonlinear system modeling. With experimental techniques, the obtained results will be 
validated on nanostructures that are fabricated using lithographic or laser fabrication techniques. It is expected that this study will 
provide a fundamental understanding of the interplay between geometry and nonlinear dynamics in nanosystems.

Experimental Setup

Introduction

Figure 3 shows the stress engineering 
in H-beams is achieved by changing 
the support width or the support 
length. Figure 4 shows that for the 
same resonance frequency, the 
pre-stress in H-beams is highly closed 
to doubly clamped beams, which 
means the former has strong dynamic 
similarity with the latter. 

The H-beams are fabricated from 350 
nm thick high-stress (1.07GPa) Si3N4 
deposited by low pressure chemical 
vapor deposition (LPCVD) on a silicon 
substrate.

Stress Engineering

Conclusions

References

Figure 2: Schematic of measurement setup

Si 

Compared to the doubly clamped beams, H-beams decouple the dependence of stress on the length of the beam, which provides 
more engineering possibilities for high Q nano resonators. The future work will focus on the engineering of Duffing effect, in order to 
control the onset of nonlinearity in nano resonators.

[1] S. Schmid, K. D. Jensen, K. H. Nielsen, and A. Boisen, Phys. Rev. B 84, 165307
[2] L. G. Villanueva and S. Schmid, Phys. Rev. Lett. 113, 227201
[3] S. A. Fedorov, A. Beccari, N. J. Engelsen, and T. J. Kippenberg, Phys. Rev. Lett. 124, 025502

1. Cubic function near clamping + Sine function[1]:

2. Hyperbolic fuction[2]:

Supports of the H-beams can decrease the clamping loss in the way that they reduce the 
curvature near the clamping boundary, which is also known as “soft clamping”.[3]  For H-beams, 
the abovementioned expressions are still applicable if the coefficients before the clamping 
term “          ” is replaced by the fitting value.

Q Factors

Figure 1: Microscopic image of H-beams

Figure 4: Reverse calculation of stress

Figure 5: Q factor for varing stress and beam length

Tuning of Q factor by stress engineering in Si N  nano resonators
Z. Li¹, M. Xu1,2, R. Norte1,2, A. Aragon¹, F. van Keulen1, P. G. Steeneken1,2, F. Alijani¹
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For doubly clamped beams, the Q factor is highly related to the length and stress. Figure 5 shows the relationship between Q factor 
and the stress of the 1st out-of-plane mode in H-beams. The clamping loss takes up a large part of the total energy loss in doubly 
clamped high-stress beams. It can be seen from both analytical expressions using different mode shape fuctions.
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A multi-scale framework towards prediction of the martensite/ferrite 
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I. Introduction
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II. Multi-scale framework

Background: Martensite/ferrite (M/F) interface damage 
largely governs the failure of dual-phase (DP) steels, which 
are among the most attractive advanced multi-phase steels 
for automotive applications.

Motivation-1: Direct numerical simulations of DP steel 
microstructures are computationally prohibitive. 

Goal: A multi-scale modelling framework for predicting the 
M/F interface damage initiation, which takes the relevant 
microphysics into account.

Hypothesis-1: Sliding-triggered M/F interface damage 
initiation mode is dominating[3].
Hypothesis-2: Specific M/F interfacial morphology is 
secondary compared to the sliding mechanism[3].

Email address: l.liu@tue.nl

A battery electric vehicle (BEV) frame 
with >30 wt% made of DP steels[1]

F: ferrite matrix
M/A: martensite island 

Interfacial 
morphology[3]

Motivation-2: Martensite substructure boundary sliding 
mechanism dominates the M/F interface damage initiation.

M/F interface in general:
• Multi-phase
• Small features
• Highly variable

Highly active sliding and sliding-triggered interface damage initiation, 
revealed by experiments[4] and simulations[3], respectively

Overview

Off-line: • Perform interfacial zone unit cell simulations
• Post-process BVP solutions
• Construct a unified effective interface damage 

indicator model by model reduction

On-line: • Perform simulation on a DP steel mesostructure
• Predict interface damage hot spots

Features • One reference master damage indicator + two 
unified geometrical correction functions

• Calibration only once for a given material
• Prediction of damage hot spots in one step

III. Application
Geometry: A DP steel mesostructure with multiple martensite
islands embedded in a ferrite matrix.
Materials: Reduced lath martensite model[5] and isotropic 
elasto-plastic ferrite model.

Interface damage initiation analysis

Hot 
spots:

• Around martensite islands with high sliding activity
• Exact locations also depend on interface orientation

An efficient microphysics-based approach!

F f it t i
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Introduction
Discovering innovative noise control strategies can consid-
erably upgrade comfort in urban areas and reduce the inci-
dence of noise-related health problems. The purpose of an
acoustic treatment by means of a material is twofold: pre-
venting acoustic waves from crossing the material and mit-
igating reflected acoustic waves. Three acoustic indicators
are depicted in Figure 1(B).

Figure 1: (A) Foam liner placed over the rotor inside a turbo-
fan engine [1]. (B) Foam interacting with impinging wave.

Acoustic Metafoam
A new generation of acoustic foam is designed by combining
standard acoustic foams with the Locally Resonant Acoustic
Metamaterial (LRAM) features.

Figure 2: (A) Metafoam prototype manufactured by A.
Karunarathne. (B) Two depicted phenomena are combined.

Figure 3: (A) Metafoam simulation outperforming regular
foam [2]. (B) Simplified unit cell for metafoam modelling [2].

In regular foams, acoustic waves are dissipated within the
boundary layers. In LRAMs, local resonance gives birth to
enhanced reflection at tunable frequencies. The low audible
frequency range is the target for the envisaged application.

Multi-Scale Framework
Propagating mechanical waves activate fine-scale mecha-
nisms at the pore level, such as the local resonance and
thermal-viscous dissipation. The multi-scale approach can
handle the macroscopic finite-size problem (governed by
Biot-like equations) while accounting for the exotic behaviour
that emerges from the microscopic scale through a compu-
tational homogenisation procedure.

Figure 4: Simplified summary of the computational ho-
mogenisation steps. Adapted from [3] and [4].
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This research aims at developing a relation between the ultra-structural features and the effective hygro-
mechanical properties of oak wood, in order to analyze and assess the response of historical oak art objects
under indoor climate variations. The representative volume elements (RVEs) of the growth rings are generated
based on microscopic images of thin-cut slides of oak growth rings. Individual fibrils are modeled at the nano-
scale level by considering the moisture-dependent elastic properties and the adsorption isotherm, resulting in
their effective hygro-elastic properties. Together with the microfibril angle of the cell wall layer, the
homogenized fibril properties are subsequently used as input for computing the effective hygro-elastic
properties of cell walls at the meso-scale level, see the figure below.

Multi-scale prediction of effective hygro-elastic properties of oak growth rings based 
on microscopic images

M.A. Livani, E. Bosco, A.S.J. Suiker

Eindhoven University of Technology
Chair of Applied Mechanics

Introduction

Multi-scale model

Nano-scale unit cell Image based creation of meso-scale unit cell

Tangential hygro-expansion coefficientTangential stiffness

1               2              3              42 32 3
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MOTIVATION
Concrete sewer pipe systems may experience a loss in structural integrity and serviceability during their lifetime. To avoid
sewer collapse or premature replacement, which cause high financial costs and societal impact, an accurate condition
assessment is essential. Current assessment methods are not fully reliable, resulting in a need for a scientific basis and
practical guidelines to improve condition assessment methods. Therefore, an experimental-numerical program has been
carried out, in which the structural condition of 18 new and 35 naturally aged concrete sewer pipes has been investigated.

RESEARCH OVERVIEW AND RESULTS 

Material properties

Type and degree of deterioration

9%  
lower

29%  
lower

25%  
higher

32%  
lower

Sewer 
pipe

Compressive 
strength 
[N/mm2]

Young’s 
modulus 
[N/mm2]

Tensile 
strength 
[N/mm2]

Mode I 
fracture 
toughness 
[N/mm]

New 83.5 46726 4.2 0.088

Naturally 
aged

57.0 42355 3.0 0.117

Full-scale experiments and numerical analyses
Full-scale experiments and FEM simulations are carried out
to capture the failure response under biaxial loading [2-3].

MAIN CONCLUSIONS
• The type and degree of deterioration is most severe at the inside of the sewer pipes.
• Lower compressive and tensile strength and Young’s modulus, and higher ductility are observed in the naturally aged pipes.
• The sewer pipes fail under the development of 4 macroscopic failure cracks.
• The FEM model accurately simulates the failure response, once the material properties and deterioration level are known.

Deterioration is assessed by [1]: A) surface condition
qualifications, B) residual alkalinity tests and XRD-analyses.

Average values of various material properties are obtained
by means of dedicated experiments and by an experimental-
numerical calibration procedure [1].

Calcite

Gypsum

A) B)

Spread material 
properties

Reduced wall 
thickness

Exp. FEM
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Introduction
Machine learning techniques are rapidly permeating the
arena of constitutive modeling [1,2]. These techniques are
particularly useful to accelerate and enable the use of the
concurrent multiscale (FE2) approach (see Fig. 1).

Figure 1: FE2 workflow using the microscopic model (solid
line) and a NN (grey dashed line).

Being universal approximators, Neural Networks (NN) are by
far the most popular technique to improve the computational
efficiency of the framework.

Challenges & goals
NNs do not perform as well in extrapolation as they do within
the sampling space. Another setback conventional NNs face
is the proper representation of phenomena such elastic un-
loading and damage (Fig. 2).

Figure 2: Conventional NNs suppose a unique ε-σ mapping
and therefore fail to reproduce path-dependency.

The alternative explored here is to reintroduce physics-
based material behavior into NNs, leading to robust
surrogates that extrapolate well and capture path-
dependent behavior in a natural way.

Preliminary work
A NN that uses the actual material model as activation func-
tion has been implemented on top of an existing NN [1] us-
ing the Jem/Jive C++ libraries and incorporated into a FE2

framework. Each sub-group of neurons in the Material layer
can be understood as a fictitious integration point that when
mixed together best represent the average strain-stress be-
havior of the microscopic model (see Fig. 3).

Figure 3: Physics-based material models embbeded in NN.

Next, a composite tapered bar loaded in transverse ten-
sion is solved using the presented NN as the constitutive
model. The training comprises only monotonically load-
ing cases with constant stress ratio until the norm of the
strain at controlled nodes reaches 10% of the RVE length
(Fig. 4). The physics-infused network naturally predicts un-
loading without being exposed to it during training.

Figure 4: Using the presented NN (n = 12) in a FE2 simula-
tion.
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Mechanical characterization of cellulose fibres by optical profilometry
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Introduction
Accurate mechanical characterisation of micro-metric fibres
is challenging, specifically in the case of organically formed
fibres that exhibit considerable irregularities along their
length, e.g. cellulose as in Figure 1. The current study,
introduces a novel methodology [1,2] for evaluation of
mechanical properties of fibres, such as cellulose fibres,
based on in-situ micro-tensile testing and optical
profilometry.

Figure 1: A cellulose fibre imaged by (a) SEM (b) optical profilometry
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The methodology is applied to six cellulose fibres, each
resulting in a few stress-strain curves, evaluated over the
length of the fibres. The stiffness of each curve is evaluated
as the initial slope. The average stiffness for each fibre and
the standard deviation of the fibres are plotted in Figure 3(a).
The strength of each fibre is evaluated as the maximum
force reached at the onset of fracture divided by the
minimum cross-sectional area measured prior to the test.
These values are plotted in Figure 3(b).

PostDoc progress

Future work

1                           2

This methodology is currently being applied for fibres in
naturally aged paper samples. Such accurate
measurements alongside with some chemical
measurements, i.e. degree of polymerization of paper, will
shed light on time-dependant degradation of paper.

(a)

(b)

Methodology
Cellulose fibres are mounted on small PMMA frames in
order to protect them from damage prior to the tensile tests.
The cross-sectional area of each fibre over its length is
evaluated by acquisition of the height profiles of both the
front and back sides of the fibre using a mirror in a
referenced coordinate system. This results in a stress
evaluation over the length of the fibre. A micrometric
speckle pattern is deposited on each fibre and the in-situ
tensile test is performed using an optical profilometer,
resulting in the height profile of the length of the fibre at
each load step. Global digital height correlation (GDHC) is
used to evaluate the strains over the length of fibre.

Results
Figure 2 depicts the stress strain curves obtained at
different sections across a single cellulose fibre.

Figure 2: Stress strain curves evaluated on one single cellulose fibre.

(b)

(a)

Figure 3: (a) The average Young’s modulus of five cellulose fibres 
evaluated at different sections across the length of each fibre and the 
corresponding standard deviations, (b) the strength of each fibre.



A new methodology to measure
residual stresses in ultra-thin layers
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Introduction
In a wide variety of technology, thin films are of substantial
importance to obtain high performance and reliability[1].
Internal stresses in thin films may cause a loss of
functionality[2]. In order to control the internal stresses, first
an accurate stress measurement is required.

A novel setup is developed to measure the residual
stress through the thickness. The setup consists of three
components; a plasma etcher to slowly etch the stack, a
microbalance to measure the change in thickness and a
multi beam optical stress sensor to measure the change in
stress.
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Residual stresses measurement
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Multi beam optical stress sensor (MOSS) is an extremely
reliable system for in-situ stress measurements by
measuring the stress-induced curvature[3]. To improve the
resolution of the MOSS, the multi beams are replaced by a
speckled pattern. The data from vibration measurements
with an accelerometer are used in a numerical steady-
state dynamic analysis to further optimize the design. The
output from the stress sensor is analyzed with Integrated
Digital Image Correlation (IDIC), outperforming previous
numerical methods.

.

Figure 1: Old design of MOSS consisting of laser
beams.

Figure 3: (Left) Camera output from old design,
(Right) Camera output from new design.

Thin film etching

The MOSS is only able to measure the average stress.
Therefore, the thin film will slowly be etched while the
MOSS will simultaneously measure the stress as function
of thickness.

It is important that the removal of the layer is uniform
across the complete sample. Therefore, a low voltage
direct current (DC) argon plasma setup is chosen to
prevent damage in the underlying layers.

Figure 4: Design of a downstream mode DC
argon plasma[4].

Thickness measurement
The MOSS measures the stress. The plasma removes the
material. A third device is needed to measure the
thickness. Optical methods lack the resolution or do not
work with metals or multi-layer stacks. Therefore, instead
the change in weight is measured and converted to
thickness.

Commercial microbalances are however not vacuum
compatible. Custom made devices are difficult to
construct, fragile and consume a large footprint. A robust
high precision, high-capacity vacuum compatible
microbalance is designed to solve these issues.

Figure 2: Updated design of MOSS with Light
Emitting Diode creating a speckled pattern.

Figure 5: Robust vacuum compatible micro-balance.
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Introduction

Figure 1: The high demand for advanced high-strength steels
(AHSS) and their new challenges [1,2].

Challenge

Figure 2: Shear affected zone (SAZ) should be considered the
edge’s initial state in the forming simulations [3]. ND, ED, and CED
stand for normal, edge, and cross edge directions, respectively.

Figure 3: Project flowchart.
Approach

Figure 4: Edge ductility, determined by a novel in-plane bending
test.

Results

Figure 5: The interrupted in-plane bending test.

Figure 6: As-cut sample characterization. a) hardness distribu-
tion b) void volume fraction along with CED, c) void volume fraction
along with ED, and d) hardness prediction with shear cutting simu-
lation.lation.

Figure 7: GOS maps of burnish and burr regions explains the higher
number of microcracks in the burr region during subsequent in-
plane bending test.

Conclusion
• The microcracks initiate from the burr side of the

sheared cut edge, and they grow through the thickness
towards the other side of the plate. Eventually, a big
crack is formed in the plate.

• There is no correlation between the initial void vol-
ume fraction of SAZ and the higher number of micro-
cracks in the burr region during the in-plane bending
test.

• Non-uniform plastic deformation is more extended in
the burr region than burnish region.
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Non-contact techniques to stabilise payloads hanging in a crane
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Introduction
In the coming years, the number of newly build offshore wind
farms in Europe will increase significantly [2]. Currently, each
wind turbine is assembled on site using a jack-up crane ves-
sel, which can raise itself out of the water by means of ex-
tensible legs. Above the water line, the influence of currents
and waves on the ship’s motion is eliminated, creating a sta-
ble platform for lifting operations. However, this raising is a
time-costly procedure. Therefore, the use a floating crane
vessel for turbine assembly is investigated during the FOX
project.

During the assembly of a wind turbine, heavy component are
lifted by the on-board crane. The vessel uses dynamic po-
sitioning to keep itself at the same location regardless the
sea’s current. However, wave-induced vessel motions are
transferred to the load that is suspended in the crane, creat-
ing undesired swinging motion. Currently, tug lines are used
to limit these motions to within a reasonable band. As con-
necting these additional lines to the load is again time con-
suming, this project looks for suitable non-contact alterna-
tives to these tug line.

Figure 1: Semi-submersible Crane Vessel Sleipnir [1].

Full-scale offshore measurement campaign
In October 2021, a floating installation will be demonstrated
at the Princess Amalia Wind Farm. For this demonstration
the Semi-submersible Crane Vessel Sleipnir will be used
(Figure 1). During the campaign the environmental condi-
tions (waves and wind) will be registered. Moreover, the mo-
tion of the turbine components while they are suspended will
be measured. From this unique data set, the forces needed
to minimise the component’s motion will be estimated. This
serves as an input for the upscaling of the non-contact tech-
niques to control the motion.

Figure 2: Laboratory set-up of a crane with a swinging load.

Lab-scale experiment
Several non-contact methods to control the motion of a
swinging load will be tested using a lab-scale set-up shown
in Figure 2. The set-up consists of a scaled crane from
which different loads can be hanged. The non-contact re-
quirement holds for both the sensors (to determine the load’s
motion) and the actuators (to influence the load’s motion).
For the former, ultrasonic and optical methods will be inves-
tigated; while for the latter, electromagnetic and pneumatic
techniques are considered. Figure 3 gives an overview of
the methods under investigation.

input

actuator

controller

Figure 3: Non-contact methods to be investigated.

References
[1] Heerema Marine Contractors. SSCV Sleipnir. https:

//www.heerema.com/heerema-marine-contractors/

fleet/sleipnir [Accessed: 15-09-2021].

[2] WindEurope. Offshore Wind in Europe. Key trends and
statistics 2019. Technical report, WindEurope, 2020.



Effect of Retained Austenite on Macroscopic Material Behavior
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Introduction and Methodology Macroscopic Problem

Microscopic Problem Next Steps

01. Martensitic Transformation

It has been observed experimentally that retained
Austenite existing in the microstructure of Advanced
High Strength Steels (AHSS) transforms to martensite in
forming processes. The athermal diffusionless
transformation introduces some amounts of extra strain
to the material which results in a higher eventual
strength, hardening and formability of the material.
This aspect is highly appreciated in industrial
applications especially automotive.

02. Project Objectives

In this project, the effect of mechanically induced
transformation on formability of AHSS steels is
evaluated. Besides, quantification of retained austenite
stability is aimed and finite element simulations of
forming processes considering this phenomenon is one of
the main objectives of the project.

Energy released at ( ) is the maximum
amount of energy necessary for phase transformation. At
higher temperatures , the amount of energy

which is released ( ) is less than The
extra energy to be supplied to the material is called
energy barrier ( ).

01. Solution Procedure
Advanced high strength steels, in microscopic point

of view, are composed of several phases mainly,
ferrite, martensite and some amounts of austenite in
specific grades. In the solution of the problem, three
main steps are considered. Firstly, macroscopic
computational plasticity problem regarding the
behavior of individual phases is taken into account.
Besides, for the sake of phase contrast existing among
constituent phases of the material, a homogenizing
approach is necessary to estimate how much stress and
strain is concentrated in each phase. On the other
hand, the phase transformation criterion used in this
project is based on stress partitioned in austenite
phase. Therefore, applying a proper homogenization
scheme is inevitable. In this project, we chose mean
field method since it is reliable and computationally
cheap. It is also promising to be utilized in finite
element simulations of tensile test and deep drawing.

01. Microscopic aspects
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02.  Project progress

In this step, I am trying to make a comparison
between 3D RVE crystal plasticity simulations and the
ones of 2D RVEs with plane strain and stress assumptions.
So once 3D RVEs are generated, I make a cut of them, like
intersections to check if the common planar assumptions
on 2D RVEs in literature are promising or not.

Martensite lath formation

03. Theory

02. Effect of Temperature

03. Effect of Composition

So
lu

tio
n Single phase problem

Homogenization problem

Phase transformation check

Habit plane
(HP)

Austenite grain size seems tp play a key role in
martensitic phase transformation. In order to capture this
effect, the evolution of zones on the microstructure that
are affected by geometrically necessary dislocations
because of grain size refinement are considered as a
coating layer around prior grains that hardens the
material. Once the area of these zones are computed by
means of gradient enhanced crystal plasticity, a two level
mean field homogenization is used to study the influence
of coating layer and in this way the results are interpreted
in mcro scale.

Phase transformation model in this project is based
upon Gibbs energy of Austenite and Martensite. Based
on following image on the left, at equilibrium
temperature , Gibbs energy of both phases are the
same. However, trnasformation
occurs at due to obstacles against it (dislocations,
surface energy,...)

Deformation gradient based on shear and normal to HP 

Work done in phase transformation

Defining Transformation deformation tensor

Gibbs energy diagram of phases
Shear during transformation

Principal 
stresses

Eigen values of 
Transformation 
deformation 
tensor

In the kinematices of phase transformation (Right
image), shear distorts a straight line ab to acde.
Deformation gradient and other related terms are defined
in the following equations. Once a variant in one of
austenite grains reaches the critical stress and
consequently maximum energy reached, is equal to
energy barrier ( ), transformation starts.

Temperature plays a significant role on suppression
of phase transformation based on the image on right.
Higher amount of transformation at -40 has resulted
in a noticeable shift on the strength of material. In this
project, the influence of test temperature as well as its
rise caused by plastic energy dissipation and latent heat
of phase transformation was estimated and
experimentally validated.

Temperature effect

DH800

The influence of alloying elements that act as
austenite stabilizers was pinpointed numerically in this
project. As an example, the impact of increasing Silicon
content, from 0.42 to 1 and 2 in a specific AHSS grade,
on Necking onset is depicted on right image. It is clearly
seen that increasing Si content, stabilizes austenite and
hence less transformation occurs and necking happens
earlier. This observation complied well with literature
qualitatively but I am going o verify my results
experimentally.

Composition effect

02. Mean field evaluation

03. Yield surface determination

04. 3D RVE simulation

p g

02 P j

01. Current steps In parallel, I am running thermomechanical
finite element simulations of a forming process on
AHSS considering phase transformation, Hersey
yield surface as well as kinematic hardening in
phase behaviors. It is worth mentioning that our
material subroutines are based upon mean field
homogenization explained in section 02.

The main objectives of the project are
enumerated in this section and their progress out of
100% are listed in the bar plot on the right.
1. Investigation of the influence of temperature and

experimental validation
2. Study of the effect of chemical composition and

experimental validation
3. Mean field assessment compared to CPFEM

regardless of grain size
4. Assignment of periodoc boundary conditions on

arbitrarily shaped RVEs
5. Comparison of 3D RVE simulations with 2D planar

assumptions
6. Implementation of Hersey yield surface for

phases
7. Implementation of kinematic hardening for

phases
8. Thermomechanical simulation of forming process
9. Assessment of GND affected zone growth with

strain
10. Two-level mean field homogenization for coated

grains
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Project objectives

Deep drawing simulation

3D RVE and a 2D cut of it

Yield surface derivation

Periodic boundary conditions

Mean field versus CPFEM

To start with section 01, we decided to first assess
mean field approximations compared to crystal plasticity
finite element simulations (CPFEM) while turning off the
gradient enhancement (grain size impact). On the image
depicted in this section, macroscopic flow curve obtained
from mean field averaging (self-consistent scheme) has
been compared to the one of CPFEM. It is worth
mentioning that in CPFEM simulations, 2D RVEs with
plane strain assumption have been used.

To study the CPFEM simulations of 3D RVEs, I started
with arbitrarly shaped but periodic RVEs which are not
necessarily confined with a cubic box. I applied periodic
boundary conditions and in the most simplified case of
elastic material properties for grains, a uniform stress
field was obtained as it is anticipated.

For 128 
grains

Based on this image, Hersey
criterion is a proper equation to
define yield surface. Once we
have found yield locus of phases
using crystal plasticity, this
criterion can be used in
macroscopic plasticity problem of
individual phases (Section 02).
Implementing Hersey criterion in
plasticity problem of individual
phases, quadratic convergence
was achieved.

Using mean field model to homogenize an aggregte
of grains with crystal plasticity as the defining behavior for
the material, yield surface of fcc material was obtained.
To obtain the macroscopic yield surface, a criterion was
defined to speculate the onset of plastic deformation.

Initiation of Transformation

Refs: E.S. Perdahcioglu, PhD Thesis, 
University of Twente, 2008

Energy Barrier



Simultaneous Topology and Deposition Direction Optimization for Wire and Arc 
Additive Manufacturing for Austenitic Stainless Steel

V. Mishra, C. Ayas, M. Langelaar, F. van Keulen 
Delft University of Technology

Introduction
Wire and Arc Additive Manufacturing (WAAM) is currently
used for large scale manufacturing. Elastic anisotropy is
observed in plates of austenitic stainless steel
manufactured by WAAM due to strong crystallographic
texture [1]. The Young's modulus depends on the angle of
orientation with respect to the material deposition direction
(see Figure 1).
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Figure 1: Young’s modulus dependence on
orientation from the deposition direction in stainless
steel plates manufactured by WAAM process [1].

Objective and Approach
We aim to maximize structural stiffness by simultaneously
optimizing the structural design layout and the local
deposition path direction for WAAM. Density based
topology optimization with deposition directions as
additional design variables are considered. A material
model with cubic symmetry is used to account for
anisotropy.

Figure 2: Compliance minimized beam : Optimized structural layout with optimized deposition directions (red) [2]. Black 
lines indicate two orthogonal maximum stiffness directions corresponding to each local optimized deposition direction.

Results
Figure 2 shows a structural beam layout obtained through
compliance minimization with optimized deposition
directions (red). The deposition directions are aligned such
that the maximum stiffness directions (black) are aligned to
the load path direction. Deposition along optimized
directions will result in more than 50% higher beam
stiffness than deposition along the load path [2].



Topology Optimization for Multiple Materials with both Structural and Thermal 
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Introduction
This research aims to address the issue of energy use in
buildings by implementing innovative façade panel designs
through topology optimization for building renovation
processes. The final results will provide an optimized
structure that consists of less raw materials, and which
works thermally well and structurally sound. In addition, the
application of 3D printing technology, which provides the
possibility to manufacture as-designed structures, is the key
to achieve faster and more economical renovation
processes.

Methodology
In order to perform topology optimization, it is required to
define objectives that steer the material distribution through
the optimization process. One classical approach of
topology optimization is to minimize the structural
compliance ( ) function by which the global stiffness of the
structure is maximized, considering a limited amount of
material. In order to include thermal objective to the
optimization problem, a thermal compliance ( ) function is
added, for which its maximization results in minimal thermal
conductivity. Therefore, the following multi-objective
framework can be formulated, including weighting factors,

and , such that their sum equals 1:

where represents the vector of element densities bounded
by , and are the displacement and temperature
vectors. and stand for the element stiffness and
conductivity matrices. and are volume fraction of
concrete and insulation, respectively.
Furthermore, for incorporating two material structural and
thermal properties in the design, the following modified
SIMP approach is considered:

• Concrete        : High Young’s modulus and thermal 
conductivity     and 

• Insulation            : Low Young’s modulus and thermal 
conductivity       and 

In addition, the optimization problem can be analyzed by
adding stress constraints. Considering the material property
of concrete, the Drucker-Prager yield criterion is used for
stress analysis. To combine thermal analysis, the following
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Future work
Extending the algorithm for stress-constrained topology
optimization in 3D, combined with the thermal
analyses.
Design of load-bearing 3D-printed sandwich panels.
Multi-scale modelling of the concrete.
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Results
The proposed algorithms are applied to a case study of a
3D panel subjected to both structural and thermal loads,
Figure 1. An MMA-solver is used to update the design
variables. The results of the final optimized material layouts
for two different weight values of the first introduced
framework are presented in Figure 2, and Figure 3 presents
the output of stress-constraint optimization problem.
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Figure 1: Design domain, boundary conditions, and load
application of the case study.
Figure 2: Optimized material layouts for compliance minimization
problem (a) , (b) .
Figure 3: Optimized material layouts for stress-constraint
problem.
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3. Results

Complicated where needed, simplified where possible
Efficient Simulation of Transient Problems with Localized Nonlinearities
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Model summary
Sequential forming process
220x220x0.8 mm
All-clamped edges
12100 elements 
24642 nodes

Load: (moving point force)

50 s 125 s

Domain
decomposition 

200 s

Plastic zone evolution

Plastic zone
overlay

Local reduced-
order model

n 

TFETI domain decomposition [1]
1. Introduction
Many mechanical problems contain
only small regions with nonlinear
behaviour. Conventional FE-solvers
spend most time operating on linear
domains that are of little interest.

A method enabling local model-order
reduction has been developed.
High-fidelity solutions can now be
computed only where they are
needed. The rest of the model can
be solved approximately, reducing
simulation time.

4. Conclusions and outlook
Local model order reduction can be
used for efficient modelling of
transient mechanical problems with
local nonlinearities. Good overall
accuracy can be obtained by
approximating displacements of
elastic subdomains by a limited
number of deformation modes.

Further improvement of simulation
efficiency is expected by adapting
the preconditioner for the domain
decomposition problem. This would
lower the number of increments per
simulation step and thus the overall
computational time.
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Representative microstructural model
A 3D anisotropic Voronoi growth algorithm [1] is used to
generate the microstructural geometry. It is similar to the
general Voronoi algorithm, except it takes into account
ellipsoidal growth of the grains. Furthermore, a represen-
tative set of orientations is extracted from EBSD data.
Using a correlation between the main shape direction of
each grain and the easy-growth direction of the crystal,
orientations are assigned to specific grains. The resulting
microstructure is compared to the EBSD data in Figure 2.

Microstructural modelling of large scale additively manufactured metals

T.F.W. van Nuland, J.A.W. van Dommelen, M.G.D. Geers
Mechanics of Materials,

Eindhoven University of Technology
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Conclusions
The key features of the microstructure have been modelled
using a 3D anisotropic Voronoi algorithm and a
representative set of orientations.
The 3D macroscopic yield stress is modelled and shows
significant anisotropy. Furthermore, the model predicted
strain fields match experimental observations.

Introduction
To ensure structural integrity of large additively manufactured
metal parts ( 1 to> 10 m), a rigorous understanding of the
micro-structural characteristics, residual stresses and
resulting mechanical properties is required. To this
purpose, the goal of this project is to obtain a novel
structure-property relationship for products made with
large-scale deposition techniques based on computational
modeling. The computational framework that will be used is
schematically presented in Figure 1.

Figure 4: Comparison of the equivalent Green-Lagrange 
strain with the observed experimental deformation.

Localization: compare to experimental data
Due to the correlation between grain orientation and its
location within the fusion zone, localization is prone to
happen. Numerically predicted strain fields are compared to
experimentally observed deformations in Figure 4. A
convincing match can be observed.

Figure 2: Comparison between the generated computational 
microstructure and corresponding EBSD data. Orientations 

are shown with respect to the building direction.
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Figure 1: The computational modelling framework.

Figure 3: Macroscopic yield stress under various loading 
directions in three orthogonal planes as indicated.
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crystal
plasticity

Macroscopic anisotropic yield stress
Crystal plasticity parameters are fit to macroscopic stress –
strain curves obtained from tensile experiments in the
transverse and in the building direction. The macroscopic
yield anisotropy is numerically studied by performing tensile
experiments under various loading directions. The results
are shown in Figure 3. Significant macroscopic yield
anisotropy is predicted by the model.
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A multi-physics and multi-scale model for the degradation of historical paper
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Introduction
Paper is a biodegradable material with a hierarchical structure,
which is essentially composed of cellulose fibers that are
mutually bonded to form a discrete network. There are two main
mechanisms for the deterioration of paper. First, chemical
degradation of paper occurs over a large timescale and is
typically characterized by the reduction of the average molecular
weight (DP) of cellulose, leading to a decrease of the mechanical
properties of fibers. Second, the induced expansions of individual
fibers by temperature and moisture content variations are
transmitted in the network through the inter-fiber bonds, which
leads to internal stresses that may affect the integrity of paper.
This project aims to develop a multi-scale and multi-physics
approach to predict the age-dependent mechanical properties of
historical paper-based documents, in order to formulate practical,
physics-based guidelines to be used by conservators.
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Method:
The chemical process related to the weakening of the fiber’s
mechanical properties can be described by using the degree of
polymerization (DP) of celluloses [1]. This chemical process and
its effect on fiber’s tensile strength ( ) can be evaluated by the
following equations [2]:

where k is the chemical reaction rate, which depends on storage
conditions (T, RH) and the degree of acidity of paper (pH) [3],
and γ is a constant that should be calibrated based on the initial
tensile strength (TS0). In order to incorporate the effect of
chemical degradation in the deterioration process of paper, a
multiscale technique named Asymptotic Homogenization (AH) is
used. This method provides both the internal stresses within the
fibrous network and the homogenized hygro-elastic properties of
paper [4]. Once the stress in a local material point within a fiber
reaches the age-dependent fiber’s tensile strength (Eq. 2), brittle
failure will occur. The homogenized mechanical properties will be
evaluated with respect to the updated, degraded microstructure.
It is assumed that the failure criterion is isotropic and that the
strength of the fibers depends on the chemical degradation
process (Eq. 1).

(1)

(2)

Results
The results of the model for degradation of paper with a degree 
of acidity pH = 6 stored in RH = 50% and T = 20oC are presented 
below. Figure 1 shows the evolution of the degree of 
polymerization (left) and the degradation of the fiber tensile 
strength (right).

Figure 1. The degradation influence on DP and TS of fibers 

(1)  t = 0 years (2)  t = 410 years

(3) t = 1075 years (4) t = 1740  years
Figure 2. Time-dependent chemo-mechanical degradation of the 

micro-structure

Figure 3. Stiffness (C11) degradation of the paper

Figure 2 illustrates the evolution of the micro-structure and the 
distribution of stress within a unit cell as a result of chemo-
mechanical degradation of the fibrous network. 

Figure 3 shows the time-dependent decrease of the effective 
stiffness component (C11).
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Introduction
Underwater noise pollution generated by offshore pile driving
has raised serious concerns over the environmental impact.
To mitigate the underwater noise, bubble curtains are usually
applied in practice. This paper examines the effectiveness of
an air bubble curtain system in noise reduction [1].

Model description and governing equations
The system shown in Figure 1 (left) is composed of the pile,
the hammer, the air-bubble curtain and the surrounding sea-
water and sediment. The complete model consists of two
modules as shown in Figure 1(right): the noise prediction
module [2], and the noise reduction module. The noise re-
duction module is integrated to the noise prediction module
through depth- and frequency-dependent transfer functions
H̃(z, ω) .

Figure 1: Schematic of the complete system (left) and the
coupled model (right).

The local wavenumber distribution is based on a fluid dy-
namic model developed by Bohne et al. [3] as depicted in
Figure 2 (a). The transmission coefficients H̃(z, ω) are ob-
tained by a simplified one-dimensional acoustic wave propa-
gation approach shown in Figure 2 (b).

(a) (b)

Figure 2: Schematic representation of (a) the vertical mean
liquid flow; (b) the simulated regions.

The response functions from the noise prediction model
are coupled to the sound propagation module through a
boundary integral formulation on the cylindrical boundary
surface r = rbc , the response of the system ũΞ

α(r, ω) becomes:

=
∑

β=r ,z

∫
Ss

(
ŨΞs

αβ(r, rbc , ω) · t̃n
β (rbc , ω) − T̃ n,Ξs

αβ (r, rbc , ω) · ũβ(rbc , ω)
)

dSs

+
∫

Sf H̃(z, ω)
(

ŨΞf
αr (r, rbc , ω) · p̃(rs, ω) − T̃ n,Ξf

αr (r, rs, ω) · ũr (rbc , ω)
)

dSf

Noise prediction
To predict the noise reduction levels, four scenarios are con-
sidered in this section: i) free-field noise prediction without
the air-bubble curtain; ii) water-borne path fully blocked at the
position of the air-bubble curtain while the rest of the wave
field is propagated at the target distance; iii) similarly to (ii)
but with a non-fully blocked water-borne path close to the
seabed; and iv) air bubble curtain modeled explicitly using
an effective medium theory.
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Figure 3: Prediction of the noise from the pile driving: (left)
computed time histories of the pressure; (right) comparison
of SEL and Lp,pk at 750m radial distance from the pile and 2
m above the seabed.

Conclusion
The results provide a clear indication of the amount of energy
that can be channelled through the seabed and through pos-
sible gaps in the water column adjacent to the seabed. The
maximum noise reduction level of an ideal noise mitigation
system is obtained by eliminating the water-borne transmis-
sion path. The results indicate the maximum potential of the
noise mitigation systems applied in the water column. The
model can latter be used for optimization of the air-bubble
curtain system in order to improve the deployment strategy
of the system.
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Introduction
Polyvinilidene fluoride (PVDF) is a semi-crystalline polymer
with high chemical resistance and good gas barrier
properties; because of these qualities, it is often adopted in
load-bearing applications in the Oil&Gas sector. In the
present work, an accelerated testing protocol is presented,
where creep rupture is predicted, coupling a model for the
yield kinetics and the concept of critical plastic strain.

Results and discussion
The yield stress values obtained from tensile tests at
different strain rates and temperatures were fitted with Ree-
Eyring equation (1). The steady state found at yield in a
constant strain rate test is the same occurring during
secondary creep [1], therefore the yield kinetics describe the
plastic flow rate resulting from a certain applied stress as
well.

Materials and methods
PVDF (Solef ®) was kindly provided by Solvay Specialty
Polymers and it was processed applying a wide range of
cooling rates. For each processing condition i) the degree of
crystallinity was measured with Wide Angle X-Rays
Diffraction, ii) tensile tests were carried out at different strain
rates and temperatures, iii) creep tests were performed at
different temperature and under different applied stresses.
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Several experiments were carried out to investigate the yield
kinetics of PVDF. These were described with Ree-Eyring
flow theory and they were combined with critical plastic
strain approach in order to predict time to failure under
creep conditions. The approach proved to successfully
predict the long-term performance of the material,
regardless the cooling rate applied during processing,
provided that the degree of crystallinity is known [3].

Conclusions
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Figure 3: time to failure of PVDF prepared with different cooling protocols. Solid symbols represent experimental creep data, solid lines are 
predictions from the model. 

The authors thank Shell Global Solutions for the financial
support and Solvay Specialty Polymers for the assistance in
supplying the materials.

Acknowledgements

Yield 
kinetics

Critical 
plastic strain

Creep failure 
prediction

Effect of 
crystallinity

Figure 2: schematic of the adopted approach

Figure 1: example of creep tests curves. Dashed blue lines represent 
the plastic flow rate

critical 
plastic 
strain

Failure is triggered when the accumulated plastic strain
exceeds a certain critical value (Figure 1). Once it is
determined, it can be combined with the yield kinetics to
predict time to failure [2]. As suggested by the schematic
approach of Figure 2, the effect of crystallinity is introduced
in the yield kinetics. It was found that the rate factors of the
Ree-Eyring equation ( , ) follow an exponential relationship
with the degree of crystallinity. The resulting creep rupture
predictions are shown in Figure 3.
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Design of Concrete Structures with Hierarchical Architectures using Additive Manufacturing
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Introduction
3D concrete printing (3DCP) is a modern construction
technique that over recent years has been widely employed
for building applications (structural elements, houses,
bridges) [1]. In this construction technique, fluidic concrete
is pumped into a hose and concrete layers are extruded
through a nozzle in a layer-by-layer manner (this process is
shown in Figure 1).
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One of the most important features of 3DCP is that this
technique facilitates the construction of structures with
complex, challenging geometries. Additionally, 3DCP
enables the design of new material systems by
incorporating hierarchical architectures in the material
design. An illustrative example is a bio-inspired structural
system called Bouligand structure. Bouligand structures are
composed of layers, each containing filaments aligned in a
specific direction, with the change in direction between
adjacent filaments indicated by the pitch angle (see Figure
2) [3]. While architectured 3DCP materials in general, and
Bouligand structures in particular, have been widely studied
by experimental works, a macroscopic material model that
can describe their unique features is still lacking. This in
part is due to the intrinsic complexity of such a material
system, including the directional nature of the filaments, the
large number of interfaces with complex mechanical
behavior, and the variety of hierarchic architectural
features.

Figure 1: close-up of concrete layers during printing [2]

Figure 2: Bouligand architectures of hardened cement 
paste made by 3DCP with respectively pitch angles of 2°

(Figure 2a) and 45° (Figure 2b) [3]

In order to incorporate these microstructures
into a macroscopic material model, various techniques
applicable at different scales of observation may be applied
(see Figure 3). Here, atomic and discrete models can
accurately describe structural interactions at the micro- and
nano scales, but are prohibitively expensive for
computations of large-scale engineering structures. On the
other hand, in the case of macro-scale continuum models it
is typically not possible to describe detailed micro- and
nano-scale effects at high accuracy. Meso-scale particle
models, however, are considered as a viable compromise,
as they avoid the large computational demand of atomic and
discrete models while capturing essential features of the
microstructure. A specific meso-scale modelling technique is
the Granular Micromechanics Approach (GMA), in which
each continuum material point is envisioned as a collection
of mutually interacting particles, of which the behaviour is
homogenized to obtain the macroscopic constitutive
response [4].

Figure 3: Schematic representation of material length scales 
and the corresponding computational demand [4]

Goals of the project 
The first step of this research is to develop a GMA-based
material model for the modelling of 3D printed concrete
structures with hierarchical architectures (e.g., Bouligand
structures). Subsequently, the derived material model is
implemented within a FEM framework, so that structural
members with different hierarchal architectures (e.g.,
variations in filament size, distance between filaments, pitch
angle, etc.) can be analyzed. Finally, novel topology
optimization schemes will be developed in order to optimize
structures made with these material systems.

(b)(a)
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Introduction & objectives
High-tech machines often consist of modules, which require
accurate dynamical models for design and control purposes.
Even after reduction using state-of-the-art CMS methods,
these models are too large to evaluate in acceptable time.
In this project, a structure preserving balanced truncation
(SPBT) method is presented to reduce more effectively, by
reducing the subsystems such that

• the I/O behaviour of the coupled reduced system, ac-
curately approximates the original I/O behaviour,

• the subsystems retain their second-order structure.

System representation
This work treats the reduction of k interconnected structural
dynamics models Σj , respresented in second-order form by

Σj :

{
Mjq̈j (t) + Lj q̇j (t) + Kjqj (t) = Bjvj (t),
zj (t) = Cjqj (t),

j = 1, ... , k , (1)

where Mj , Lj , Kj , Bj and Cj are the mass, damping, stiffness,
input and output matrices, respectively. These substructure
models Σj are subsequently coupled by their inputs and out-
puts, vj and zj . The resulting interconnected, or coupled,
model Σc has inputs u, outputs y and Degrees of Freedom
(DoF) qT = [qT

1 , ... , qT
k ].

Methodology
Balancing is a type of reduction, where the states of the sys-
tem are transformed to have equal controllability and observ-
ability. Once the states are balanced, the state components
that are both difficult to control and difficult to observe are
truncated. Unfortunately, regular balancing is not applica-
ble to second-order systems, without destroying the second-
order structure, which is important for interpretation.
In this project, a structure preserving balancing method is
used to reduce the subsystems Σj , using a transformation
based on the entire coupled system Σc . This way, each sub-
system model is mapped to a subspace, which is relevant for
the coupled I/O behaviour.

A schematic representation of the steps in the reduction pro-
cedure is shown in Figure 1. Only the block-diagonal ele-
ments of the controllability and observability Gramians, Pc
and Qc , are used to generate the block diagonal elements
of the transformation matrix T , using a standard procedure
in balancing. With regular balancing, the full Gramians are
balanced, resulting in a full transformation matrix T .

Σj

Σc Pc

Qc

T Σ̂c

Figure 1: Structure preserving balanced reduction, by bal-
ancing the block-diagonal elements of Gramians Pc and Qc .

Results
The SPBT method is tested on a simple SISO system, rep-
resenting two flexibly interconnected Euler beams with 5%
modal damping, as shown in Figure 2. Its performance is
compared to balanced truncation (BT) of Σc , CMS reduction
and second-order balanced truncation (SOBT) of separate
Σj . All methods are compared by means of the Modal As-
surance Criterion (MAC), which indicates how well modes
correspond (Figure 3a, 1 means perfect, 0 means no corre-
spondence) and the relative error frequency response mag-
nitude (Figure 3b).

u

y

Figure 2: Two flexibly coupled Euler beams.

Conclusion & future work
SPBT already seems promising, and is currently further im-
proved to remain statically exact and to select the reduced
order per subsystem more smartly.

1 2 3 4 5 6 7 8 9 10
Modes of CMS reduction

1
2
3
4
5
6
7
8
9

10M
od

es
 o

f o
rig

in
al

 s
ys

te
m

1 2 3 4 5 6 7 8 9 10
Modes of SOBT reduction

1
2
3
4
5
6
7
8
9

10

1 2 3 4 5 6 7 8 9 10
Modes of SPBT reduction

1
2
3
4
5
6
7
8
9

10 0

0.2

0.4

0.6

0.8

1

(a)

100 101 102 103 104

Frequency (Hz)

10-5

100

R
el

at
iv

e 
er

ro
r m

ag
ni

tu
de

 (-
)

BT of coupled
CMS of subsys
SOBT of subsys
SPBT of coupled

(b)

Figure 3: MAC matrices (a) and relative error in the frequency response magnitude (b) of differently reduced models.



Model updating approach for the robust optimization of multi-stage metal forming 
University of Twente
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Chair of Nonlinear Solid Mechanics 

W.B.J. Hakvoort
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Introduction
In multi-stage metal forming processes, identification of the root cause 
of deviations in the product is challenging. The virtual models of these 
processes suffer from a) unaccounted material, geometric, process 
variations, b) numerical assumptions and the use of inaccurate physics. 
This project aims to build hybrid virtual models that are developed using 
FE data, and updated using actual measurements within the framework 
of the governing physics to identify the root cause of deviation.

Objectives

References

Future work
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Use-case

The tool surface in contact with the blank gets heated up due to 
repeated cycles of usage. The temperature rise is due to the plastic 
deformation of the blank and the friction between the tool and the 
blank. The friction coefficient is dependent on the lubricant viscosity 
which varies with temperature. The effect of this change in 
temperature (could be unsteady for a few cycles) has an effect on 
the part geometric features. Such effects accumulate in a multi-
stage process. Thus, taking into account such effects into the 
model is essential for the predictive accuracy of the metamodel. 

An Industrial-Scale Cold Forming Process Highly Sensitive to Temperature Induced Frictional Start-up Effects to Validate a Physical Based Friction Model.
Mark Veldhuis, Jörg Heingärtner, Anouar Krairi, Daan Waanders, Javad Hazrati. Procedia Manufacturing, 2020.

Hybrid Virtual Models

Virtual-models 
(e.g. FE or 
meta-models)

Measured data 
(force, 

temperature)

Combining 
physics-based 
models with the 

measured data to 
account for 

uncertainties in the 
process based on 
physical principles

• Develop metamodels of use-case process based on a
temperature independent FE model.

• Further calibrate the metamodel based on measurements
relating temperature effects on the diameter of the part features

Demonstrator part
Demonstrator multi-stage process setup

Methodology

Physical 
Reguralization

Constrained optimization of metamodel 
parameters based on the  problem physics:
• Equilibrium equations
• Constitutive equations
• General physics (empirical relations)

For e.g.:-The physics of temperature effects can be used through the changes in friction coefficient (a 
process parameter in the model),  which is a function of temperature-sensitive lubricant viscosity.

Develop preliminary 
metamodel from 

(2D/3D) FE simulation
(POD/PCA+RBF/NN)

Update metamodel 
based on measured 

data

Metamodel 
validation

Identify important 
parameters from 

preliminary 
metamodel 
estimations

Plan, set of experiments 
for validating preliminary 

metamodel

Develop 
inverse 

models based 
on Bayesian 

tools

Physical 
regularization

• To develop metamodels of the industrial use case by considering
deviations in the process and its underlying physics

• To trace back the observed measurements of the process
response to the input parameters to identify the root cause of part
deviations and rejections.



Microstructural aspects of damage and fracture for edge ductility
V. Rezazadeh1,2, R.H.J. Peerlings1, J.P.M. Hoefnagels1, M.G.D. Geers1, F. Maresca3

1Eindhoven University of Technology
2Materials innovations institute

3University of Groningen

PhD progress

Edge cracking: apparent inconsistency of the global and 
local ductility, leading to failure at lower strains than expected. 

Intro:
Literature: Steel A is more ductile under tensile test. Steel B is more
ductile under hole expansion test. Both have same strength and
composition.

Edge cracking is NOT a
matter of sensitivity to
induced cracks by cutting
prior to deformation. There
is more going on in the
microstructure?

Edge cracking, i.e.
inconsistency of global
and local ductility is
due to LOW strain
hardening of (some)
martensite islands.
Apparently, some of
them do not strain-
harden much,
therefore they neck
earlier.

More detailed model for martensite is needed, which reflects its hierarchical multiscale microstructure and 
considers recent literature observations:  

Hierarchical multiscale
substructure of martensite.

Sliding mechanism:
Very soft mechanism
exist in the habit plane
of martensite lath. This
leads to very soft
behavior of martensite
block\packet boundary
C. Du et al. (2019).

Martensite lath (BCC) slip systems plus an extra
mechanism of 3 slip systems for Austenite. Like Jenga
tower, shear can happen in specific orientation.

We need a model that
Captures the:
• Boundary sliding
• Boundary strengthening
• Size dependent

isotropy anisotropy of
martensite.

Some
math :

Literature
again!!

Solution?

Future work:
Introduce a damage
model for martensite
that considers its
hierarchal substructure.

Result (s):

Micro scale:

Stress strain fields change due to the substructure of
the martensite.

Courtesy of R. Kerkhof and T. Vermeij, 2021 TU Eindhoven

Consistency between
experiments (left)
and simulations
(right) is captured
only when the model
is used.

Initial
findings:

Macro scale:

Experimental validation:

a) Macroscopic stress drop and, b & c) higher initial hardening, are the effects of the existence
of a soft mechanism in the lath martensite.



Donut: Digital Twinning of Mooring Systems
A Hybrid Non-intrusive Technology
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Introduction
Reliable assessment of the integrity of mooring lines is of
substantial importance for offshore floating structures, such
as floating production and storage units (FPSOs) and
floating wind-turbines. Despite the considerable progress on
non-destructive evaluation methods over the past few years,
the available solutions for mooring systems are either (i) not
sufficiently quantitative, or (ii) require cleaning of the chain
from marine growth, which is highly undesirable.

titatively evaluated in Phase 1. Damaged and undamaged
pieces of chains with and without marine growth are
experimentally and numerically investigated.

PhD progress
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Figure 1: Floating wind-turbines farm.

Approach
This joint-industry project aims at digital twinning of mooring
systems enabling damage diagnosis and prognosis without
a need for chain cleaning. The general approach is as
follows:
• Damage diagnosis system with collocated active and

passive ultrasound tomography systems (Phase 1)
• Load measurement on the mooring line
• Damage prognosis by combining the damage diagnosis

results and load measurement, and feeding them into
damage growth models

• Laboratory and field demonstrations

Experiments of Phase 1
The experiments in Phase 1 of Donut comprise different
degradation mechanisms, i.e. accelerated corrosion,
fatigue, and corrosion-fatigue. Corrosion damage through
marine growth was successfully detected and localized
using acoustic emission. These experiments were carried
out on steel specimens in an immersion tank with fabricated
marine growth (Figures 3-4).

Figure 3: Accelerated corrosion experiments.

Figure 4: The test specimen under simultaneous corrosion-fatigue 
(monitored using ultrasound transducer arrays). 

 

Figure 2. Floating Production and Storage units (FPSO).

Scope of Phase 1
The feasibility of passive and active tomographic inspection
of mooring chains in the presence of marine growth is quan-



Influence of annealing on the adhesion in nanometric SrTiO3 layer on SiO2
substrate measured by picosecond ultrasonics at GHz frequencies
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Introduction
The control of adhesion by acoustic waves has been studied for around 60 years
[1-3]. Using the reflection coefficient of bulk waves at the interface between two materials,
it is possible to extract the interfacial longitudinal stiffness, characterizing the adhesion. In
recent years, the increase of the acoustic frequencies using picosecond ultrasonics and
femtosecond lasers allows to characterize adhesion in very thin films up to the nanometric
scale [4-5]. We are here using a picosecond ultrasonics setup to generate and detect GHz
longitudinal waves to study the influence of the annealing on the adhesion in Au-
Cr/SrTiO3/SiO2 samples. This can be used, for example, for the evaluation of membrane
adhesion in self-sealing pressure sensor [6].

Experimental procedure
The two samples used are composed by a SiO2/Si substrate on which SrTiO3 flakes
(thickness: 82 nm) are deposited. One sample is non-annealed (Fig. 2 a) while the other is
annealed for 1 hour at 400°C with a self-sealing procedure (Fig. 2 b). The two samples
are then coated with ~3 nm Cr and ~30 nm Au to ensure the generation and detection of
the acoustic waves by the lasers inside the samples.

The setup used for the experiments is presented in Fig. 1. Two femtosecond lasers are
used to excite (pump, 1560 nm, 100 mW average output power) and detect (probe, 780
nm, ~3 mW average output power ) the acoustic waves in the sample. Their repetition rate
is around 100 MHz with a slight offset between the pump and probe laser in order to
perform Asynchonous OPtical Sampling (ASOPS) [7].

The pump pulses are partly absorbed by the sample surface, inducing a sudden
temperature increase in the material. This heat generation then creates an elastic stress
pulse, i.e. the acoustic wave.

The acoustic waves propagate inside the sample (Fig. 2 a and b) and reflect at the
SrTiO3/SiO2 interface back towards the surface of the sample.
When reaching the surface of the sample, the backward propagated acoustic waves will
be detected by the probe pulses, using the technique of Conoscopic Interferometry [8].

The output signal from the photodetector is processed using a Ultra-High Frequency Lock-
In amplifier (UHFLI) from Zürich-Instruments and the Boxcar+Periodic Waveform Analyzer
algorithm in order to extract accurately the variations in amplitude of the probe pulses
containing the acoustic signal.

Finally, the acoustic signal is processed by an highpass filter at 18 GHz to avoid parasitic
signals coming from the setup and the processing and then fitted with damped sinusoidal
function to extract the exponential decay of the envelope (Fig. 2 c). Their spectra are
calculated using Fourier Transform (Fig. 2 d). The measurements are averaged on several
flakes (4 non-annealed and 5 annealed) on each samples (Table 1).

References
[1] J. P. Jones, J. S. Whittier, “Waves at a Flexibly Bonded Interface”, J. Appl.Mech., 34, 
1967.
[2] M. Schoenberg, “Elastic wave behavior across linear slip interfaces”, J. Acoust. Soc. 
Am., 68; 1980.
[3] S. I. Rokhlin, Y. J. Wang,”Analysis of boundary conditions for elastic wave interaction 
with an interface between two solids”, J. Acoust. Soc. Am., 89, 1991.
[4] M. Grossmann et al., “Characterization of thin-film adhesion and phonon lifetimes in 
Al/Si membranes by picosecond ultrasonics”, New J. Phys., 19, 2017.
[5] J. D. G. Greener et al., “High-frequency elastic coupling at the interface of van der 
Waals nanolayers imaged by picosecond ultrasonics”, ACS nano, 13, 2010.
[6] M. Lee et al., “Self-sealing complex oxide resonators”, arXiv:2109.03978 [cond-
mat.mtrl-sci], 2021 (submitted to Nano Letters).
[7] A. Bartels et al., “Ultrafast time-domain spectroscopy based on high-speed 
asynchronous optical sampling”, Rev. Sci. Instrum., 78, 2007.
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Figure 1: Experimental setup

1                           2

Figure 2: Acoustic wave propagation in a: Non-annealed sample, b: Annealed sample, c: 
Experimental signals with fit and exponential decay, d: Associated spectra.

Results

Picosecond ultrasonics measurements have been used to characterize the influence of
adhesion of the annealing procedure in nanometric SrTiO3 films on a SiO2 substrate.
Using the amplitude decay of the standing wave inside the Au/SrTiO3 structure, we
were able to deduce the reflection coefficient at the interface. From this, the longitudinal
interfacial stiffness, characterizing the adhesion, was determined. We conclude that the
annealing causes an increase of in the interfacial stiffness.

Table 1: Average results on several flakes and theoretical values at the extreme cases 
for comparison.

Conclusion

Experimental results in Fig. 2 c show that the decay in amplitude of the standing wave in
the annealed sample is faster, indicating then more acoustic energy is transmitted to the
substrate and therefore an increase in adhesion at the interface with respect to the non-
annealed sample. This is confirmed by the corresponding interfacial stiffnesses
calculated from the reflection coefficient , deduced from the decay in amplitude ,
given in Table 1.

The spectra in Fig. 2 d are composed by a bounded and unbounded components,
showing that the adhesion here is intermediate (between perfect contact and perfect
disbonding). However, the unbounded component is relatively higher with respect to the
bounded component in the non-annealed sample, proving this increase of adhesion due
to the annealing procedure as well.

Theory
Due to multiple acoustic reflections between the SrTiO3/SiO2 interface and the sample
surface, a standing wave is created inside the Au/SrTiO3 assembly (Cr layer thickness is
considered as neglectable compared to the acoustic wavelengths and the reflection
coefficient between Au and SrTiO3 is weak). These standing waves will exist only at
certain frequencies depending of the boundary conditions at the SrTiO3/SiO2 interface:
for very weak adhesion, there is almost no contact between the two materials and the
boundary can be considered as free (stresses equal to 0), while for very good adhesion,
there is continuity of stresses at the interface. Therefore, two kind of frequencies can be
calculated [5], and , with for unbounded (free), for bounded and the number
of harmonics.

Each time the acoustic waves will reach the interface, a part of its energy will be
transmitted to the substrate and the rest will be reflected towards the surface. For better
adhesion, more energy is transmitted to the substrate. Due to this leaking of energy, the
standing waves amplitude is attenuated in time. This decay of amplitude is therefore
directly related to the reflection coefficient at the interface [5]. From , the
longitudinal interfacial stiffness [4], characterizing the adhesion, can be calculated,
weaker corresponding to weaker adhesion.

(ps) (1018 N.m-3)
Not annealed (4 flakes) 219.9 ± 50.0 0.81 ± 0.04 1.33 ± 0.20

Annealed (5 flakes) 113.6 ± 17.1 0.70 ± 0.04 2.30 ± 0.64

Theoretical values 59 (perfect contact) 
(total debonding)

0.45 (perfect contact) 
1 (total debonding)

>20 (perfect contact) 
<0.1 (total debonding)

Non-annealed

Annealed

Cr/Au

SrTiO3

SiO2

Acoustic
pulses

Pump & 
probe pulses

a

b

c

d
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Chemical process of biogenic sulfide corrosion
Biogenic sulfide corrosion is a specific form of chemical attack on concrete sewer pipes, which can cause a severe
reduction of the load bearing capacity of sewer systems [1]. The development of mechanistic models is necessary for
obtaining detailed insight into these complex processes, and for defining effective maintenance procedures.

Corroded Concrete Sample SEM-Microscope Optical Microsope

Exp. vs. Numerical Gypsum Concentration Numerical Modelling
Chemical Diffusion:

∂

∂t
Cn = ∇ · (Dn(ω)∇Cn) + Qm

Continuum Damage Mechanics:

∇ ·σσσ + ρ g = 0

σσσ =
(

1 − ωmech

)(
1 − φchem

)
4
C0:

(
εεε− εεεchem

)
Coupling terms: εεεchem , ω, φ, Dn.

In-situ Pipe Simulation (Work in Progress)

Gypsum Concentration Damage Parameter (ω) Maximum Principle Stress Elastic Volumetric Strain

Conclusions
• The shape and the time evolution of chemical cor-

rosion fronts can be captured well with the current
coupled model.

• The diffusive properties of the damaged material
have a large impact on the amount of corrosion.

Outlook
• The chemo-mechanical model will be used to

simulate in-situ sewer pipes.
• The model will be further calibrated on current on-

going experiments.
• Goal: The model can be used to estimate the re-

maining load bearing capacity of sewer pipes in
sulfate rich environments.
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Source of nanomotion

Motion is a key characteristic of every form of 
life. At the molecular scale, motion is a signa-
ture of growth and homeostasis of living cells 
manifesting itself as random-like nanomechan-
ical oscillations with origins that have remained 
largely unknown. Here, we use the exquisite 
sensing capabilities of suspended graphene 
drums to probe bacterial vibrations – even at 
the level of a single bacterial cell. 

Figure 3: The nanomotion recorded from 
flagellated E.coli is much higher than the 
motion for of non-motile or flagellaless 
variants. Motion of flagella is clearly an impor-
tant contributor to the observed oscillations. 

[1] Pelling, Andrew E., et al. "Local nanomechanical motion 
of the cell wall of Saccharomyces cerevisiae." Science 
305.5687 (2004): 1147-1150

[2] Lissandrello, C., et al. "Nanomechanical motion of 
Escherichia coli adhered to a surface." Applied physics 
letters 105.11 (2014): 113701

Related works

Summary

Figure 2: The membrane’s position is recorded in 
time, and the variance quantifies the random 
motion induced by the proximity of live bacteria.  A 
significant drop in variance upon adition of anitbi-
otics is observed, showing that these graphene 
drums can be used as ultra-sensitive label-free 
single cell antimicrobial screening devices. 
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Vibrations of graphene reveal motion of bacterial cells
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Vibrations of graphene reveal motion of bacterial cells

Antimicrobial screening

Figure 1: An interferometric system is used to probe the nanomotion of bacteri-
al E.coli cells adhered to the suspended graphene surface. The signal from a 
drum containing a single bacterium is much higher than from drums without 
bacteria. Measurements performed on live bacteria in growth medium LB. 

Preprint available:
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Introduction
The constantly increasing need for optimized and cus-
tomized electronic products in a wide range of industry sec-
tors, has led to the exploration of hybrid Additive Manufac-
turing (AM) as a flexible approach to combine electronic and
mechanical functionality in a single but highly integrated so-
lution. In virtue of this, the AMpere project is adapting hybrid
AM as its core technology. The consortium seeks to develop
and combine essential AM technologies required for the ro-
bust and scalable manufacturing of smart 4D mechatronic
products.

Objectives
The project goals can be concisely described as:

• Develop flexible and scalable essential technology for
hybrid 4D manufacturing

• Mechanical, electrical and optical functionality integra-
tion

• Development of robust and reliable production systems

• Demonstrate the hybrid 4D manufacturing approach
in three innovative cases (LED luminaires, signal and
power electronics and medical devices)

Methodology
In order to meet the expectations in scalability, and reliabil-
ity is important to reduce production costs while being able
to predict the final product behavior with significant confi-
dence. These efforts should converge towards a "first time
right" manufacturing policy. Numerical simulation tools have
been proven successful to reduce costs and improve the de-
sign to production time. It is from this standpoint, that key
to the project success is the extensive use of Model-Based
Engineering (MBE). The preferred work frame for this MBE
exercise will be the Finite Element Method (FEM). The nu-
merical simulation tools rely in two main pillars:

• Fast and accurate thermomechanical models

• Robust and reliable Model Order Reduction (MOR)
methods

AM processes typically involve multi-physics phenomena oc-
curring at several different scales, therefore causing high
computational expenses that slow down the product design
cycle. The combination of fast and accurate material models
with appropriate MOR techniques will allow simulations to
overcome the time barrier and deliver results within a com-
petitive time frame, while honoring the underlying physics.
This in turn will let companies produce prototypes faster
and take better decisions in time, before costly mistakes are
made.

A frequency domain numerical experiment
Polymers are materials commonly used to print products, for
example in Fused Filament Fabrication (FFF) or ink print-
ing. As a first step towards the goals of the project, here is
presented a simple but precise viscoelastic material model
along its characterization technique. Characterizations in
frequency domain tend to be simple, therefore the complex
modulus of a polymer described by a Prony series equipped
with 9 parameters is approximated by a single 5 parameter
fractional model [1]. The following results were obtained:

Figure 1: Comparison of the complex modulus of the VHB
4910 polymer characterized in [2].

The Frequency-Temperature Correspondence Principle
(FTCP) can be used to describe the influence of tempera-
ture on the dynamic characteristics of polymers [3]. Exploit-
ing this fact, characterization can take place in frequency
domain using a complexity reduced model. This should pro-
vide considerable savings in computational time.

Further verification is to follow with experimental evidence.
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Dynamics of pressurized nanomembranes
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Introduction
Two-dimensional (2D) materials have the potential to be
used as high-precision pressure sensors and providing
an appropriate model for characterizing these
nanomembranes is crucial. Among the models present
in the literature for the prediction of the effects of
pressure on the fundamental frequency of circular
membranes, there are three widely-used models
presented by Bunch [1], Lee et al. [2], and Schomburg
[3]. Preliminary finite element analyses showed a
discrepancy between the models presented and the
simulation results. This inconsistency led us to deeply
explore these models and their assumptions to develop
a more accurate approximation.
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Continuum modelling
Due to the small thickness of 2D materials, the bending
rigidity is negligible; thus, membrane models are
suitable for predicting the natural frequencies of these
elements under pressure. Moreover, suspended 2D
membranes are mostly under uniform tension subject to
the manufacturing process. Considering uniform and
axisymmetric loadings, the schematic of the problem is
shown in Figure 1.

Four critical assumptions help to improve the currently
available models:

Mode shapes of a circular membrane are zeroth-
order Bessel function rather than parabolic form.
The problem is highly nonlinear due to large
deformations, and superposition will not be
applicable.
Due to the nonlinear nature of the problem, the
couplings between in-plane and out-of-plane
deformations are crucial for a precise analysis.
For accurate analysis, we should have a multi-mode
model.

Figure 1: Schematic of the problem

As shown in Figure 2, the fundamental mode shape of a
membrane under pressure load will not follow the first
zeroth-order Bessel function form and is instead a
combination of the zeroth-order Bessel functions; i.e.:

Verification of the model
Figure 3 shows a comparison between our model, and
the models available in the literature, and their accuracy
in prediction of FEM results.

Figure 2: Mode shape variations with applied pressure

Figure 3: Comparison of available models with the
current study
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Introduction
To weathervane in wind and currents, floating production
storage and offloading (FPSO) units typically make use of
turret mooring systems. These contain large-scale roller
bearings to allow for rotation. Since these vessels are per-
manently moored offshore, and due to the precarious and
sensitive environment, management of the integrity of the
bearing is of great importance. For low-speed bearings, con-
dition monitoring is still an unresolved challenge.

Figure 1: ”Aoka Mizu” FPSO

Objective
To quantitatively identify and monitor following degradation
types in heavily-loaded low-speed roller bearings:

1. Intact baseline
2. Natural degradation / fatigue
3. Presence of artificial crack in roller
4. Brinelling
5. High-voltage electric pass
6. Lubrication starvation
7. Lubrication contamination
8. Corrosion of raceway

Methodology
Elastic stress waves released by changes in the microstruc-
ture of a material are utilised. This process is commonly re-
ferred to as Acoustic Emission (AE). For each of the degra-
dation mechanisms mentioned above, the ultrasonic signa-
ture is obtained experimentally. A framework for processing
the recorded signals and classifying the damage is also de-
veloped.

Figure 2: Illustrated AE from subsurface crack growth

Test Set-up
A dedicated set-up has been designed that is representative
of a segment in the main turret bearing of an FPSO. The de-
sign is a true-scale linear bearing, that under vertical loading
allows for sliding of the central structure.

Figure 3: Test Set-up

Procedures
a) Natural degradation is tested at maximum load and

speed until cracking is visible after 230,000 cycles.
b) Standardised load and excitation sequences are de-

fined to test the other defect types and baseline.
Ultrasonic activity is monitored in the range of 40-580 kHz
using passive AE transducers.

Conclusions
• Distinguishing features for most degradation cases

have been identified from the recorded ultrasound sig-
natures.

• Filters based on the ultrasonic data itself and on oper-
ational data from the testing machine have been imple-
mented to separate the signals of potential degradation
from background noise.

• Hierarchical clustering based on waveform similarity
(cross-correlation) has been applied to identify signal
emission mechanisms, such as crack growth.

• Evolving damage (case 2) and lubrication problems
(cases 6 and 7) are most straight-forward to detect.

• Artificial defects (case 3), corrosion (case 8), and
brinelling (case 4) are barely distinguishable from the
baseline (case 1).
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of Highly-loaded Low-speed Berings Using Acoustic Emission Monitor-
ing: A Feasibility Study,” in Progress in Acoustic Emission XIX, 2018,
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Design and Analysis of Aircraft Structures with Innovative Joints
and Recycled Materials

A. Schiller1

1Delft University of Technology

Introduction
Mitigating the effects of climate change is expected to be a
major challenge during the 21st century [1]. To that end, the
aerospace industry can contribute to solutions that are both
ecologically and economically viable. The reduction of
structural mass, for example, minimizes CO2 emissions
while simultaneously lowering cost for operators.

To achieve the goal of a more sustainable air travel, large
portions of modern aircraft are manufactured from fiber
reinforced plastics (FRPs) which allow for lightweight
designs. However, composites also introduce new
challenges because their usage is often limited to the
lifetime of a single structure.

Therefore, my research aims at analyzing novel joint
designs that can transfer additional load [2] while
considering the impact of 2nd life applications for FRPs. In
particular, hybrid joints with through-the-thickness
reinforcements, as well as induction- and conduction-
welded thermoplastic joints are investigated.

Finite Element Model
A finite element model of CFRP/Titanium single-lap shear
joints reinforced with additively manufactured pins (Figure 2)
has been created in Abaqus. Figures 3 and 4 indicate that
the pins are effective in delaying the onset of failure
compared to conventional single-lap shear joints.

References
[1] J. C. Ciscar et al. (2011). Physical and economic consequences of climate change 
in Europe, Proc. Nat. Aca. Sc., 108 (7), 2678-2683.
[2] C. Bisagni et al. (2018). Experimental investigation of reinforced bonded joints for 
composite laminates, J. Comp. Mat., 52 (4), 431-447
[3] J. Rouchon (1990). Certification of large aircraft structures, recent progress and 
new trends in compliance philosophy, 17th ICAS, Stockholm, Sweden
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Methodology

The building block approach (Figure 1) is employed to
develop TRL 4 demonstrators based on the presented
technologies. First, single-lap shear joints with and without
reinforcements are investigated analytically, numerically,
and experimentally to generate a detailed understanding of
the load transfer in these structures. Subsequently, the
obtained knowledge will be applied to stiffened panels and
finally to a wing section with shape-morphing capabilities.

Figure 1: Testing pyramid. [3]
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Figure 3: Load-displacement curves for various reinforced 
single-lap shear joint models.

Figure 4: Cohesive damage in the overlap area of a single-
lap shear joint with pins.

Conclusions
Both the motivation and an approach for reducing the
ecological footprint of the aeronautical industry are outlined.
A finite element model that showcases the superior
performance of innovative joints is presented. Future work
will include the validation of this model.

Figure 2: Hybrid single-lap shear joint specimen.



Atomic-scale mechanisms of hydrogen embrittlement in iron

Varun Shah, Erik van der Giessen, Francesco Maresca

Email: v.d.shah@rug.nl

Computational  Mechanical and Materials Engineering
University of Groningen

1. Introduction:

2. Established theories and limitations:
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Figure 1: (a) H induced cracking in linepipe grade steel 
(b)Tensile stress-strain response of pure iron with and 
without H charging [1].

H enhanced localized plasticity (HELP): 
H enhances dislocation mobility.

H enhanced decohesion (HEDE): 
H clustering and weakening of atomic bonds.

H enhanced strain induced vacancies (HESIV): 
Vacancy cluster stabilization due to H.

H induced phase transformation.
H induced dislocation cell: crack-tip plasticity.

Theories:
Limitations: 

Figure 2: Schematic showing different 
established H embrittlement theories [2].

Real scenario: Simultaneously 
operating mechanisms.

Micro-scale mechanisms of H
induced failure: unclear.

Open questions:

How does H influence the 
intrinsic ductility in Fe?

What is the role of local H conc.
on the crack-tip mechanics?

NorthH2 (Groningen) Europe’s largest green hydrogen (H) project.

Transport of green H Existing methane pipelines (HSLA steels).

Challenge: Extending the lifetime of the pipelines.

H diffuses fast and interacts with defects Loss of ductility (Fig. 1).

Research goal: “Elucidate the nano/micro-scale interaction mechanisms

of hydrogen with lattice defects and develop a physics driven continuum 

scale model of H induced fracture under application related loading 

conditions.”  

3. Approach: 4. Preliminary results and outlook:

DFT results:
H solution 

energy (eV)
Present 

work
Literature

TIS 0.05 0.19 - 0.27

OIS 0.23 0.26 - 0.37

SS 2.76 2.54 - 2.61

Insight on crack-tip mechanics:  Development of new  
Fe-H interatomic 
potential.

Density Functional Theory (DFT) 
calculations

Database input

Machine Learning: Gaussian 
Approximation Potentials(GAP)[3]

Database training

Newly developed 
Fe-H Potential

Molecular dynamics (MD): H interaction with defects

1) Interaction of H with dislocations [4,5].

2) K-controlled test: Interaction of H with cracks.

MD simulations:

Quantum Espresso
(QE) will be used to
train the database
for Fe-H GAP.

Figure 3: Pressure field around edge 
dislocation in bcc NbTaV alloy [5].

Interaction of bcc edge
dislocation with H will be
studied using Fe-H GAP
and compared with
embedded atom potential[6].

(a) (b)

www.metalspiping.com

TIS,OIS,SS: Tetrahedral, octahedral, substitutional site



Modelling of thermomechanical behaviour of the 3D printed ceramic membrane
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Introduction
In recent decades, additive manufacturing (AM), also
known as 3D printing, is getting more popular as it
enables the creation of complex parts and systems
compare to traditional industrial production processes.
One great challenge in manufacturing ceramic
membranes is to achieve desired quality of the final
printed product after sintering/thermal treatment.
Shape instabilities during sintering of functionally
graded porous multi-layers is one of the problems often
observed in the development of various technologies
like the solid oxide fuel cells, gas purification
membranes, etc [1, 2]. The goal of the current project
is to build up a modelling framework that captures the
thermo-mechanical behaviour of ceramic membranes
during the sintering stage and thus optimize the
manufacturing processes with the help of simulations.

Models

– stress tensor; – material viscosity; – normalized
shear viscosity; – normalized bulk viscosity; - Trace of
the strainrate tensor; - sintering stress; – porosity.

References
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science, 88, 28-36.
[2] Olevsky, E. A. (1998). Theory of sintering: from discrete to continuum. Materials 
Science and Engineering: R: Reports, 23(2), 41-100.
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phase field approach. Acta materialia, 54(4), 953-961.
[4] Chockalingam, K., Kouznetsova, V. G., Van der Sluis, O., & Geers, M. G. D. (2016). 
2D Phase field modeling of sintering of silver nanoparticles. Computer Methods in Applied 
Mechanics and Engineering, 312, 492-508.
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Modelling framework
A multi-scale modelling framework is proposed that
focuses on two length scales: macroscopic component
scale (~mm) and mesoscopic particle scale (~ m). At
the macroscopic scale, the thermo-mechanical
responses are modelled using a Skorohold-Olevsky
Viscous Sintering (SOVS) model. The mesoscopic
solid-state diffusional material behaviour is solved with
a Phase Field Model (PFM). The coupling between the
two scales will be achieved at a later stage via
online/offline homogenization schemes.

1                           2

Figure 1: Multi-scale modelling approach for solid state
sintering of ceramic membranes

Skorohold-Olevsky Viscous Sintering (SOVS) model [2]= + 3 +
1 =

Phase Field Model (PFM) [3, 4]

Figure 2: (a) Displacement field during sintering LWO using SOVS 
model; (b) The neck growth during solid state sintering of Tungsten 

particles using PFM.

(a) (b) 

= , + 12 + 12
= =

Results

– total energy in the system; – bulk free energy; –
concentration of solid; – non-conserved order parameter,
=1 at th particle, =0 elsewhere; , Gradient energy
parameter for both conserved/non-conserved fields;
concentration mobility tensor; - order parameter mobility.

This project is co-funded by TKI-Energy with the supplementary grant 'TKI- Toeslag' for Topconsortia for
Knowledge and Innovation (TKI’s) of the Ministry of Economic Affairs and Climate Policy.
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Background
Contact induced fracture and material detachment from sili-
con wafers impose an obstacle in maintaining high produc-
tion quality of small-scale electronic products. To investigate
the mechanisms and parameters involved in the exhibited
material detachment, a numerical micro-scale scratch model
will be established derived from the macro-scale contact sit-
uation as illustrated in Figure 1.

∼ 2μm

∼ 2μm

∼ 5− 10μm

v

p

x

z
y

Macro-scale Meso-scale Micro-scale

Figure 1: Scale separation of silicon wafer in contact with a
pin.

Continuum Bond Method
The discrete nature of particle methods allow for a straight-
forward introduction of discontinuities so that fracture and
material detachment can be included naturally. However, ex-
isting particle methods, like the Smoothed Particle Hydrody-
namics (SPH) method for instance, can only approximate the
constitutive behavior in a classical continuum sense. Alter-
natively, the Continuum Bond Method (CBM) is introduced
where advantage of this approach is that it maintains the
fracture properties of particle methods (Figure 2) while com-
puting the field quantities in a continuum consistent manner
(Figure 3), comparable to the Finite Element Method (FEM).

v∗ = 0.15 m/s

v∗ = 0.75 m/s v∗ = 1.5 m/s

Figure 2: Dynamic fracture behavior for increasing excitation
velocity on a thin brittle plastic plate found by CBM.

 = CBM  = SPH

|εFEM
p − ε�

p|/|εFEM
p,max| [%]

Figure 3: Comparison of equivalent plastic strain for CBM
and SPH against FEM from tensile bar simulations.

Micro-scale indentation of silicon
Pressure induced phase transitions govern the plastic be-
havior of silicon at the micro-scale as demonstrated in Fig-
ure 4. To accurately predict the fracture behavior a silicon, a
constitutive model that accounts for this specific plastic be-
havior needs to be incorporated [2] . Secondly, to accurately
model indentation and scratching, a three-dimensional im-
plementation of CBM is necessary.

Figure 4: Image of indented silicon surface from [1].

References
[1] L. Vandeperre et al., The hardness of silicon and ger-

manium, Acta Materialia, 2007.

[2] M. Budnitzki and M. Kuna, Stress induced phase tran-
sitions in silicon, Journal of the Mechanics and Physics
of Solids, 2016.



Bayesian optimization of composite microstructures with manifold learning

J. Storm, I.B.C.M. Rocha, T.Li Piani, L.J. Sluys
Delft University of Technology

MSc. Thesis

Introduction
High-precision  manufacturing  of composites  on  the 
microscale   can   enable   optimized  (macroscopic) 
material properties. With many possible geometries 
but very expensive computational models, finding 
these  optimal  geometries  is  very challenging.
The aim of this MSc thesis is to circumvent the
curse     of     dimensionality     and     enable
optimization    of    these    high-dimensional
optimization problems with minimal model 

evaluations.
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Fiber geometry

The       proposed     optimization 
framework   is  able to  perform
some       optimization     with
 minimal                  function
 evaluations,  leading  to a
 drastic    reduction     of
 computation       time.
 However,  no global
 optimum is found.

No function evaluations
Reduces dimensionality

x

z

Methodology
Optimization  in  a  high-
dimensional space generally 
requires       many        function 
evaluations.        A       variational 
autoencoder  is  used to significantly 
reduce the dimensionality.  A Bayesian 
neural  network  is  trained,  and its  mean 
and  uncertainty  predictions  are  combined 
into  the  ‘Expected  Improvement’  acquisition 
function,  which  is  maximized  using  a  genetic 
algorithm  to find the  optimal point  to sample next. 

Loss of design space
Increased information density

Bayesian optimization
             

A  Bayesian  neural  network is  trained  using  the  Laplace  approximation, and 
re-trained for each additional sample. The low number of samples limits the network 
parameters,   leading  to   a   model  of  low  complexity   which   favors  a   high  bias. 

Recommendations
       

Study problems with an underlying dimensionality or which are not easily parametrized 
Use alternative Bayesian prediction methods

x

z

x̄
x̄

x*

z*

f(x*)

z*

xopt

zopt

zopt

x*

Conclusion

Variational autoencoder
A  variational  autoencoder  is pre-trained  to  recreate its input
while  going  through a bottleneck. This bottleneck is then used as 
the lower dimensional representation.



In this work the checkpointing and Local-in-Time algorithms 
are combined into the hybrid Checkpointing/Local-in-
Time algorithm. We reduce memory, while keeping 
computation time at a minimum and sacrifice less accuracy. 
The algorithm consists of two steps:

1. Local-in-Time sensitivity computation: 
Compute approximate sensitivity using 
approximate adjoints as in Fig. 3.

2. Checkpointing error correction: Correct 
sensitivity where adjoint error is large

The computations are parallelized in time instead of 
parallelized in space to reduce computation time as 
illustrated in Fig. 5. The communication overhead in both 
methods consists of:

1. Parallel in time: communication at the end of 
computations.

2. Parallel in space: communication at every time step.

• The C/LT algorithm balances memory, computation 
time and accuracy

• Temporal parallelization is efficient when the 
intervals are relatively long.

Transient sensitivity analysis for topology optimization

M.J.B. Theulings1,2, M. Langelaar2, F. van Keulen2, R. Maas1

1Dutch Aerospace Centre
2Delft University of Technology

E-mail: maarten.theulings@nlr.nl

Introduction
Thermo-Mechanical-Fluidic systems are relevant for a wide 
range of applications. Typical aerospace examples are re-
entry vehicles, satellites, space instruments and propulsion 
systems. In this project algorithms for transient topology 
optimization of such systems are investigated.

Transient sensitivity analysis consists of two steps:

1. Solve and store the state equations forward-in-time.
2. Solve the adjoint equations backward-in-time and 

update the sensitivity.

Due to this nature memory requirements scale with the 
number of time steps used and may become prohibitively 
large, and computation time of the transient system is 
increased. 

To balance memory and computation time, the temporal 
domain is cut at checkpoints and divided into intervals. Two 
algorithms are often used:

1. Checkpointing [1]: decreases memory, increases 
computation time, recomputes state solutions.

1. Local-in-Time [2]: decreases memory, decreases 
accuracy, approximates adjoint variables.

Transient Sensitivity Analysis

Parallelization Via Temporal Decomposition

[1] A. Griewank, Achieving logarithmic growth of temporal and spatial complexity in reverse automatic differentiation. Optimization Methods and Software, Vol. 1, pp 35-54, 1992
[2] N. Yamaleev, B. Diskin, E. Nielsen, Local-in-Time adjoint-based methods for design optimization of unsteady flows. Journal of Computational Physics 2010; Vol. 229, pp 5394-5407, 2010
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Figure 5: In A the space-time grid is shown which can be 
decomposed in space (B), or in time (C). 

The Hybrid Checkpointing/Local-in-Time Algorithm

Conclusions

Figure 1: A temporal grid on which subsequently state and 
adjoint equations are solved. 

1

2

Checkpointing & Local-in-Time Algorithm

1

2468

357

Figure 4: The checkpointing correction.

Figure 3: The Local-in-Time algorithm. 
Approximate adjoint equations are solved 
moving forward one interval at a time.

8

531 7

642

13

24

Figure 2: The checkpointing algorithm. State 
solutions are recomputed and stored one 
interval at a time.



A non-linear frequency-dependent model
for vibration-based pile installation
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Introduction

Presently, over 80% of the existing offshore wind
turbines (OWTs) in Europe are founded on monopile
foundations. These substructures are most commonly
installed by impact hammering, albeit more
environmentally friendly installation methods are
increasingly adopted, e.g. vibratory pile driving.
A new technology – Gentle Driving of Piles (GDP) –
has been proposed by TU Delft and successfully tested
at Maasvlakte II. The development of a numerical model
for the analysis of these vibration-based installation
methods is the present objective.

References
[1] de Oliveira Barbosa, J. M., Park, J., & Kausel, E. (2012). Perfectly 
matched layers in the thin layer method. Computer methods in 
applied mechanics and engineering, 217, 262-274.
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Model Figure 1: GDP test site

Results

A numerical example of the soil displacement field in
the frequency domain, for a stationary pile slip in both
axial and circumferential directions is shown:

A three-dimensional pile-soil model is formulated for
the GDP method, comprised by:
1) a linear elastic thin cylindrical shell (pile)
2) a linear visco-elastic layered half-space (soil) [1]
3) a non-linear frictional pile-soil interface

Numerical method

Shell Modes in vacuo

Dynamic Soil Stiffness

Dynamic Soil Flexibility

Pile-Soil Interface

Galerkin Method Future steps

The present model is a significant step forward in numerical
modelling of vibration-based pile installation with ongoing tasks:

• finalization of Stiffness-Flexibility-Interface formulation
• validation/comparison of numerical model with field data





The filtering effect has been obtained by using systems
containing one or more resonators (Fig. 1a). However, the
local resonance in such systems is reached by combining
different materials, which shows a complex issue regarding
to the manufacturing process and does not explore the
influence of their internal geometry on the band gap
formation.

This work proposes an elastic metamaterial for filtering
waves for specific frequencies, as shown in Fig. 1b. Instead
of using multiple materials representing each component,
we design a structure made of a single material.

Single-phase metamaterials for wave filtering

A.C.A. Vasconcelos1, D. Schott1, J. Jovanova1, A.M. Aragón1

1Delft University of Technology

Introduction
Metamaterials are architected structures having constitutive
properties not commonly found in nature. The structure of
metamaterials is constituted by unit cells, which represent
the building block of such structure. One application of
elastic metamaterials is the attenuation of waves for specific
frequency ranges [1,2].

Model description
The metamaterial proposed consists on an array of periodic
unit cells (PUC) made of aluminum, whose internal
geometry is defined as shown in Fig. 2. No damping is
considered in the system.

Numerical results

References
[1] Zhu, H., and Semperlotti, F., 2013. AIP Advances, 3(9), 
p. 092121.
[2] Chen, Y., Barnhart, M., Chen, J., Hu, G., Sun, C., and
Huang, G., 2016. Composite Structures, 136, pp. 358–371.
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Figure 2: Single material unit cell representation.

Different unit cells are combined for obtaining the filtering
mechanism (Fig. 4a). The transmission diagram of this
arrangement is shown in Fig. 4b, in which the frequency
attenuation at the frequencies corresponding to each unit
cell is reached.
a)

b)

Figure 4: a) Array of different unit cells and b) transmission 
diagram of the array showing wave attenuation.
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Figure 3: Band structure and mode shapes for unit cells 
with different internal geometries. 
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Figure 1: a) Previous concept and b) proposed concept 
of a metamaterial for filtering waves.
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Introduction
Local mesh refinement in isogeometric analysis is en-
abled by T-splines, (Truncated) Hierarchical B-splines (THB-
splines) and more [1, 2], in order to prevent global tensor-
product refinements. Goal-adaptive meshing schemes are
schemes where the mesh is refined such that a goal quan-
tity is most accurately predicted [3]. In our work, we develop
such goal-adaptive meshing routines for structural analysis
with isogeometric Kirchhoff-Love shells [4], for (quasi-)static,
buckling and modal analysis.

Methodology
The adaptive meshing routine for a general problem is pre-
sented in fig. 1. In the present work, emphasis is on solving
the Kirchhoff-Love shell equations, with the DWR method
method for error estimation, THB splines for refinement
and quasi-interpolation to transfer the solution between
meshes.

Solve Estimate Mark Refine

TransferAdvance

Addition for solution stepping

Adaptive meshing step

Classical solution stepping

Figure 1: General adaptive meshing flow for solution step-
ping (e.g. dynamic, quasi-static simulations)

In brief, the DWR method [3] uses the solution uh ∈ S
p
h of

the (nonlinear) primal (i.e. original) problem eq. (1) to solve
the linear dual equation eq. (2) in the same space and in an
enriched space, to obtain ξh ∈ S

p
h ) and ξ̃h ∈ S

p+1
h , respec-

tively. Then, the error prediction w.r.t the goal function, ΔQ

is obtained by solving eq. (3).

find uh ∈ S
p
h s.t. N(uh,φh) = 0 ∀φh ∈ S

p
h (1)

find ξh ∈ S
p
h s.t. N′(uh, ζh, ξh) = Q′(uh, ζh) ∀ζh ∈ S

p
h (2)

ΔQ(uh) = Q(u) − Q(uh) = R(uh, ξ̃h − ξh) (3)

The semi-linear operator N (N) contains the (linearised)
weak formulation of the Kirchhoff-Love shell [4]. The resid-
ual is defined as R = −N and the (linearised) goal func-
tional by Q (Q′). The goal functional can contain mem-
brane or flexural (principal) strains or stresses, but can also
be displacement-based. For modal or buckling analysis,
Q(λh, vh) = λhB(vh, vh) with λh, vh the solution eigenpair and
B the mass or linear stiffness operator.

Numerical examples
This section provides a selection of the numerical results.
More can be found in our upcoming publication

Modal Analysis
Modal analysis of a square,
simply supported plate is
performed. The error w.r.t.
the first eigenfrequency is
considered.

• Ideal rates of conver-
gence are obtained
for the error

• The estimated error
(markers) aligns with
the analytically com-
puted error (lines)

10−1 10010−10

10−4

102

1
2

1

4

1

6

#DoFs

Δ
Q

p num. an.

2

3

4

Wrinkling example

Wrinkling of a stretched
hyperelastic sheet in
due to tension

Transfer of solutions
between meshes
is done by quasi-
interpolation, which
is an efficient, local
interpolation method.

Conclusions & Future Work
This work presents an adaptive isogeometric method for
structural analysis with isogeometric Kirchhoff-Love shells,
using the DWR method. It is concluded that, (1) a vari-
ety of goals function enables application-driven refinement,
e.g. refinement based on hotspot-stress, principal stress,
etc.; (2) the method enables adaptive meshing for eigen-
value problems (modal and buckling analysis); and (3) quasi-
interpolation facilitates efficient local interpolation between
meshes for quasi-static analyses.

Future work includes application on structural dynamics in
combination with parallel-in-time solvers.

References
[1] Bazilevs et al. (2010), Comput. Meth. Appl. M.
[2] Giannelli et al. (2012), Comput. Aided Geom. D.
[3] Houston et al. (2000), Comput. Meth. Appl. M.
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Code availability
The code of this project is open-source and will be published
in the Geometry + Simulation modules (G+Smo).
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Unravelling the physics behind the hygro-expansion of paper: 
a multi-scale study

Niels Vonk, Ron Peerlings, Marc Geers, Johan Hoefnagels
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Single fiber

10 μm

Inter-fiber bond

30 μm

Fiber network

0.2 mm

Paper sheet

1 cm

Micro-scale Meso-scale Macro-scale

• Paper instabilities after printing (fluting)
• Driven by paper’s complex microstructure
• Multi-scale study, i.e., fibers, inter-fiber 

bonds, fiber networks and sheets
• Hygro-expansion: moisture-induced 
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GDIC

• Extension towards full-field hygro-expansion of inter-fiber bonds.
• Inter-fiber interactions; decrease in tt when approaching the 

bonded area due to lower ll of the orthogonally bonded fiber.

• Accurate identification of the fiber 
hygro-expansion using global digital 
height correlation (GDHC).

• Fibers well 20-30 more in transverse 
compared to longitudinal direction.

• 3D characterization of paper networks under hygro-(mechanical) 
loads using in-situ X-ray computed tomography (CT).

• Coupling of micro-constituents towards the network scale.

• Sheet-scale hygro-expansion measurements using global digital 
image correlation (GDIC) with minimized out-of-plane deformation.

• Drying history influences the hygro-expansivity of the paper sheet.



Process chain: The preforms are used for Resin
Transfer Molding (RTM) process.

RTMDesign Braiding Qualification

Iteration loops

Goal: Over-braiding simulation is needed to accurately
predict fibre distribution for complex preforms.

Process chain: The preforms are used for Resin
Transfer Molding (RTM) process.

RTMDesign Braiding Qualification

pIteration loops

RTMR

Goal: Over-braiding simulation is needed to accurately
predict fibre distribution for complex preforms.
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A yarn interaction model with improved accuracy in over-braiding simulations 

A.N. Vu1, R. Akkerman1

1University of Twente

Introduction
Over-braiding process is known as a manufacturing process to produce tubular preforms of composite material because:

It provides a fast fibre lay-down due to the simultaneous fibre deposition.
The highly interlaced structure of braids makes it possible to cover components with complex shapes.

References
[1] J.F.A. Kessels, al el. (2002). Comp. part A.
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Model

Results
The experiment was performed at Collins Aerospace, using an elliptic mandrel.
The data were tested using the new model. The results show a good agreement
between experimental and simulated data, proving that the new model improves
the accuracy compared to the kinematic model (without yarn interactions).

0% 50%Perimeter

A yarn interaction model
Accounting stick-slip process
Using the fast frontal approach
For complex mandrel shape
With Improved accuracy 

Conclusions

Multiple contact points: Solve the problem row by row 
of contact points in a frontal approach procedure:

Contact rows are defined as color coding.
The procedure consists of two-step scanning

Step 1: obtain force 
magnitude and directions

Step 2: update contact 
coordinates

From supply points to fell points

From fell points to supply points

Fell points

RRR

[2] J.H. Ravenhorst, al el. (2014). Comp. part A.

[3] J.H. Ravenhorst, al el. (2016). Comp. part A.

[4] A.N. Vu, al el. (2021). AUTEX2021.

Email: a.n.vu@utwente.nl

Application: The process is used for automated series
production for cars and aircraft.
Application: The process is used for automated series
production for cars and aircraft.
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Single contact model: 1) Solving force equilibrium at
the contact point while assuming inextensible yarns.
2) Two more Eulerian degrees of freedom are added to
describe possible sliding between the yarns. Amonton’s
friction is used to distinguish stick-slip process.

Force equilibrium at C:=
Slip criterions:= .= .
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Single contact model: 1) Solving force equilibrium at
the contact point while assuming inextensible yarns.
2) Two more Eulerian degrees of freedom are added to
describe possible sliding between the yarns. Amonton’s
friction is used to distinguish stick-slip process.

Force equilibrium at C:=
Slip criterions:= .= .
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The experiment was performed at Collins Aerospace, using an elliptic mandrel.
The data were tested using the new model. The results show a good agreement
between experimental and simulated data, proving that the new model improves
the accuracy compared to the kinematic model (without yarn interactions).
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Gaussian Process Simulation of Nonlinear History
Dependent Material Model

D.Wadadar1, F.P. van der Meer1, I. (Iuri) B.C.M. Rocha1
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Introduction
Owing to extreme computational effort associated with com-
puting a nested micromodel at every macroscopic integration
point, concurrent multi-scale analysis, though powerful and
accurate, becomes restrictive and lacks general applicability.
A fast and efficient reduced order framework is required to
replace the high-fidelity micromodels.

Reduced Order Model: GP
Our goal is to create an efficent surrogate model based on
Gaussian Process (GP) that can replace the nested mico-
model.

anchor micromodels

strain history at constitutive data

machine learning
surrogate model

anchoring point added to dataset

Figure 1: Online Adaptive Reduction Framework

An adaptive GP-based probabilistic learning framework for
online construction of surrogate constitutive models has re-
cently been proposed, see Figure 1. 1

GP: Unloading Problem
The problem of using a traditional GP based model for this
purpose is that it assumes a unique mapping between stress
and strain which is inaccurate for unloading scenarios.

Figure 2: The GP-based surrogate fails to capture unloading

GP-NARX
In order to overcome this problem, we investigate a solution
with GP-NARX where previous inputs are included in the sur-
rogate model :

σ = S(εt , D) ⇒ σ = S(εt , εt−1, D)

Figure 3: Comparison GP-NARX/Test Input

Non-Linear State Space Model: GP-SSM
Since GP-NARX does not give satisfactory results in un-
loading/reloading other than for the training data (see Figure
3), we integrate GP within a state-space model (GP-SSM)
that allows for a more accurate approximation of the solu-
tion for highly nonlinear non-monotonic load paths including
unloading-reloading behavior. The main feature of the model
is a hidden latent state which encodes all aspects of the sys-
tem that can have an impact on its future.The main algorithm
uses Variational Inference which leads to a tractable approx-
imate posterior over nonlinear dynamical systems.

Figure 4: Graph Model for GP-SSM

1-D State Space

Figure 5: 1D bilinear transition curve

Preliminary results obtained with the GP-SSM score the abil-
ity of the framework to learn the nonlinear evolution of the
latent state (see Figure 5) 2

1I. B. C. M. Rocha, P. Kerfriden, and F. P. van der Meer, 2020
2Variational Gaussian Process State-Space Models, Roger Frigola, Yutian Chen, Carl E. Rasmussen, 2014



Computational Fluid Dynamics Investigations of Dense Wave Energy Converter Arrays 

C. Wang1, A.E.P Veldman2 , B. Jayawardhana3, A.I. Vakis1
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3DTPA-ENTEG-FSE, University of Groningen

Introduction
Ocean Grazer (OG), a novel hybrid
renewable energy device termed the
combining adaptable Wave Energy
Converters (WEC) technology with on-
site energy storage and wind turbines
to harvest renewable energy offshore.
As a component of the mooring
system between WEC and storage
system, cables play an important role
in the device [1].

Preliminary results

Numerical Simulations
• When Reynolds numbers transfer from subcritical to 

critical regime, the CFD methods are not feasible or 
reliable

• To ensure the results accuracy, finer grids are needed, 
which means too much computation cost

Experimental Methods
• Results are sensitive to the material and structure design
• Hard to obtain large aspect ratio because of the high 

requirements of high bending stiffness and tow speed [3]

Limitations 

References
[1] Wei, Yanji, et al. "Modelling of a wave energy converter array with a nonlinear
power take-off system in the frequency domain." Applied Ocean Research 90
(2019): 101824.
[2] Sumer B M. Hydrodynamics around cylindrical structures [M]. World scientific,
2006.
[3] Liu, Guijie, et al. "A mini review of recent progress on vortex-induced
vibrations of marine risers." Ocean Engineering 195 (2020): 106704.
[4] Wang, Ruoqi, et al. "Influence of a Taut Cable on the Performance of a Point-
Absorber Wave Energy Converter." International Conference on OMAE. Vol.
51319. ASME, 2018.
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• Set up numerical models based on
the preliminary two-degrees-of-
freedom ones

• Perform experimental investigations
to validate the results of numerical
simulations

• Use theoretical analysis to perform
comparisons of the two methods

Further work

Figure 1: Sketch of the OG-WEC system [1]

Figure 5: Simplified 
cable model [4]

However, vortex induced vibrations
(VIVs) are a huge threat to the stability
of cables. VIVs are generated by flows
and currents in the subsea. They are
unnecessary vibrations of the structures
caused by vortex shedding.
Computational fluid dynamics (CFD) is
one of the most common methods used
for establishing reliable models to
predict such fatigue damage.

A series of simulations of flow around a square cylinder
under different Reynolds numbers (Re) have been
calculated to verify the reliability of CFD in VIVs of cables.

Figure 4: Velocity distribution around the cylinder at 
Re=100 and the von Karman vortex street

To evaluate the results, we compared the lift and drag
coefficient under different Re, and compared the
Strouhal number (St) at high Re. Also, we did
comparisons with the results found in the literature.

Figure 3: Drag & lift coefficient of 3 different Re

Re=10 Re=100 Re=500

Figure 2: Strouhal number for a smooth cylinder [2]

With the emergence of flow developing itself around a
cylinder, at Re=10,there was no oscillation, at Re=100,
the oscillation was dominated by a single frequency. At
Re=500 more frequencies are present, marking the start
of a gradual transition from laminar to turbulent flow.



Long Short-Term Relevance Learning

B.P. van de Weg1,2
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Motivation
The use of real time surrogate models in optimization has
become an appealing alternative to the straightforward use
of finite element method (FEM). The main purpose of the
meta-model is thus to learn the correlation between given
response FEM data samples to the corresponding
parameter set (Fig. 1).

In this work we adapt the Bayesian-based theory of
automatic relevance determination (ARD) [1] to a long
short-term memory (LSTM) [2] recurrent neural network,
Fig. 2. The proposed method automatically finds the
optimal network architecture by the use of uncertainty
propagation in identifying weight relevance.

Approach
• Transform the LSTM gate weight matrix :w , = ( | )
• Bayesian Inference on data :

=
• Introduce sparsity using a hyperprior:, = , ( )

References
[1] Tipping, M.E., Sparse Bayesian Learning and the Relevance Vector 
Machine, J. Mach. Learn. Res., 1:211–244, 2001.
[2] Hochreiter, S. and Schmidhuber, J., Long Short-term Memory, Neural 
computation, 9:1735–1780, 1997.
[3] B.P. van de Weg, L. Greve and B. Rosic, Long short-term relevance 
learning, arXiv:2106.12694, 2021.
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Figure 1. Interactive optimization using a surrogate model.

Objectives

• Minimize optimization time.
• Minimize required user knowledge on data.
• Ensure generally applicable neural networks with

auto-adapting abilities.
• Quantify the predictive uncertainty.

Results
Self-adaption of the network during optimization:

Fig 3. Sparsity development of four network widths over epochs [3].

Leading to a high sparsity in the LSTM cell weights:

Fig 4. Sparsity after optimization for = 16: traditional LSTM vs. 
ARD-LSTM [3].

Contact
bram.van.de.weg@volkswagen.de
b.p.vandeweg@utwente.nl
+49 172 3074187

1

2

3

LSTM, , Output 
function

(#Outputs, )

Fig 2. Network architecture with detailed LSTM cell (adapted from [3]).



Results

Simulations with the model show localizations similar to those observed in the
experiments. The model is used to study how strains and stresses develop and what the
influence is of microstructural features such as grain boundaries. Furthermore, statistical
analyses on properties related to the stochastics of dislocation sources are performed.

The effect of microstructure stochastics in metal plasticity at the microscale

J. Wijnen, T. Vermeij, R.H.J.Peerlings, 
J.P.M. Hoefnagels, M.G.D.Geers

Eindhoven University of Technology
Department of Mechanical Engineering
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Samples
Extremely thin samples that contain only a
single grain through the thickness are used. As
a result, the full microstructure can be
characterized. This makes a direct comparison
between simulations and experiments possible.

Experiment Model

Small-scale plasticity
At these small scales, individual
features of the underlying dislocation
network, such as dislocation
sources, have a significant effect. It
are these dislocation sources that
trigger plastic localizations which
could lead to material failure. The
stochastics of dislocation sources
should thus be taken into account in
plasticity models at these small
scales.

Model
A discrete crystal plasticity model
in which plastic deformation is
localized in bands is developed.
The properties of these bands
are based on the underlying
dislocation sources, which are
randomly distributed throughout
the material.

Introduction
Small-scale experiments have great value for unraveling plasticity and damage mechanisms in metals,
because individual features of the microstructure can be studied. Simulations which accurately capture
the behavior of these of small-scale specimens can give valuable additional insights.



NURBS-based isogeometric analysis of a bi-ventricular heart model
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Eindhoven University of Technology
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Motivation and objective
Computer simulations provide information that can be used
by clinicians to support decision-making regarding the
treatment of Ventricular Tachycardias (VTs). It is the goal of
this project to develop efficient and robust models that can
be integrated into the clinical workflow.

Simulation workflow
Our simulation framework combines the Isogeometric
Analysis (IGA) simulation paradigm [1] with image
recognition techniques to obtain patient-specific computer
models. Simulations will be performed directly on a Non-
Uniform Rational B-Spline (NURBS) bi-ventricular geometry.

References
[1] T. J. R. Hughes, J. A. Cottrell, and Y. Bazilevs
(2005), Comput. Methods in Appl. Mech. Eng. 194.39,
4135 - 4195.
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Mechanobiol, 16(2), 721–729.
[3] A. Quarteroni et al. (2017), Comput. Methods in Appl.
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Project outlook
IGA has the potential to give robust geometry and analysis
models in the considered scenario of limited input data.
Future project steps focus on the automation of image-
based geometry reconstruction, while extending the model
validation and clinical-integration. Attention will be given
towards parameter sensitivity and uncertainty quantification.
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The transient simulation is solved monolithically 
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The model applied by Moghadam [3] is to be developed to
account for the appropriate plate boundary conditions and
strain hardening behaviour (Fig. 3). The model applies the
analogy of a one degree of freedom system with a first-
order spring representing geometrical nonlinearities to
formulate equilibrium. This geometrically nonlinear
equilibrium is updated incrementally, where at each step an
instantaneous buckling load can be calculated, which
represents the buckling load of the system from the initial
configuration with an updated material state. The
instantaneous buckling load is calculated using a rotational
spring analogy [4] and flow plasticity theory. Failure is
found when the load given by incremental equilibrium
equals the instantaneous buckling load.

Other key mechanisms relating to the limit are to be
investigated: tensile strain localization, plasticity
precipitated by smooth geometrical stress raisers, and
ductile fracture.

The objective is to determine the deformation capacity of
plastic bending hinges with respect to the member’s
ratio and cross-sectional slenderness. This will enable the
reassessment of limits on the basis of required
deformation capacity and the improvement of displacement-
based design methods through a better treatment of strain
hardening.

Semi-analytical model for plastic local buckling in stocky bending members

W.J. Wong, C.L. Walters
Department of Maritime and Transport Technology

Delft University of Technology

Background
Upper limits on the acceptable ratio of the yield strength to
the tensile strength ( ratio) of steel are present in
various offshore, maritime and civil engineering rules and
standards, as a provision to ensure sufficient structural
ductility. Such requirements deter the use of high-strength
steels, which inherently have a high ratio. One major
motivation for the stipulation of these rules is the decreased
rotation capacity at plastic bending hinges observed in
frame members made of such steel [1].

Method

The overall behavior of a frame member is generally
determined by the response of the constituent plates, which
fail by buckling in compressed regions. Here a strain-based
approach is used, where the failure strains
corresponding to the buckling failure (load drop-off) of the
constituent plates are sought for. If and the material’s
stress-strain relationship are known, substituting these into
a cross-sectional treatment of the frame member will allow

the derivation of a cross-sectional moment-curvature
relationship, which could be used to relate applied loading to
the rotations and deflections in the frame up till the point of
failure. Hence, this failure strain , which varies with

and slenderness , would determine the strength
and the deformation capacity of the cross-section (Fig.
2).

References
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Semi-analytical model for plastic plate buckling
To find the failure strain for plate buckling failure, a semi-
analytical approach is sought, which would give insight into
the fundamental mechanics of the problem and translate
well into design recommendations and applications.

Figure 3: Semi-analytical model for plastic plate buckling [3].

Objective
Figure 1: Flange buckling limits beam rotation [2].

Future work

Figure 2: Methodology for relating and hinge ductility.

Solve Eqs. (1) and (2) 
iteratively each step 
until point of failure

Geometric stiffness 
from Rotational Spring 

Analogy

Material stiffness from 
Flow Theory (von 

Mises)

Cross-sectional 
treatment (Fig. 2)Eq. (1)

[1] Wong, W. J., Walters, C. L. (2001) In : ASME 2021 40th International
Conference on Ocean, Offshore and Arctic Engineering.
[2] Green, P. S., et al. (2002) Journal of Constructional Steel Research 58 (2002)
907-941.
[3] Moghadam, S. J., Izzuddin, B. A. (2013) In : XII International Conference on
Computational Plasticity. Fundamentals and Applications COMPLAS XII.
[4] Izzuddin, B. A. (2007) Journal of Structural Engineering 133(5) (2007) 739-751.

Eq. (2)



Space-time Topology Optimization with PDE Filtering on the Time Field[1]

Weiming Wang1, Kai Wu2, Fred van Keulen2, Jun Wu2
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Our ambition
Develop a complete design scheme for multi-axis AM,
including both structural design and process planning.

Introduction
Wire and arc additive manufacturing (WAAM)[2], which is a 
kind of directed energy deposition AM technique, uses an 
electric welding arc as the heat source and a metal wire as 
feedstock. WAAM using multi-axis robotic arm allows more 
freedom for the planning of fabrication process in contrast to 
powder-bed-based manufacturing methods.

In space-time topology optimization[3], a time field and a 
density field are optimized simultaneously to get optimized 
fabrication sequences and structural topological layouts. 
Although a relax continuity constraint has been applied, 
local minima can still be observed on the time field, which 
violate fabrication continuity requirement (Fig. 1). 

Example
Compared with space-time TO without PDE filtering, the
filtered time field is smooth and free of local minima, which
can also detect structural voids. (See Fig.1)
The manufacturing process of a structure optimized from
space-time TO with PDE filtering to minimize thermal
distortion can be seen in Fig. 2

Figure 1: Space-time TO without and with PDE filtering[1]

References
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PDE filtering of the time field
A PDE filter based on a heat conduction equation is adopted 
to regularize the time filed. The filtered time field is obtained 
implicitly from a virtual temperature field by solving the PDE 
equation. The optimization model of minimizing the static 
compliances of final and intermediate structures:

Future work
We want to mitigate residual stresses and distortions in 
WAAM by introducing stress constraints and integrating 
other related process planning issues into the current 
space-time topology optimization. 

Figure 2: Manufacturing process according to the optimized fabrication sequence and structural layout[1]
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Introduction
Deformable fractured porous media appear in many geoscience ap-
plications. Due to the heterogeneous subsurface formations that
span large length scales and many fractures at different length
scales, the application of the extended finite element method
(XFEM) in geoscience is not straightforward. To resolve this limi-
tation, in this work, we propose a novel multiscale formulation for
XFEM (MS-XFEM) based on algebraically computed basis func-
tions. On the coarse scale mesh there are no extra DOFs involved,
which reduces the size of the linear system significantly.

Figure 1: Research Domain

Multi-scale Extended Finite Element Method
In MS-XFEM, basis function P is constructed to prolongate the
coarse mesh result to the fine-scale mesh:

df ,MS = P · dc

where, dc is the coarse scale mesh result and df ,MS is the approxi-
mated fine scale mesh result.
For each coarse element the basis function values at boundaries
will be computed firstly by using 1D rod model and these values will
be used as Dirichlet boundary conditions to solve the basis function
values inside. Thus the coarse-scale linear system is constructed
as: (

PT · Kf · P
)

︸ ︷︷ ︸
Kc

· dc =
(

PT · ff
)

︸ ︷︷ ︸
fc

where, Kf is the fine scale stiffness matrix and Kc is the coarse
scale stiffness matrix with no extra DOFs in it. ff is the fine scale
right hand side and fc is the coarse scale right hand side.
This process can also be done algebraically. A two-stage iterative
method is applied to improve the final results quality to desired
level. More than one time fine scale smoohter can be used in the
second stage to smooth out the high frequence errors.

coarse scale mesh 3 x 3

fine scale mesh 9 x 9

(a) (b)
Figure 2: (a) Two-scales mesh and (b) basis function construction

Results
Multiple cracks heterogeneous media test is analyzed under mode
I condition. ν = 0.2 is constant everywhere. Size of the plane is
10m × 10m. The fine-scale mesh is 40 × 40 while the coarse -scale
mesh is 5 × 5.

(a) (b)
Figure 3: (a) Model setup and (b) heterogeneous E map. Red line
is the fine mesh and black line represents the coarse mesh

Fig.4 shows that results quality can be preserved to certain level
and the Fig.5 shows that the basis functions can capture multiple
discontinuities.
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Figure 4: Iteration history of iMS-XFEM procedure with different
number of fine scale smoothing ns applied. Errors for displacement
in x (a) and y (b) direction are shown.

Figure 5: Basis function captures multiple discontinuities.

Analytical estimation of the computational costs shows that the
MS-XFEM is less expensive in computational cost than fine-scale
XFEM. Also the number of extra DOFs is not affecting convergence
rate.

Reference
Xu, F., Hajibeygi, H. Sluys, L. J. (2021). Multiscale extended finite element
method for deformable fractured porous media. Journal of Computational
Physics, 436, 110287.
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Introduction
A two-scale method is proposed to improve two-way coupled fire-structure simulations. The method consists of
(i) a global-scale model, which models the overall structure, and (ii) a small-scale model for each connection.
Structural components at the global scale are connected by spring elements, which stiffness properties are
frequently updated via the small-scale models.

China Scholarship CouncilC

Figure 1. The two-scale method as improvement of two-way coupled fire-structure simulations.

Results and Challenges
All possible connection failure modes, as given by
EN 1993-1-8, have been verified with a detailed
system model;
The two-scale method is able to transfer boundary
conditions from the global-scale model to the
small-scale model, and to update the spring
stiffnesses of the global-scale model;
When a structure with connections is subject to
fire, connection failure may be a critical factor for
the fire resistance;
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Figure 2. Shear forces in screw connections.

Figure 3. Fire scenario changing after screw failure.

More complex structures will be investigated: e.g.
more components, material pyrolysis;
Existing fire experiments will be simulated to
verify the simulation model further.

The modelled loss of a sandwich panel may
change the fire scenario from ventilation to fuel-
controlled.
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Introduction
Unintended vibrations are undesired in mechanical systems,
as they might influence performance of components.
Simple structures are sought to mitigate these vibrations.
Origami structure shows vivid mechanical properties while
maintaining a simple structure. In this work, the origami
structures are investigated as acoustic metamaterials, for the
purpose of sub-wavelength vibration isolation.

Unit cell geometry
The origami unit cell studied here is the Miura-ori, because it
is flat-foldable. Figure 1 shows the geometry of it [1], in which
the panel edge lengths a, b, panel angle α, and folding angle
θ, are the independent geometric parameters.

a

b

α

θ

Figure 1: Geometry of Miura-ori unit cell

Bloch-Floquet theorem
The displacement field u corresponds to a traveling wave
which is modulated by an unknown periodic function ū(x)
with the same periodicity as the structure [2]

u(x, t) = ū(x) · ei(ωt−k·x), (1)

where k is the wave vector and ω is the frequency.

Comparison of modeling techniques
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(a) Bar/hinge model.
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k

ω

(b) Finite Element Method.

Figure 2: Band structure by (a) bar/hinge model, and (b) Finite Element Method (FEM)
in the same frequency range. The red color indicates the embedment of bar/hinge
model result in the FEM result.

Band strcture of a Miura-ori unit cell with a = 1, b = 1, α = 60o

and θ = 30o is studied. The thickness of the facet is t = 0.01.
Figure 2 compares Finite Element Method(FEM) with the
currently popular bar/hinge model [3]. The horizontal curves
represent the presence of local resonance type of modes.
It can be seen that the bar/hinge model fails to capture the
local resonance modes which locate in the low frequency
realm. Therefore, FEM is used to compute band structure of
origami metamaterials.

Simultaneous existence of Bragg and local
resonance bandgaps
Figure 3 shows the band structure for the same problem
as in the previous section. As shown in the figure, Bragg
scattering and local resonance types of bandgap could exist
simultaneously in Miura-ori origami metamaterials, and the
Bragg scattering bandgap is wider than the local resonance
one.

Γ X S Y Γ
k

ω

Figure 3: First 150 modes of band structure for origami metamaterial with Miura-ori
unit cell. Bandgaps are shown by grey boxes. The inset shows that there is a narrow
local resonance type bandgap near the freuqency of 400 rad/s.

Condition on the existence of local resonance
mode at low frequency range—a parametric study
Local resonance modes do not always exist in the low
frequency range as in Figure 3. Figure 4 shows a parametric
study on origami facet thickness, indicating that when the
panel thickness is increased, low frequency local resonance
modes disappear, and the first bandgap is due to Bragg
scattering.
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Figure 4: First 40 modes of Miura-ori unit cell with different thicknesses.

Conclusions
Local resonance bandgaps could be used for sub-
wavelength vibration attenuation, and panels are supposed
to be thin so that the corresponding modes exist at low
frequency. Finite Element Method is the suitable candidate
for numerical modeling of origami metamaterials.
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Motivation
• Fracture toughness: Multi-scale property (Fig.1)
• Brittle to ductile transition: Competition -

dislocation emission/glide vs. cleavage at micro-scale[1]
• Inaccurate of current atomistic models for cracks[2] (Fig.2)

Figure 1: Fracture toughness measured at nano (mm),
micro (μm) and macro (nm) scales.[3]

Figure 2: Different potentials yield contradicting results. BCC, FCC,
HCP and disordered atoms are colored with blue, red, green and
grey respectively.

Methodology
Development of Interatomic Potential (IAP)
• Database: Density Functional Theory (DFT) calculations
• Crack-relevant configurations (Fig.3, left)
• Regression: Gaussian Approximation Potential (GAP)[4]

Atomistic Modelling of Fracture
• Molecular Statics (MS) at T=0K (Fig.3, right)
• Quasi-2D: Plane strain condition

Figure 3: DFT database and MS model setup. Displacements ac-
cording to linear elastic fracture mechanics (LEFM) are applied to all
atoms and relax to their minimum energy state during the simulation.

Results and Discussion
Development of GAP
• DFT database: (1)Primitive cell with large strains

(Sobol sampling) and (2)surface separation
• Present GAP: fitted based on original[5] + new database

Figure 4: Comparison of Bain path and stacking fault energy for DFT,
original GAP and newly developed GAP.

Molecular Statics simulation of Cracks
• Artificial Neural Network (ANN)[6] and

Embedded Atom Method (EAM) potential
• Crack systems (crack plane/crack front): (100)[010],

(100)[011], (110)[001], (110)[011], (111)[110],
(111)[112] (referred as 1 to 6 in Fig.5)

• Critical K corresponds to occurance of 1st phenomenon
• Benchmarked with Griffith theory (Fig.5)

Figure 5: Griffith criterion and critical K value for six crack systems
computed by two potentials: ANN and EAM Mendelev.

Conclusions
• Classical potentials predict different results (but see ANN)
• Newly developed GAP has good agreement with DFT
• ANN predicts brittle fracture in agreement with experiments

Outlook
• Validation of newly developed GAP with crack simulation
• Nudged elastic band: energy barrier for crack tip process
• Crack behavior under finite stress and temperature

References
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[5] D. Dragoni et al., 2018, Phys. Rev. Mater.(2018), 2,
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Geometrically nonlinear flexure design using topology optimization

Lidan Zhang and Fred van Keulen

Department of Precision and Microsystems 
Engineering, Delft University of 

Technology

Introduction
Flexure design is prevalently achieved by assembling various available components. This method highly relies on the
experience of designers and designing flexures with complex deformation behaviors is quite difficult. To ease the
design progress, topology optimization for geometrically nonlinear shells can be applied. In this way, designs can be
automatically obtained from simple design domains and flexures with complex rotations and distortions can be
achieved.

Topology optimization can assist to design flexures with large rotations and deflections which are difficult to be imaged and
designed by hands. The final results can be manufactured by 3D printing or laser cutting which are much easier than 
assembling by hands

PhD progress
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Optimization results

Conclusions
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Design domain: A cantilever stripe
Final destination: The centre point can reach a large out-plane displacement without any in-plane crosstalk

Design domain: A cylinder fully clamped at bottom
Final destination: The top point can go forth and back along y direction when it is pulled up

Design domain: A cylinder fully clamped at bottom with symmetric boundary conditions
Final destination: The top point can go forth and back along x direction when it is pulled up

Email:  l.zhang-5@tudelft.nl



Structural Performance of Self-monitoring Composite Marine Propellers
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1Department of Maritime & Transport Technology, Delft university of Technology
2Department of Aerospace Structures & Materials, Delft university of Technology

Introduction
During the past decades, fibre reinforced plastic materials 
have been increasingly considered for manufacturing of 
marine propellers. The composite marine propellers can 
outperform the traditional ones in terms of reducing weight, 
lowering maintenance costs, improving cavitation inception, 
reducing acoustic signature, and enhancing efficiency at off-
design conditions. 

These potential advantages have promoted research on the 
composite marine propeller. For example, the fluid-structure 
interaction response of flexible composite propellers has 
been studied substantially. However, the understanding on 
the strength and fatigue performance of composite 
propellers is still limited. In the current work, the combined 
degradation effects of saltwater environment and fatigue 
cyclic loading on the stiffness and strength properties of a 
composite propeller have been investigated numerically and 
experimentally.

Composite propeller

• Analysis of critical regions

• Fatigue load design: 1.13-1.5 kN, R=0.75, f=5Hz.
• Manufacturing experiment specimens

• Experimental plan of wet specimens

Figure 4: Ultimate tensile failure, stiffness and fatigue tests of 
intact specimens, and specimens after experience 10,000 

cycles and 1 million cycles.

Summary and conclusion

PhD progress
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• Propeller geometry: 4 blades, propeller diameter of 
0.34m (Figure 1a)

• Blade material: CFRP laminate (skin) and polymath/resin 
rich material (core) (Figure 1b)

• Boundary conditions: clamped at blade-hub interface
• Pressure distribution: non-uniform wake field (Figure 1c)

Figure 1: Marine propeller made of composite material.

Research method

N (cycle)

E, σult (GPa, MPa)

10k
1m
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60

Figure 2: A critical element is determined by Tsai-Wu failure 
index.

• The specimens have reached saturation state after 
immersing in 5% salt water for 60 days. The mass gain 
(maximum ratio of 1.13%) was small due to the limited 
void content.

• Fatigue loading up to 1 million cycles had negligible 
effect on the strength.

• The equivalent stiffness of wet specimens have not been 
affected by applying 10,000 cycles of fatigue loads, but 
decreased by 7% after applying 1 million cycles of 
fatigue loads.

Figure 3: Preparing wet CFRP specimens.
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Workshop 1 
Trends and Challenges in 

“Metamaterials”

Ondrej Rokos1, Anastasiia Krushynska2, Vanessa Magnanimo3, and Amid Zadpoor4

1Eindhoven University of Technology, Department of Mechanical Engineering
2University of Groningen, Faculty of Science and Engineering

3University of Twente, Faculty of Engineering Technology
4Delft University of Technology, Department of Mechanical Engineering

With recent technological advances, many engineering applications face increasing performance 
demands, especially with respect to properties of constituent materials. In this regard, metamaterials 
offer a new dimension for tailoring effective behavior by controlling underlying microstructure, and 
are therefore amenable for numerous engineering applications. These materials with exotic and 
unprecedented properties can be designed to obtain precisely tailored behavior, and their mechanical 
properties can be tuned to those required by target engineering applications. The main advantage of 
metamaterials is therefore a very broad design space offered by the freedom to specify a 
microstructural morphology, offering possibility to control their mechanical, acoustic, 
electromagnetic, or chemical behavior. Current (potential) application fields involve noise and 
vibration attenuation, wave guiding, shape morphing, artificial muscles, medical stents and implants,  
or deployable structures.

The main challenges currently being faced by the EM community in relation to metamaterials involve  
improvement and optimization of metamaterial designs at the microstructural level, which requires 
proper understanding of material-structure relations and advanced modeling techniques. To 
effectively and efficiently predict behavior of such materials at the engineering scale, multiscale 
computational techniques bridging the scales still need fine tuning, extension, and polishing. Further 
challenge is in manufacturability, miniaturization, and experimental testing of computationally 
designed unit cells, systems, and entire assemblies. This in turn connects with the question of bringing 
metamaterials closer to industrial applications to fulfill their potential, and to exploring their 
applicability in various engineering fields in which they can be used and deployed. Finally, actuation 
of underlying metamaterial microstructures to achieve macrocopic properties that are controllable 
and switchable in real time or in a feedback loop, or sensory properties to directly collect data from 
structures made of metamaterials still remain to be explored.

The outlined challenges originate from the theoretical, computational, modeling, optimization, 
manufacturing, and testing perspectives and activities. The four talks of this workshop address and 
outline some of the most recent advances in this field, and report recent results on the design and 
applications of metamaterials.
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Engineering Dynamics is a very broad field. Currently ongoing projects at our technical universities 
focus on applications at very different scales, ranging from the nano to the giga scale. At the latter 
extreme of the spectrum, there are challenges related to identification of damping mechanisms in 
high-rise buildings, driving of huge foundation piles, structural-health monitoring of large bridges, 
and noise and vibration emission by infrastructure such as high-speed rail or Hyperloop. At the other 
extreme, researchers are developing nondestructive testing tools to detect tiny buried objects as 
well as highly sensitive levitating resonators for biological and chemical sensing applications. 
Challenges relate, among others, to the identification of the physical phenomena, capturing them in 
models, employing them for specific purposes, and formulating efficient mathematical-solution 
approaches.  

This workshop will host presentations related to applications across the whole spectrum. The 
workshop introduction will zoom in on applications at the larger scales, and focus will be placed on 
challenges and commonalities. 

         Workshop 2 
Trends and Challenges in 
Engineering Dynamics: 

from Nano to Giga 
Karel van Dalen1, Rob Fey2, Marcel Ellenbroek3 

1Delft University of Technology, Department of Mechanical Engineering 
2Eindhoven University of Technology, Department of Mechanical Engineering 

3University of Twente, Faculty of Engineering Technology 
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Optimization is about formulating an analysis or design problem in terms of finding decision variable 
values that minimize (or maximize) one or multiple objective functions subject to equality and 
inequality constraint functions with a given solution space. For the solution, particular optimization 
algorithms may be adopted given the optimization problem class under consideration. In the field of 
Engineering Mechanics (EM), optimization finds application in a wide range of topics, ranging from 
e.g. classical shape and size optimization of structures, digital image correlation for strain 
measurement to mechanism synthesis, to name a few [1]. In these applications, a computationally 
demanding analysis, e.g. a finite element model, is often part of the optimization model. The 
formulation and selected optimizer should be able to address this incorporation of the 
computational analysis. Consequently typical challenges that arise relate to the computational cost, 
large scale problems, uncertainties, multi-physics problems, highly nonlinear phenomena (e.g. crash 
simulations), incorporation of manufacturing constraints, computation of the gradients, robustness, 
and the presence of many (possibly inferior) local optima, among others.  

In recent years, the popularity of use of optimization in the EM field is in particular prominent in 
computational design (topology optimization [2]) and in the rise of  the use of machine learning 
techniques for e.g. materials features identification [3], which to a significant extent build on 
optimization concepts. But next to these fast growing directions, optimization is also used as a 
powerful method in parametric design and parameter identification, which can result in innovative 
solutions for e.g. mechanism design and materials design. 

In this workshop, four examples of a few of these directions will be presented, and their respective 
challenges that require further optimization will be discussed.  

[1] J.R.R.A. Martins and A. Ning (2021): Engineering design optimization, Cambridge University Press 
http://websites.umich.edu/~mdolaboratory/pdf/Martins2021.pdf 

[2]  O. Sigmund and K. Maute (2013): Topology optimization approaches. Structural and Multidisciplinary Optimization 
48(6): 1031-1055. https://doi.org/10.1007/s00158-013-0978-6

[3] F.E. Bock, R.C. Aydin, C.J. Cyron, N. Huber, S.R. Kalidindi, B. Klusemann (2019): A review of the application of machine 
learning and data mining approaches in continuum materials mechanics. Frontiers in Materials May 2019, Volume 6, article 
110. https://doi.org/10.3389/fmats.2019.00110 

Trends and Challenges 
in Optimization 

Matthijs Langelaar1, Pascal Etman2, Jos Havinga3 

1Delft University of Technology, Department of Mechanical Engineering 
2Eindhoven University of Technology, Department of Mechanical Engineering 

3University of Twente, Faculty of Engineering Technology 
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Workshop 4 
Trends and Challenges in 

“High performance 
computing”

Matthias Möller1, Michael Abdelmalik2, Anthony Thornton3 

1Delft University of Technology, Department of Applied Mathematics 
2Eindhoven University of Technology, Department of Mechanical Engineering 

3University of Twente, Faculty of Engineering Technology 

With the current state-of-the-art being multi-scale, multi-phase, and even multi-physics 
problems, most engineering mechanic areas are tending towards more complex and more 
computationally challenging problems. In order to gain a deeper insight into these 
phenomena than was previously possible, we need higher resolution of the problem features 
for capturing finer details. Consequently, in order to address ongoing open questions, there 
is an increasing demand for faster and more accurate computations. Therefore, high 
performance computing will affect almost every aspect of mechanical engineering.  

The umbrella of high performance computing (HPC) covers many topics: including better 
(parallel) algorithm development, use of CPU versus GPU, HPC as a service and cloud 
computing. As problems and algorithms have got more complex it has become impractical for 
students to develop a new program from scratch for their PhD and the use of existing 
programs has in-effect become a necessity. Also with the current transition towards open-
access science it raises interesting questions concerning the choice to use closed, or open-
source programs in the field of academia. 

In this workshop we will outline the current challenges facing us in terms of “High 
performance computing.” We will also review current related activities within the 4TU, the 
Netherlands, and worldwide. Finally, we will introduce the four very different talks in the 
workshop that will highlight the diverse range of areas this important and fundamental topic 
encompasses. The talks in our workshop will showcase many aspects of HPC including: 
reduced order modelling; hybrid discrete element and ray-tracing modelling; parallel 
multigrid intime; and, multiscale finite element simulations. 
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Workshop 1 
Trends and Challenges in 

“Metamaterials”
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Acoustic metamaterials based on local resonance principle (LRAM) exhibit extraordinary wave 
propagation properties, leading to many potential advances in applications requiring wave 
manipulation in subwavelength regimes, such as ultrasound medical imaging. A challenge with 
ultrasound-guided techniques is the visualization of the small medical devices, e.g. a needle, during 
the procedure. However, it has been recently proposed to use the LRAM to develop new generation 
coatings, metasurfaces, for these medical devices to go beyond the current visualization limits. This 
new material type owes its favourable properties to the local resonances at the microstructural level 
that give rise to band gaps formation, i.e. frequency bands in which waves cannot propagate or are 
strongly attenuated. In this work, the possibility offered by the locally resonant metasurface for 
enhancement of the ultrasound reflectivity, and thus, the visibility of medical devices, will be 
presented. Furthermore, theoretical and numerical results will be demonstrated concerning the 
ability to achieve controllable sound wave reflection through a suitable design of the metasurface. 

Acoustic metasurface for 
ultrasound manipulation 

X. Kuci 

University of Technology, Department of Mechanical Engineering, 
Section Mechanics of Materials, P.O. Box 513, NL 5600 MB Eindhoven 

e-mail  x.kuci@tue.nl 

138



Abstract title:  Acoustic metasurface for ultrasound manipulation 

Workshop: Metamaterials 

Kuci, X.  (Xhorxha) 

Eindhoven University of Technology, Department of Mechanical Engineering 

Advisor: Dr. ir. Varvara G. Kouznetsova 
Co-advisor: Prof. dr. ir. Marc G.D. Geers 

Biography and description of research: 
Xhorxha Kuci obtained her Master diploma in Applied Mathematics and Physical Sciences at the National 
Technical University of Athens (NTUA, Greece), 2020, with a specialization in Applied Analysis and Applied 
Mechanics. For her diploma thesis, she worked on the wave propagation and reflection of microstructured 
materials within the framework of gradient theories, in the Mechanics Division. After her graduation, she 
started her PhD in the Mechanics of Materials group at Eindhoven University of Technology (TU/e). 

Her PHD research is focused on the fundamental and computational analysis and design of acoustic 
metamaterials and metasurfaces for wave manipulation. The goal is to explore the potential of 
subwavelength dynamical metamaterials based on local resonance effects for ultrasound imaging needs. 
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This talk focuses on discussing experimental investigation of two different acoustic contexts: the 
development of a multi-functional phononic crystal and the design of a bio-inspired metamaterial wing 
with controllable aero-acoustic behavior. 
Numerous metamaterial designs offer wave attenuation and waveguiding functionalities in a single 
structure. Yet, they are characterized by either a narrowband performance or a directional response [1]. 
Here, we propose mono-material meta-structures that offer a broadband omnidirectional wave 
attenuation with an additional free-form waveguiding functionality validated experimentally [2]. First, we 
engineer three metamaterial configurations capable to attenuate waves in different frequency ranges, 
produce the corresponding 3D printed samples by using Multi-Jet Fusion technique, and verify their 
attenuation performance in transmission measurements. For this, we excite one side of a sample by a 
piezo-driver, fed with a sine-sweep signal, and measure transmitted signals at the opposite and lateral 
(outputs) ends. The output data enables estimation of bandgap frequencies and the directionality of 
wave attenuation. For one of our designs, we found a broad bandgap starting as low as from 5 kHz up to 
about 40 kHz, with an average attenuation of more than 50 dB. This excellent performance is attributed 
to the interplay between Bragg’s scattering, local resonance and inertial amplification mechanisms. Next, 
we implement waveguiding by combining two metamaterial designs in a single sample and 
experimentally confirm strong wave confinement for three differently curved guiding paths. The 
transmission measurements reveal an excellent signal localization along the path (more than 20 dB 
difference with a signal in the bulk) for all the three configurations proving a remarkable waveguiding 
efficiency of our designs [2].  
Recent developments on unmanned flying robotic vehicles with flapping wings has raised an interest in 
understanding the aerodynamics and acoustics of flexible wings, which are ubiquitous in nature. An ideal 
wing should provide a maximum lift and generate minimal noise including the acoustics useful for 
communication or camouflage purposes. To achieve this, we propose artificial wings with a periodic 
metamaterial pattern and optimize the pattern geometry to control the aero-acoustic characteristics [3]. 
We experimentally probe the resonance flight conditions. For this, we first identify natural frequencies of 
3D-printed polymer (TPU) wings by using a Laser Doppler Vibrometer that can accurately capture the out-
of-plane vibration response of a freely vibrating wing. The processed data shows the frequency values 
that are in an excellent agreement with FEM predictions [3]. The wing dynamics at resonance is visualized 
using a post-processing code (developed by an MIT team) that can amplify the motions recorded by the 
camera. Finally, the robustness of the wing samples is validated in dynamic fatigue tests by using a B&K 
shaker that proves the suitability of our designs for small flying robots. 
[1] F. Javid, et al., “Architected Materials with Ultra-Low Porosity for Vibration Control,” Advanced Materials, vol. 28, pp. 
5943-5948, 2016. 
[2] A. Krushynska, N. Anerao, et al., “Arbitrary curved waveguiding and broadband attenuation in additively manufactured 
lattice phononic media,” Materials & Design, vol. 205, p. 109714, 2021. 
[3] I. Zhilyaev, N. Anerao, et al., “Fully-printed metamaterial-type flexible wings with controllable flight characteristics,” 
Bioinspiration & Biomimetics (2nd review round). 
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Abstract title:  Experimental probing of acoustic metamaterials. 
 
Workshop: Experimental Mechanics 
 
Anerao, N. S. 
University of Groningen, Faculty of Science and Engineering 

Advisor: dr. Anastasiia Krushynska. 

Co-advisor: Prof. dr. Beatriz Noheda 
 
 

Biography and description of research: 
Nitesh has completed his Master’s degree in Mechanical Engineering from IIT Madras, India (2016) in 
the field of acoustics, where he developed fascination for this subject. Pursing his interest, he joined 
Mahindra Research Valley in Chennai (India) as a Senior NVH Engineer to get exposure to real-world 
acoustic problems. During his 4-years of work tenure there, he developed several noise control 
solutions for automobiles. His knowledge on state-of-the-art and extensive experience with 
conventional acoustic materials shifted his interest towards finding new, more efficient approaches 
that can deliver robust solutions for acute acoustic problems. Driven by this, he joined as a bursary 
Ph.D. student in the Metamechanics group at the University of Groningen (2020-now) to work in the 
field of advanced acoustic materials.  

Nitesh’s current research focuses on understanding the physics of acoustic waves in complex 
structures and on exploiting this knowledge for acoustic wave manipulation, both in simulations and 
experiments. His research activities are aimed to develop phononic crystals, acoustic metamaterials, 
metasurfaces solutions for acoustic and ultrasonic waves based energy harvesting application.  
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Acoustic metamaterials employ phononic crystals and soft materials like gaseous bubbles to focus, steer and manipulate 
sound waves for diverse applications. Traditionally, 3-D printed structures that trap air bubbles have been employed for 
applications such as soundproofing, transmission of acoustic energy across air-liquid interfaces and acoustic lenses. Owing 
to their resonant behavior governed by Minnaert’s frequency, bubbles can also harvest acoustic energy for contactless 
actuation. Herein, arrays of vibrating bubbles are employed to develop a family of actuation devices in fluids, that range 
from fluidic mixers to microrobots. The studies entailed within this talk, employs 3-D printing technology at nanometer-
scale to provide a modular approach to synthesize micro-cavities which contain different morphologies of bubbles. Due to 
these different morphologies, resonance of these bubble-powered actuators can enable their rotational and translational 
motion. In this talk, two specific morphologies of bubble-powered actuators are discussed. The first design of actuators 
contains a circular periodic array of trapped air bubbles that enables rotational motion in the actuators which can be used 
to mix fluids in different workspaces. The second design of actuator is a microrobot consist of two linear arrays of bubbles 
that vibrate to pump its surrounding fluid for self-propulsion. Thus, both these bubble-powered design of arrays can be 
remotely powered with sound waves which transforms their usage from metamaterials, to contactless actuators.  
Lastly, these bubble-powered actuators are functionalized with magnetic materials whereby they can be locally steered in 
their workspaces in presence of magnetic fields. As a result, the bubble-powered arrays as microsystems can be employed 
as mobile actuators that can be manipulated to different targets and perform their functions. Such ability for targeted 
manipulation also makes the actuators useful to perform remote therapy in a variety of biological applications. 
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research  is  focused  on design,  fabrication  and  actuation  of  magnetic  and  acoustic  micro-robots. 
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Ultrasonic flowmeters that use transit-time ultrasonic transducers face measurement errors due to 
“crosstalk,” whereby the working signal travels through the solid region faster than the measuring 
fluid. Various solutions to this issue include isolating the sensor portion of the flowmeter from the 
surrounding, using damping systems inside the flowmeter, and attaching various resonators to the 
flowmeter. However, the resonators and damping systems are limited to relatively low frequencies 
(a few hundred kHz), and acoustic insulation becomes an issue in high-pressure environments. We 
propose a mounting mechanism based on a single-phase 3D phononic crystal (PnC), which can 
mitigate crosstalk at high frequencies (in MHz range) and thus improving the measurement 
accuracy. PnCs are artificial materials that consist of periodically arranged scatterers in a matrix 
showing unusual dynamic characteristics. PnCs possess bandgaps (BGs)—ranges of frequencies 
where elastic/acoustic waves are attenuated—that are generated due to Bragg scattering. By 
adequately engineering the BG frequency range for the targeted working signal, a PnC waveguide is 
designed, fabricated using additive manufacturing, and connected to the transducer as an additional 
mounting. The performance of the PnC wave filter is verified using experiments. Moreover, since the 
transducer is subjected to high pressures, the design is optimized to maximize both attenuation 
performance and mechanical strength. Finally, a closed 3D PnC waveguide design satisfying both 
objectives is realized using additive manufacturing.
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The multibody software SPACAR is often used to model flexure based mechanism. The individual 
flexures are modelled by beam elements in SPACAR which allows for very fast computation with 
respect to finite element analysis, see Figure 1. However, the parts that connect the flexures of a 
joint cannot be modelled accurately, where their compliance often have a significant influence on 
the behavior of the flexure joint. Therefore a new element for SPACAR is developed by which a 
complex shaped part can be modelled. The complex shaped part can be modelled using the finite 
element method. Using a model order reduction technique, a stiffness matrix can be obtained that 
describes the stiffness relations between the interface points. This reduced stiffness matrix is used in 
SPACAR to model the complex shaped part as a single element, See Figure 2. 

                  
Figure 1. Modelling a flexure mechanism by beam elements (left) is much faster than using a finite 

element method (right) 

          
Figure 2. The finite element model can be used  as a single element in SPACAR

  
 

An arbitrarily shaped 
element in SPACAR – 

applied for fast 
simulation of flexure 

mechanisms 

 

 

 
K.S. Dwarshuis 

 
University of Twente, Faculty of Engineering Technology, 

Precision engineering, P.O. Box 217 
phone +31-534891657, e-mail k.s.dwarshuis@utwente.nl 

 

147



 

Abstract title:  An arbitrarily shaped element in SPACAR – applied for fast 
simulation of flexure mechanisms. 
 
Dwarshuis, K.S. (Koen) 
 
University of Twente, Faculty of Engineering Technology 
 
Advisor: Prof.dr.ir. D.M. Brouwer PDEng 
Co-advisors: Dr.ir. R.G.K.M. Aarts, Dr.ir. M.H.M. Ellenbroek 
 

 
Biography and description of research: 
Koen is working as a PhD candidate in the group Precision engineering at the university of Twente. His 
research focusses on the efficient modelling of flexure based mechanisms for large deformations. 
 
 
 
 
 

148



The downsizing of semiconductor devices has become significantly more difficult as
fundamental limits are reached, requiring the building blocks of these devices to become 
increasingly more complex and stacked on top of each other to keep up with the demand for 
processing power and memory. One of the major challenges surrounding this transition is 
the development of nondestructive metrology tools capable of measuring properties of these
structures buried beneath other layers [1]. Subsurface Scanning Probe Microscopy (SSPM)
is a promising technique, which has been applied to detect and measure subsurface 
features based on the local change in the nonlinear tip-sample interaction these features 
incur [2].  

In this work, the influence of a subsurface feature on the probe dynamics is
investigated using a nonlinear tip-sample interaction model based on finite element 
simulations. As an example, the depth of a feature is changed to investigate the amplitude 
contrast of the contact resonance mode at different operating points. It is shown that modal 
interaction can significantly enhance this amplitude contrast and is sensitive to the precise 
tuning of each frequency. Therefore, it is argued that a nonlinear approach is essential in 
estimating the potential performance of SSPM measurements and careful treatment of these 
nonlinearities is required to avoid modeling errors. In the outlook, an approach to solve the 
so-called inverse problem for more than one parameter, as well as some challenges faced 
when transitioning to ultrasound excitation are discussed.

References
[1] Hossein J. Sharahi, Mohsen Janmaleki, Laurene Tetard, Seonghwan Kim, Hamed Sadeghian, and 

Gerard J. Verbiest. “Acoustic subsurface-atomic force microscopy: Three-dimensional imaging at the 
nanoscale”. In: Journal of Applied Physics 129.3 (2021). 

[2] Daniele Piras, Paul L. M. J. van Neer, Rutger M. T. Thijssen, and Hamed Sadeghian. “On the resolution 
of subsurface atomic force microscopy and its implications for subsurface feature sizing”. In: Review of 
Scientific Instruments 91.8 (Aug. 2020), p. 083702.
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The aim of his research is to investigate the performance and resolution of subsurface scanning probe 
microscopy. Focusing on the inherently nonlinear dynamics of the probe-tip-sample system, the potential for 
measurements beyond those obtainable with current state-of-the art techniques is studied. This is achieved 
through a combination of theoretical analysis, numerical models, and experiments. 
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Presently, over 80% of the offshore wind turbines (OWTs) in Europe are founded on monopiles. 
These foundations are most commonly installed by impact hammer, albeit it may reduce the 
monopile fatigue life and poses a source of noise pollution, harmful to marine life. To this end 
environmentally friendly alternatives are investigated for offshore monopile installation. To further 
the potential of vibration-based methods, a new technology – Gentle Driving of Piles (GDP) – has 
been proposed by TU Delft. The GDP method is based on simultaneous application of low-
frequency/axial and high-frequency/torsional vibrations at the pile head and aims to improve 
installation performance and reduce underwater noise emissions. Medium-scale field tests have 
been performed at Maasvlakte II and the proof of concept has been successful.  
 
Evidently, pile driving models capable to capture properly the pile motion during GDP are not 
available. In this work a three-dimensional model is developed for the GDP method, and also 
suitable for the analysis of vibratory pile installation. Specifically, a thin cylindrical shell theory is 
used, in order to properly capture the pile vibrations. The soil continuum is modelled as a visco-
elastic layered half-space, by means of the thin layer method (TLM), augmented with perfectly 
matched layers (PMLs). A non-linear interface is used to couple the pile-soil system and permit pile 
slip. Conclusively, the aforementioned components are combined into an integro-differential system 
of equations and solved by means of the Galerkin method and numerical integration techniques.      
 
 

 
Figure 1. GDP test site at Maasvlakte II.  
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His PhD research is focused on the development of a numerical model for pile installation, in particular for 
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prediction of pile drivability. 
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Diamagnetic levitation obtains stable confinement of an object from its environment at zero power, and thus is a promising 
technique for the development of next generation ultra-sensitive resonators. To advance the application of these 
mechanical systems, it is important to characterize their dynamics. In this talk, I will give an overview of our efforts towards 
making highly sensitive levitating resonators. I will start with explaining how we probe the rigid body dynamics of these 
floating objects and shed light on their dissipation channels. By performing experiments in vacuum, I demonstrate that 
eddy current damping due to magnetic field is the main source of dissipation in these systems. To suppress damping and 
obtain high-Q resonators, I show our endeavors in making mm scale levitating composites that achieve Q-factors as high as 
3.5x105. Next, I show that by driving these systems into their bending vibrations, we can make use of their decent 
frequency stability to trace evaporation rate of nL droplets in real-time with prospects in biological and chemical sensing 
concepts.  Finally, I discuss the dynamics of these resonant sensors in large amplitudes and probe their complex motion 
which is characterized by a mixture of softening and hardening nonlinearity induced solely by the magnetic field. These 
studies provide insight on the utilization of this new class of mechanical systems in a wide range of sensing applications. 
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High-tech equipment critically relies on flexures for precise manipulation and measurement. 
Through elastic deformation, flexures offer extreme position repeatability within a limited range of 
motion in their degrees of freedom, while constraining motion in the degrees of constraint. 
Topology optimization proves a prospective tool for the design of complex short-stroke flexures, 
providing maximum design freedom and allowing for application-specific requirements. State-of-the-
art topology optimization formulations for flexure synthesis are subject to challenges regarding the 
ease of use, versatility, implementation complexity, and computational cost, leaving a generally 
accepted formulation absent. This presentation elaborates on the working principle and properties 
of a novel topology optimization formulation for the synthesis of short-stroke flexures uniquely 
based on strain energy measures. The optimization problem formulation resembles ‘classic’ stiffness 
optimization and inherits similar implementation simplicity, computational efficiency, and 
convergence properties. Numerical examples and prototypes demonstrate the versatility regarding 
flexure types and the possibilities to include additional design requirements. As a result of its 
advantageous properties, it is expected that the formulation will be applied to numerous related 
applications including compliant mechanism and meta-material design. 

Figure 1 - A 2D and 3D two degrees of freedom flexure and prototype obtained using the novel 
topology optimization formulation.  
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Intrinsically motivated by the art of science and engineering, backed up with expertise obtained via 
an MSc degree in Mechanical Engineering, I am currently a Ph.D. candidate in the Structural 
Optimization and Mechanics group at TU Delft. As a consequence of my fascination for the design of 
deformable structures, my research aims to unite the fields of computational design and compliant 
mechanism synthesis. Targeting simplicity and versatility, I investigate novel topology optimization 
formulations that allow for straightforward use in applications such as compliant mechanism, 
flexure, metamaterial, and shape-morphing design. 
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In the past decade, there has been an increasing interest from a diverse scientific community in soft 
robotics. With an origin in chemistry, soft robotics is a sub-branch of robotics focused on substituting 
rigid materials for high-compliant (soft) materials – allowing for intrinsic safety, environmental 
robustness, and adaptability. Although the field is still young, it is hypothesized that these systems 
will surpass their rigid counterparts in terms of performance and efficiency for various areas such as 
minimal invasive surgery; terrestrial, aquatic, and space exploration; tele-operation; manipulation; 
agriculture; and human-robot collaboration. Unlike their rigid-body counterparts, soft robots 
undergo large continuum-bodied motions that, to some extent, resembles biology. These 
morphologies arise by virtue of the low compliance in soft materials and, more importantly, the 
underlying geometry of its actuation. As of today, many of the fundamental engineering principles in 
rigid robotics, like design, actuation, sensing, and control, are often not applicable to these robots; 
and most problems regarding design have remained challenging or unresolved since its inception.
 In this talk, we present a novel framework for generating pressure-driven soft robots 
through topology optimization. Contrary to biometry or convectional designs, finding the (optimal) 
material layout of a soft robotic structure is accomplished through gradient-based optimization, 
where the distribution of nonlinear soft material is optimized through a user-specified objective. Our 
main contributions include the description of nonlinear geometrical deformations of hyper-elastic 
materials and design-dependent pneumatic loading – two critical challenges in the area of soft 
robotic design. To preserve computational efficiency, the connectivity properties of the mesh 
tessellation are exploited such that efficient path-finding algorithms can be used to identify the 
pneumatic regions. After the identification, synchronized volumetric contraction (or expansion) of 
the identified mesh elements are used to mimic the geometrical loads of pneumatic actuation 
artificially. Lastly, we show the effectiveness of our approach through extensive simulation and 
several case studies of soft robot actuators with different morphologies, e.g., contraction, bending, 
and grasping.
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Introduction 
There are various applications where large-deformable elements with specific force-deflection 
behavior are desirable. In some of those applications, slenderness and being lightweight are 
essential, e.g., wearable devices like exoskeletons and prostheses. A monolithic compliant 
mechanism with a spatial range of motion could be an answer to this desire. However, designing 
these complex elements is almost impossible with current methods. Hence, we have developed our 
method to design such complex mechanisms, using optimization. 
 

Methods 
In this method, all geometrical parameters of a compliant monolithic shape, e.g., a spatial clamp-
free beam, including the spine shape, sectional orientations, and sectional properties, will be 
optimized to enhance a specific endpoint behavior. To make this optimization feasible, all 
mentioned parameters along the beam were reduced to a certain number of control parameters 
using a parametrization scheme based on B-spline. 
 

Results 
As a case, it is shown that there exists a shape for an asymmetric clamp-free beam for which the 
natural rotating behavior of endpoint is corrected toward more symmetric behavior. Rather complex 
shapes were found by this method in the design space, and 94.3% enhancement of the desired 
behavior was achieved. 
 

Figure 1: Symmetric kinetostatic behavior from an asymmetric spatial beam 
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Nanomechanical resonators are key elements for a wide range of applications from high precision 
sensors to quantum technologies and tests of fundamental science. In nearly all applications, 
performance is dependent on the quality factor (Q). Currently high-tensile materials and in particular 
silicon nitride stand as leading platforms in high Q resonators due to their impressive isolation from 
environmental noise source, enabling their operation at room temperature.  However until now, 
design process for such resonators has remained driven solely by human intuition and trial-and-error 
experimentation. 
 
Inspired by nature, we explore a new spiderweb nanomechanical resonator concept using Bayesian 
optimization guided by data-scarce machine learning. The developed resonator exhibits a unique 
“torsional soft clamping” mechanism that couples bending and torsional motion in the beams of the 
spiderweb nanomechanical resonator. The bio-inspired resonator is fabricated in silicon nitride, 
experimentally demonstrating a new class of nanomechanical resonators with quality factor 
surpassing 1 billion at room temperature at low order modes. With a compact design and without 
any sub-micron features, it also allows an easy and low-cost manufacture at large scales contrary to 
state-of-the-art devices. This work demonstrates that machine learning can be combined with 
human intuition to play a key role in discovering new strategies in computing and nanotechnology. 
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My research focuses on designing, fabricating and experimentally validating nanomechanical resonators for 
sensors and quantum technologies optimized by data-scarce machine learning. I am developing new 
nanofabrication processes to realize almost any design in high-stress materials – specifically silicon nitride – 
with silicon technologies. Next, I am experimentally investigating the properties of the fabricates devices, 
studying their dynamical behavior and their performances for sensing. 
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Additive Manufacturing (AM) still suffers from lack of fundamental understanding of the relations between process 
settings, bulk material properties and product properties, which prevents widespread implementation. Simulations can 
help in providing better insights into these relations in AM processes, but are relatively difficult due to the large variations 
in time- and length-scales and the complex thermo-mechanical behaviour. The Discrete Element Method (DEM) can solve 
these problems because of its flexibility, particularly in its freedom of geometry, thermo-mechanical coupling and the 
natural ability to deal with material interfaces [1,2,3]. To correctly simulate an AM process, the DEM simulation should 
capture the distinct kinematics and thermomechanical behaviour of both the powder and solid phases. 
 
In this research a DEM framework is presented to simulate the Selective Laser Melting process for metals.  The model takes 
both the physically correct powder and solid-like behaviour of the material into account. The feasibility of simulating AM is 
assessed, as DEM is typically computationally demanding and requires many (numerical) input parameters. Therefore, the 
DEM framework utilises a cell-domain algorithm to reduce the amount of interaction computations and parallelisation is 
taken into account during programming. In addition, the interaction models are directly related to physical material 
parameters and subsequently validated. The Discrete Element Method can entail some advantages, such as improved 
resolution, straightforward interactions on element level and realistic interfaces between materials. 
 
The DEM framework is based on the model presented in [1]. Material addition of an AM process is intuitively modelled in 
order to obtain a representative layer of material. The kinematic and thermo-mechanical relations are captured by different 
interaction laws between discrete elements, depending on the phase. Powder is represented with a contact model and 
conduction through the contact surface. To simulate solid-like behaviour, elements are bonded and forces are computed 
with a beam model [4]. Additionally, solid phase heat transfer is computed with an effective conductivity and mass fraction 
[5]. Thermo-mechanical coupling is achieved by implementing thermal expansion of the discrete elements and temperature 
dependent material parameters. A sintering process is modelled by a moving discrete heat source that triggers a bonding 
mechanism between elements. This discrete heat source is extrapolated from a raytracing  model that simulates the laser 
light source. 
 
To validate the framework and show its capabilities various use-cases are presented. Simulations are performed to validate 
the correct material behaviours. The heat distribution due to the laser intensity profile in the model is studied in detail for 
varying printer settings. Furthermore, A melt-track is simulated and its dimensions compared to experiments. Lastly, some 
exemplary print jobs will be shown that include frequently observed printing issues, such as warping, detachment or 
excessive material addition. 
 
[1] Xin, H., Sun, W. and Fish, J. Discrete element simulations of powder-bed sintering-based additive manufacturing. Int. J. Mech. Sc. (2018), 

149:373–392. 
[2] Steuben, J.C., Iliopoulos, A.P. and Michopoulos, J.G. Discrete element modeling of particle based additive manufacturing processes. 

Comp. Meth. App. Mech. Eng. (2016) 305:537–561. 
[3] Lee, W.H., Zhang, Y. and Zhang, J. Discrete element modeling of powder flow and laser heating in direct metal laser sintering process. 

Powder Techn. (2017) 315:300–308. 
[4] Andre, D., Iodanoff, I., Charles J.L. and Neauport, J. Discrete element method to simulate continuous material by using the cohesive 

beam model. Comp. Meth. App. Mech. Eng. (2012) 213:113–125. 
[5] Terreros, I., Iordanoff, I. and Charles, J.L. Simulation of continuum heat conduction using DEM domains. Comp. Mat. Sc. (2013) 69:46–

52. 
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concluded his Master’s study with a numerical graduation project on the development of a DEM framework 
for AM. He was appointed a PhD position after his graduation in the MoM research group of Marc Geers, 
where he continues his research on Additive Manufacturing. 

The PhD research of Bram Dorussen is affiliated with the “BIC Project - Proeffabriek Multi-materiaal 3D” and 
focuses on Multi-Material Additive Manufacturing (MMAM). To investigate the material interfaces and 
interactions a new Discrete Element Method (DEM) process model for AM is developed. The DEM model 
should be able to predict shape, residual stresses, the complete product history and product properties. The 
discrete nature of the AM processes and multi-material interfaces fit well to a DEM simulation and its high 
level of detail might provide new insights into MMAM. Challenges in the development of this model are the 
different material interactions, the simulation of a continuum solid using DEM and the mapping of printer 
settings to product properties. The finished model can be used to predict print processes or printed product 
properties and can be studied to deduct design rules for AM designers 
 
 
 
 
 

166



Introduction 
In many fields in mechanical engineering, transient simulations of problems involving plastic 
deformation are required. The presence of plasticity renders a problem nonlinear. In that case, 
iterative solution procedures need to be employed, which are computationally more expensive than 
solution schemes for linear elastic problems. This results in long simulation times. 

For various complex engineering problems, nonlinearities only occur in small regions of the 
part. For example in simulating forming, fracture or contact problems or thermomechanical 
processes such as welding or additive manufacturing. Also, the remaining linear regions of the part 
often experience repetitive loading. Application of the conventional finite element (FE) method to 
such problems causes the majority of the simulation time to be spent on computing high-fidelity 
results in linear regions that are of little interest.  

In this work, an FE method allowing for local reduced order modelling is presented. It 
combines domain decomposition [1] with model order reduction through proper orthogonal 
decomposition [2,3]. As a result, a computational framework is obtained in which detailed solutions 
can be computed only in nonlinear regions of interest, whereas simplified calculations are possible in 
the remaining linear regions. This significantly reduces the problem complexity, leading to faster 
simulations.  

An additional benefit of this method is that quantities required by the solver, such as 
stiffness matrices, can be updated separately for individual domains. Hence, expensive update 
operations only need to occur in nonlinear domains, instead of for the entire part at once as is the 
case for the conventional FE method. 

 
References 
[1]  Dostál, Z. et al. (2006). Commun. Num. Meth. Eng. 22: 1155-1162 
[2]  Im, S. et al. (2019). Comput. Mech. 64: 1237-1257 
[3]  Xiao, M. et al. (2020). Struct. Multidiscip. Optim. 62: 209-230 
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Parallel computing is omnipresent in today’s scientific computing landscape starting at multicore 
processors in desktop computers up to massively parallel clusters. While domain decomposition 
methods have a long tradition in computational mechanics to decompose spatial problem into many 
subproblems that can be solved in parallel, advancing solution schemes for dynamics or quasi-statics 
are inherently serial processes. Methods like Parareal and Multigrid-reduction-in-time (MGRIT) are 
based on a multigrid approach over the temporal domain, enabling parallelization in time. These 
techniques have been applied successfully in many fields of study, including power network analysis 
[1], cardiac fluid-structure interaction [2] or the training of neural networks [3]. 
As MGRIT is based on dynamic, their temporal multigrid scheme is based on a time discretization 
error that evolves over time. For quasi-static simulations, solutions at different time steps are 
independent so that the time discretization error and thus the motivation for MGRIT vanishes. 
In this talk, we will present an MGRIT-inspired approach to parallelize quasi-static computations. Due 
to the parametrization of the arc-length instead of time, the multi-level error for the arc-length 
parametrization is formed by the load parameter and the solution norm; enabling to measure errors 
like MGRIT. By applying local refinements in the arc-length parameter, this multi-level adaptive arc-
length method refines solutions where the non-linearity in the load-response space is maximal, i.e. 
where the path is curved. To reduce the number of levels needed for reference errors, a higher-
dimensional spline is adaptively fitted through the load-response solution space. Furthermore, knot 
insertion algorithms will assure that bifurcations can nicely be embedded in the presented method. 

References 
[1] S. Günther, R. D. Falgout, P. Top, C. S. Woodward and J. B. Schroder, "Parallel-in-Time Solution of Power Systems with 
Unscheduled Events," 2020 IEEE Power & Energy Society General Meeting (PESGM), 2020, pp. 1-5, doi: 
10.1109/PESGM41954.2020.9281595. 
[2] Hessenthaler, A., Falgout, R. D., Schroder, J. B., de Vecchi, A., Nordsletten, D., & Röhrle, O. (2021). Time-periodic steady-
state solution of fluid-structure interaction and cardiac flow problems through multigrid-reduction-in-time. arXiv preprint 
arXiv:2105.00305. 
[3] Cyr, E. C., Günther, S., & Schroder, J. B. (2019). Multilevel initialization for layer-parallel deep neural network training. 
arXiv preprint arXiv:1912.08974. 
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Inspired by the widespread use of machine learning techniques to solve what were once 
computationally intractable problems, the use of surrogate models is rapidly permeating the field of 
constitutive modeling. These techniques are particularly useful to accelerate and enable the use of 
concurrent multiscale (FE²) simulations. The vision is to achieve significant acceleration by replacing 
the solution of the micromodel boundary value problem for each macroscale integration point with 
a cheaper-to-evaluate model built on top of few high-fidelity observations from the micromodel. 
 
Being universal approximators, Neural Networks (NN) are by far the most popular technique in 
building constitutive surrogates. Despite their success in several applications, inherent issues related 
to their data-driven nature still limit their applicability to complex materials. One of the major 
setbacks of NNs is the inability to handle path-dependency since they assume a unique mapping 
between inputs and outputs. To circumvent this limitation, Recurrent Neural Networks (RNN) are 
now a common approach in the literature. However, these networks usually require an extensive 
sampling process and cannot guarantee good generalization properties.  
 
The alternative explored here is to reintroduce some of the physics-based knowledge of the problem 
into the NN. This is done by employing actual material models used in the full-order micromodel as 
the activation function of one of the layers of the network. Thus, memory arises naturally since 
every material model in the layer has its own internal variables. The proposed network has been 
implemented on top of an existing NN [1] and incorporated into an FE² framework. For the 
numerical examples, a Representative Volume Element with elastic fibers and elasto-plastic matrix 
material is used as the micromodel. It is shown that the physics-infused network can naturally 
predict unloading/reloading behavior without ever seeing it during training. Its capabilities are 
compared to those of RNNs. 
 

References 
[1] Rocha, I.B.C.M. , Kerfriden, P. , van der Meer, F.P. Micromechanics-based surrogate models for the response of 
composites: A critical comparison between a classical mesoscale constitutive model, hyper-reduction and neural networks, 
European Journal of Mechanics - A/Solids, (2020) 82:103995 
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