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IFIP – The International Federation for Information Processing

IFIP was founded in 1960 under the auspices of UNESCO, following the First
World Computer Congress held in Paris the previous year. An umbrella organi-
zation for societies working in information processing, IFIP’s aim is two-fold:
to support information processing within its member countries and to encourage
technology transfer to developing nations. As its mission statement clearly states,

IFIP’s mission is to be the leading, truly international, apolitical
organization which encourages and assists in the development, ex-
ploitation and application of information technology for the benefit
of all people.

IFIP is a non-profitmaking organization, run almost solely by 2500 volunteers. It
operates through a number of technical committees, which organize events and
publications. IFIP’s events range from an international congress to local seminars,
but the most important are:

• The IFIP World Computer Congress, held every second year;
• Open conferences;
• Working conferences.

The flagship event is the IFIP World Computer Congress, at which both invited
and contributed papers are presented. Contributed papers are rigorously refereed
and the rejection rate is high.

As with the Congress, participation in the open conferences is open to all and
papers may be invited or submitted. Again, submitted papers are stringently ref-
ereed.

The working conferences are structured differently. They are usually run by a
working group and attendance is small and by invitation only. Their purpose is
to create an atmosphere conducive to innovation and development. Refereeing is
also rigorous and papers are subjected to extensive group discussion.

Publications arising from IFIP events vary. The papers presented at the IFIP
World Computer Congress and at open conferences are published as conference
proceedings, while the results of the working conferences are often published as
collections of selected and edited papers.

Any national society whose primary activity is about information processing may
apply to become a full member of IFIP, although full membership is restricted to
one society per country. Full members are entitled to vote at the annual General
Assembly, National societies preferring a less committed involvement may apply
for associate or corresponding membership. Associate members enjoy the same
benefits as full members, but without voting rights. Corresponding members are
not represented in IFIP bodies. Affiliated membership is open to non-national
societies, and individual and honorary membership schemes are also offered.
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Foreword

The book includes a selected set of papers presented at the 7th International
Precision Assembly Seminar (IPAS 2014) held in Chamonix, France, in Febru-
ary 2014. The International Precision Assembly Seminar, which was established
in 2003 by the European Thematic Network Assembly-Net, has developed the
premier international event for presenting and discussing the latest research,
new innovative technologies, and industrial applications in the area of precision
assembly.

We consider precision assembly as a process that covers a wide range of
products where handling, positioning, manipulation, and joining technologies
are constrained by specific quality, accuracy, and repeatability requirements that
cannot be met by conventional assembly methods. At the micro-scale, a distinc-
tive feature of precision assembly is that surface forces are often dominant over
gravity forces, which determines a number of specific technical challenges in-
cluding high-accuracy positioning and manipulation techniques, micro-gripping
methods that take into account the surface forces, high-precision micro-feeding
techniques, and micro-joining processes. At the other end of the scale, there are
specific challenges in industries such as aerospace poised by the need to assemble
large structures with extremely small tolerances that usually require additional
metrology assistance and further equipment and process enhancement.

Precision assembly of complex high-value products is a key manufacturing
process in sectors such as the automotive and aerospace sectors, and in defence,
pharmaceutical, and medical industries. Some of the common trends underlining
the development of precision assembly systems in these sectors include: increased
demand for rapid ramp-up and downscale of production systems; increased de-
mand for assembly systems that can react to disruptive events and fluctuations
during the production process; and a drive toward after-sales service contracts
for maintenance and equipment upgrade.

The book is structured into six chapters. Chapter 1 includes papers dedi-
cated to micro-assembly processes and systems ranging from desktop factory
automation and packaging of MEMS to self-assembly processes and platforms.
Chapter 2 is focused on handling and manipulation and includes contributions
on flexible gripper systems, fixturing, and high-precision actuators. Chapter 3 in-
cludes a range of contributions on tolerance management and error-compensation
techniques applied at different scales of precision assembly. Chapter 4 describes
some of the latest developments in metrology and quality control, while Chapter
5 introduces contributions on intelligent assembly control. Finally, Chapter 6
concludes with contributions on process selection, modelling, and planning.

The seminar is sponsored by the International Federation of Information
Processing (IFIP) WG5.5, the International Academy of Production Research
(CIRP), and the European Factory Automation Committee (EFAC). The



VI Foreword

seminar is supported by a number of ongoing research initiatives and projects
including the European sub-technology platform in Micro and Nano Manufac-
turing MINAM 2.0, as well as the EU Framework 7-funded collaborative projects
PRIME and COPERNICO.

The organizers should like to express their gratitude to the members of the
international Advisory Committee for their support and guidance and to the
authors of the papers for their original contributions. Special thanks go to Ruth
Strickland and Rachel O’Shea from the Precision Manufacturing Centre at the
University of Nottingham for handling the administrative aspects of the seminar,
putting the proceedings together, and managing the detailed liaison with the
authors and the publishers.

October 2014 Svetan Ratchev
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Robust Adhesive Precision Bonding  
in Automated Assembly Cells 

Tobias Müller1,*, Sebastian Haag1, Thomas Bastuck1, Thomas Gisler2,  
Hansruedi Moser2, Petteri Uusimaa3, Christoph Axt4, and Christian Brecher1 

1 Fraunhofer Institute for Production Technology IPT, Steinbachstr. 17,  
52074 Aachen, Germany 

tobias.mueller@ipt.fraunhofer.de 
2 FISBA OPTIK AG, Rorschacher Str. 268, 9016 St. Gallen, Switzerland 

3 Modulight Inc., Hermaniaku 22, 33720 Tampere, Finland 
4 Rohwedder Micro Assembly GmbH, Opelstr. 1, 68789 St. Leon-Rot, Germany 

Abstract. The assembly of optical components goes along with highest  
requirements regarding assembly precision. Laser products have become an 
integral part of many industrial, medical, and consumer applications and their 
relevance will increase significantly in the years to come. Still economic chal-
lenges remain. Assembly costs are driven by the demanding requirements re-
garding alignment and adhesive bonding. Especially challenging in precision 
bonding are the interdependencies between alignment and bonding. Multiple 
components need to be aligned within smallest spatial and angular tolerances in 
submicron order of magnitude. A major challenge in adhesive bonding is the 
fact that the bonding process is irreversible. Accordingly, the first bonding at-
tempt needs to be successful. Today’s UV-curing adhesives  inherit shrinkage 
effects during curing which are crucial for the submicron tolerances of e.g. 
FACs or beam combiners what makes the bonding of these components very 
delicate assembly tasks. However, the shrinkage of UV-curing adhesives is not 
only varying between different loads due to fluctuations in raw materials, it is 
also changing along the storage period. An answer to this specific challenge can 
be the characterization of the adhesive on a daily basis. The characterization be-
fore application of the adhesive is necessary for precision optics assembly in 
order to reach highest output yields, minimal tolerances and ideal beam-shaping 
results. The work presented in this paper aims for a significantly reduced impact 
of shrinkage effects during curing of highly durable UV-curing epoxy adhesives 
resulting in increased precision. Key approach is the highly precise volumetric 
dispensing of the adhesive as well as the characterization of the shrinkage level. 
These two key factors allow most reproducible adhesive bonding in automated 
assembly cells. These proceedings are essential for standardized automated as-
sembly solutions which will prospectively play a major role in laser technology. 

1 Introduction 

The assembly of optical components goes along with the highest requirements regard-
ing assembly precision in many cases. For instance laser products have become an 
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integral part of many industrial, medical, and consumer applications and their relev-
ance will increase significantly in the years to come. Still, economic challenges of 
laser related products prevent the breakthrough in many applications. Assembly costs 
are driven mainly by the demanding requirements regarding alignment and adhesive 
bonding in all spatial dimensions. Extensive research efforts are being made in mat-
ters of novel bonding methods, whilst the challenges of the state-of the art UV-curing 
adhesive bonding still provide opportunities for improvement as identified in several 
recent research projects and contributions ([1],[2],[3],[4],[5],[6]).  

The major and most appreciated advantages of UV-curing adhesive bonding are its 
low temperature, the automation friendliness, and the reasonable costs for automation 
solutions. Yet, especially challenging in precision assembly are the interdependencies 
between alignment and adhesive bonding. Shrinkage effects during curing of the 
adhesives are crucial for the submicron tolerances of for instance fast-axis collimators 
(FACs). Also beam combiners are a very delicate assembly task. Multiple compo-
nents sharing interdependencies need to be aligned within smallest tolerances in sub-
micron order of magnitude. For such assembly tasks the major challenge in adhesive 
bonding at highest precision level is the fact, that the bonding process is irreversible. 
Accordingly, the first bonding attempt needs to be successful as especially for auto-
mated solutions dissolving the link between two components is not possible. The 
impact of the shrinkage effects can be tackled both by a suitable design of the bonding 
area and a positioning offset of the optic for compensation purposes. Yet, compensat-
ing shrinkage effects is difficult, as the shrinkage of UV-curing adhesives is not nec-
essarily constant between two different loads due to fluctuations in raw materials and 
variations over the storage period even under ideal circumstances. An up-to-date 
characterization of the adhesive is necessary for automation in optics assembly to 
reach highest output yields, minimal tolerances and ideal beam-shaping results. Ac-
cordingly, today the operator needs to adjust the compensation offset data on a daily 
basis during the first assembly processes of the production series as practice shows. 
Chances of creating sub-standard goods are high for these first systems, which is 
problematic for high-value precision optics.  

2 Geometric Model of the Bonding Area  

The work presented in this paper aims for a significantly reduced impact of shrinkage 
effects of UV-curing adhesives and a resulting increase in precision in automated 
assembly cells. Key approach is the highly precise volumetric dispensing of the adhe-
sive as well as an up-to-date characterization of the shrinkage level. These two key 
factors allow reproducible adhesive precision bonding in automated assembly cells.  

First step in the approach for increased precision in adhesive bonding is to model 
the bonding system and identify and separate the origins for the misalignment effects 
in order to be able to compensate the shrinkage effects more efficiently. The model of 
the bonding area that was elaborated presumes that the misalignment is mainly caused 
by two effects: A spatial and an angular offset. Figure 1 shows the model of the bond-
ing area. 
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the mechanical gripper leads to force amplitudes in both directions and a final relaxa-
tion leading to an increase of the tilt by about 10µrad. The quantification and varia-
tion of the gripper’s closing force allowed an approximation of the forces induced by 
the adhesive during curing process. This knowledge is essential for bonding process 
development when the components shall be kept in place by the application of a re-
taining force. Therefore the gripper was actuated pneumatically allowing a precise an 
easy variation of the clamping force. 

 

Fig. 5. Tilt measurement sample of curing process 

Representative results for a measurement of one sample adhesive are shown in 
Figure 5. The initial wedge angle is this specific case was 8.73mrad (-0,5°). The mean 
tilt resulting from curing in the designated shrink direction (Tilt β) was at 0.287 mrad. 
The undesired parasitic tilt movement (Tilt α) was at 0.0596 mrad which represents 
the measuring uncertainty. Formula (1) is describing the linear shrinkage neglecting 
the linear shrinkage resulting from parallel movements of the components.  

The corresponding shrinkage in this experiment was 2.31% which is roughly dou-
ble the value given in the technical data sheet. This deviation is caused by ageing 
effects of the adhesives during their shelf life. Over the time the UV-curable adhe-
sives partially react even without any exposure to UV-light. Accordingly, the magni-
tude of shrinkage drops with the age of the adhesive.  

However, the severity of shrinkage is not the only factor influencing the achievable 
bonding results. Also highly precise volumetric dosing and minimal adhesive volumes 
minimize the shrinkage effects. Therefore a qualification methodology for dosing 
systems has been elaborated allowing an efficient selection of the best suitable dosing 

lS⋅−=Δ αα  

αΔ  = Tilt induced by shrinkage 

α  = Adjusted wedge-angle  

lS  = linear shrinkage 
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system. Evaluation criteria are minimum dispensing volume, reproducibility, handling 
and costs. Jet dosing systems prove to be most reliable regarding dispensing volume 
reproducibility for the assembly of micro-optical components. A further increase in 
precision of volumetric dispensing could be achieved by creating minimal dropsizes 
and applying several drops to generate one drop of the desired volume. Once again, a 
telecentric camera and an image processing routine were used to characterize the 
reproducibility of the drop diameter. Based on these results a number of suitable ad-
hesives for bonding optics has been validated and characterized regarding shrinkage 
developments over their lifetime.  

4 Conclusion and Outlook 

Result of the work presented in the paper is the precise predictive compensation of 
shrinkage effects of UV-curing adhesives during the curing process. Firstly, the im-
portance of precise volumetric dosing was elaborated. Furthermore the impact of 
shrinkage effects has been modelled, described and quantified. The determination of 
the volumetric shrinkage magnitude is possible with the measurement setup de-
scribed. The shrinkage could be determined as precisely a 0.1 %. During the experi-
mental phase shifts in shrinkage of the same adhesive of more than 5% due to ageing 
effects were observed. For precise and efficient compensation of the shrinkage effects 
a measurement of the shrinkage magnitude instantly before the glue application ap-
pears to be unavoidable. The determination of the shrinkage value is even more im-
portant in automated assembly solutions, as the offset values can thus be calculated 
dynamically.  

Looking ahead automation will play a growingly important role in laser optics as-
sembly. For robust automation solutions in optics assembly producing best results the 
detailed knowledge of the adhesives behaviour as well as a sophisticated compensa-
tion of the shrinkage is obligatory. Accordingly, the proceedings presented in this 
paper are essential for standardized automated assembly solutions. 

 
Acknowledgement. Fraunhofer IPT would like to thank the EC for supporting parts 
of this work within the APACOS project in the 7th Framework Program. 
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Abstract. A new assembly method for silicon micro-parts with non-planar steel 
parts is proposed: low-temperature soldering. Existing techniques for micro-
mechanical assemblies are analyzed and compared to the proposed method, the 
method is explained and validated on an existing product using functional tests. 
Performances of the reference method (adhesive bonding) are not yet fully 
reached, but the results are close and partially fulfil the specifications of the 
current production. 

Keywords: Assembly, micro-part, silicon, steel, low-temperature soldering, 
surface tension, micro-mechanics. 

1 Introduction 

The potential for producing complex micro-mechanical planar pieces from silicon 
using clean-room fabrication processes has been known for some time. In the field of 
micro-mechanics – we consider characteristic dimensions between 100 µm and 1 mm 
and dimensional precision in the micrometer-range – such silicon pieces can be very 
useful because of their high mechanical strength, their low geometric tolerances, low 
weight and the parallel fabrication method. Even though the production of silicon 
micro-pieces is possible using currently available technologies, their application is 
limited due to three main problems: the maximum achievable thickness, the limited 
feasibility of multi-layer designs and their integration into out-of-plane assemblies. 

In this paper we describe an assembly method that permits to circumvent some of 
these limitations and compare it to existing techniques using functional tests. 

Context and Motivation. Our analysis is part of a research project with industrial 
partners active in the watch industry and is funded by the Swiss government1. The 
research is guided by the need for a combination of silicon micro-parts with steel 
pieces so as to permit an integration into existing assemblies while keeping the costs 
at a viable level for an industrial production. For this reason, we focus on a typical 

                                                           
1  Commission for Technology and Innovation CTI. 
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methods rely heavily on properties common for most metals such as plastic deformation 
(screwing, press-fitting) thermal diffusion and dilatation (soldering, welding, riveting). 
As these properties are weak or non-existent for silicon and for its native oxide, most 
conventional techniques are not easily applicable.  

In this study we focus on the combination of planar silicon micro-parts with metal-
lic out-of-plane parts such as spindles and compare the established assembly tech-
nique to our proposed method of low-temperature soldering. 

Adhesive Bonding. A common assembly method for joining silicon and steel parts is 
adhesive bonding using one- or two component glues. Even though this method yields 
good results, we seek to propose an alternative because of the sometimes limited 
chemical stability of the joint. This concerns mainly the exposition to changing am-
bient humidity and temperature as well as the degradation of the adhesive under ultra-
violet radiation. Especially the long term (>10 years) mechanical resistance is difficult 
to assess. Also, cycle times are relatively long due to the time needed for polymeriza-
tion2 and the assembly process is not easy to get under control. 

Press-fitting with Compliant Structures. Press-fitting of structured silicon micro-
parts has been shown to be a viable solution to our assembly problem but is protected 
by at least one patent [1]. This solution is applicable for low torque transmissions and 
small axial loads but it has also been proposed to combine a pre-assembly by press-fit 
with adhesive bonding or soldering to "lock" the assembly and thus overcome these 
limitations. To our knowledge this method has not yet been commercialized. 

Low-temperature Soldering. Low-temperature soldering of silicon to steel is a tech-
nique that is very similar in application to adhesive bonding (when a convection oven 
and solder paste is used). Some of the drawbacks of adhesive bonding can be avoided 
with low-temperature soldering as soldered joints exhibit generally higher chemical 
stability as well as a resistance to humidity and ultraviolet radiation. 

2.1 Comparison of Methods  

We propose a qualitative overview of the above mentioned assembly methods that  
is based on criteria established by a functional analysis of the escapements of mechan-
ical movements, as they are widely used in the Swiss watch industry. In addition to 
the precise geometric tolerances and mechanical resistance, a long lifespan is re-
quired. As the materials of the pieces to assemble are inert, the lifespan is limited by 
the stability of the joint. Wear may be caused by frequent exposure of the product to 
rapidly changing ambient atmospheric conditions such as temperature, UV radiation 
and humidity. 

                                                           
2  Usually in the range of some minutes to several hours, depending on the type of adhesive. 
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Table 1. Overview of assembly methods for silicon wheels with steel spindles 

Criteria Adhesive 
bonding 

Press-fitting 
with compliant 
structures 

Low-temperature 
soldering 

Prototyping possible? yes no (yes)3 
Mechanical resistance medium low medium 
Chemical stability medium high high 
Disassembly possible? no yes no 
Cycle time medium short short 

 
Given the qualitative overview of Table 1 it is reasonable to explore the potential 

of low-temperature soldering. We expect similar performances to adhesive bonding 
while potentially improving the long-term reliability of the assembly and reducing 
costs due to shorter cycle times. 

3 Assembly of Silicon Escape Wheels with Their Spindles 

One of the assemblies realized using low-temperature soldering is depicted in Fig. 1 
and its schematic representation can be found in Fig. 2. To qualify the result of our 
proposed method we compare our samples to an existing product that is assembled by 
adhesive bonding: the escape wheel with its steel spindle. We also use the same tests 
and criteria, which are used to qualify the ongoing production, for evaluating our 
assembly method. 

The angular deviation from perpendicularity β and the concentricity error d are 
used to qualify the geometry, whereas the mechanical resistance is characterized by 
the maximum transmissible torque Tmax. The visual aspect is very important for this 
type of assembly, but its objective measurement goes beyond the scope of this paper. 

 

 

Fig. 2. Schematic representation of the assembled escape wheel with an indication of the con-
centricity error (distance d) and the deviation from perpendicularity (angle β) 

                                                           
3  A metallization layer can easily be applied to the whole surface of a piece, but as soon as 

localized metallization is needed, prototyping is not possible anymore. 
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Preliminary Condition for Soldering of Silicon Micro-parts. Silicon forms very 
stable oxides in ambient atmosphere that cannot be removed using simple cleaning 
processes or fluxes. A convenient solution is to deposit a metallization Ti-Ni-Au4 on 
the silicon substrate, so that we can rely on decades of experience in assembly of 
metallic surfaces by soldering. 

Silicon oxides are not wetted by molten metal, this implies that a localized metalli-
zation can be used to control the precise location of the solder joint. Depending on the 
geometry of the pieces to assemble, this property can be used to hide the solder joint. 

4 Soldering Process 

As is succinctly described by Humpston and Jacobson: “Soldering and brazing in-
volve using a molten filler metal to wet the mating surfaces of a joint, with or without 
the aid of a fluxing agent, leading to the formation of metallurgical bonds between the 
filler and the respective components. In these processes, the original surfaces of the 
components are ‘eroded’ by virtue of the reaction occurring between the molten filler 
metal and the solid components, but the extent of this ‘erosion’ is usually at the mi-
croscopic level (<100 μm, or 4000 μin.).” [7] 

In this section we retrace the different steps of the process and discuss particulari-
ties of our application. The usual preconditions for solder joints apply: the surfaces to 
join should permit a wetting of the filler metal. During the soldering the temperatures 
of the pieces and their mating surfaces must stay above the liquidus of the filler metal. 

4.1 Degreasing before Soldering  

A cleaning (degreasing) of the pieces is often necessary before the soldering takes 
place. The escape wheels come from the cleanroom and therefore they are already as 
clean as they can reasonably get. The spindles have been cleaned using an ultrasonic 
bath with filtered isopropanol. 

4.2 Positioning of Pieces for the Assembly 

Following the cleaning, the spindle is inserted in a fixture that assures its relative 
position to the wheel. Solder and flux are deposited on the surface to join and the 
wheel is positioned on top of it (see Fig. 2 for a schematic representation). 

Mechanical Precision of Assembly. We use two geometrical criteria to evaluate the 
functionality of the assembly: the perpendicularity and the concentricity between 
spindle and wheel. Depending on the design of the spindle, perpendicularity can be 
achieved “by default” as the surface tensions of the liquid solder will equilibrate the 

                                                           
4  Titanium is used for adhesion on the silicon substrate, the nickel-layer serves as interface  

for the solder joint, whereas the gold is applied on top to prevent premature oxidation of the 
underlying nickel. 
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distance between the metallized silicon and the mating surface of the steel spindle. 
The concentricity error is limited by the clearance between the diameter of the spindle 
and the inner diameter of the wheel. 

 
Quantity of Metal for Solder Joint. In assemblies of this scale it is not trivial to 
deposit the optimum quantity of filler metal at the joint. During our research we have 
qualified several deposition methods but finally the most basic ones – solder paste 
dispensing and solder preforms – have proven to be sufficient for this application. 

4.3 Soldering Operation 

The fixture with the pre-assembled pieces is heated using a convection oven with 
control of the temperature profile. We focused on low-temperature solder alloys so 
that temperatures stay below 200°C, thereby avoiding any coloration of steel that may 
happen at or above that point due to additional surface oxidation. 

Removal of Surface Oxides. Chemical agents that remove surface oxides (fluxes) are 
commonly used. Sometimes they are complemented by an inert atmosphere for reduc-
ing supplementary surface oxidation during the heating, for example using nitrogen. 
In our case, the removal of surface oxides concerns mainly the steel piece and the 
filler metal itself. 

4.4 Cleaning after Soldering 

Depending on the type of flux used, the subsequent cleaning-process is more or less 
complex. The use of water-soluble fluxes has been found to be sufficient and there-
fore cleaning is done in aqueous ultrasonic baths. 

5 Results 

In section 3 we explained the design of the escape wheel assembly that has been used 
for comparative tests. In Table 2 the geometrical errors β (deviation from perpendicu-
larity) and d (concentricity) as well as the maximum transmissible torque Tmax are 
reported for two assembly methods. Target values are also reproduced to allow a 
more comprehensive comparison. 

Table 2. Comparison of two methods by measuring the performances of the assemblies. For 
every variable the mean value and the estimator of the standard deviation are indicated. 

Method ߚҧ ݏሺߚҧሻ ҧ݀ ሺݏ ҧ݀ሻ തܶmax ݏሺ തܶmaxሻ 
Adhesive bonding 0.3° 0.18° 6 μm 1.8 μm 4.5 mNm 0.6 mNm 
Low-temperature 
soldering 

0.7° 0.45° 6 μm 5.1 μm 3.4 mNm 1.2 mNm 

Target value <0.5° - <12 μm - >2 mNm - 
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Discussion of Results. Our proposed alternative approach does not yet fully reach the 
performances of the current assembly method, however the results are close enough to 
be very promising. Two out of three criteria are already above the acceptance limits of 
the ongoing production, and we have evidence that a significant improvement for the 
third one is possible. 

6 Conclusion 

The presented approach of low-temperature soldering for the assembly of silicon mi-
cro-parts with steel spindles is a valid alternative to conventional adhesive bonding. 
The comparison with the current assembly method shows that the performances are 
close enough to lead to an equivalence of the methods in the near future and that an 
industrialization is of interest. 

Identified Subjects for Future Research. Long term comparative tests between adhe-
sive bonding and low-temperature soldering should be carried out, notably concerning 
the mechanical resistance. Also, it seems that the formation of intermetallic compounds 
in the boundary layers has a major influence on the transmissible efforts and the resi-
lience to mechanical shocks. Therefore it would be interesting to characterize mechani-
cal performances in function of used alloys, fluxes and microstructure of the interfaces. 

Acknowledgements. We thank our partners Mimotec SA and Sigatec SA as well as 
the members of our project team for their efforts and the pleasant cooperation. 
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Abstract. The effectiveness and versatility of the probes used on micro-co-
ordinate measuring machines is currently limited by the dimensions, geometry 
and quality of the spherical stylus tips available. A shaft fabrication and gluing 
process is demonstrated to assemble a sphere-tipped stylus for tactile micro-co-
ordinate measuring machine probes. The contact behaviour of the manufactured 
micro-styli is investigated both in a static and a vibrating mode. The ultimate 
strength of the glue joint is also investigated. It is concluded that the assembly 
of styli using the presented method is viable, however, that stylus shafts below 
40 µm diameter may require new manufacturing methods. 

Keywords: micro-CMM, sphere tipped stylus, assembly, gluing process, 
WEDG, micro-EDM. 

1 Introduction 

Geometrical measurement of micro-components is a constant issue for micro-
manufacturing engineers. Although several optical techniques are available, some 
geometries, such as holes, channels and surfaces with high curvature, still need to be 
characterised using a tactile micro-co-ordinate measuring machine (micro-CMM). To 
continue to achieve accurate results while using tactile micro-CMMs, it is essential to 
fabricate high quality sphere-tipped micro-styli. 

Using a combination of wire electro discharge grinding (WEDG) [1] and one-pulse 
electro discharge (OPED) technology [2], sphere-tipped micro-styli can be fabricated 
with spherical tip diameter of approximately 0.07 mm [3]. During the OPED process, 
an instant electro-discharge is focused onto the end of a stylus shaft. This process 
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results in the formation of a spherical tip on the stylus shaft, creating a monolithic 
sphere-tipped micro-stylus. However, the instant electro-discharge energy shock can 
result in a spherical tip with a high sphericity error, in the order of 500 nm to 
800 nm [2]. To address this, a hybrid WEDG and gluing process was developed to 
assemble the stylus tips. The manufacturing and positioning capability of the WEDG 
machine are combined to achieve high accuracy assembly. Following assembly, it is 
essential that the glue strength is determined to ensure the manufactured styli are 
suitable for use with existing micro-CMM probes. This paper describes the results of 
an investigation into the glue strength of the manufactured sphere-tipped styli. The 
experimental process used to investigate the triggering behaviour of probes using 
these assembled styli in static and dynamic (vibrating) modes is also described. 

2 Sphere-Tipped Micro-stylus Assembly 

Using a hybrid WEDG and gluing process, micro-styli with sphere tips of diameter 
approximately 0.07 mm were assembled. This process is fully described in a pre-
vious study [4]. The shaft manufacture and assembly process (glue deposition,  
manipulation and assembly) was carried out on a single machine. Using a CCD 
camera for position assistance, it was possible to assemble the sphere-tipped stylus 
with an accuracy of approximately 1 μm. Once manufactured, the micro-shaft is 
dipped into a glue reservoir and then assembled with a sphere secured in a small 
vacuum holder. A schematic of the manufacturing and assembly process is shown 
in figure 1. 
 

 

Fig. 1. Sphere-tipped micro-stylus manufacturing and assembly setup [4] 

 
High aspect ratio sphere-tipped micro-styli can be assembled using this hybrid 

gluing and WEDG process. This is due to the high quality of straight and long shafts 
that are easily fabricated using the WEDG process. Two suitable designs for styli are 
shown in figure 2, along with the manufactured styli. 
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Fig. 2. Assembled micro-styli. Working aspect ratios are 12.5 (left) and 8.75 (right). All dimen-
sions are in millimetres. 

3 Mechanical Properties of the Manufactured Micro-styli 

3.1 Contact Behaviour 

An important parameter of micro-CMM probes is the contact force they impart on the 
measurement surface during probing. Although the stylus itself has some effect on 
this parameter, the probing system, especially its stiffness and mode of operation, is 
the major contributor. Therefore, only an indication of the effects apparent when 
probing at the micro-scale can be investigated using just the stylus, such as the effect 
of the surface interaction forces. The true probing force cannot be determined without 
installing the stylus onto a micro-CMM probe for testing. 

When probing at the micrometre scale with a micro-CMM probe, the surface interac-
tion forces have the effect of causing the probe to snap-in to the measurement surface on 
approach and/or to stick to the measurement surface after probing, causing snap-back 
[5]. To address this effect, the stylus tip should be vibrated. This technique is used in 
several newly developed micro-CMM probes [6] [7]. An experiment was designed to 
investigate the different contacting behaviours of the stylus tips during static and dy-
namic operation. A schematic of the experimental setup is shown in figure 3.  

 

 

Fig. 3. Schematic of the dynamic contact force testing for the stylus 
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By using the magnetic coil as a vibration generator, and optimizing the drive current 
and the length and thickness of the stainless steel flexure, the vibration frequency and 
amplitude of the test stylus could be adjusted. The dynamic behaviour of the test stylus 
was recorded using a laser Doppler vibrometer. This low cost setup can result in the 
tests stylus vibrating at a frequency of 170 Hz and an amplitude of 1 μm. This resulting 
vibration amplitude is similar to that of existing vibrating micro-CMM probes; howev-
er the vibration frequency is significantly lower. A precision mass balance was used as 
a force sensor, and a precision manipulation stage was used to move the stylus into 
contact during testing. The experimental setup exhibits some hysteresis due to the slow 
reaction time of the precision mass balance and the backlash on the screw-drive of the 
manipulation stage. To correct for this, the manipulation stage was operated at a slow 
travel speed and a chromatic confocal distance sensor, the CHRocodile E system from 
Precitec Optronik GmbH, was used to determine the true motion.  

The contact behaviour of the stylus and the test measurement surface in static and 
dynamic mode was tested. The same setup was used in each case, as the stiffness of 
the steel flexure was determined to be very high in comparison with the stylus shaft, 
by at least three orders of magnitude. A set of representative results are shown in 
figure 4. It can be seen that, during static testing, the test stylus remained stuck to the 
measurement surface for approximately 1.5 µm post contact. This resulted in up to 
1 µN of sticking force, which is usually attributed to the surface interaction forces [8]. 
During dynamic testing, with vibration characteristics as previously described, the 
same stylus exhibited no appreciable sticking to the surface while retracting. 

 

 

Fig. 4. The change in retract behaviour between static probing (top) and dynamic probing 
(bottom). The solid lines indicate approach, and the dashed lines indicate retract. 
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3.2 Glue Strength 

The main use for these sphere-tipped micro-styli is as the contacting part of tactile 
micro-CMM probes [9]. For this application, knowledge of the stiffness of the stylus 
is required so that accurate determination of the transfer of mechanical contact to the 
sensing part of the CMM probe can be known. Also, the ultimate gluing strength 
should be determined to ensure there is no risk of stylus breaking during use. The 
gluing force of a glass spherical stylus tip has been previously measured to be in the 
order of 12 mN [4]. When testing a stylus of a similar design to that shown in figure 2 
(left) but with a shaft diameter of 65 µm, a glue strength of 22 mN ± 1 mN (k = 1) 
was measured. A second stylus with a shaft diameter of 28 µm exhibited a glue 
strength of 5 mN ± 1 mN (k = 1), with an ultimate yield strength of the stylus shaft of 
17 mN ± 1 mN (k = 1). Combined with the previously reported results for a 40 µm 
diameter of 12 mN, it is suggested that there is a first order linear relationship be-
tween the diameter of the stylus shaft and the glue strength of the assembled spherical 
tip. Due to the bespoke nature of these styli, the repeatability of the assembly process 
could not be determined. The experimental setup to complete these glue strength 
experiments was similar to that shown in figure 3, but with the test stylus held rigidly, 
rather than with a steel flexure. 

3.3 Glue Strength – Dynamic Mode and Comparative Measurements 

It was also possible to test the glue strength of the assembled stylus during dynamic op-
eration. When operating in a dynamic mode, with a vibration amplitude of 1.2 µm and a 
vibration frequency of 161 Hz, a stylus with a shaft diameter of 40 µm showed a glue 
strength of 10 mN. This is in line with the previous results from the static glue tests. 

A set of tests were also completed on styli manufactured using the previously de-
scribed hybrid WEDG/OPED process. These monolithic styli exhibit very high 
strengths; a stylus with a shaft diameter of 40 µm showed an ultimate tensile strength 
of over 50 mN. The difference between the breaking modes of the assembled styli and 
the monolithic styli is shown in figure 5. 

 

     

Fig. 5. Breaking of a WEDG/OPED monolithic (left) and a micro-assembled stylus (right) 

However, with smaller shaft diameters becoming more prevalent, to accommodate 
smaller diameter sphere tips, WEDG technology becomes inappropriate for stylus 
shaft manufacture. This is due to the variability of the manufactured surface, which is 
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not smooth, but instead is badly damaged and pitted. These rough features can act as 
initiation points for cracking, resulting in significantly weaker styli. For example, one 
tested stylus, manufactured using the hybrid WEDG/OPED process, with a shaft di-
ameter of 40 µm, showed an ultimate tensile strength of only 6 mN, with the elastic 
limit being reached around 5 mN. 

This issue of WEDG manufacture for small diameter shafts (below 50 µm) could 
be addressed through the use of electro-chemical machining (ECM). The surface 
roughness of a probe shaft manufactured using the ECM process is much lower than 
that formed by WEDG, which could result in stronger styli with diameters smaller 
than 40 µm. A trial micro-stylus with a tip diameter of 8 µm has been manufactured 
to demonstrate the capability of a hybrid ECM and OPED process. This stylus is 
shown in figure 6. 

 

 
Fig. 6. A micro-stylus manufactured using a hybrid ECM and OPED process. The stylus tip has 
a diameter of 8 µm 

3.4 Lifetime Investigation 

To investigate the suitability of the assembled styli to perform as styli for micro-CMM 
probes, a short lifetime investigation was completed. An assembled probe, shaft diame-
ter 40 µm, was contacted, in dynamic mode, to a force of 2 mN. This was repeated 
ninety times over 4.5 hours. During this time, no appreciable change in contact re-
sponse was detected beyond that expected for the temperature fluctuations in the labor-
atory (estimated to have an effect of ± 200 nN over the time of the experiment). 

4 Conclusion 

Styli of various diameters, manufactured by this new assembly method, have been 
tested for glue strength. The strengths of the glue joints range from 5 mN to 22 mN, 
and have a first order linear relationship to the diameter of the stylus shaft. The glue 
strength results of the assembled styli have been compared to similar strength (the 
elastic limit) for monolithic styli and found to be significantly lower. This disparity is 
due to the inclusion of a glue joint in the assembled styli. 

The strengths of the monolithic styli can be around 50 mN for styli diameters 
above 40 µm. The strength of the styli shafts manufactured using WEDG once the 
shaft diameter is below 40 µm is significantly lower. This is due to the high surface 
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roughness produced during the WEDG process, whose features act as initiation points 
for cracking. It is suggested that the ECM process may be useful for the production of 
stylus shafts below 30 µm diameter. Styli shafts produced using ECM have lower 
surface roughness than those produced by WEDG, which reduces the chance of sur-
face features acting as initiation points for cracking. 

A low cost setup was designed and built to operate the test styli in a dynamic (or 
vibrating) mode. Through the use of a precision mass balance, the contact behaviour 
of the assembled styli was investigated. During static testing, the effect of the surface 
interaction forces resulted in the stylus sticking to the measurement surface with a 
force of approximately 1 µN. During dynamic testing, the same stylus exhibited no 
appreciable sticking to the surface while retracting. It is therefore concluded that dy-
namic operation is essential for micro-CMM probe operation at the micro-scale. 
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Abstract. The superposition of ultrasonic frequency vibrations to conventional 
machining techniques is known and practiced since the 1950s under the name 
of ultrasonic machining. Using ultrasound, many good properties appear includ-
ing reduced thrust force, improved surface finish, reduced residual stress in ma-
chined material, etc… In this paper we present a new assembly technique based 
on the same principles: ultrasonic press–fitting. Feasibility and energy reduction 
are demonstrated through experiments under industrial production conditions. 

Keywords: ultrasonic assembly, ultrasonic press–fitting, interference–fitting, 
thrust force reduction, hole–pin insertion energy reduction. 

1 Purpose of this Paper 

The vibrations assisted machining is an extension of conventional machining wherein 
a mechanical vibration is superposed on the tool movement. If the vibrations frequen-
cy exceeds 20 kHz, the expression mostly used in the literature is ultrasound assisted 
machining. This idea of assistance by ultrasound to the machining energy was also the 
starting point in the research conducted at EPFL – LPM. However, after several years 
of research, the authors came to the conclusion that the energy intake of ultrasound is 
higher by at least an order of magnitude than the one of the conventional machining 
or assembly techniques. Because the role of ultrasound surpasses the meaning of the 
word assistance usually used in the literature, the authors prefer the term of ultrasonic 
machining as well as ultrasonic press–fitting and will use them in this article instead 
of the usual expressions. Moreover, the mechanical behavior of the press–fitting as 
well as the hole–pin interactions are seen to be transformed in presence of ultrasound. 
Such a change in friction conditions and elastic–plastic characteristics have also been 
reported for other ultrasonic manufacturing processes [1]. 

The purpose of this paper is to present a new assembly technique: ultrasonic press–
fitting. To achieve this goal, conventional press–fitting is introduced in section 2 and 
informations about ultrasonic equipment in section 3. The description of the experi-
mental setup of section 4 is followed by the measurement results in section 5 and their 
discussion in section 6. 
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Model of a Hole. To get a better understanding of the interference variability, the 
most accurate possible profile of 52 typical drilled–bored holes were measured at the 
Swiss Federal Institute of Metrology (METAS) on an enhanced micro–CMM on 
which a spherical probe with a diameter of 302 µm was mounted [4]. A representative 
result is plotted in Fig. 2. Each hole was measured at 12 different depth with more 
than 400 points per depth. The uncertainty of measurement in the three dimensions 
lies under 50 nm. The analysis of these measurements showed that drilled–bored 
holes are not cylindrical as usually modeled and that there is a tightening of 1 µm to 4 
µm at 50 µm to 100 µm above the lower hole exit. 

Diameter Measurement. Since all the samples cannot be sent for a micro–CMM 
measurement, the authors investigated the most common method used in watchmak-
ing industry: gauges. An R&R test with 3 experienced operators, 2 measurements per 
hole and 13 holes was performed [5]. This test gave a repeatability σ1 of 0.29 µm 
while the reproducibility σ2 was 0.81 µm. The authors were not surprised to find out 
that as usually at (sub)millimetric scale the dispersion of the measuring instruments 
σm = 0.85 µm, was of the same order of magnitude that the dispersion of the hole 
manufacturing σp = 0.89 µm. Hence, the interference values should be taken with 
precautions. 

3 Ultrasonic Equipment 

Ultrasound Generation. Since the first ultrasonic experiments in the 1950s, the prin-
ciple of operation of ultrasonic machining or ultrasonic welding systems remained 
identical [6, 7]. The ultrasonic press–fitting system is no different. A high frequency 
voltage generator converts a network supply voltage of 220 V at 50 Hz into a 1 kV 
voltage adjusted in frequency to the resonance frequency of the system. A second 
stage converts the electrical energy into longitudinal compression–tension mechanical 
vibrations by means of a piezoelectric transducer. 

Ultrasound Amplification. The sonotrode, sometimes also designated by horn, 
booster or acoustic coupler, is mounted between the electro–mechanical transducer 
and the tool. The vibrations amplitude at the output of the converter being about 1 nm 
to 100 nm [8], an amplification is necessary to obtain enough amplitude at the tool–tip 
workpiece interface. Therefore the sonotrode amplifies and transmits the vibrations 
from the transducer to the tool. Its geometry and dimensions are set to ensure the 
adjustment of its natural frequency to the generators excitation frequency. 

For exponential flare of the sonotrode taper, the amplification is proportional to the 
ratio of the areas of the upper and lower faces of the sonotrode [9]. Machining tools or 
pin holding grippers can be screwed into this transducer. So a typical tool tip ampli-
tude of 20 µm to 50 µm within a frequency range of 18 kHz to 70 kHz can be 
achieved. 
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Experimental Procedure. For both conventional and ultrasonic press–fitting, each 
run is executed with the same procedure described here. 

 

1. The sample is placed on the sample holder and the pin is pre–positioned in con-
tact with the sample. Locating pins on the pin holder guarantee alignment of the 
pin with both hole and force sensor as shown in Fig. 3. 

2. Press–fitting operation runs according to the NC program: tool approaches up to 
0.5 mm above the upper extremity of the pin and then moves down by 6 mm at a 
constant feed rate of 10 mm/s. 

3. After reaching the lowest position, corresponding to D in Fig. 4, tool stops during 
50 ms before moving off. 

4. For runs carried out with ultrasound, the ultrasound generator is on during the 
whole press–fitting operation. 

After each press–fitting, the maximal axial load before fastening failure is measured 
by turning over the sample and running the same NC program at a feed rate of 0.5 
mm/s. The maximum axial load before sliding of the pin in the hole corresponds to 
the maximal axial load before the press–fit failure. 

6 Discussion and Future Work 

Discussion. As shown in Fig. 4, the typical thrust force against feed curve shape of a 
conventional press–fitting is also to be recognized in ultrasonic press–fitting. Howev-
er, there is under the exact same experimental conditions a drastic drop in the thrust 
force in presence of ultrasound. This could be explained by a change in the friction 
conditions between the pin and the hole. Further experiments are needed in that field 
to confirm this hypothesis and build a reliable model. 

Table 2. Comparison between conventional and ultrasonic press–fitting characteristics 

 Conventional Ultrasonic Gain 

Maximal thrust force 67.75 N 10.56 N > 6x 
Press–fitting energy 51.48 mJ 6.61 mJ > 7x 
Maximal axial load before sliding 64.91 N 46.94 N ≈ 0.7 

 
Looking at Table 2, one can also observe a serious reduction in the mechanical 

energy needed to achieve the insertion. This could specially be interesting in industri-
al cases where the pin length to pin diameter ratio is high. Indeed, for such compo-
nents a buckling is often observed. Reducing the thrust force and the press–fitting 
energy could overcome this buckling problem and extend the suitability of press–
fitting for even smaller diameter pins. 

Future Work. As the presented assembly technique is a novel one, there is still  
a certain amount of work to achieve in order to fully understand the influence of  
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ultrasound on the press–fitting. The authors will continue to study this promising field 
of research and undertake the following actions: 

 

1. Run a screening design of experiments to point out most influential process pa-
rameters which could be the sample material, hole depth, hole diameter, interfe-
rence, feed direction, feed rate, vibrations amplitude, etc… 

2. Run a second design of experiments to study the effect of the previously identi-
fied process parameters 

3. Continue their study on the effect that manufacturing techniques have on the hole 
shape and hole diameter 

4. Investigate for an alternative measurement system to gauges which would present 
a lower measuring instrument dispersion σm than 1 µm for (sub)millimetric holes 
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Abstract. At HSG-IMAT the precision assembly of micro systems became  
increasingly important in recent years. The challenge is to reach a high accuracy 
of about 10 µm between the assembled elements. At the same time it is impor-
tant that the applied processes are suitable for low cost manufacturing. Attempts 
were made to achieve these requirements by means of automatic assembly 
processes based on MID and PCB. The results of the development at HSG-
IMAT are shown in this contribution using the example of an optical module of 
a rotary encoder. Thereby, the assembly of the laser diode and lens requires 
special attention to achieve the specified positioning tolerances. 

Keywords: Optical module, laser diode, VCSEL, sensor, rotary encoder, preci-
sion assembly, low cost, miniaturization, MID. 

1 Indroduction 

Micro assembly of optical elements often requires high precision joining operations 
during the assembly of the components. In this contribution the assembly of the opti-
cal components of a module for rotary encoders is described. Rotary encoders are 
used in many industrial applications for positioning and motion control. Thereby, 
optical encoders are usually used for high precision measurements [1]. 

In this case, an optical encoder was designed and built up with an alternative func-
tional principle, which was newly developed at HSG-IMAT. The first feature is the 
precisely micro structured plastic disc as solid measure similar to a compact disc (CD) 
or digital versatile disc (DVD). The disc of the encoder is made of polycarbonate and 
is manufactured by injection moulding at low manufacturing costs. 

The second feature is that the encoder contains an optical module with a laser di-
ode, a lens and photo diodes. The assembly of this optical module is described in this 
paper. The motivation of the research is to reach a plug and play assembly of the en-
coder itself which leads to a low cost encoder but in spite of this, the encoder has also 
a high resolution [2]. To achieve this objective, a relative positioning accuracy of ±10 
µm between laser diode and lens is required in the optical module. The reason for this 
is, that all critical tolerances than are included in the optical module itself. 

To achieve the required accuracy of ±10 µm between laser diode and lens two dif-
ferent approaches were proposed. On the one hand an encoder with a MID optical 
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module was designed and built up [3]. In this case, the challenge is to reach the re-
quired accuracy during the assembly process of the laser diode. On the other hand the 
optical components were directly assembled on PCB with automated assembly 
processes [4]. In this case, the challenge is to reach the required accuracy during the 
assembly process of the lens.  

2 Optical Module on MID 

The first optical module was based on Moulded-Interconnect-Device (MID) technol-
ogy using the LPKF LDS® process [5]. The optical module contains one laser diode 
(VCSEL), one lens and five photo diodes. First, the laser diode was manually attached 
exactly to the center of the MID-header within the required tolerance of ±10 µm using 
a Finetech Fineplacer. Accordingly, the five photodiodes were manually attached 
whereby the cathode was connected with conductive adhesive. All dies were wire-
bonded directly to the MID-substrate to connect the anode. Afterwards, the lens was 
assembled manually with form closure on the MID-header. In the final step, the opti-
cal module was connected by conductive adhesive to a PCB on which the electrical 
processing of the signals was performed. Fig. 1 shows on the left side the assembled 
and wire-bonded dies on the MID-substrate and below the assembled lens. The right 
side shows the completely assembled optical module together with the PCB. The 
photo diodes with an edge length of 1.4 mm can be used as scale. 

The contour of the lens has been designed to fit on the MID-header at the bottom 
and to carry an aperture at the top. The lens was made of PMMA and was manufac-
tured by ultra-precise diamond turning. For larger quantities the lens can also be man-
ufactured by injection moulding. 

 

Fig. 1. a) MID-substrate with assembled laser diode and photo diodes; b) MID-substrate with 
assembled lens; c) MID module inclusive the assembled aperture connected to the PCB  
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3 Optical Module on PCB 

3.1 Assembly of the Laser Diode 

Since the first results of the output signals of this encoder were very promising, fur-
ther investigations on this encoder technology including the precise assembly tech-
nology were started at HSG-IMAT. The next step was to apply the optical elements 
on PCB. Therefore the assembly of the laser diode has been studied in detail. Because 
of its small size of only 200 x 200 x 150 µm³ the automated assembly of the laser 
diode is a challenge. The investigations were conducted on the automated micro as-
sembly system Vico Base from Häcker Automation GmbH. 

At first, different vacuum pick up tools for the assembly of the laser diode were 
tested. The best results were achieved with a pick-up tool with conical shape which 
holds the laser diode at its edges. Thereby the laser diode is held in a defined position 
in the tool through a self centering effect because of the conical shape of the tool [6]. 
This allows to assemble the laser diode without a bottom side referencing step. It has 
become evident, that a bottom side referencing of the laser diode leads to a loss of 
positioning accuracy due to the poor quality of the bottom side edges in combination 
with an insufficient resolution of the inspection system. Fig. 2 shows on the left side 
the laser diodes on blue tape in the state as delivered. The right side schematically 
shows the pick-up process of the laser diodes from the blue tape. 

The assembly process of the laser diode runs fully automatic in several steps. First 
the reference marks on the PCB are detected with the inspection camera. Subsequent-
ly the conductive adhesive is applied to the target position by a stamping process. 

Afterwards the respective pick-up position of the laser diode on blue tape is de-
tected exactly with the inspection camera and the laser diode is picked up and held in 
the pick-up tool by vacuum. After moving to the target position and the assembly the 
vacuum is switched off and the pick-up tool moves to the starting position. Finally, 
the thermal curing process of the adhesive is carried out in an oven. 

The other studied tools were either made from rubber or metal and had flat surfac-
es, so that the tool touches the top side of the chip. With the metal tool the surface of 
the laser diode was damaged and with the rubber tool no stable pick-up and position-
ing process was possible due to the small rubber tip, which proved to be too instable. 

 

Fig. 2. a) Laser diodes on blue tape; b) Schematic pick-up process from blue tape 
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3.2 Positioning Accuracy of the Laser Diode 

To investigate and optimize the positioning accuracy several 3x3 laser diode arrays 
were assembled on an experimental PCB using different setups. In detail the shape 
and size of the reference marks on the PCB were varied and also the procedure of the 
camera inspection of the laser diode before the pick-up process from blue tape. Fig. 3 
shows such an assembled laser diode array. 

It could be shown, that the automatic inspection works best with rectangular or li-
near contrast transitions. Therefore rectangular reference marks should be preferred 
over circular or crosswise marks. Accordingly the inspection of the laser diode works 
better when the rectangular structures of the surface are used instead of the circular 
alignment marks. Furthermore it has been shown that for highly precise assembly it 
can be advantageous to use the reference marks on the PCB only for assembly of the 
first die if there is more than one chip to be assembled. For the subsequent assembly 
steps it is then possible to use the first assembled die as reference mark. In this way, 
the more precise lithographic structures of the die instead of the etched reference 
marks on the PCB, which are less precise, are used to achieve the required accuracy. 

The 3x3 laser diode array in Fig. 3 was assembled according to this principle. The 
first laser diode was assembled in relation to the reference mark on PCB. The other 
laser diodes were assembled in relation to the first laser diode, whereby for each laser 
diode a new inspection step of the reference laser diode was done. In order to investi-
gate the quality of the optical referencing, the PCB was loaded to and unloaded from 
the machine between the assembly of each laser diode. 

 

Fig. 3. 3x3 Laser diode array on PCB 
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The positions of the facets of the laser diodes were measured before and after the 
curing process on a coordinate measuring machine und compared with the intended 
target positions. The diagram in Fig. 4 shows the measured displacement of the facets 
of the laser diodes from their target positions. After curing, the maximum displace-
ment was found to be ±7 µm, the standard deviation was < 3.5 µm. Altogether five 
3x3 laser diode arrays were assembled. 

The die attach of the photo diodes is easier due to their larger size. In addition, the 
sensor concept doesn’t require the same level of accuracy as it is with the laser diode 
and lens. The assembly could therefore be done using a rubber tool. 

 

Fig. 4. Frequency distribution of the displacement in x- and y-direction 

3.3 Assembly of the Lens 

The assembly of the lens has similar requirements concerning the accuracy like the 
laser diode. First, UV curable adhesive is transferred by a ring-shaped stamp to the 
PCB. Then the lens is picked up with a conical pick-up tool which assures the defined 
alignment of the lens in the pick-up tool. The target position of the lens on the PCB 
equates to the facet of the laser diode. Therefore an inspection step of the laser diode 
is done. Then the lens is assembled and the adhesive is cured through UV radiation. 
To ensure the correct distance between laser diode and lens, on the bottom side of the 
lens a gap for the adhesive is defined. Fig. 5 shows schematically the assembly 
process of the lens on the PCB. 

The challenge in this case is to find the center of the lens before the pick-up step. 
Because of the clear optical surfaces, it is difficult for the inspection camera to find 
sufficient contrast at the edges. For this case, a ring at the top side of the lens was 
designed. When manufacturing the lens by injection moulding, the ring shaped plane 
can be arranged with a mat surface to enhance the contrast. 

The assembled optical module on PCB is shown in Fig. 6. Visible are the PCB 
with the electronic components, which were assembled first, the photo diodes and the 
lens. The laser diode is located below the lens. The photo diodes with an edge length 
of 1.4 mm can be used as scale. 

The misalignment between laser diode and the assembled lens is determined as the 
difference between the center of the lens, measured by optical inspection and the centre  
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which is the encoder disc with its solid measure too. A misaligned lens causes of 
course poor signal quality or even total failure of the rotary encoder when the misa-
lignment is too large.  

4 Conclusion and Outlook 

A miniature optical module for a rotary encoder was designed and built up first based 
on MID and further on PCB. The optical module includes one laser diode, one lens 
and several photo diodes. The positioning accuracy of the assembled optical compo-
nents was analysed. The result is that assembly within ±10 µm is possible under the 
described circumstances. Further investigations should be done under the condition of 
large scale manufacturing to confirm this result. 

HSG-IMAT will continue to work in the field of precision assembly. For example 
automated active alignment of the lens by beam control and a higher resolution of the 
inspection camera of the 3-D assembly machine are two issues, which will bring fur-
ther progress in precision assembly. 

In addition, it is planned at HSG-IMAT to investigate and develop forward the 3-D 
assembly on MID. This enables to use the advantage of the MID-technology in refer-
ence to the degree of freedom in 3-D. From this point of view, this technology allows 
to design mechanical joining elements which can be used for the purpose of alignment 
or also actuators and sensors with functions based on 3-D, for example 3-D magnetic 
field sensors. 
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Abstract. The work presented in this paper aims for a significant reduction of 
process development and production ramp up times for the automated assembly 
of micro-optical modules and systems. The approach proposed bridges the gap 
between the product development phase and the realization of automation con-
trol through integration of established software tools such as optics simulation 
and CAD modeling as well as through introduction of novel software tools and 
methods to efficiently describe active alignment strategies. The focus of the pa-
per is put on the formalized specification of product configurations as a basis 
for the engineering of automated assembly processes. The concepts are applied 
to industrial use-cases. The paper concludes with an overview of the application 
of the concepts in an engineering tool-chain as well as an outlook on the next 
development steps. 

1 Introduction 

Photonics technologies are key technologies of the 21st century enabling innovative 
applications in demanding and societal relevant domains. In many cases, photonic 
applications belong to the field of high-technology applications with small and me-
dium production volumes. In order to respond to increasing competitive pressure in 
production of micro-optical systems and lasers, flexible, autonomous, and efficient 
solutions for assembly systems have to be developed [1]. Competitive small and me-
dium size volume production can only be achieved based on an increased degree of 
automation as automation can reduce costs while realizing highly reliable processes 
and high product quality as well as improved working conditions. However, a high 
degree of automation still correlates negatively with the flexibility of a production 
system which can lead to a major negative impact on the return on investment calcu-
lation. Recently, promising progress has been made developing modular and reconfi-
gurable assembly systems [9, 11]. There is a significant lack of corresponding  
software solutions to allow for an efficient exploitation of the available flexibility as 
promised by computer-aided process planning (CAPP).  

In order to fulfil precision requirements and due to manufacturing tolerances and 
finite accuracy of the positioning systems, the assembly of micro-optical systems 
                                                           
* Corresponding author. 
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requires the use of sensor-guided processes such as vision-based component pickup, 
passive alignment exploiting geometrical features through image-processing, and 
active alignment optimizing the optical function towards a desired value. The use of 
sensors requires the processing and analysis of signals and in some cases reasoning in 
order to extract information from it which drastically increases the complexity of 
process planning and commissioning. Thus, the required engineering time is high and 
nullifies the benefit of automation. This is the motivation for ongoing research activi-
ties which intends to develop and validate an integrated development environment 
(IDE) for automated precision assembly processes bridging the gaps between com-
puter-aided product development, virtual process planning and assembly execution by 
means of methods and software tools for implementing complex sensor-based han-
dling and alignment processes.  

The assembly of micro-optical systems is still dominated by manual operations. 
Feasibility of automation has been proven for many cases such as resonator mirror 
alignment, focus optics alignment, fast-axis collimator alignment for diode laser bars 
as well as for multi-single emitter diode laser modules ([2, 3, 4, 5, 6]). Investment and 
implementation costs are still high and mean a high risk – especially for small and 
medium sized companies. An engineering gap regarding the information transfer from 
product development to the subsequent engineering phases of process development 
and assembly system configuration and commissioning can be stated. This gap needs 
to be overcome in order to allow automation technology to achieve a breakthrough in 
the production of optical systems such as lasers. The work presented in this paper 
strives for closing the identified engineering gap by proposing a standardized and yet 
flexible approach for engineering such assembly solutions supported by correspond-
ing software tools which do not exist in the domain of laser system production. The 
main task identified by the authors is the introduction of a flexible engineering me-
thodology for planning and commissioning the automated assembly of optical sys-
tems and therefore the integration of existing tools and the conceptual design and the 
prototypal implementation of novel tools for bridging existing engineering gaps. 

2 Concept of Hybrid Assembly Process Planning for Optical 
Systems 

This paper proposes a hybrid approach for assembly process planning for optical sys-
tems in which parts of the engineering can be automated as in CAPP and other engi-
neering tasks are implemented or optimized by operators. ElMaraghy defines in [11] 
the term of micro-process planning as the specification of detailed parameters for indi-
vidual operations. This definition corresponds with the intent of the proposed approach 
which integrates well-established engineering tools (for CAD modeling, optical simu-
lation, PLC and robot programming) as well as novel software modules for the specifi-
cation of sensor-guided process parameters through standardized communication  
interfaces and data formats. An iterative approach of virtual and physical engineering 
steps is proposed in order to provide sufficient flexibility during the process planning 
phase. Virtual engineering steps comprise offline and computer-aided development 



 Integrated Tool-Chain Concept for Automated Micro-optics Assembly 39 

efforts. Physical engineering steps stand for development efforts carried out physically, 
e.g. the refinement of an active alignment process using real laser and camera (instead 
of simulation). The term ‘online’ is avoided because the authors use that term for activ-
ities in the actual production system.  

 

 

Fig. 1. Overview of engineering elements for hybrid planning and commissioning the auto-
mated assembly of optical systems 

Fig. 1 provides an overview of the elements of the proposed engineering platform. 
Product design (PD) is usually carried out using computer-aided (virtual) methods. 
Early physical realization of the product as a prototype allows evaluation of the design 
and possibly design improvements. For process planning and commissioning the au-
thors propose a two-stage approach analogue to model-driven engineering approaches 
for maximizing re-usability [12]. The first stage is a platform-independent view 
(xPIxx) on the task while the second stage is platform-specific (xPSxx). Furthermore, 
process planning and commissioning are both proposed to be subdivided in a virtual as 
well as a physical branch. This framework leads to four engineering elements:  

• Virtual platform-independent process planning (vPIPP): This engineering step 
carries out top-to-bottom (T2B) specification of key characteristics in a formal 
way and uses that information for deriving an assembly sequence. For the devel-
opment and verification of specific assembly steps, tools such as the proposed 
alignment-in-the-loop can be used to virtually specify and verify complex tasks 
offline.  

• Physical platform-independent process planning (pPIPP): On a dedicated proto-
typing platform individual process steps such as active alignment pre-planned in 
the virtual environment can be executed and validated. Discrepancies between 
ideal models and the real world can be identified and compensated this way. A 
possible solution to overcome such discrepancies is the integration of visible ref-
erence marks for local referencing between model and hardware.  

• Virtual platform-specific process commissioning (vPSPC): For mapping the 
assembly task specification consisting of an assembly sequence and virtually 
planned process steps to an assembly platform, the concept proposes the use of 
Virtual Production Systems (VPS). VPS’s can be used for teaching coordinates in 
the model environment. High-precision tasks require the use of sensor-guidance 
based on visible reference marks.  

• Physical platform-specific process commissioning (pPSPC): The final step of 
commissioning takes place on the production platform in a drastically reduced 
way complexity and ramp up time.  
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Fig. 2 depicts the engineering phases of product development, process planning, 
and commissioning of the assembly task in a slightly different way than in the pre-
vious section. Here, the paths of information exchange are illustrated by arrows. For 
an efficient engineering process, it must be ensured that all phases have well-defined 
interfaces for passing on and exchanging information between each other. Note, that 
no direct links for information exchange are depicted between the physical engineer-
ing steps (PP, pPIPP and pPSPC). Information must be fed back to the virtual envi-
ronment in the models in order to refine the model-driven approach.  

 

 

Fig. 2. Engineering phases for the assembly of micro-optical systems. Arrows indicate flow of 
information. 

2.1 Overview of the Integrated Tool-Chain 

For the development of the photonic products, established software tools are available 
such as optical simulation tools and CAD modeling tools (Fig. 3, left column).  
Assembly process planning for micro-optical systems comprises the sequence of 
assembly steps and the planning of processes such as part feeding and alignment. The 
product configurator edits formalized representation of the liaison diagram and there-
fore bridges the gap between product development and process planning (Fig. 3, mid-
dle column). In the VPS resources are assigned and the assembly sequence is verified 
regarding logic and collisions (Fig. 3, right column).  

 

 

Fig. 3. Overview of tools in IDE 
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2.2 Formalization of the Product Configuration 

Product development consists of several phases. In a first step, functional and non-
functional requirements are defined from a customer point of view. In a second step, 
the defined requirements are transformed into technical requirements specifications. 
In a third step, for optical systems, an optical model is created and assembly toler-
ances are analyzed through simulation. As a result of this step the optical elements are 
chosen and the product can be designed in CAD regarding its outer and inner dimen-
sions. Furthermore, the mechanical design of laser systems is optimized regarding its 
thermal behavior by means of thermal analysis. Professional and well-established 
software is available for all of these steps.  

In the case of optical systems, special attention needs to be paid to the high preci-
sion demands often reaching in the sub-micrometer domain. Process steps such as 
handling, alignment and bonding of parts in many cases need sensor-based strategies 
compensating for inaccuracies induced by unavoidable mechanical tolerances. There-
fore, in case of optical systems, the authors adapted ideas of classical process plan-
ning in an intermediate step describing the desired geometric and especially the de-
sired optical relations of the product parts for bridging the gap between product de-
velopment and assembly execution. According to the terminology defined in [7] for 
mechanical assemblies, constraints or requirements on geometric and mechanical 
relations are named key characteristics (KC’s).  

KC’s express the objectives and constraints of individual assembly steps as well as 
a quality measure for the whole assembly. This paper proposes to additionally include 
optical functions in the set of key characteristics. One important difference compared 
to plain mechanical assemblies is that constraints can be defined by parts that do not 
have a direct physical linkage. The modeling environment needs to support these 
circumstances. Furthermore, this paper shows how to formally define dependencies 
between KC’s allow the derivation of the sequence of assembly steps (assembly se-
quence graph or precedence graph) and therefore the generation of platform indepen-
dent assembly logic. KC’s defining the desired relation between certain parts can be 
modeled hierarchically in order to derive mechanical constraints from optical ones. 
This information completes the assembly logic.  

 

 

Fig. 4. Formalized target configuration patterns as liaison diagram and as formalized liaison 
diagram: key characteristic directly specifying the constraints on a physical linkage between 
two product features (left), key characteristic specifying the constraints on a physical linkage 
between two product features using a third product feature (right). 
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Fig. 4 shows two patterns of describing physical linkages between product features 
such as gluing areas or optical surfaces. Two types of representations are used in the 
figure. One representation (liaison diagram) uses a number code representing a prod-
uct feature. The solid line connecting two product features stands for a physical lin-
kage, the double line stands for a key characteristic specifying the constraints of the 
physical linkage. A constraint could be a specific geometric relation or an optical 
function. This kind of representation is applicable for intuitively sketching out target 
configurations.  

The second representation introduced by the authors is a formal representation of a 
liaison diagram (formalized liaison diagram) and it uses a newly defined UML profile 
and is semantically equivalent to the first one. Extending UML allows the use of stan-
dard computer-aided software engineering (CASE) tools. State-of-the-Art  UML tools 
allow the application of text templates on such diagrams for generating machine reada-
ble code which can be processed further within the subsequent engineering tool-chain. 

By definition in this paper, one KC physically links two product features (PFLinkI-
tem). Furthermore, a KC defines a geometric or a functional relationship. In order to 
describe such a relationship two more product features are referenced as key characte-
ristic items (KCItem). KCItems and PFLinkItems can be the same product features as 
depicted in Fig. 4, left. This is the case when, for example, an optical element is 
bonded onto a carrier plate using geometric features such as parallelism and distance 
of edges. Sometimes it is necessary to physically link two product features while the 
key characteristic such as an optical function is defined by other items. Fig. 4, right, 
shows a configuration where Object1 (carrier) holds Object2 (lens) and Object2 is 
attached to Object3 (e.g. heat sink of a laser diode bar). The constraint on the physical 
linkage between Object1 and Object3 is determined by the optical function between 
Object3 and Object2.  

The alignment of micro-optical components fulfilling optical constraints often re-
quires multiple steps. Firstly, the positioning system places the optical component 
using machine accuracy (pre-positioning). Secondly, the component is aligned ac-
cording to geometric features (passive alignment) using machine vision and e.g. edge 
detection. Thirdly, many optical components require active alignment for directly 
optimizing the desired optical function. Fig. 5 shows an optical KC which is refined 
by other key characteristics (KCRefinement).  

 

 

Fig. 5. Refinement of key characteristics (KCRefinement) and dependencies between key 
characteristics 
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Using the proposed UML profile, dependencies between key characteristics can be 
expressed. This is required for describing multi-step alignment (pre-positioning, pas-
sive alignment, active alignment). The combination of the features of refinement and 
dependency allows the expression of highly complex assembly constraints carrying 
all relevant information for subsequent assembly execution. Based on the formalized 
product configuration description the assembly sequence can be derived as explained 
in the following section.  

2.3 Derivation of the Assembly Sequence and Commissioning 

The assembly sequence can be derived from the dependencies between key characte-
ristics by evaluating the KCRefinement and KCDependency relation stereotypes in 
the formalized liaison diagram. The resulting assembly sequence describes the assem-
bly task in a platform-independent way because the assembly platform is not part of 
this description (vPIPP) and therefore no platform specific information is available. 
Neither resources such as manipulators and grippers nor coordinates are specified yet. 
Active alignment routines and other complex process steps are represented by place-
holders at first. Within the context of the work presented, different tools are under 
development for efficiently planning sensor-based processes in a hybrid assembly 
process planning system.  

Once an alignment strategy is referenced as a subroutine by the placeholder its 
functionality is verified by an alignment-in-the-loop software tool. This tool uses the 
application programming interface of the commercial optical modelling and simula-
tion software for manipulating the position and orientation of the lens under inspec-
tion. Output of the simulation is a simulated intensity profile of the optical setup 
which is processed by the alignment routine calculating corrective values for manipu-
lating the lens. For the verification of alignment strategies, the lens under inspection is 
initialized randomly regarding its position and orientation and then the steps of 
processing the intensity profile, calculating the corrective value, and manipulating the 
lens virtually are carried out in a loop until the termination criteria is reached.  

The transfer to a production platform requires two major steps: 1. teaching of coor-
dinates in the VPS, 2. assigning reference mark detection routines. Teaching and 
planning based on a VPS minimizes standstill times of the physical production sys-
tem. Fig. 6 shows different shapes of reference marks which can be detected in a 
standard way. This allows a mapping between model data and real world data during 
process execution.  

 

 

Fig. 6. Samples of reference marks with corresponding results from image-processing  
(from [4]) 
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3 Exemplary Assembly Specification 

This section illustrates the application of the proposed formalism for specifying the 
assembly task of a collimation module for diode laser systems. The optical system 
consists of a fast-axis collimation lens (FAC) and a slow-axis collimation lens (SAC). 
The optics have to be aligned in a specific distance in order to fulfill the optical func-
tion of the module. Two side tabs are used for holding the optical components. The 
side tabs do not have an optical function. Fig. 7 shows the target configuration of the 
collimation module as a wire frame model (middle) and its representation in a liaison 
diagram (left).  

 

 

Fig. 7. Representation of the target configuration of a collimation module. The wire frame 
sketch (middle) illustrates the optical system. The left column shows the formal representation. 

Fig. 8 depicts the assembly sequence of the collimation module. The additional 
nodes (A) and (B) represent mechanical end stops used for passive referencing. The 
dashed lines represent temporal linkages used during assembly. In step (a), the side 
tab is aligned temporarily using the mechanical endstops (A) and (B). In step (b), the 
FAC is inserted temporarily. In (c), the linkage is controlled by a key characteristic 
applying geometric constraint. In (d), the SAC is assembled regarding a geometric 
constraint between FAC and SAC. Steps (e) and (f) add the second side tab to the 
module. Picture (g) represents the final product with the fulfilled constraint.  

  

 

Fig. 8. Individual assembly steps of the collimation module with side tabs 

4 Conclusion and Outlook 

This paper introduced a formal notation for specifying target configurations of micro-
optical systems. The notation includes information about key characteristics which 
determine the optical function of the system as well as the constraints of each assem-
bly step. Key characteristics can be refined in order to match the multistep alignment 
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approach for optical systems comprising the steps of pre-positioning, passive align-
ment, and active alignment. Furthermore, the definition of dependencies between key 
characteristics can be exploited in order to generate a platform-independent assembly 
sequence.  

Future work will be dedicated to the realization of a tool-chain by implementing 
software tools for specifying the individual assembly steps in a level of detail which 
allows their execution through an assembly platform. The focus will be put on the 
specification of strategies for sensor-guided process steps and especially active 
alignment processes as the engineering of such processes is currently the bottleneck 
regarding the planning and commissioning of micro-optical assembly.  
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Abstract. The feeding of components smaller than 1mm2 is a high challenge in 
an automated manufacturing line. The surface forces affecting these micro 
components are getting more important and cause problems when handled. A 
new method is described using the surface forces for separating, sorting and ar-
ranging micro components. The surface shape of fluids and the gravity are used 
for moving the floating components to defined positions. The components can 
be arranged in a magazine or can be sorted by a channel system. 

Keywords: micro, sorting, feeding, arranging, handling, fluid, surface force, 
surface tension. 

1 Introduction 

Due to the ongoing miniaturization of products and the simultaneously increasing 
scale of integration, the components to be handled are getting smaller. In contrast, the 
micro components and the assembly processes are continuously getting more sensi-
tive towards the environment. As a result of this trend, the common vibratory  
conveyor technology reaches its limits due to its impact to the components and the 
occurring surface effects. In these cases, the separation and the arranging in a defined 
order for a further manual or automatic processing, for instance gripping of the com-
ponent in the assembly process, is limited or even impossible. 
 In [1]-[3] new processes are described using surface tension for the assembly of 
micro parts. It has the big advantage that the surface forces are controlled and posi-
tively used for the process. In contrast the feeding of the micro components is still a 
conventional process with all its disadvantages for the handling of the small parts. 

2 Approach 

The fluidic sorting technology described here is an approach adapted for components 
smaller than 1mm which are provided as bulk good as for instance gear wheels,  
optical components, coated o-rings or electronic components (see figure 1). The flui-
dic sorting is based on the phenomenon to be found in nature that water striders can 
stay and glide on the water surface due to the surface tension. If small and therefore 
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Fig. 1. Tested miniaturized components 

 
lightweight components are applied on a surface of a fluid, it shows similar behavior. 
In case of a concave or convex curve, the components are sliding to lower level to the 
fluid rim or to a present barrier. 

 

Fig. 2. Sliding o-rings on a convex fluidic surface 

3 Functionality and Set-up 

A defined formed fluidic surface is required for the process. To provide this, the flui-
dic sorting device features a reservoir which is incorporated into a base plate (see 
figure 3). The reservoir is filled with fluid and the required surface curvature is set by 
the filling level of the reservoir. After the reservoir is filled, the components will be 
applied onto the fluid. Due to the gravity, the components are moving to the rim  
of the fluid, which is defined by the geometry of the encircled incorporated structure. 



 Feeding of 
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Fig. 3

The set-up consists of four 

1. the fluidic sorting device
2. the fluid supply unit,  
3. the collector module and
4. a vibration unit.  
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module can be closed with an adapted cover element and airflow can be passed 
through the channel, realized by closing the cover, to dry the components. Also alcohol 
or ultrapure water can be used for cleaning or to reduce the risk of residues or particle 
contamination. The whole set-up is located on a vibration unit. With defined frequen-
cy, it is possible to split up an agglomeration and to arrange the components in a row. 

 

 

Fig. 5. Arranged components in a row after vibration 

Components that where positively tested already are shown in figure 1. Not only 
the shape and dimensions of the micro components are manifold, also the material. 
Brass, glass, sapphire, silicone and various polymers (e.g. silicone) can be processed.   

4 Conclusion and Outlook 

A new process for separating, arranging and feeding micro components has been de-
scribed using the surface tension for a gentle handling. A parallel processing of mul-
tiple parts is feasible with this method. Micro components made of various materials 
and many shapes can been processed with this method. A test platform has been rea-
lized including set-up and the control. In future tests, the process will be characterized 
in respect to e.g. reliability, failure ratio or throughput.  
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Abstract. The paper focuses on the study of strategies and tools to handle minia-
turized components in the electronic industry. In particular, the paper presents an 
innovative device and method to manipulate microcomponents by vacuum. The 
device includes an original releasing system, that does not require any external 
actuation, to assist their release. Indeed, at the microscale, adhesion forces pre-
dominate over the gravitational force due to the small masses of the microcom-
ponents, often leading to the failure of the release phase if a release strategy is 
not implemented. The device, able to eliminate the adhesion problem, is com-
pared with a traditional vacuum microgripper in terms of grasping and releasing 
error and percentage. The results of preliminary experimental tests are discussed, 
demonstrating that the innovative microgripper represents an interesting solution 
for handling electronic components as well as different microparts. 

Keywords: Micro-handling, Micro-Robotics. 

1 Introduction 

In the last decades, a number of mechatronic devices have been developed for differ-
ent purposes and have been broadening more and more in various fields. They result 
from a suitable integration of mechanical, information technology and electronic fea-
tures that allow both to enhance the capabilities and the performance of standard 
products and to enable the conception and development of new generation systems 
facing the high-demanding requirements of an increasing market.  

Products of daily usage such as cars, mobile phones and computers for example rely on 
electronics and contain Printed Circuit Boards (PCBs). They can mount few or hundreds 
components such as ball grid array (BGA) packages for integrated circuits, resistances or 
capacitors, often of tiny size. Indeed, a heavy trend to miniaturization has recently ap-
peared, reflecting the need of getting smaller final products with integrated functionalities. 

Despite the manufacturing technologies for electronic components and PCBs appear 
consolidated, few attention has been paid in the years to the development of suitable 
techniques to repair, reuse or recycle this kind of products when a malfunctioning or a 
breakdown occur. Most of times, due to economic reasons, the PCB is substituted with a 
new one and disposed, wasting many parts that could still have value and be recovered.  
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However, it has been estimated that, from an environmental point of view, remanu-
facturing is 80% more energy efficient than traditional manufacturing and, from an 
economic point of view, 60% more cost efficient [1]. 

If a repair plan is expected, the rework of PCBs is often performed manually, or in 
few cases with highly dedicated machines, and can result in a very expensive and 
complex operation; in the same way, the recovering of components in case of irrepar-
able PCBs is not efficient. 

According to the emerging “De-manufacturing” paradigm, innovative approaches 
and methodologies should be implemented to improve the management of electronic 
products at their end of life [2].  

Consider for example the recovery of a working BGA from a defective PCB. In 
this case, the BGA is de-soldered from the PCB, by heating and consequently melting 
the soldering balls (with diameter <1mm). Then, a procedure called “re-balling” is 
needed to prepare the chip for the re-use, consisting in attaching new solder balls on 
the bottom surface of the BGA support. Nowadays, this operation is performed main-
ly manually with the help of fixtures and stencils or using preforms [3]. Specific sten-
cils or preforms have to be used for each particular BGA support type, then limiting 
the flexibility of the process, and the operator ability influences the accuracy of the 
result. Recently, automatic rework stations have been developed [3], but still there is a 
need for more flexible and cost efficient automated equipment.  

In this context, the present paper focuses on the study of methods and tools for han-
dling miniaturized components to move towards a flexible and efficient rework of PCBs. 
The study is devoted to two main related aspects: the re-balling of BGA packages and the 
replacement of different surface-mount components (SMCs) on the PCBs. To overcome 
the limits of the current procedures, the work addressed the development of simple and 
low-cost gripping devices and strategies for both a complete or selective re-balling, then 
able to pick and place a whole grid of small solder balls or a single ball precisely and re-
liably. In the same way, the tools should be able to accomplish the replacement of SMCs 
of different size and mounted on the PCB with a generic orientation. 

In particular, an innovative device and method to manipulate by vacuum a component 
has been conceived and prototyped. A patent application has been filed in March 2013 
[4]. This device has been compared with a conventional vacuum microgripper in the ex-
ecution of pick and place tests of both solder balls of various diameter and resistances.  

The investigation of their performance considered both the gripping and the release 
phases. Indeed, at the microscale, due to the predominance of adhesion forces (e.g. 
capillary, electrostatic and Van der Waals forces) over the gravitational force, the re-
lease of microcomponents is often prevented or uncertain. In literature many solutions 
have been proposed to cope with this issue [5], but the search of effective and effi-
cient methods is still an undergoing study. For this reason, a special releasing system 
has been designed and integrated in the innovative gripping device to release the 
components precisely, reliably and safely, avoiding an excessive increase in weight of 
the device itself or complexity of its structure. 

The two types of handling devices are presented in Section 2. Section 3 describes 
the experimental tests and the performance indices considered for the comparison and 
discuss the preliminary results, highlighting the benefit of the proposed solution.  
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2 The Handling Devices 

A convenient solution for the manipulation of electronic components is represented 
by the use of vacuum grippers, commonly used for macrocomponents and here 
adapted to the tiny size of the microcomponents. They are based on the pressure dif-
ference between the gripper and the atmosphere and have a generally simple structure, 
since they are mainly based on a small suction hose; they are not expensive and can 
be used to manipulate a wide range of components, even fragile.  

In this work, two types of vacuum microgrippers were considered. The former is a 
standard microgripper: it is a commercially available needle for dispensing, basically 
consisting of a cannula connected to a vacuum generation system. The cannula has an 
internal diameter of 260 µm, which is attached to the hollow needle body that can be 
connected to the end-effector of a robot through a proper mechanical interface. 

However, in [6], it has been shown that the release is greatly affected by the pres-
ence of the adhesion forces and that the simple switch off of the vacuum is often not 
sufficient. Therefore, suitable expedients need to be found. For example, the adhesion 
due to the electrostatic force can be reduced coating the glass pipette for the suction 
with a conductive layer connected to the ground. Moreover, the microcomponent 
could be guided to hit a sharp edge or rolled on the release plane. The inertial force of 
the component, generated by moving the gripper brusquely upwards for a short 
stroke, can also be exploit to ease the release, although results can be inaccurate [6].  
Finally, the application of positive pressure, that is of a soft blow for some millise-
conds, allows the achievement of a high release percentage and does not affect nega-
tively the final precision of positioning. However, the tuning of the parameters related 
to the blow (e.g. its intensity) could sometimes be difficult and a trade-off between 
percentage and precision of release of the specific component has to be found.  

On the basis of the results obtained in past experiments and the study of the de-
tected behaviours, a new vacuum micro-gripping tool (No. 1 in Fig. 1) has been con-
ceived and developed, able to cope with the micropart release issues. Similarly to a 
standard vacuum microgripper, this device is based on the pressure difference be-
tween the gripper and the atmosphere and basically consists of a cannula or suction 
hose connected to a vacuum generation system for picking a component by suction on 
the gripping end. It integrates an innovative mechanical system to assist the release 
phase of micro components precisely, reliably and safely, avoiding a considerable in-
crease in weight of the device itself or an excessive complication of the system. In de-
tails, the mechanical system is inserted at least partially in the manipulation device 
and movable from a release position where a release portion projects externally from 
the gripping end, and a gripping position where the release portion returns into the 
manipulation device. The mechanical system includes a transversal extension, that in 
the current case is a holed disc, and a needle attached to the disc and having a diame-
ter smaller than the internal diameter of the cannula. The needle is inserted at least 
partially inside the cannula and includes the release portion.  

The mechanical release system is designed to be moved from the release position 
to the gripping position through activation of the vacuum generating system, which 
sucks in the mechanical release system in opposition to a return force pulling it to-
ward the release position, for example the force of gravity acting on the mechanical 
release system. It is also designed to be moved from the gripping position to the  
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release position by the said return force following a reduction or elimination of the 
pressure difference between the inside and outside of the manipulation device operat-
ed by the vacuum generating system.  

A main feature consists in using the actuation principle for the part picking to 
move the release system, without the need of additional actuators, that would make 
the system more complex, heavier, bigger and more expensive. 

3 Preliminary Experiments and Results 

In this section, the results obtained through a set of preliminary experiments are pre-
sented. The tests evaluated the performance of the two types of grippers both in grip-
ping and releasing different components. In particular, the handling of solder balls with 
diameter of 500 microns and mass of 0.00055 g, and SMD resistances with size 1.5 x 
0.8 x 0.45 mm and mass of 0.002 g was evaluated. Each test consisted in the execution 
of a set of 30 standard pick and place cycles, representative of the real trajectory that 
the gripper with the component should perform for assembly or PCB rework.  

The tests were carried out exploiting the setup available in our micro-manipulation 
work-cell [7]: a Mitsubishi Electric RP-1AH robot (Fig. 1) was used as motion system, 
while the measurements of the position and orientation of the microparts was obtained 
by a suitable vision system consisting of a camera combined with a macro lens, provid-
ing a bottom view of working (gripping and releasing) area with a spatial resolution of 
about 8.1 µm.  

 

 

Fig. 1. The micromanipulation workcell and the innovative gripper with release needle 
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The gripping performance was evaluated comparing the measured position of the 
barycenter and the orientation of the component in two images acquired before and 
just after the gripping respectively. Similarly, the release was evaluated by detecting 
and measuring its pose before and after the release. 

With the same approach adopted in [6], the performance indices we calculated for 
each test cycle were the repeatability and accuracy, according to the definition given 
by the international standard ISO 9283. Moreover, the gripping and release percen-
tages, representing the success of the correspondent operations, were calculated. 

As introduced above, in previous studies we demonstrated that the use of the posi-
tive pressure, in practice a soft blow, represented an acceptable method to assist the 
microcomponent release.  

For this reason, the first class of experiments we executed considered the use a stan-
dard vacuum gripper, grasping the component by simple activation of the vacuum gen-
eration system, but releasing it by providing a blow for few milliseconds. A set of pick 
and place cycles was performed. While the gripping of the ball was always successful 
(gripping percentage of 100%), the release phase highlighted a strong dependence of 
the release performance on the blow pressure. Therefore two sets of experiments were 
carried out varying the blow pressure, the former trying to obtain an accurate and re-
peatable release independently from the release percentage, the latter trying to maxim-
ize the release percentage. The results for repeatability and accuracy for the first condi-
tion are graphically reported in Fig. 2, those related to the second condition are re-
ported in Fig. 3. The origin of the reference system in the graphs represented the target 
position, while the small crosses indicated the barycenter of the ball for each cycle. 

 
Gripping Test 

AC = 0.009 mm 
RP = 0.020 mm 

Release Test 

 
AC  = 1.383 mm 
RP = 2.302 mm 

Fig. 2. Results for standard vacuum gripper manipulating the ball: gripping percentage of 100% 
and release percentage of 82.14% 
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Gripping Test 

AC = 0.0151 mm 
RP = 0.0323 mm 

Release Test 

 
AC = 2.9927 mm 
RP = 8.7516 mm 

Fig. 3. Results for the standard vacuum gripper manipulating the ball: gripping percentage of 
100% and release percentage of 86.67% 

The experiments were repeated with the resistance and the results are shown in Fig. 4. 
Opposite to the ball, the resistance could have various orientations, therefore the accuracy 
and the repeatability values of the gripping and the release operations have been calcu-
lated to evaluate the orientation error and reported in Table 1. 

As shown in Fig. 2-3, the percentage of release is not 100% while the accuracy  
and repeatability values are sometimes too high for ultra-precise manipulation. This  
is evident in Table 1, showing high values for both the orientation accuracy and  
repeatability.  

The results in Fig. 4 also shows values of the gripping accuracy and repeatability 
for the resistance higher than those for the solder ball, most likely due to a sort of au-
to-centering property of the ball on the gripper tip. Moreover, the tuning of the pres-
sure parameters can be onerous and the performance indices very sensitive to small 
changes of their values.  

The innovative microgripper has been designed to combine the advantages of the 
vacuum gripping method and overcome all the difficulties related to the use of posi-
tive pressure, since no external actuation is needed to assist this phase. To investigate 
this gripper and the manipulation method, we repeated the experiments on the solder 
ball.  

The gripping and release accuracy and repeatability are reported in Fig. 5. In this 
case, the performance indices for the release are much better than those obtained with 
the standard gripper and the positive pressure assisting the release. Note also that, in 
both cases, the percentage of success of the gripping and release operations was 
100%, validating the expected effectiveness of this method.  
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Table 1. Orientation accuracy and repeatability for the standard microgripper manipulating the 
resistance 

Resistance: values for 
orientation 

Gripping 
Release (by positive 

pressure) 
Accuracy [°] -0.550 -8.331 

Repeatability [°] 17.293 43.322 
 

Gripping Test 

AC = 0.154 mm 
RP = 0.479 mm 

Release Test 

 
AC = 0.030 mm 
RP = 0.581 mm

Fig. 4. Results for the standard vacuum gripper manipulating the resistance: gripping and re-
lease percentage of 100% 

Gripping Test 

AC = 0.033 mm  
RP = 0.022 mm 

Release Test 

 
AC = 0.113 mm 
RP = 0.926 mm

Fig. 5. Results for the innovative vacuum gripper manipulating the solder ball: gripping and 
release percentage of 100% 
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The experiments were then repeated with the resistance and the results are shown 
in Fig. 6. Note that the performance of the two microgrippers in terms of both preci-
sion and reliability are comparable. As for the case of the standard microgripper, the 
accuracy and the repeatability values of the gripping and the release operations have 
been calculated to evaluate also the orientation error (Table 2). 

Table 2. Orientation accuracy and repeatability for the innovative microgripper manipulating 
the resistance 

Resistance: values for 
orientation 

Gripping Release  

Accuracy [°] 0.792 2.478 
Repeatability [°] 10.498 45.759 

 
Gripping Test 

AC = 0.074 mm 
RP = 0.120 mm 

Release Test 

 
AC = 0.057 mm 
RP = 0.595 mm 

Fig. 6. Results for the innovative vacuum gripper manipulating the resistance: gripping and re-
lease percentage of 100% 

4 Conclusions 

Considering the current need for more flexible and cost efficient automatic PCBs re-
work stations to move towards the actual implementation of the de-manufacturing pa-
radigm, the present work devoted to the study of handling devices for the re-balling of 
BGA packages and PCBs and the replacement of different surface-mount components 
(SMCs) on the PCBs. 

An innovative device and method to manipulate by vacuum a microcomponent has 
been presented and compared with a conventional vacuum microgripper in the execu-
tion of grasping and releasing tests of electronic components. In particular, the release 
of the microcomponents, often prevented or uncertain with traditional handling devices 
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due to the presence of adhesive forces, has been investigated. The results demonstrated 
that the innovative microgripper is able to manipulate submillimetric components bet-
ter than the conventional vacuum microgripper and that the special releasing system 
allowed a reliable and safe release. However, the values of orientation accuracy and 
repeatability are still high for ultra-precise manipulation, therefore additional expe-
dients should be considered. Moreover, it can be noticed that, for both microgrippers, 
the repeatability values in the gripping and release phases are much higher than the ac-
curacy values. For this reason, further efforts will be required to better comprehend this 
phenomenon and try to improve the grippers’ performance.  

Concluding, the innovative device represents an interesting solution for handling 
electronic components for PCBs rework and, more in general, for micromanipulation 
and assembly of different microproducts. 

In the next future, the handling of other microcomponents with this gripper will be 
also tested and it will investigated more deeply in order to highlight advantages and 
limitations. 
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Abstract. This paper describes the dynamics of capillary self-alignment of compo-
nents with initial shift offsets from matching receptor sites. The analysis of the full 
uniaxial self-alignment dynamics of foil-based mesoscopic dies from pre-alignment 
to final settling evidenced three distinct, sequential regimes impacting the process 
performance. The dependence of accuracy, alignment time and repeatability of ca-
pillary self-alignment on control parameters such as size, weight, surface energy and 
initial offset of assembling dies was investigated. Finally, we studied the influence 
of the dynamic coupling between the degenerate oscillation modes of the system on 
the alignment performance by means of pre-defined biaxial offsets. 

Keywords: capillarity, self-alignment, dynamics, fluidics, packaging. 

Surface tension-driven self-alignment (SA) is a simple, accurate and cost-effective 
technique for heterogeneous integration and stacking of dies onto pre-patterned sub-
strates. A vast class of fluidic self-assembly processes was thoroughly investigated and 
developed since the early 90’s, and many applications were successfully demonstrated 
[1-2]. Capillary SA rapidly emerged as a remarkable way to overcome the accura-
cy/throughput trade-off limiting established techniques of pick-and-place microassem-
bly [3]. It indeed combines the manipulative dexterity of robotic handling for fast and 
rough component pre-alignment with the highly-accurate and passive final alignment 
yielded by the relaxation of a liquid droplet over a shape-matching patterned confine-
ment site [4]. Die fetching and registration can thus be partly parallelized, leading to 
increased efficiency in the integration of innovative microsystems [5]. A more compre-
hensive knowledge of capillary SA needs further modeling and experimental testing. 
Within the past two decades researchers made significant progress in the former direc-
tion [6-10]. However, most of modeling works are based on quasi-static simulations, 
whereas the dynamics of the process has been rarely tackled so far.  

                                                           
* Corresponding author. 
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In this paper we present an experimental study of the in-plane dynamics of capil-
lary SA. We used transparent mesoscopic dies as components to be assembled onto 
shape-matching receptor sites patterned onto the substrates. Using water droplets in 
air and following the experimental procedure described in Fig. 1, mm- to cm-sized 
square foil dies could be aligned onto the patterned carriers with accuracy better than 
30 µm, i.e. with high accuracy relatively to their lateral dimensions, and comparable 
to dicing tolerances. We analyzed the full uniaxial dynamics of capillary SA from die 
pre-alignment to final settling, evidencing the presence of three distinct, sequential 
regimes and highlighting their impact on the process performance. The dependence of 
accuracy, alignment time and repeatability of capillary SA on control parameters such 
as size, weight and surface energy of assembling dies, and their initial misalignment 
was additionally investigated. Finally, we studied the influence of the coupling be-
tween the degenerate in-plane oscillation modes of the dynamic system on the align-
ment performance by means of pre-defined biaxial offsets. 

 

 

Fig. 1. Sketch of the process steps for capillary self-alignment of a foil die: (a) patterning of the 
carrier substrate, (b) deposition of a droplet of assembly liquid, (c) coarse alignment of a func-
tional die, (d) the liquid wets foil die forming a meniscus, (e) self-alignment of a foil die on the 
corresponding binding site. 

Foil dies were fabricated from transparent 125-µm-thick Polyethylene Naphthalate 
(PEN) sheets (Teonex® Q65FA, DuPont®). Using a frequency-tripled Nd:YAG la-
ser, a PEN sheet was diced into a set of square-shaped foil dies ranging in dimensions 
from 2 to 20 mm with dicing accuracies down to 30 μm. To quantify alignment dy-
namics and placement accuracy, marker structures were engraved in the center of 
each foil die (Fig. 2b). The laser-ablated PEN foils were aligned onto Au-patterned Si 
monitor wafers (Fig. 2a), allowing for reproducible and stable surface conditions in 
the experiments (Fig. 3). The dies were handled through a homebuilt microposition-
ing stage equipped with integrated vacuum tweezers (SMD-VAC-HP, Vacuum Indus-
tries Inc.). A positioning base stage (XYZ 500 TIS, Quater Research and Develop-
ment) providing 10 µm-resolved displacements along three axes was used to pre-align  
the dies. High-speed camera stage and image recognition software were used to track 
and analyze the process dynamics.  
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Fig. 2. (a) Optical image of a Si wafer with top patterned Au layer functionalized with perfluo-
ro-decanethiol SAM. Dark square areas are hydrophilic SiO2 binding sites. Marker structures 
consisting of 50 µm-wide Au lines are patterned at the center of each site. (b) Optical image of 
a transparent, 125-µm-thick PEN die cut by a frequency-tripled Nd:YAG (355 nm, 25 ns) laser. 
The laser was also used to engrave marker structures at the center of the foil die. The combined 
markers allow registering the position of the foils with accuracies down to 20 µm. 

 

 

Fig. 3. Schematics of the patterning process for the Si substrate. (a) Ti (5 nm) and Au (100 nm) 
layers are sequentially sputtered over a 1 µm-thick layer of SiO2 thermally-grown on the Si 
wafer. (b) Positive photoresist is spin-coated, patterned and developed to define the binding 
sites. (c) Au and Ti are removed from the binding sites by wet etching. (d) The remaining pho-
toresist is striped. (e) The substrate is cleaned by O2 plasma. (f) Selective deposition of a fluo-
rinated alkanethiol self-assembled monolayer on the Au surface. Relative dimensions out of 
scale for illustration purposes. 
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Analysis of recorded SA trajectories (Fig. 4a) revealed that, upon release of the 
foil die from a relatively-large uniaxial offset from the target position, the ensuing 
dynamics of capillary SA can be divided into three separate regimes [11]. Transient 
wetting comes first, whereby the foil stays initially at rest after landing on the droplet 
(Fig. 4a). After contact with the bottom surface of the foil die, the liquid forms a 
bridge and spreads across the slit geometry. The relaxation of the liquid meniscus 
continues till it reaches and pins over at least one of the boundaries of the foil die. 
This event marks the beginning of the uniaxial translational motion of the foil die. In 
this second regime the foil die moves with a constant acceleration (see inset in Fig 4a) 
and hence describes a parabolic trajectory. It is therefore subjected to a constant later-
al force, which arises from the deformation of the meniscus and the gain in surface 
energy as surface wetting progresses. This constant acceleration regime fades as the 
die reaches the vicinity of the target position and dissipative viscous forces become 
comparable with the driving capillary forces. The final dynamic regime can be de-
scribed by a damped harmonic oscillation (DHO, Fig 4a) observed in flip-chip as-
sembly, as well [6-7]. By tailoring surface wettability, we contextually showed that 
transient wetting and constant acceleration regimes are strongly dependent on and can 
be tuned by the surface energy of the bottom surface of the assembling foil dies (Fig. 
4b). Particularly, increased surface energy—i.e., higher hydrophilicity and lower con-
tact angle—decreases the total time-to-alignment.  

 

 

Fig. 4. (a) Self-alignment trajectory of 18 × 18 mm2 foil die (0.80 mg/mm2) extracted from 
self-alignment process recorded by high-speed camera. (inset) Numerical derivative of the 
parabolic regime depicted in (a), evidencing linear progression of velocity in time. (b) Self-
alignment trajectories of 18 × 18 mm2 PEN foil die (0.80 mg/mm2) with no coating and hydro-
philic and hydrophobic coating. 

In contrast to the sub-millimetric case, the dies used hereby had a Bond number 
Bo = ρgL2/γ  >> 1. Hence the inertia of the considered mesoscopic foil dies was ex-
pected to significantly affect their self-alignment dynamics. Sizes and weights of foil 
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dies were thus investigated to find a reliable process window. Foil dies were coarsely 
aligned manually with an initial offset of 20% of their lateral size, preventing offset-
dependent alignment failure [12]. The water layer thickness (125 μm) was the same 
for all binding sites. As seen in Fig. 5, the assembly yield was substantially lower for 
the smallest and the largest foils. Moreover, for the smallest foils the accuracy of the 
initial offset was hardly reproducible (standard deviation of about 30 μm). Conse-
quently, the SA process was considered unreliable.  

To investigate the influence of inertia on the DHO regime, equal-sized PEN dies 
with mass densities varying from 0.18 to 0.98 mg/mm2 were pre-aligned over corres-
ponding binding sites with prefixed initial offset of 950 ± 50 µm. Their SA trajecto-
ries evidenced a net impact of inertial effects on the oscillation period (Fig. 6). 

We additionally investigated the SA dynamics for quasi-1D cases. A foil die was 
repeatedly released at different, pre-fixed small offsets along the secondary axis while 
the initial offset along the principal axis was kept constant within loading precision. 
The corresponding SA data revealed no divergence of the trajectories along the prin-
cipal axis during the constant acceleration regime (Fig. 7a) in spite of significant dif-
ferences in the dynamics along the secondary axis (Fig. 7b). Hence we derive that 
non-negligible yet relatively-small positioning errors along the secondary axis barely 
affect the lateral alignment dynamics of square foil dies along the principal axis. 

 

 

Fig. 5. Average registration accuracy for self-aligned foil dies of varying sizes and weights. 
Foil dies of each size and weight were self-aligned at least ten times from an initial offset of 
about 20% of foil die lateral size. A 125μm-thick layer of water was used in all cases. 
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Fig. 6. Self-alignment trajectories of foil dies with different mass densities (see inset), and 
corresponding oscillation periods as extracted from experimental trajectories (shown in inset) 

 

Fig. 7. Self-alignment trajectory of a foil (0.80 mg/mm2) die as recorded by high-speed camera 
along (a) principal and (b) secondary axis. The die was repeatedly released at various initial 
offsets along the secondary axis, while initial offsets along main axis was kept the same within 
loading precision of the micropositioner. 
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As a generalization of the previous case involving weak coupling between the de-
generate in-plane oscillation modes, we analyzed the SA dynamics for the case of 
initial die offset along the main diagonal direction (i.e. 45 deg)—i.e. for equal, rela-
tively-large initial die offsets along both axes, and consequent strong coupling be-
tween the modes. Recorded SA trajectories evidence an initially linear translation of 
the die along the diagonal direction, followed by an inward spiraling trajectory as the 
die ultimately approaches the center of the target site (Fig. 8a). A DHO equation pro-
vided also in this case a very good fitting for the projection of the oscillatory SA tra-
jectory along the main axes (Fig. 8b). Final accuracy for diagonal self-alignment 
matched the best uniaxial case. Notably, for a given, small radial offset from the cen-
ter of the binding site, the capillary restoring force ensuing from a diagonal displace-
ment is larger than for a uniaxial displacement. This may make diagonal alignment 
preferable to the uniaxial, as it may avoid issues of the latter for small offsets [12]. 

 

 

Fig. 8. (a) The phase plane of self-alignment trajectory of a foil (0.80 mg/mm2) die as recorded 
by high-speed camera along diagonal axis, and (b) self-alignment trajectory fitted with damped 
harmonic oscillation (DHO) approximation and corresponding oscillation period and damped 
coefficient as extracted from trajectories (shown in inset). The die was released along the di-
agonal axis, where initial offsets along secondary and principle axes were in principle equal.  

In conclusion, our investigation of the dynamics of capillary SA significantly ex-
tends the understanding of the process available in literature, and suggests additional 
parameters to control its performance, such as the optimal uniaxial offset window and 
the surface energy of the die. Though our analysis focused on millimetric dies, most 
of the results can directly be applied to the case of much smaller dies—in fact, the use 
of larger beside transparent vehicles just makes the phenomena more apparent with 
respect to the microscopic scale, thus easier to detect and study. Finally, this new 
body of knowledge can further ease or extend the compliant adoption of the technique 
for industrial microsystem manufacturing. 
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Abstract. Image stitching is a method that forms a bigger image out of two or 
more smaller images with a certain overlap in their field-of-view. Usage of this 
technique is present in photography, medical imaging and other fields as well. 
The potential for using image stitching for measurement purposes in industrial 
applications has not been investigated as thoroughly, but it is receiving more at-
tention. This paper examines the possibility for creating a machine vision-based 
measurement system that employs commercially available image-stitching plat-
forms for measuring the length of long medical screws. Three methodologies 
were tested for performing medical screw measurements and this paper summa-
rizes the findings of the image-stitching approach.  

Keywords: image stitching, measurements, machine vision. 

1 Introduction 

It is well known that screws are manufactured in lot sizes. The common inspection of 
these mechanical fasteners is by trial and error i.e. pushing them through thread gaug-
es. Often, if a screw fails the inspection process, they are disposed of and recycled for 
another use. Unlike mechanical screws, medical screws (see Fig. 1 below) are built 
from expensive materials [1] which cannot be recycled if they are faultily produced. 
Therefore, the inspection process has to be accurate enough in order to support the 
fine-tuning of the screw’s manufacture. One very important aspect of medical screws 
that necessitates their high-quality inspection is the fact that they enter, stay and de-
grade within the human body. As a result, the quality regulations in the United States 
of America (stipulated by the Food and Drug Association, the FDA) and in Europe 
(overseen by the European Medicines Agency, EMEA) are extremely rigorous. 

This paper introduces three machine vision approaches to the inspection of a medi-
cal screw as shown in Fig. 1. The inspections process is based on measuring certain 
screw parameters, such as the thread inner and outer diameter, the screw’s total 
length, and the diameter of the neck (the part between the screw head and the begin-
ning of the thread), and verifying that they are within given tolerances.  

Currently, these measurements are done using a manual caliper. However, this way 
of measuring is very inefficient when measuring a batch of screws. For example, this 
approach is prone to human errors and features low reliability, paper-based data and 
inadequate opportunities for automation. Therefore building a machine vision-based  
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Fig. 1. Medical screw. White rectangle indicates field-of-view of 90 mm x 120 mm. 

measurement system is regarded as a very valuable approach to the problem and has 
been researched in great detail. 

Dimensions such as the thread’s inner and outer diameter, and the diameter of the 
neck can be inspected with any machine vision set-up that contains an ordinary indus-
trial camera equipped with a high quality lens that captures a field-of-view of a few 
dozen millimeters. However, the real challenge arises when measuring the screw 
length had to be realized. Hence, the focus of this paper is on reporting the results and 
analysis of an image-stitching based metrology approach for measuring the screw 
length. 

Applications of the image-stitching technique in metrology were reported in the ar-
ticles [2][3][4][5]. According to the findings reported in [2] and [3], image stitching 
was successfully implemented in performing AFM (Atomic Force Microscope) line-
width measurements through the manual stitching of two images. The article in [4] 
reports achieving significant similarities in accuracy of the linear measurements of 
stitched compared with non-stitched imaging in cone beam computed tomography. 
Commercial use of image stitching metrology in generating high-resolution nano-
scaled topography maps is reported in [5]. 

2 Screw Measurement Approaches 

A medical screw 80 mm in length is manufactured with a length tolerance of 0.5mm. 
All the cross-sectional measurements, such as the thread outer/inner diameter and the 
neck diameter are manufactured with a tolerance of 0.05mm. Nielsen [6, page 3] sug-
gests that the measurement resolution should be at least one fourth of the smallest 
manufacturing tolerance, i.e. 0.0125 mm in this case.  

A field-of-view of about 90 mm x 12 mm was desired in order to look at all the 
component dimensions and allow some margins for part positioning (see Fig. 1). 

The first approach was a solution in which all measurements could be done from 
one single image. Therefore, the overall measurement resolution in millimeters was 
the smallest required resolution from all the previously mentioned ones, i.e. 0.0125 
mm. This is the smallest feature that needed to be detected from the single image (at 
least 1 pixel in size) leading to a theoretical spatial resolution of 1 pix / 0.0125 mm or, 
other way around, 80 pix / mm. However, according to the Nyquist-Shannon theorem 
[7], [8], the spatial resolution has to be at least two times greater than the calculated 
ratio, i.e. 160 pix / mm. Moreover, a rule of thumb in machine vision systems is that  
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the spatial resolution should be 4 to10 times greater than the calculated ratio. There-
fore a spatial resolution of 320 pix / mm was desired. 

In order to cover the above mentioned FOV with the calculated spatial resolution, 
we needed an image of size: ݄ݐ݀݅ݓ௣௜௫௘௟௦ ൌ 90 ݉݉ כ 320 ௣௜௫௠௠ ൌ  (1) ݔ݅݌ 800 28

௣௜௫௘௟௦ݐ݄݄݃݅݁  ൌ 12 ݉݉ כ 320 ௣௜௫௠௠ ൌ  (2) ݔ݅݌ 840 3

In reality, camera sensors with this kind of aspect ratio (width/height) are not 
available. Common aspect ratios are in the range of 4:3. Assuming an image height of 
3840 pix and an aspect ratio of 4:3, the image width would be only 5120 pix covering 
only 16 mm of the length of the screw. Or, to put it another way, if we want a 28 800 
pixel wide image, the image height would be (with 4:3 aspect ratio) 21 600 pix, re-
quiring about 622 megapixel camera covering a FOV of 90 mm x 66.5 mm. This ap-
proach demands an extremely high resolution camera which make it very expensive, 
and therefore impractical for this case. 

Another approach was to apply the Coordinate Measuring Machine CMM method. 
This means that the screw can be positioned on a linear axis and the camera can cap-
ture images from both ends of the screw. The length can be derived from the distance 
measured from the movement of the linear axis combined with the differences be-
tween the screw ends of the images. This approach is not the focus of this paper, and 
will not be examined in further detail. 

Third approach was image-stitching-based metrology, and this approach is de-
scribed in the text below. 

Image stitching is a process that takes multiple images with overlapping field-of-
views and outputs a panoramic image. As illustrated in Fig. 2, the panoramic image 
on the far right is obtained by stitching the two input images on the left. It is evident 
from Fig. 2 that the input images have a certain FOV overlap [9]. 

 

 

Fig. 2. The Image-Stitching Process 

The idea behind this approach is to capture certain amount of images along the 
medical screw, stitch them together and then perform measurements from the ob-
tained panoramic image. 
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3 Machine Vision Setup 

3.1 Physical Components 

On the left of Fig. 3 one can see the machine vision setup. This consists of a monoch-
romatic industrial camera (2560 x 1920 pixel resolution) equipped with a telecentric 
lens giving a field-of-view of 18 mm x 12 mm. This gives a spatial resolution of about 
160 pix / mm, which theoretically satisfies the requirement for measuring the cross-
sectional dimensions with the specified measurement resolution calculated in Chapter 
2. However, this spatial resolution is only half of the desired one.  

 

   

Fig. 3. Machine Vision System for Image Capturing (left) panoramic stitched image (right) 

The fixture on which the screw resided was attached to a two-dimensional dis-
placement table and was moving in the direction along the screw axis. Red ring light 
was used as a front illumination source, and it was positioned between the camera and 
the target. 

A black background was placed between the screw and the fixture, Fig. 3 (right). 
The role of the background was to enable high contrast and to introduce more features 
in order to ease the image stitching process. The remaining components (not visible 
on the image above) are the computer to which the camera was connected and a con-
troller that was used to control 2D moving table. 

3.2 Stitching Platforms 

This work sees the image stitching process as a black box. This means that a certain 
input goes into the box and a certain output comes out of the box, whereas the ex-
aminer did not know what was happening inside. This meant that ready-made image 
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stitching software platforms such as the “Photomerge” tool in Photoshop and Micro-
soft’s Image Composite Editor ICE were used.  

There are two reasons why these platforms were chosen over any others. First, the 
role of the user was just to input the images that he or she wanted to stitch, and the 
stitching process was performed without any further user involvement. Second, these 
platforms were capable of working with many image formats.  

A planar reposition function supported by both platforms was used in order to 
avoid any rotational and spherical effects onto the stitching process. 

3.3 Image Stitching Concept Validation Experiment 

The concept validation was done by stitching images in order to obtain a panoramic 
image (Fig. 3, right) and then test the accuracy and the repeatability of the length 
measurements. The testing procedure started by realizing the image acquisition. Fig. 4 
shows how the images were acquired and stored. 

 

 

Fig. 4. Data buffering layout 

The data from the image acquisition was divided into two sets, each having 10 
clusters of images. Each cluster contained 11 images in the first set and 22 images in 
the second set; see Fig. 4. The amount of overlap required for the stitching process in 
the first and second set was ~60 % and ~80 % respectively.  

The experiment continued by making panoramic images from each cluster using 
the two commercially available stitching platforms, Microsoft ICE and Adobe Photo-
shop. Additionally, in order to verify the repeatability of the stitching process, clusters 
1.1 and 2.1 were both stitched 10 times. As a result, each of the four groups of 
stitched images contains 10 panoramic images. 

After the stitching phase of the experiment, the length of the screw in 40 stitched 
images was measured with a Clamp (Rake) tool in the National Instrument Vision 
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Assistant software platform. This tool finds the edges from rectangular region of in-
terest (visible in Fig. 5) and calculates the distance between first and last edges found. 
Because of tool’s operating principle, it is important to align the tool to the target 
being measured. When measuring screw lengths, alignment was assured by measuring 
screw orientation (deviation from horizontal) and then rotating the image so that the 
screw was horizontal before measuring the length with Clamp (Rake) tool.  From the 
individual measurements, the average dimension, standard deviation and error range 
(max value – min value) were calculated. The repeatability of the Clamp (Rake) tool 
was estimated by recording 100 images of a known length metal piece (length 16 
mm) that was small enough to fit in the field-of-view of a single image. Fig. 5 shows 
the metal piece and the Clamp (Rake) tool. The results and analysis of these calcula-
tions are provided below. 

 

 

Fig. 5. Screen capture of Vision Assistant showing the metal piece 

4 Results 

The error range and standard deviation of measuring the length of the metal piece 
from the 100 individual images were 0.03 % and 0.01 % respectively. 

As Table 1 shows, the error range and standard deviation in measuring the screw 
length ranged from 0.09 to 1.78 % and from 0.03 to 0.47 % of the screw length, re-
spectively.  

Table 1. Error range and standard deviation of the screw length obtained from the panoramic 
images 

Stitching Platform Clusters of 11 images 
(Group 1) 

Clusters of 22 images 
(Group 3) 

Microsoft ICE   
- Average Length [pix] 11 903 11 881 
- Error Range [%] 0.10 0.09 
- Standard Deviation [%] 0.04 0.03 

Photoshop’s photomerge   
- Average Length [pix] 11 930 11 935 
- Error Range [%]  0.24 1.78 
- Standard Deviation [%] 0.07 0.47 
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The best case was when the stitching process was performed with Microsoft ICE 
platform on a cluster from 22 images with a maximum error range of 0.09 % and a 
standard deviation of 0.03 %. Converting pixels to millimeters was done with cali-
brating the machine vision setup with National Instrument Vision Assistant calibra-
tion tools and laser marked calibration grid. In addition, the actual length of the screw 
was measured with a CMM. The obtained maximum error range was 0.072 mm and 
maximum standard deviation 0.024 mm.  

4.1 Image Stitching Process Behavior 

Since the image-stitching process was seen as a black box and since there was no 
possibility to have control over the stitching process, its behavior was examined. Four 
phenomena were identified: (1) Different image size for each panorama, (2) obtaining 
convex panoramic images, (3) unexpected stitching and (4) unrepeatable stitching.  

Different Image Size 
Table 2 shows the pixel size range (i.e. maximum width – minimum width and max-
imum height – minimum height) of each group of stitched images from both sets, 
Microsoft ICE and Photoshop.  

Table 2. Image size range of the stitched images obtained from both sets  

Image sets and 
stitching platforms 

Image size range  [pix] 
Width (~ 13 000 pix) Height (~ 2 000 pix) 

Set 1 - Microsoft ICE 
     Group 1 10  12 
     Group 2 1  5 

Set 1 - Photoshop’s photomerge 
     Group 1 31  13 
     Group 2 55  6 

Set 2 - Microsoft ICE 
     Group 3 14 14 
     Group 4 2 0 

Set 2 - Photoshop’s photomerge 
     Group 3 27 39 
     Group 4 30 18 

Convex Panoramic Images 
Another phenomenon that appeared was the bending effect, or convex panoramic im-
age. This image is shown in Fig. 6 and a similar image was obtained with both stitch-
ing platforms. The reason for this is unclear, because how the stitching platforms are 
“black boxes”, i.e. the authors do not know how the stitching algorithm works. How-
ever, this effect was reduced by adding more features to the background, see Fig. 3 
(right). Therefore we can propose a hypothesis that the reason for this distortion is lack 
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of distinctive features along the screw, and especially in the upper and lower sections 
of the image (quite constant grey in Fig. 6). However, this was not tested.   
 

 

Fig. 6. Convex panoramic image 

Unexpected Stitching 
This phenomenon refers to undefined behavior of both stitching platforms and their 
abnormal outcome see Fig. 7. 

 

Fig. 7. Abnormal panoramic image 

However, these kinds of images can be identified and thus deleted with a previous-
ly set image size threshold value.  

Unrepeatable Stitching 
Another undesired effect that was discovered from the stitching image process is the 
instability of the stitching platform itself. For example, the sizes of images obtained 
by stitching the same set of images differ by up to 55 pixels or 0.42 %, as shown in 
Table 2 (see results for Groups 2 and 4). Naturally this also affects also the length 
measurements. Table 3 shows the repeatability of the screw length measurement 
results of image groups 2 and 4 stitched with both platforms.     

Table 3. Screw length deviations in panoramic images stitched from the same cluster of images 

Stitching platform Cluster of 11 images 
(Group 2) 

Cluster of 22 images 
(Group 4) 

Microsoft ICE   
- Error Range [%] 0.01 0.01 
- Standard Deviation [%] 0.00 0.01 
Photoshop’s photomerge   
- Error Range [%] 0.56 1.09 
- Standard Deviation [%] 0.18 0.27 
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5 Analysis and Discussion 

The following findings can be identified from the results presented above: 
• Table 3 shows that Microsoft ICE is more repeatable than Photoshop. This 

is supported by Table 2, especially when looking at the results of groups 2 
and 4. 

• Table 1 shows that also the length measurements have a smaller error range 
and standard deviation with Microsoft ICE than with Photoshop. 

• Major concern is the fact that the average length varies (see Table 1) even 
though the images were captured from the same target with the same hard-
ware setup, and the input images were the same for both stitching plat-
forms.  

• The software platforms’ error range and standard deviation in Table 2 are 
only affected by the repeatability of the image stitching process. In contrast, 
the results in Table 1 are not only affected by image stitching process, but 
also by hardware and environment-related noise and unrepeatability. There-
fore the best case in Table 1 (Microsoft ICE and Set 2) has about three 
times greater error range and standard deviation than the measurements 
made from the metal piece which fitted into a single image FOV. 

Since the smallest manufacturing tolerance was 0.05 mm, the resolution of the 
measurement system was expected to be a fourth of that, i.e. 0.0125 mm. Hence the 
obtained maximum error of 0.072 mm and the maximum standard deviation of 0.024 
mm do not satisfy the desired criteria for length measurement with the desired cross-
sectional measurement resolution. However, since the length manufacturing tolerance 
is exactly one order of magnitude higher than the one for cross-sectional dimensions, 
the measurement resolution can be increased for the same factor, resulting in a new 
length measurement resolution of 0.125 mm. Taking this into consideration, measur-
ing the length can be achieved with the presented approach.  

6 Conclusion  

This paper asserts that measuring the length of long components such as a medical 
screw with a low-cost machine vision system with commercially available image 
stitching platforms is possible up to a certain level of measurement resolution.  

Firstly, it should be remembered that the number of images used to create a pano-
ramic image depends from the stitching environment. Microsoft ICE stitches margi-
nally better with more input images; on the other hand Photoshop stitches much better 
with less. 

Secondly, it is very likely that the stitching process can exhibit unbound and incon-
sistent behavior, such as the ones depicted in section 4.1.   
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Thirdly, the uncertainty from the stitching process is not the only source of uncer-
tainties and errors in the actual measurements. The image acquisition and measure-
ment algorithms also cause uncertainties in the measurements made from stitched 
images. 

Fourth aspect is the interfacing and automation aspect. When building a measure-
ment application utilizing a ready-made stitching platform, it should be as easy as 
possible to just input an image sequence and get a stitched image out. Therefore, the 
stitching platform should have an easy-to-use application protocol interface (API). 
Photoshop has this, but Microsoft ICE does not. Of course, building your own stitch-
ing platform is an option, but meeting the performance of Microsoft ICE would be 
challenging. 
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Abstract. Highly individualized and customized products with dynamic life-
cycles increase the need for flexible and reconfigurable assembly systems. In-
dustrial robots are a key technology for future production systems especially for 
large scale components. The trade off between increasing work piece dimen-
sions and constant or even increasing tolerance requirements, that are in some 
cases comparable to micro assembly systems, has to be solved by flexible and 
precise manufacturing and fixtureless assembly processes. 

Keywords: Multi Line, virtual metrology frame, assembly. 

1 Assembly of Large Scale Parts 

The achievable accuracy of a robot based assembly system is influenced by the 
weight of work pieces and end-effectors, process forces, gravitation and temperature 
of the surroundings. Manufacturing, handling and assembly processes of large scale 
parts often take place in production sites with harsh environmental conditions. Tem-
perature changes are influencing the handling kinematics as well as the work piece 
geometry.[1] The deflections lead to inaccuracies during the handling and assembly 
process that complicate the compliance with the required tolerances.[2] 
 A process integrated frequent calibration of the robot kinematic can help to im-
prove the positioning accuracy of the robot. The calibration routine should be quick 
and repeatable. For a number of kinematics within the same working area a calibra-
tion with a calibrated material standard is possible. The material standard displays the 
same manufacturing and assembly tasks as the later product. Therefore the manufac-
turing of the standard is time consuming and the method is inflexible and expensive 
especially for large scale parts. Other methods aim to improve the positioning accura-
cy of the robot kinematics by the use of Global Reference Systems (GRS). The GRS 
defines a communication network for the exchange of information such as the posi-
tion of manipulating machinery and non-manipulating devices of a production system. 
For manipulating machinery, large-volume measurement systems [3,4] such as in-
door-GPS (iGPS) and laser trackers are suitable [5,6,7]. For non-manipulating devic-
es, deviations are detected by local sensors e.g. machine-vision systems, light-section 
or force/ torque sensors. They are capable of measuring local features and require 



80  R. Schmitt, M. Peterek, and S. Quinders 

additional data from other GRS- integrated systems. This information is necessary to 
transform the 3D CAD data into the reference system and aligned the real work piece 
to final geometry. The integration of the measurement technologies is expensive and 
the measurement uncertainty is approximated >100µm without the influence of very 
harsh environmental conditions. That does not meet the accuracy requirements of 
many assembly processes. 

2 New Measurement Technologies for Maximum Precision 

Etalon´s Absolute Multi Line is a new measurement system based on frequency scan-
ning interferometry (FSI) and seems to be capable for a reconfigurable, fast and very 
precise calibration of a number of robot kinematics in the same working space. The 
measurement system is able to measure 24 absolute lengths with an uncertainty of 
U=0,5+0,5µm/m (interferometry uncertainty). The set up consists of 24 optical fibers 
and a reflector mounted on the Tool Center Point (TCP) of the robot. The laser lines 
can easily be integrated along typical working paths of the robot. For the calibration 
the robot will move the reflector into the beam and run a calibration sequence along the 
laser beam. At each point the measured length between the end of the fiber and the 
reflector will be compared to the length calculated from the positioning information of 
the robot. The deviations between the data can be used for an evaluation of the robot´s 
positioning accuracy and be compared to the accuracy required by the holistic toler-
ance management. In addition the information shall be used for an online compensa-
tion of the robot path. But there is an even more sophisticating solution to enable an 
online calibration and even control of the robot kinematics. This approach requires the 
ability to track a target which is mounted on the robot´s TCP by multiple interferome-
try distance measurements. Therefor the system need the ability to track a target 
mounted on the TCP of the robot. The mechanical concept is presented in this paper. 

3 Virtual Metrology Frame 

In the 1960’s Brown described the idea of a “virtual metrology frame”. Greenleaf 
illustrated the principle of a selfcalibrating surface measuring machine in 1983 as 
shown in figure 1. 
 

 

Fig. 1. Selfcalibrating surface measuring machine 
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8 Conclusion 

This paper introduces an approach to integrate an absolute interferometry measure-
ment into multi robotic assembly applications. Brown´s idea of a “virtual metrology 
frame” and Greenleaf´s principle of a mechanical selfcalibrating surface measuring 
machine becomes accessible for multi robotic assembly. The 24 Multi-Line channels 
are positioned and orientated by cost efficient tracking units based on the operational 
control data and 3D position information of the robots. This enables the tracking of 
multiple targets by multiple interferometry distance measurements to determine a 3D 
position information of the robot´s TCP through multilateration. In the future there 
will be further developments integrating more reflectors to calculate 6D information 
for the position and orientation of the robot´s TCP. 

A strong simulation of the metrology infrastructure incorporates all influences of 
the multi robotic assembly process and the measuring system. It is possible to optim-
ize the system´s setup in early planning phase to guarantee a strong visibility during 
the assembly process. 

The concept results in a virtual metrology frame which allows to determine 3D po-
sition information for multi robotic assembly with the measurement uncertainty of an 
absolute interferometry measurements system. 
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Abstract. Precision mechanism is widely used for various industry applica-
tions. Quality inspection for precision mechanism is essential for manufacturers 
to assure the product leaving factory with expected quality. In this paper, we 
propose a novel automated fault detection method, named Tilear, based on a 
Deep Belief Network (DBN) auto-encoder. DBN is a probabilistic generative 
model, composed by stacked Restricted Boltzmann Machines. With its RBM-
layer-wise training methods, DBN can perform fast inference and extract high 
level feature of the inputs. By unfolding the stacked RBMs symmetrically, a 
DBN auto-encoder is constructed to reconstruct the inputs as closely as possi-
ble. Based on the DBN auto-encoder, Tilear is structured in two parts: training 
and decision-making. During training, Tilear is trained with the signals only 
from good samples, which enables the trained DBN auto-encoder only know 
how to reconstruct signals of good samples. In the decision-making part, com-
paring the recorded signal from test sample and the Tilear reconstructed signal, 
allows to measure how well a recording from a test sample matches the DBN 
auto-encoder model learned from good samples. A reliable decision could be 
made. We perform experiments on two different precision mechanisms: preci-
sion electromotors and greasing control units. The feasibility of Tilear was 
demonstrated first. Additionally, performance of Tilear on the acquired elec-
tromotor dataset was compared with the state-of-the-art machine learning based 
fault detection technique, support vector machine (SVM). First result indicates 
that Tilear excels the SVM in terms of the Area Under the Curve (AUC) ob-
tained from the Receiver Operating Characteristics (ROC) curve plot: 0.960 
achieved by Tilear, while 0.941 by SVM.  

1 Introduction 

Precision mechanism is widely used for various industry applications, such as  
precision electromotor for industrial automation systems, greasing control units for 
microsystems, and so on. Quality inspection for precision mechanism is essential for 
manufacturers to assure the product leaving factory with expected quality.  

                                                           
* Corresponding author. 
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Normally, quality inspection at the manufacturer side is performed by trained ex-
perts with different methods. Traditionally, it is accomplished by the experts listening 
to the sound emitted by the product under different conditions. This subjective as-
sessment is expert individual dependent, and can be influenced by several factors. 
That brings in the variability in the quality inspection.  

Certain algorithms and techniques have been developed to overcome the disadvan-
tages introduced by traditional subjective assessment. These techniques roughly can 
fall into three categories: signal analysis based methods (SAMs), dynamic model 
based methods (DMMs), and knowledge based methods (KMs) [1]. With SAMs, 
experts directly analyze the characteristics of measured signal by performing certain 
time-frequency transforms, like Fast Fourier Transform (FFT). It is widely used by 
the industry, but it is always necessary to find a best signal feature before starting the 
threshold comparison. For some barely seen defect types, it takes a long time to select 
features. As for the DMMs, an accurate dynamic model for each specific mechanism 
model is required before performing the quality inspection.  KMs have been widely 
studied recently with the development of machine learning algorithms. Most of these 
readily available techniques are on the basis of discriminative learning models. A 
certain amount of fault samples are required to perform the fault type classification 
[2,3]. However, in practical applications, it is extremely difficult to get fault samples 
in abundance. What makes matters worse is that even a single type of defect typically 
has many different sensory manifestations.  

Alternatively, we treat the fault detection problem as an anomaly detection prob-
lem, to overcome the scarcity of defective samples in the production line. The core of 
anomaly detection is to recognize the inputs that differ from those under normal con-
ditions.  Different anomaly detection techniques have been proposed [4], such as 
classification based anomaly detection techniques or statistical anomaly detection 
techniques. J. McBain et al [5] applied the boundary based method, namely Support 
Vector Data Descriptor (SVDD), with the high dimension signal features extracted by 
autoregressive model for motor fault detection. They tried to maximize the distance 
between the average distance of normal class and the average distance of the defective 
class. B. Zheng et al [6] proposed to use different discriminative classification me-
thods with extracted vibration signal features for bearing anomaly detection. These 
proposed methods are still discriminative based, which means the construction of the 
anomaly detector still needs the presence of defective samples, even if not a big num-
ber. Also, they usually train with carefully selected features, the choice of which may 
greatly influence the anomaly detector’s performance. Rather than constructing the 
anomaly detector based on discriminative classifiers, Deep Belief Network (DBN) is 
selected since it is a generative model which has strong ability to perform fast infe-
rence and to learn features unsupervisedly [7-9]. Firstly proposed by Hinton in 2006, 
DBN has attracted great attention from both academia and industry, and shown prom-
ising future in many tasks, such as real time speech translation and image recognition. 
To our knowledge, our project is the first time that deep belief networks is applied for 
machinery quality inspection. 

The objective of this work is to develop a new automated fault detection system for 
precision mechanism inspection either using acoustic signals or vibration signals. 
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Treating the fault detection as an anomaly detection problem, this system is based on 
a Deep Belief Network (DBN) auto-encoder. It learns the sensory signals only from 
good samples, and makes decisions for test samples with the trained network. 

2 Methods and Results 

2.1 Theory Basis: Deep Belief Networks 

DBN is a probabilistic generative model, which employs a hierarchical structure con-
structed by stacking Restricted Boltzmann Machines (RBMs) [8,10]. The RBM is a 
two layer neural network modeling the joint distribution of its inputs and outputs. To 
construct a DBN, a number of RBMs are stacked on top of each other. The hidden 
layers of lower level RBMs are the visible layers of the adjacent higher level RBMs. 
A greedy layer-wise training algorithm is applied to train the DBN, which is actually 
training the RBMs individually under the contrastive divergence rule [7]. Trained in 
this way, the DBN can perform a fast inference and extract high level representations, 
or features, of the input data. Thorough descriptions of DBNs’ mathematical and 
technical details are available elsewhere [8,10]. 
 

 

Fig. 1. Architecture of DBN based auto-encoder. Numbers in the blocks represent the number 
of nodes in each layer. Node number in the bottom layer represents the sampling points from 
the input data. Node number of the rest layers in the encoder represents the number of extracted 
high-order features for their respective input data. The number of nodes and layers are only 
examples. It is not required to have the same numbers in the experiments, or to be 2௡. 

By unfolding the stacked ݊ RBMs, an auto-encoder composed by ሺ2݊ െ 1ሻ RBMs  
is constructed. This ሺ2݊ െ 1ሻ directed auto-encoder can be fine-tuned with  
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backpropagation [9]. As shown in Figure 1, the first n RBMs act as an encoder. High-
level features of the input data are extracted by this encoder and stored at the hidden 
layer of the top RBM. The last n RBMs, including the top RBM of the encoder, form 
a decoder. This decoder reconstructs the input data with the extracted high-level fea-
tures stored in the top RBM of the encoder. Generally speaking, a DBN based auto-
encoder is to reconstruct training data as closely as possible. 

2.2 Proposed Method: Tilear 

Taking the advantage of DBN auto-encoder’s capability to reconstruct the input data 
as closely as possible, we propose an anomaly detection model, named Tilear which 
learns the input data tile by tile for the purpose of performing fast inference. 
 
Tilear has two functions: “Teacher” for the training phase, and “Tester” for the deci-
sion making phase. The biggest difference between Tilear and other teacher/tester 
systems is that during the training phase (teacher), only input data from good samples 
will be learned by the auto-encoder of Tilear, while other systems usually need the 
presence of defective samples for teacher training. In the training phase of Tilear, 
small anomalies in the “good” data are tolerable variances. The scarcity of anomalies 
prevents the DBN from learning and reconstructing those. This property results in an 
additional reconstruction error for the data containing anomalies. Therefore, the high-
er the reconstruction error, the more anomalies the data sample contains. An anomaly 
detector thus can be made by comparing the reconstruction error with a threshold. In 
Tilear, the reconstruction error ௜ܵ, also named score, is the Root Mean Squared Error 
(RMSE) between the input data ܫ௜  and corresponding reconstructed data ܴ௜, averaged 
over ݊ dimensions of the data, as expressed in Equation (1). 

 ௜ܵ ൌ  ට∑ ሺோ೔ೕ ି ூ೔ೕሻమ೙ೕసభ ௡  (1) 

The reconstruction error threshold ௧ܵ௛ demarcating the anomaly boundary is another 
model parameter. This is determined by searching the reconstruction error space of a 
validation dataset containing labeled good samples and defective samples with ano-
malies. With the selected ௧ܵ௛, “Tester” can make a decision on the health status of test 
sample ௜ܶ  by comparing its reconstruction score ௜ܵ to ௧ܵ௛. 

2.3 Experiments and Results 

Experiments on two different precision mechanisms were accomplished: precision 
electromotors with a 2 stage planetary gearbox, and greasing control units. 

For the precision electromotor, vibration signals were acquired from 36 samples 
including 21 good samples and 15 defective samples with missing gears on different 
stages. Cepstrograms of these signals were used as the input for Tilear. The distribu-
tion of the reconstruction errors is shown in Figure 2. 
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Fig. 2. Cumulative distribution of the reconstruction errors of the precision electromotor data-
set. The cumulative distribution of good samples is marked with green, while that of bad  
samples with red, which is flipped vertically to help examine the overlap between the two dis-
tributions. The less overlapped they are, the better performance Tilear has. No overlap means 
the detector can always make the right decision. The threshold selected by Tilear for decision 
making is shown as a red dashed line along with its actual value. 

From the above figure, it is observed that most of the defective electromotors with 
missing gears can be detected. Although there were few samples misclassified with 
the self-selected threshold, it is possible to filter out all defective samples with the 
price of some false negative samples. 

In order to evaluate Tilear’s performance, Area under Curve (AUC) obtained from 
the Receiver Operating Characteristics (ROC) curve plot is employed, due to the im-
balanced class distribution in the electromotor dataset [11]. SVM as a state-of-the-art 
machine learning algorithm was used as a comparison benchmark. LIBSVM [12] was 
used to construct the SVM fault detector. Cepstrograms of the vibration signals were 
used as the input data for both Tilear and SVM. The comparison result is shown in 
table.1. It is observed that the AUC of Tilear is higher than that of SVM. This indi-
cates that Tilear had a better performance over SVM on this dataset, which has to be 
verified with further study. It is also worth pointing out that Tilear was faster for 
training compared to LIBSVM. The training time for Tilear was approximately 40 
minutes, while LIBSVM always took at least several hours. In some sense, it is unfair 
to compare the training time here, since Tilear is developed to use Graphics 
Processing Unit (GPU) to achieve fast computation speed while LIBSVM not. The 
comparison of computational speed between Tilear and SVM on GPU platform is to 
be investigated in the future.   
 

Table 1. Comparison of AUC between Tilear and SVM 

 TILEAR SVM 
AUC 0.960 0.941 
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As for the greasing control units, acoustic signals were acquired from 47 samples 
consisting of 24 greased ones, which were considered as good samples, and 23 non-
greased ones, which were considered as defective samples. Spectrograms were used 
as the input of Tilear. AUC was again used as the evaluation metric. AUC for these 
control units was 0.995. Only 1 out of 23 non-greased samples was misclassified, 
while all greased ones were correctly classified.  

3 Conclusion 

Tilear, a new automated fault detection method for precision mechanism quality in-
spection, which firstly uses the Deep Belief Networks (DBN) based auto-encoder, 
was proposed. Tilear is trained to reconstruct the data only from good samples as 
closely as possible. By comparing the reconstruction errors, a decision can be made. 
The feasibility of fault detection using Tilear is verified with two different kinds of 
precision mechanisms. It is shown that Tilear has comparable performance with the 
state-of-art technique, Support Vector Machine, using the Area under the Curve as the 
performance evaluation metric. It is believed that DBN not only can be used for fault 
detection, but also has the potential in the fault classification area, on condition that 
enough defective samples are collected for training. 
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Abstract. This study develops a surface inspection methodology used to 
detect complex geometry products and metallic reflective surfaces 
imperfections. This work is based on combination of three 
complementary methods: an optical one (structured light information), an 
algorithmic one (data processing) and a statistical one (parameters 
processing). A usual industrial application illustrates this processing. 

Keywords: Surface metrology, Quality Inspection, Computer Vision, Image 
Processing, Statistic. 

1 Introduction  

Even nowadays visual quality inspection is a problem. Inspected items have complex 
geometries, metallic reflective surfaces and high-added values. There have already 
been studies in industry to establish a methodology for quality inspection, particularly 
through the PhD works of Anne-Sophie Guerra [1], Nathalie Baudet [2] and Gaëtan 
Le Goïc [3]. These works helped to highlight the variability of human expert 
judgment (or controllers) during quality inspection processes [4]. The main objective 
is to eliminate over and under quality, by improving the controller’s working 
conditions and thus, reduce costs for companies. Our method proposes to use an 
objective vision system calibrated with Human-based criteria. An example of fine 
defect automatic detection is presented. The choice of best processing parameters is 
optimized by design of experiments. 
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 – The second type is anomalies of dark appearance relative to their 
immediate neighborhood. Cracks are a typical example (Figure 1b). Unlike the first 
type, these anomalies are usually due to faulty manufacturing on small products. [6]  

For both, we can see them when there is a high contrast. The difficulty for 
controllers is to find something that does not exist in a “normal” specimen. They must 
also be able to do so in such a configuration that replicates any potential orientation 
that would cause the defect to be unpleasant to the customer, and within a limited 
timeframe. Generally, either anomaly or its neighborhood blinds us, which is 
uncomfortable for our eyes.  

2.3 Optics Data  

Gaëtan le Goïc has applied the generalized methodology [3 - p.5-15] to metallic 
products. He proposes a visual inspection system (Figure 2), close to a photometric 
system, which allows a link with human perception [3 - p.126-131]. This system can 
provide all object views for a hemisphere of illumination, i.e. one view for one 
lighting incidence, while it is not certain that a human controller has control all of 
these configurations.  

There is therefore an interest in optical systems that allow for an enhanced view of 
an object’s appearance to improve his quality inspection. We made a distinction 
between vision systems that can observe three-dimensional objects and those that 
allow understanding object surface by shades of luminance. It is possible to have both 
in the same device. 

For the first category, we can notice all systems as stereoscopy that using multiple 
shots and giving geometric shape. For the second category, the optical system is 
generally composed of a dome (hemispherical or almost a complete sphere) on which 
light sources are regularly distributed, and having a camera at the top of system. The 
interest of regular arrangement of light sources is to facilitate acquired data 
interpolation, and so as to understand object surface appearance.  

 
 (a)    (b) 

Fig. 2. Surface Inspection Support Device, developed at the SYMME Laboratory. [3 –p.130] 

The difficulty is to find a compromise between mathematical complexity and data 
volume, and to have reduced fitting function the closest. In other words, we want to 
keep photorealistic rendering and optimize memory volume. It should also take into 
account (spatial and electronic) device resolutions and its optical magnification. 

In order to facilitate calculations, models have been used to approximate an 
interpolation function. We can cite two current types of interpolation: 

– Polynomial interpolation (PTM) – [3] [7-9]  

– Interpolation by spherical or hemispherical harmonics (SH or HSH) – [10-12] 
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All of these systems provide an object view in order to reach the first phase of 
quality inspection: the “Exploration phase”. 

Moreover, we are working in collaboration with CETEHOR to deal with real cases 
of watch making with complex geometry, such as watch links. In order to facilitate a 
reduction in data volume, we used a system that incorporated interpolation. Many 
different object views can then be reduced to a subset configuration for anomaly 
detection. The quality criteria for watch links were agreed upon with an expert from 
CETEHOR.   

3 Proposed Method: Structured Detection 

3.1 The Image: Essential Data 

 

Fig. 3. Diagram of possible image data 

We use several “classifications” of images:  
- GS: That’s the image of average rendering of acquired data. 
- GNi: That’s one image from acquired data (number i є {1:N}). 

Theta is azimuth and Phi is elevation of a hemisphere. 
- G1: That’s the object’s rendering from a unique configuration of the three 

reference points (lighting - object - point of view), as a photo. 
- G2: That’s the object’s rendering such as illuminated by a quarter of a 

vertical continuous circle of leds. 
- G3: That’s the object’s rendering such as illuminated by a horizontal ring of 

leds. 
- G4: That’s the object’s rendering such as illuminated by the whole 

hemisphere. 

First, we need to extract or compose an image containing anomaly (ies). In the case 
of an “a priori” knowledge from product geometry, we can restrict research to a 
hemispherical space. There is already a system restricted to equivalent of two images 
G3 for flat objects (Figure 3) [13]. Any global specularity causing glare in the 
viewing system should be prohibited. In a first optimization, we can work with GS 
images and we can reduce the work area before filtering. We present a possible 
diagram (Figure 4) to define a relevant area and to obtain an image that we have 
labeled RS as reduced image. Its application is illustrated with the original image GS 
(Figure 5a), resulting image mask GM (Figure 5b) and reduced image RS (Figure 5c). 
For a complete analysis, the processing must be applied on each image G1. 

Initial data  (N images)

Without interpolation

Image GS 
Average of N 

images

Image  GNi
i {1:N}

With interpolation

Image G1
Single Theta
Single Phi  

Image G2
Single Theta

All Phi

Image G3
All Theta
Single Phi

Image G4
All Theta
All Phi
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Fig. 4. Diagram of preprocessing before filtering 

 

Fig. 5. Example of preprocessing before filtering 

3.2 Detection Methods and Constraints 

 

Fig. 6. Example of link of watch. Result of image RS combination and its mask. The viewing 
side is convex. Two remarkable things: a circle indicates dust and rectangle indicates a stripe. 
This stripe is evaluated by human controller as a “Strong mark”. 

Previous works have highlighted several techniques of image processing to detect fine 
anomalies. These are different combinations of filters such as the “Top-hat” [14] or 
the “maximum opening” [15-16], or the “subtraction of maximum closure of 
opening by original image” [17-18]. These methods are illustrated (Figure 7). These 
filters can easily and quickly become complicated. There are some states of the art for 
other detection methods such as road defects [6] or fabric defects [19]. For these 
reasons that is necessary to know characteristics of the object that are sought. These 
methods are derived from mathematical morphology to extract a local supremum 
(upper bound of local neighborhood) or a local infimum (lower bound of the local 
neighborhood). The local neighborhood is defined before processing by a structuring 
element.  

Image GS 

Average of N images

Image GM

Mask

Image RS 

Relevant area
Filtering

   
      (a)         (b)       (c) 
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(a)             (b)             (c) 

Fig. 7. Example of watch link. (a), (b) and (c) are filtering results of Figure 6. (a) by top-hat (b) 
by maximum opening and (c) by subtraction of maximum closure of opening by original image. 

Structuring element is generally defined by its shape, its length, and, eventually, by 
direction. In our case, sought anomalies are called fine because they have a linear 
structure. The structuring element, consistent with these anomalies, will be linear. The 
mathematical operation then is to browse with the structuring element over the image 
represented by a matrix of received light data. The result of this is then a processed 
image. [20] 

    
                                        (a)    (b)     (c)     (d) 

Fig. 8. Example of structuring element. (a), (b) and (c) are line structuring elements with 
different orientation (0°, 10°, 45°). (d) is a disk structuring element. 

First, a fine anomaly with linear structure has a dominant direction. Depending on 
the desired filter, the direction of the linear structuring element is either perpendicular 
or parallel to the anomaly direction. This implies that the direction choice of the linear 
structuring element is important relative to the anomaly direction. However, our 
optical system enables taking of pictures structured in relation to the object and the 
direction of the anomalies, which allows us to constrain the mathematical treatment 
dedicated to the anomalies detection. 

3.3 Proposed Filtering 

An anomaly is best revealed when illuminated from a direction perpendicular to its 
dominant direction. So, the processing can be limited to two directions, parallel and 
perpendicular to incident direction of light, depending on desired filtering. We can 
combine filtering operations to obtain information on anomalies as residual 
information of processing as shown (Figures 9-10). A “twisted” anomaly, consisting 
of multiple “dominant” directions, can be broken down into several sub-anomalies, 
and processed as the sum of partial directions. 
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Where S (pixels) is the structuring element size, WD (mm) is the working distance 
(camera-object distance), FL (mm) is the camera focal length, SS is the camera sensor 
size, SR (pixels) is the camera sensor resolution and CS (mm) is the crack appearance 
size. [19] 

3.4 Optimization by Experimental Approach 

Like the use of the design of experiments (DOE) method in the field of mechanics to 
optimize machining parameters [21], we want to use DOE to optimize the choice of 
the previous parameters, such as the characteristics of the element structuring. The 
objective is to obtain improved detection and thus facilitate evaluation of surface 
anomalies [22]. Indeed, this method is suitable when it comes to taking into account a 
large number of parameters and the relationship between them is not necessarily 
linear.  

The capability to detect an anomaly depends of the structuring element parameters. 
These parameters are: 

- The length of element 1 and element 2. The length of element 2 depends on 
length/width ratio of anomaly. 

- The step of element’s direction 

- The mask of object 

 

Fig. 11. Table settings 

Using 5 levels per factor, the full factorial design is a 625 line table. We chose to 
make the fractional design L25 5

6 with 25 trials. (Table 1, see Appendix) 

The operation is to optimize two responses to find the best compromise. They are: 

1. The quality of detection   
The capability is a measure by comparison between the expert judgment on a 

Factors Levels

1 2 3 4 5

A Mask Without Relevant 

area

Mask

complete

Mask without 
edge (5 pixels)

Mask without edge 
(10 pixels)

B Direction step 1° 3° 5° 15° 45°

C Length of Element 1 5 pixels 10 pixels 15 pixels 20 pixels 25 pixels

D Length of Element 2 2* Element 1 4*Element 1 6*Element 1 8*Element 1 10*Element 1
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parts sample and the quality of the anomaly image. Note the ease of finding 
the anomaly identified by the expert in a scale from 0 to 10, (Figure 12a) 

2. The computation time  
Note the ease of process to identify anomaly in a scale of time (seconds) 

(Figure 12b) 

 

Fig. 12. Desirability diagrams of detection, for quality and computational time 

The overall desirability is calculated by the geometric mean of the two 
desirabilities: ܱܦ ൌ .1ܦ√  2మܦ     (2) 

The overall desirability is as shown (Figure 15) and is the result of formula (2). 
The experiment is performed on five links with anomalies identified. The effects 
graph of quality response and time response are as shown (Figures 13-14). The local 
optima are surrounded by a red circle. For the parameter of the mask, it was obvious 
that the reduction of search area (of anomalies) would save computation time. 
However, the effects graph shows the reduction of the area may lead to wrong 
detection by generating false positives, such as edge detection. 

 

Fig. 13. Graph of the effects of quality response (average of 5 samples) 
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With formula (1), we have an idea of appearance width of anomaly. The working 
distance (camera-object distance) is 440 mm, the camera focal length is 440 mm, the 
camera sensor size is 15.8 mm, the camera sensor resolution is 2136 pixels and the 
size of structuring element is between 10 and 15 pixels. So the appearance width is 
between 75 and 110 μm. 

4 Conclusion 

Following the methodology formalization of quality inspection, we are able to 
provide a theoretical meta-model and a physical system for visual exploration and 
detection of surface anomalies, including product reflective metal surface and those of 
complex geometry. The main objective is to reduce the overall variability of quality 
inspection of a product. In other words, we are able to determine the optimum optical 
system and data processing dedicated to controlling types of defects on one type of 
products. The main information of our publication is a combination of three methods 
(optical - algorithmic - statistic) to allow automatic detection of surface anomalies  

The underlying information of our publication is that despite the advance of the 
effective methods, companies outside research still have little awareness. Here, we 
present an example of method that may be of interest in industrial production, but 
each method has been at least 5 years out of industry. The laboratory aims to transfer 
technological know-how, more or less mature, to improve industrial production. This 
means that research (academic) centres, technical centres, and companies must 
communicate with each other more. 
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Appendix 

Table 1. The fractional design L25 5
6
  with 25 trials 

 N° Factor 
Quality (0 - 10)

Sample n° 
Time (seconds) 

Sample n° 

Test n° A B C D 1 2 3 4 5 1 2 3 4 5 

1 1 1 1 1 6 6 6 6 6 102,8 104 101 113 109 

2 1 2 2 2 8 8 8 8 8 64,68 64 63 69,2 65,4 

3 1 3 3 3 8 8 8 8 5 81,98 86 81 94,9 89 

4 1 4 4 4 0 0 1 1 1 50,13 51 49 57,7 53,3 

5 1 5 5 5 1 1 1 1 1 18,33 19 18 21,9 19,8 

6 2 1 4 5 1 1 1 2 2 65,46 66 66 63,5 67,1 

7 2 2 5 1 2 1 3 3 2 8,24 9 8,9 8,5 8,63 

8 2 3 1 2 2 3 6 6 2 3,22 3,5 3,4 3,4 3,44 

9 2 4 2 3 2 2 7 2 2 2,54 2,7 2,7 2,59 2,68 

10 2 5 3 4 1 1 1 2 2 1,84 1,9 1,9 1,87 2 

11 3 1 2 4 2 2 1 2 2 25,13 28 27 25,7 26,2 

12 3 2 3 5 1 1 2 3 2 15,64 17 17 15,6 16,3 

13 3 3 4 1 2 1 6 6 2 4,68 5 5 4,76 5,01 

14 3 4 5 2 2 1 2 3 2 3,32 3,7 3,5 3,37 3,43 

15 3 5 1 3 3 2 1 2 2 1,58 1,7 1,6 1,61 1,66 

16 4 1 5 3 1 1 2 3 2 47 55 50 47,7 49,4 

17 4 2 1 4 0 8 8 0 8 5,99 6,8 6,4 6,02 6,17 

18 4 3 2 5 1 1 1 8 2 7,02 7,8 7,3 7,08 7,22 

19 4 4 3 1 1 9 8 9 2 2,22 2,5 2,3 2,25 2,3 

20 4 5 4 2 1 1 7 3 2 1,76 2 1,8 1,8 1,83 

21 5 1 3 2 8 8 8 9 3 21,8 25 23 22,6 23,3 

22 5 2 4 3 1 1 1 4 3 13,26 15 14 13,3 14,3 

23 5 3 5 4 1 1 1 4 3 12,82 17 14 13,4 14,1 

24 5 4 5 4 1 1 1 4 2 4,8 5,7 5,1 5,07 5,04 

25 5 5 2 1 6 6 8 8 7 1,57 1,8 1,6 1,6 1,65 
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Abstract. Colloidal lithography based on the assembly of microspheres 
is a powerful tool for the creation of a large variety of two dimensional 
micro or nanostructures patterned. However very few studies examine 
the control, qualification and quantification of the ordering of the 
particles once deposited on the substrate. We have developed two unique 
methods working at microscopic and macroscopic scales, respectively called 
Microfixe® and Macrofixe®, for the analysis of grain morphology in the case 
of hexagonal closed packed (HCP) monolayers of spherical microparticles. The 
processing of the images taken at microscopic scale uses Delaunay triangulation 
and histograms of lengths and orientations of Delaunay triangles sides. 
At the macroscopic scale, six camera images are required of the sample 
illuminated under six different incidence angles. Image treatment consists in the 
comparison of the six images and eventually subdivision of these images to 
sharpen the analysis. At the end, the two softwares constitute artificial images 
of particle deposit, giving at microscopic and macroscopic scales significant 
information about grain size, grain morphology, orientation distributions, 
defaults (voids, stacking)… With these two new control methods, colloidal 
lithography is emerging as an industrial process. 

Keywords: Metrology, Quality Control, Computer Vision, Image Processing. Quad 
tree, Microfixe®, Macrofixe®, Colloidal lithography, micro/nanotechnologies, 
thin films, tribology, BooStream®. 

1 Introduction  

Colloidal lithography based on the precision assembly of microspheres is an easy, 
inexpensive, efficient, and flexible manufacturing approach [1]. It enables the creation 
of a large variety of two dimensional micro or nanostructures patterned with a  
high degree of control and reproducibility [2]. Many application areas are concerned 
by this technology such as mechanics [3], sensors, photonics, surface wetting  
[4], biological and chemical sensing. One can find many studies aiming at the  
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self-assembly control or ordering of particles acting on the physical processes such as 
activation of particle surfaces, solvents, surface pressure… but very few of them 
examine the control, qualification and quantification of the ordering of the particles 
once deposited on the substrate. 

In the case of silica microspheres, the inherent 2D periodicity constituted by a 
hexagonal-close-packed (HCP) type ordering (Figure 1) gives rise to a rich variety of 
interesting optical properties related with photonic crystals. 

 

Fig. 1. Hexagonal-close-packed (HCP) 
monolayer of silica microspheres ∅1.1 µm 

  

Fig. 2. Color response of an HCP monolayer 

of silica microbeads ∅1.1 µm on diamond like 
carbon substrate 2x2 cm² 

As a result of photonic band gap properties, the 2D-ordered microstructure creates 
intensive structural colors [5] [6] as shown in Figure 2. In fact, due to process 
parameters (particle size distribution, surface pressure, withdrawing speed...), the 
particle deposits are composed of "grains" [7] separated by “fractures”. Each grain is 
composed of hundreds or thousands of particles forming a hexagonal mesh with a 
specific planar orientation (Figure 3). 

 

 
Fig. 3. Microscope image (x100) of HCP silica microspheres (∅ 1.1µm) displaying grains 
separated by fracture lines 
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In order to master and improve the process, it is essential to control/qualify/ 
quantify in a rigorous way the grain sizes, grain orientations, fractures, etc. of the 
particle deposits.  

The following paragraphs briefly introduce the precision assembly technique of 
microspheres, developed by CEA LITEN called BooStream®, to create an HCP 
monolayer. The fields of application are numerous and we present succinctly its using 
in the field of tribology. The two analysis methods developed by CEA LITEN and 
based on image processing and vision are then detailed. The first is software, named 
Microfixe®, which addresses the analysis of images taken at microscopic scale with 
optical microscope or scanning electron microscope. The second method, called 
Macrofixe®, analyses visual rendering of particle deposit (iridescence) by processing 
a sequence of camera images taken with various lighting conditions. 

2 HCP Particles Monolayer Assembly 

2.1 Presentation 

Particle self-assembly methods at the air/liquid interface are mainly based on the 
minimization of free energy: the formation of the monolayer is mainly due to the 
energy level reduction at the air/liquid interface. 

Particles then order themselves [8] under different phenomena, such as dipole 
moments, partial positive charges and hydrophobicity attraction. Common techniques 
presented in the scientific literature are the Langmuir-Blodgett method [9], vortical 
method [10] and floating-transferring method [11].  

The Boostream® process has been developed on the basis of previous work for the 
production of active or passive components in the field of energy. In its basic 
functions, this process uses a moving liquid on which particles are dispensed (Figure 
4). Brought by hydrodynamic forces to a transfer area using a slope, the particles are 
arranged as a film on the liquid. The substrate set previously in contact with the 
compact film of particles through a capillary bridge is then withdrawn to transfer the 
film. 

 

 

Fig. 4. The BooStream® process (basic configuration) 
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each particle. Then a Delaunay triangulation [15] is done on this set of points, linking 
each point with its six (or less) neighbours. It will be useful in the sequel to consider 
that each link is materialized by a line segment. The orientation of these line segments 
(with a 60 ° periodicity) is then fundamental.  

A simple representation is obtained with the information given by the lengths and 
orientations of triangle histograms (Figure 6). 

 

a) Lengths histograms. b) Orientation histograms. 

Fig. 6. Analysis of Figure 3, histograms of Delaunay triangles segments 

These histograms gather essential information for the determination of quality of 
the ordered deposits. If the histogram of the triangles’ segments lengths distribution is 
centered on the value corresponding to the nominal particles average diameter, we can 
deduce that the deposit is compact with few fractures. Moreover, if the histogram of 
the sides of the triangles’ orientations has a single mode (single peak) between 0 ° and 
60 °, it means that the deposit of particles is composed of a single grain. In another 
way, if the triangles’ lengths histogram has more than one peak, it means that the 
deposit of particles is fractured and composed of more than a single grain. In the 
example in Figure 6, the deposit has several grains with three main directions related 
to the three peaks on the histogram. 

Furthermore, the Delaunay triangulation can be used for the calculation of the 
relative areas occupied by the different grains on the image giving an indication of the 
arrangement quality. 

3.2 Results 

Microfixe® software allows an accurate analysis of the quality of an HCP particles 
monolayer. Figure 7 shows two cases. The conditions of the deposition process are 
different in each case. In this example, two images taken with an optical microscope 
are used. The Delaunay triangulation of these two images is coloured in order to 
provide an enhancement of the deposit structure, assisting the monitoring of the 
process. 
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Assuming that the maximization of grain size is the main criterion for the 
developed process, the calculation results clearly show that process n°2 overwhelms 
process n°1 with only three grains and two main orientations. The surface ratio 
between the ordered area, and the total area analyzed is also a thorough quality index, 
as shown by the table summarizing the results of Microfixe® software analysis. 

 
 

 

Fig. 7. Analysis of two deposits with Microfixe® software 

4 Control Method at Macroscopic Scale: Macrofixe® 

Colour is a perceptual attribute created by the human brain in reaction to the stimulus 
of a certain light signal in a given context. At macroscopic scale, the grains forming 
part of the deposit have different colours due to the different orientations of the 
particle structure, which have influence on light diffraction, therefore on the visual 
appearance. In order to study the correspondence between particle structure and visual 
rendering, we can observe and analyze deposits with a RGB camera. 
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4.1 Structural Analysis by Multi-angle Optical Illumination 

The diffraction pattern of HCP deposited microspheres for a collimated light has a 
specific structure displaying symmetry. This pattern is composed of a specular 
reflection of light (zero order diffraction) surrounded, at equal distance, and 
distributed every 60 °, by six diffracted beams at the first order of diffraction. The 
figure below illustrates the diffraction at the first order of a collimated beam having a 
wavelength λ and incidence angles (θi , ϕi) on a screen positioned perpendicular to the 
propagation direction of the reflected beam (θr , ϕr). 
 
 

 

Fig. 8. Illustration of the diffraction phenomenon by HCP structure at zero and first order 
diffraction on a screen 

This angle periodicity indicates that an angular variation of incident light with 
respect to the sample of 60 ° in the xOy plane (ϕi) is enough to get diffracted towards 
a fixed point of observation on any HCP structure whatever its orientation in the xOy 
plane. On this basis, the Macrofixe® control method has been developed using only 
six illumination and/or observation positions with 10 ° relative angle variations in the 
xOy plane (ϕi) to obtain the particle structure orientation in all grains. 

The six images presented in Figure 9 are a view of the same sample captured  
from the same point of view, with six relative positions of the light source (ϕi=0, 10 °, 
20 °, 30 °, 40 °, 50 °). This sample is a 10x10 mm² silicon substrate with HCP  
silica particles of 1.1 µm diameter. The local colour of the sample is related  
to the orientation of incident light and to the particle orientation. In a given 
illumination-observation configuration, grains are coloured if they diffract light 
towards the observation point (camera), otherwise they appear black. Colour is  
thus a cartographical manner of indicating the local structure orientations of a large 
sample. 
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Fig. 9. Images of the same silicon substrate sample (10x10mm²) with a deposit of 1.1µm 
diameter silica particles for six angle positions (ϕi) of a collimated white light source 

Based on these six images, it is possible to extract a map of grains at macroscopic 
scale by image processing. 

4.2 Image Processing Methodology 

The six images in Figure 9 are first thresholded according to the method developed by 
Otsu [16] to create binary images. The percentage of white pixels of each image is 
then calculated. Figure 10 shows the dependence of the percentage of white pixels on 
six consecutive images. The amplitude between the min and max curve values is 
calculated. The greater the amplitude of the curve, the greater the observed structure 
can be considered as single crystal. In contrast, low amplitude shows that the optical 
response of the sample is relatively constant regardless of the lighting conditions. 
Therefore, the observed zone shows no particular structure and can be considered as 
scattering. Moreover, in the case where the amplitude is high enough, the image 
corresponding to the maximum of the curve indicates the main direction of diffraction 
and hence the orientation of the observed structure.  

With this approach, it is therefore possible to map the grain structure but also to 
determine the orientation of the hexagonal structure for each of them. 

 

 

Fig. 10. View of binary images from Figure 9 and evolution curve of the white pixels 
percentage according to the six consecutive images 

Image 1: 0 ° Image 2: 10 ° Image 3: 20 ° Image 4: 30 ° Image 5: 40 ° Image 6: 50 °
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In accordance with our criteria, in the case where the amplitude is in the range of 
90 % to 100 %, the observed area is formed by a single crystal (or near), the system 
can indicate a high quality of ordering. If the amplitude is between 0 % and 20 %, and 
the observed area scatters the light, the particles are not organized. If the difference is 
between 20 % and 90 %, the area cannot be characterized accurately and requires a 
more detailed analysis. Based on an analysis methodology called QuadTree [  ], each 
of the six images is then divided into four equal sectors. For each of the four areas an 
evolution curve of the white pixels number is performed. Similarly, the amplitude of 
each plotted curve is calculated to qualify characterise each division of the image. In 
the developed process, the subdivision of the image continues until a stop criterion is 
reached: ordered area, diffusing area, image size too small (only 1 pixel) etc. 

4.3 Results 

Based on the protocol described above, the Macrofixe® process is able to reconstitute 
an image of squares indicating the morphology of the grains and for each, its relative 
orientation in the plane of the hexagonal lattice. Figure 11 shows for example the 
treatment of images presented in Figures 9 and 10. The latter shows a large number of 
grains and many changes of the hexagonal lattice orientations.  
 

 

Fig. 11. Resulting image after subdivision of images from Figure 9 following the Macrofixe® 
method. Grain morphology (left) and hexagonal lattice relative orientations (right). 

5 Conclusion and Perspectives 

The recent advances made by CEA LITEN in the field of image processing and vision 
for the control and qualification of hexagonal-close-packed assembly of spherical 
microparticles have been presented. These control methods, called Microfixe® and 
Macrofixe®, are able to give significant information respectively at microscopic and 

Relative orientations
of hexagonal lattice
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macroscopic scales. From SEM or optical microscope images, using Delaunay 
triangulation, parameters such as surface ratio, number of grains, number of 
orientations and values of orientation can be extracted. From images taken by camera 
and thresholded to obtain binary images, the morphology of the grains at the 
macroscopic scale can be mapped. Useful information (mapping and orientation of 
the grains) is obtained first by processing six images of a sample illuminated under 
six different incidence angles separated by 10° in the plane xOy. For each image, the 
percentage of white pixels is calculated and then compared. Depending on the 
differences obtained, it is possible to determine whether the observed zone is properly 
structured, diffusing or not determined. In the case where it is not determined, the six 
original images are divided into four (for example). The divided parts of the image are 
then analyzed using the same protocol: calculation of the white pixels percentages, or 
subdivision if the gap does not allow a definition of the quality of organization. Step 
by step, an artificial image of the particle deposit is constituted, giving precise 
information on the morphology of the grains and their orientations. 

Microfixe® and Macrofixe® control methods are key points in order to provide an 
accurate control and enhancement of the deposit structure, providing assistance in the 
monitoring of the process for rigorous developments in the area of self-assembled 
materials. Future work will be aimed at developing a real time macroscopic analysis, 
in order to implement this control method system in an industrial equipment of 
particles deposition. 
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Abstract. Due to constant globalisation new trends on the market are coming 
up. One of the trends is the customisation of products for the customer and 
shorter product life cycles. To overcome the trends industries identified as key 
element self-reconfigurable production systems. A change to a running system 
means loss of time, money and manpower. A reconfigurable production system 
can automatically adapt to changes in terms of changing a machine or a prod-
uct. The methodology behind is adapted from the office world and is called 
plug and produce. However, a production system has different requirements 
which need to be met. Due to a lack of homogeneity of industrial controllers in 
terms of communication and reconfigurability, as well as the interaction with 
the end user, the multi-agent technology was identified as a superior communi-
cator. We present a new multilayered multi-agent architecture where the neces-
sary agent types are introduced to fulfil the requirements for plug and produce. 
One scenario is shown where the architecture is employed to enable plug and 
produce capabilities and allow the system to adapt itself.  

Keywords: Plug and Produce, Multi Agent System, Self*, Robotic Systems. 

1 Introduction 

Throughout the globalisation, European markets are becoming more dynamic and ap-
plying new trends in industries. Therefore, vendors must now deal with more compet-
itors than before. The available products will increase, which in turn will reduce the 
product life cycles. One way to remain competitive is to supply product variants in-
stead of new technologies, because of the high development costs and time constrains 
to offer a new product. Another trend to push the selling of products is the customisa-
tion of products which is well known from the auto mobile industry. The customer 
can first choose from a catalogue his favourite equipment and then assemble a perso-
nalised car.  

The main challenge for European SMEs (small and medium enterprises) is to re-
spond quickly to market changes. A new manufacturing system must cope with it by 
adjusting and reconfiguring itself with minimum human intervention. New manufac-
turing processes should be introduced easily to the production line with a minimised 
downtime. The production should adapt in layout and configuration to different types 
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of products. After a machine failure the production line should recover quickly either 
by replacing devices or by redirecting the workflow and spreading the tasks to differ-
ent machines.  

The described production issues can be addressed by using a technique called plug 
and produce [1-3] (otherwise known as plug and work [4-6] or plug and operate [7-
9]). The concept enables to plug and unplug a device (like a robot, machine, sensor 
etc.) with less effort in terms of reconfiguration, reprogramming and communication 
linking. The concept is adapted from plug and play from the office world. In the  
literature there are a few approaches showing that plug and play cannot easily be con-
verted to plug and produce. In a manufacturing system one needs to deal with com-
plex machines, which are not standardised and often have mechanical interference or 
share the same workspace. That increases the complexity of adding. The range of ca-
pabilities are too different, a component can be simple like a sensor or complex as a 
robot. On top of this the plug and produce concept must still provide real time beha-
viour for the system and fulfil bus system timing and bandwidth requirement. Also an 
important condition for the industrial-level is robustness and the health and safety 
regulations which must match the company’s policy [10].  

In the literature review different approaches of how and why researchers have in-
vestigated plug and produce can be found. One motivation is to reduce the integration 
effort when a production layout has changed [11]. A method is developed to standar-
dise software components and machines. Important data about machines are stored in 
a database to automatically plan if a new machine layout is required. While in [12] the 
integration time is reduced with a method to automatically calibrate robots and allo-
cate workspace based on the task when a new tool is installed. Another approach  
involves changing the machines of a production line e.g. parts of robots. In [13] a ro-
botic system is proposed to build and program from parts out of a CAD catalogue 
which includes the functionalities and limits. The drawback of this approach is the 
dependency on specialised hardware to realise the integration and information about 
the parts which can be difficult to get from different vendors.  

Another approach is to minimise the integration effort by introducing a control ar-
chitecture that contains commands for machine parts, like manipulator etc. [14]. If a 
part is plugged in commands are shown to the operator to make the programming less 
complex for less trained persons. In [15] a concept to store configurations and func-
tions in EDDL (electronic device description language) is presented. The system 
needs to be configured only once and it can be reused from the central data manage-
ment. However, these approaches lack of a dynamic adaptation to a changing envi-
ronment and complex demonstration scenarios. 

In [1] the procedure of plug and produce is presented and used in combination with 
autonomous and cooperative systems, called holons or agents. The system is located 
in the computer network and checks the condition of the machines frequently. This al-
lows a high level management of the assembly machines and an experiment shows 
that a replacement of a machine can be realised in a shorter time. In [16] the experi-
ments and products to assemble are extended. The automatic calibration of the robotic 
system is included and controlled by the agent system.  
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The interested reader is directed to [17, 18] for a general introduction to multi-
agent systems (MAS). 

An extension to the management of plug and produce by the agents is described in 
[19], where an agent-based control system with diagnostic possibilities is presented. 
Based on Hidden Markov Models the authors introduce several layers for diagnostic 
of the system. Whereas a lower layer monitors the control hardware, a higher level 
does diagnostics and classifies types of failure. This system is able to collect and 
detect failures more often. Based on this, further work could include automatic failure 
recover and decision-making support for the user. 

As we have seen, there is a need for customised products and a quickly response to 
changes on the market. The literature review identified plug and produce as a key 
element [1] to integrate new devices in order to configure machines with minimum 
reconfiguration effort. In combination with multi-agent technology properties like au-
tonomy, openness and communication features, this will extend the plug and produce 
concept to deal with workflow changes and automatic task assignment [2].   

There is no architecture available to enable plug and produce capabilities with 
standard technology. To provide a basis for the complex structures and communica-
tion of the reconfigurable production system, we propose a multi layered multi-agent 
architecture for plug and produce. This architecture will extend an existing setup to 
provide self-reconfiguring capabilities. We will show the benefits of this contribution 
by implementing the architecture on a real industrial demonstrator. 

2 The Multi-Agent Architecture 

This section introduces the production environment in which agents will be deployed. 
Agents are defined and specified as part of the architectural design. The plug and pro-
duce system is designed as a multilayered multi-agent system, where each layer is 
represented as a graph of agents [20] [21]. The benefits of a layered multi-agent archi-
tecture are visible, for example, in resource bounded agents with a clear methodology 
and a modular structure [22].  

In Figure 1 a generic production system which is able to produce a final product is 
shown. The architecture is an extension to the traditional system. The parts in grey in-
dicate necessary additions to host the agent system in order to enable plug and pro-
duce capabilities. Attached to each controller is a machine. The order of machines is 
given by the product. In case of changing the production system layout the PLC and 
the machine will be moved together. 

 
The architecture in Figure 1 is based on the three layers of a traditional production 

system:  
 

1. HMI Layer: this layer interacts with the end user by receiving input from the 
operator and delivering information to the agents. The goal of this interaction is 
to control and supervise the production system. 
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2. Control Layer: this layer controls the production system by monitoring the 
production process through sensors and by commanding the execution of actions 
through actuators. 

3. Production System Layer: this layer contains the production system where 
machines and the material handling devices operate to produce the desired 
product 

 
In the following, the agent types are described. The Component Agent (CA) can be 

deployed either on a PLC or on a small processing unit which will then be connected 
to the PLC (both shown in Figure 1). The latter enables the use of legacy systems. 
The Plug and Produce Management Agent (P&PA) manage the plug and produce 
activities by monitoring the component agents and interfacing with the HMI. These 
agents are dormant during the operation of a production system, yet aware of compo-
nent agents plugged in. However, they become active whenever a plug and produce 
activity is initiated. Once a module is plugged in and detected by the P&PA, the con-
figuration for this device will be uploaded from the database (DB) to the relevant con-
troller.  
 

 

Fig. 1. Generic production system without and with the agent system 

Afterwards the Monitoring, Data Analysis and Optimisation Agent (MDA&OA) 
become active to police the system. Additionally, they are used to monitor perfor-
mance indicators and perform data analysis for process optimisation. Monitoring in-
formation can be displayed on the HMI to be used directly by the operator or written 
to a database to perform an analysis separately. 

The management of the machines is done by the agents through the existing com-
munication link. The process control activities are left to the control layer to avoid 
collisions with machines. If the agent system fails plug and produce capabilities are 
disabled but the production system continues to operate. This level of robustness is 
necessary for industrial implementation because of the reduced risk of stopping the 
production which normally is connected to high costs.  
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3 Implementation 

In order to demonstrate our idea we use a real industrial production cell from Feintool 
Automation, shown in Figure 2, which is suitable to address all our research ques-
tions. This type of cell is used, for example, in some European factories to assemble 
photovoltaic panels. The production cell contains two robots, tool changing equip-
ment (not displayed in the figure) and a testing station with an adaptable hexapod. At 
the bottom there are eight boxes with industrial used PLCs inside, one for each work-
space. A shuttle system is serving all workstations. 

 

Fig. 2. Testbed for plug and produce  

Figure 3 is the top view of Figure 2 after setting up. 

 

Fig. 3. Demonstrator setup for plug and produce 
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We are currently working on the following use case to demonstrate plug and produce 
and self-reconfiguration.  

For this scenario the robots need to have both access to the same tool changing 
rack to be able to assemble the full product.  

Firstly, robot 1 is deactivated. Robot 2 assembles and tests the product and is moni-
tored by the MDA&O agent type. Performance data is displayed on the HMI. The op-
erator decides to plug in robot 1 to produce in time. As soon as robot 1 is plugged in, 
the P&PA detects a new machine and loads the corresponding configuration from the 
DB. After integration the responsible agents become dormant again. The MDA&O 
agents are notified about the changes and execute the optimisation algorithm. When a 
better configuration is found the operator is asked to confirm the change on the HMI. 
On this demonstrator the configuration of the shuttle system will be modified to serve 
robot 1. Also, depending on the robot capabilities (e.g. speed, energy consumption, 
precision) both robots will share assembly tasks in order to achieve the best result.  

In Figure 4 is an example of assembly of three items of a product. The assembly 
consists of three steps (1,2,3) which can be performed by either robot. The parts are 
carried on a pallet which can be moved by the robots. In the figure one robot is la-
belled as A, the other is marked as B. A2 stands for the second assembly step by the 
first robot. The parts and the final products are transported by a shuttle system indi-
cated by the letter ‘S’. A testing procedure is carried out at the end of each assembly 
and labelled by the letter ‘T’. It is assumed, for the sake of simplicity of the drawing, 
that all tasks take the same amount of time. 

As you can see in the table at the top of Figure 4 the shuttle needs to go two steps 
towards robot A which is in this case located after robot B. After the three assembly 
steps are performed by robot A, the product is tested and transported away by the 
transport system. Then the next shuttle with product parts comes to start again the 
process for the next product. 
  

 
Product n S S A1 A2 A3 T S
Product n +1 S S A1 A2 A3 T S
Product n +1 S S A1 A2 A3 T S  

 
Product n S B1 S A2 A3 T S
Product n +1 S B1 S A2 A3 T S
Product n +1 S B1 S A2 A3 T S  

Fig. 4. Task sequence diagram to produce three of the same products 

The table at the bottom of Figure 4 visualises the task sequence for two robots. Now 
the shuttle goes first to robot B in order to perform the first assembly step. The way 
and number of steps from the shuttle does not change so the shuttle goes to robot A to 
finish the product. Once the robot A takes the pallet from the shuttle, the pallet is emp-
ty and ready to serve robot B in order to work in parallel. With three products and the 
given setup this would bring a saving of 62 % of time compared to the former case. 

n 
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4 Conclusions 

One way to reduce the effort of reconfiguration tasks is to implement self* techniques 
for machines [23], e.g. to be self-aware of the machine status or self-organise the or-
der of jobs. One technology identified by the literature is the multi-agent system 
where multiple agents communicate to reach an agreement that satisfies their individ-
ual  goals [17, 24]. The reasons why multi-agent technology is not fully accepted in 
manufacturing are listed in [2]. Our work will focus on the main barriers for an indus-
trial take-up of multi-agent systems to implement plug and produce. In various Euro-
pean projects (e.g. EUPASS, IDEAS) the hardware was modified in order to host the 
agent system. We use standard technology to host the agent system. This allows the 
operator to get support by the vendor and the availability is secured in opposition to 
modified controller. Another barrier we focus on is the integration of legacy systems, 
with the objective of avoiding high investments to replace hardware. The architecture 
will be deployed on existing hardware or little processing units which host the agents 
and work as a middleman.  

Another barrier for industry is the potential unpredictability of actions performed 
by self-interested agents to reach their goal. Our contribution is an extension to the 
traditional production control, in the sense that if the agent system fails the plug and 
produce capabilities will stop but the production system will continue to operate. Such 
a fault-tolerant system will be supported by our architecture by separating the produc-
tion line into layers. This behaviour will reduce the risk for industries to have the 
whole production stopped because of a failure.  

We will extend the architecture and validate it on the testbed with different use 
case scenarios. Furthermore, we will develop a generic methodology for plug and 
produce to enable the self-reconfiguration of the system.  
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1 Introduction 

The production environment in Europe is characterized by a number of different chal-
lenges. Production volumes are hardly predictable due to the turbulent market [1]. 
Product life cycles become increasingly shorter [2]. Customers demand more individ-
ual and customized products, which leads to increasingly diversified product pallets 
[3]. The occurrence of changes on product and process, even for running productions, 
increases continuously [4]. At the same time the field of tension between assurance of 
quality, reduction of lead times and reduction of cost remains present [5].  

The trend of miniaturization with the concurrent trend of integration of functions is 
a central topic in the product development in different fields of application [6], like 
optics, electronics, medical technology, bio technology, information technology and 
aeronautical technology. With ongoing miniaturization many companies face chal-
lenges of precision and ultra-precision assembly technology. Therewith increases the 
cost and complexity of the required process equipment and the demands to skilled 
personnel [7]. 

The development of the markets in micro system technology shows that many new 
and innovative developments in the field of hybrid microsystems cannot achieve a 
satisfactory success [8]. This can be attributed to the high complexity of micro-
technical products and processes, a lack of interdisciplinary knowledge in process 
development, limited flexibility of the applied manufacturing and assembly systems 
and the high investment risk due to uncertain forecasts of growth [9]. From the eco-
nomic point of view, often only mass production is reasonable [9]. 

Modular micro assembly systems are often regarded as suitable link between the 
requirements of the market environment and the current state of development in micro 
production technology [10-12]. Approaches such as the Agile Assembly Architecture 
[11], Evolvable Assembly Systems [10] or the Reconfigurable Micro Assembly  
System [12] are parts of ongoing research and have been partly transferred to com-
mercial products.  

Modular production systems are characterized by standardized components and de-
fined interfaces [13]. Single modules can be exchanged rapidly and re-installed in 
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other systems. This provides many advantages over the whole product life cycle. In 
the field of micro production these effects are increased, due to the increased invest-
ment cost and higher complexity of the production equipment.  

However, the market share of modular machines does not match the predictions 
[14]. This can be mainly attributed to the fact that the initial investment into a mod-
ular machine is significantly higher than into a special purpose machine. Repetition 
effects by re-use of equipment in form of process modules are necessary to make 
modular machines more attractive. 

The authors of this paper suggest an open interface which allows the integration of 
process equipment of different providers into machinery of different providers. This 
would significantly improve the possibility to continuously adapt assembly machines. 
Particularly companies with broad product ranges could potentially benefit strongly.  

Based on this open interface a common platform for the exchange of process mod-
ules is suggested [15]. By a certification step, the compatibility of the offered process 
modules and platforms is ensured. Providers and users of modular production equip-
ment can then offer and exchange their equipment. This way the application of one 
process module is not bound to one platform, but can be transferred across different 
platforms of different providers. This would have a strong effect on the availability of 
process equipment.  

To support the development and set-up of process modules, a construction kit is 
proposed. Within this paper, the basic concept of a construction kit for process mod-
ules is described. Furthermore examples of configurations of process modules based 
on the construction kit are presented.   

2 Qualitative and Quantitative Analysis 

The approach of modular micro assembly machines has been compared to state-of-
the-art micro assembly machinery in previous work. For qualitative analysis a 
SWOT1 analysis was presented and for quantitative analysis a net present value anal-
ysis was performed. [15] 

The quantitative analysis showed potential for risk management by the application 
of a modular system. If for example the production volumes deviate from the predic-
tions, the modular approach allows adapting to these changes.  

The qualitative analysis revealed many opportunities such as simultaneous engi-
neering, standardized modules which can be used already during process development 
and reuse of production equipment. However, the analysis also revealed several 
threats, like decrease of process stability and product quality which might be caused 
by the changes of the assembly system. The largest threat, however, was that process 
modules might not be available as required. As an approach to improve this situation, 
the concept of a process module construction kit is presented here. 

                                                           
1 SWOT – Strength, Weaknesses, Opportunities, Threats. 
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3 Concept of a Process Module Construction Kit 

3.1 Complex Interface 

Also proposed within previous work, was the ‘Complex Interface’ [15]. It consists of 
three concepts: The ‘mechanical interface’, the ‘supply interface’ and the ‘control 
interface’.  

The ‘mechanical interface’ comprises the definition of a generic, blank module. 
Spaces for process, feeding and control equipment as well as working spaces are de-
fined. Within the ‘supply interface’ a supply connector is defined which includes 
supply of compressed air and electricity as well as connection to Ethernet and field 
bus. The ‘control interface’ defines the interface and function blocks for control inte-
gration. The overall complex interface definition is a prerequisite for cross-platform 
integration. It allows machine constructors to provide a compliant interface to a com-
mon process module specification. Furthermore, it allows third parties to develop and 
to build process modules for different machines providing the complex interface. 

3.2 Process Module Construction Kit 

The effort required to develop and to set up process modules could be potentially 
reduced by a construction kit. A concept for such a construction kit has been designed 
and is presented here. The design process is depicted in Fig. 1 and Fig. 2.  

It is assumed the requirements and boundary conditions have been determined and 
the process equipment has been chosen as the pre-condition for application of the 
construction kit (1). Process equipment is here referred to as e.g. a dispenser or a 
gripper.  

Within the next step it is checked if the chosen process equipment can be inte-
grated to a process module according to the specifications (2). This comprises the 
mechanical specifications and interfaces, the supply of the process module and an 
integration of the control system. Many process module systems work with different 
pitches, making the choice of an applicable process module necessary (3). 

If the result of the check against the specification is positive, the process module 
can be designed. It is the aim to provide as many pre-defined elements as possible 
with known properties to ease the design process. These ‘reference solutions’ (4) 
comprise components required to build up the process module, such as axis systems 
with different kinematics (xy-tables, xyz-systems, 6-axis-kinematics, …), pre-defined 
portal elements, sensors and calibration equipment (TCP-measuring units, vision sys-
tems, …), feeding equipment (waffle pack feeder, vibrational feeder) and supportive 
equipment (cleaning devices, trays). With this equipment a process module, based on 
reference solutions can be designed (5).  
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Fig. 1. Process module construction kit based on reference solution 

To support the design and the set-up process a mechatronic tool interface is pro-
vided (6). It allows instant integration of process equipment, like e.g. a gripper, a 
dispenser or a camera system. While the complex interface provides interfacing be-
tween process module and machine, the mechatronic tool interface provides a stan-
dard interface between equipment on the process module itself. The interface is also 
comprehensive and provides a mechanical, supply and control interface. However, the 
specifications necessary for a tool interface differ from those of a module interface. 
The applied interface could be based for example on an ISO 29262 tool exchange 
interface [16]. An adaption to feed through field bus, Ethernet and media is addition-
ally required. 

 

 

Fig. 2. Process modules based on reference solution 

Once the process module with adapted tool is designed (7), control and auxiliary 
equipment are required. Reference solutions for control and auxiliary equipment are 
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also provided (8). This comprises reference control programs, reference electrical and 
pneumatic circuitry, axis controllers, power supplies and safety technology. 

The next step is the completion of the process module (9). This includes the design, 
manufacturing and set-up of the parts which are not covered in the construction kit. 
Furthermore testing is necessary before commissioning. Although the elements of the 
kit are depicted in a linear way in Fig 1 and Fig 2, re-iterations during the design 
phase are possible and part of the concept. 

4 Sample Configurations of Process Modules 

Different sample configurations of process modules have been realized as CAD mod-
els. One of these configurations is shown in Fig. 3. Based on the third module variant,  
a xyz-positioning system was applied. Additionally control, pneumatic and electric 
circuitry solutions are provided from the construction kit.  
 

 

Fig. 3. Sample configuration of a process module 

Regarding the adaption of tools, three different configurations are depicted in Fig 4. 
The adaption of a vision system together with a precision vacuum gripper is shown in 
Fig 4a. This could be applied for a pick and place process. Fig 4b shows the same 
gripper combined with an extendible time-pressure dispensing unit. The combination 
could be used for a precision assembly operation using an adhesive. Fig 4c shows the 
dispenser in conjunction with the camera. This could be applied for a dispensing 
process supported by machine vision.  

Although the number of elements in the construction kit is still very limited, many 
different reasonable combinations turned out to be possible. Still in the state of a 
model, first experience promises significant reduction of effort for the design of a 
process module. 
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Fig. 4. Sample configurations of process modules based on the process module construction kit 

5 Conclusions and Outlook 

A concept for a construction kit for process modules is presented in this paper. The 
principle and the basic elements were described. Aim is to reduce the effort for design 
and set-up of process modules. The approach is to provide as many pre-defined ele-
ments as possible and to provide standard interfaces. However, it turned out that room 
for individual adaptions needs to be foreseen, as different applications have different 
requirements and that a one-fits-all solution is hardly achievable. Therefore the con-
struction kit provides a pool of elements, which the developer can choose from and 
still provides room for individual design towards the specific requirements of the 
application. 

To test the construction kit, a number of reference solutions were modeled. Based 
on these elements a number of different process modules were realized in CAD. The 
effort during modeling was significantly reduced by access to the pre-defined ele-
ments. However, the effect was not compared to commercially available solutions yet.   

A prototype of a process module based on the construction kit will now be realized 
to evaluate the concept. The results will be used to re-iterate and optimize the concept 
and the included elements. An extension towards adaption of already existing solu-
tions to new requirements will be included. The framework will furthermore be ex-
tended by supportive software tools for the construction kit and the specification mi-
cro assembly tasks.  
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Abstract. In micro production high lot sizes, which are required for cost-
effectiveness, are often not achieved, e.g. due to a high number of product  
variants or limited demand. Therefore new approaches for production like 
changeable manufacturing systems are demanded. In this paper a concept for a 
modular workpiece carrier system including a platform for sensors and actors is 
presented. The modular design allows the easy adaption of the manufacturing 
system to new products by the workpiece carrier system in terms of hardware 
and even the integration of additional process functionality. 

Keywords: changeability, micro production, precision assembly, workpiece 
carrier. 

1 Introduction 

While product life cycles get shorter, production volumes vary and the number of 
product variants increases [1]. In some branches, especially the manufacturing of 
hybrid micro systems like sensors and other electro mechanical devices, nowadays 
often only low to medium lot sizes are reached, due to limited demand. As the con-
ventional automated production with special purpose machines requires high lot sizes 
to be profitable, new approaches for efficient production are required [2]. Another 
aspect beside the lot sizes is the limited capability of manufacturing systems regard-
ing additional functionality. For example, the integration of additional actors and 
sensors requires a large effort in terms of time and money, especially for the control 
adaption of the often closed systems, and causes related downtimes. 

To cope with the changing requirements that the market imposes, increasingly 
changeable systems are required [3]. Further functionality is often provided by addi-
tional processes in the form of process modules. However, an increase of changeabili-
ty can also be achieved by other system components. Generally, by improving system 
properties (changeability enablers) towards modularity, compatibility, mobility, un-
iversality and scalability, the changeability of the overall system is improved [3]. This 
applies to all levels of the factory, including the components level. One component, 
which is strongly linked to both the product and the production system, is the work-
piece carrier. An increase of changeability of the workpiece carrier would improve  
the overall system changeability and offer a further possibility to adapt to product  
and process requirements. Furthermore, process functionality could be added to the 
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workpiece carrier, which could enable further possibilities of system evolution on 
many levels. 

2 Related Work 

To increase changeability and enhance process functionality on component level by 
workpiece carriers, corresponding systems have been developed. For example, to 
manufacture 3D-MID devices in conventional PCB manufacturing lines a multi axis 
workpiece carrier has been developed [4]. For applications in milling machines an 
automated, reconfigurable fixture has been developed, which allows automated fix-
ture planning and automated fixture configuration. It is equipped with sensors for 
control. Exchangeable jaws enable the reconfiguration [5]. To suppress self-induced 
vibrations during cutting on machine tools and thus increase surface quality and re-
duce shape deviations, active workpiece carriers with mostly piezoelectric actuators 
are a current research topic [6, 7]. Due to the purpose of workpiece carriers, it is a 
wide-ranging topic with systems often adapted to very special purposes. 

3 Modular Workpiece Carrier System 

In this paper a concept of a workpiece carrier system designed for the application in 
micro production processes is presented. There is a focus on micro assembly, and 
therefrom requirements are derived. Micro assembly systems and micro assembly 
tasks are distinguished by some typical boundary conditions compared to convention-
al macro assembly. To determine these boundary conditions, a survey targeting mi-
crosystem manufacturers in Germany has been performed [8].  

The most obvious difference between micro and macro is the size of micro-
technical products. 87% of microtechnical devices fit into a volume of 100 x 100 x 
100 mm³, while 30% are even smaller than 10 x 10 x 10 mm³ [8]. Small structures 
and functional elements demand positioning accuracies between 5 - 25 microns or 
even higher during assembly [8]. This imposes high requirements on the overall as-
sembly system, like stiffness and precision, and the positioning technique itself. Fur-
thermore, increased demands on cleanliness and defined, constant temperatures have 
to be regarded. Another characteristic is the high number of product variants. 75% of 
microtechnical products have up to ten or more variants [8]. 

The tracking of quality relevant parameters gains increasing importance. This ap-
plies particularly to many medical products, but the tracking requirements also exist 
in other industries (automotive, aerospace, etc.). Furthermore for high quality prod-
ucts, the data obtained by extensive tracking and tracing can be used for production 
optimization. 

To comply with these requirements and increase the changeability and process 
functionality as described above, the concept of the workpiece carrier system is mod-
ularly designed to allow the adaption of the workpiece carrier by the easy exchange of 
functional elements like sensors and actors, so called smartFeatures. It consists of a 
modular electronic platform which is matched with a modular mechanical design. 
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This allows a broad range of applications in micro production, nevertheless by  
the scalability of the system and operating distances even large scale systems are 
possible. 

3.1 Modular Electronic Platform 

The main items of the modular electronic platform are sketched in figure 1 below. 
The central component is a control unit, which is integrated into the mobile workpiece 
carrier. It allows data acquisition, processing and output of the connected sensors and 
actors. The communication within the workpiece carrier is done wireless if beneficial 
or tethered. The communication to the superior system, e. g. the machine control, is 
done wireless via a machine coupler, which is equipped with machine adapted control 
interfaces. 

Workpiece Carrier

Control Unit

smartCommu-
nication

smartSensor n
…

smartSensor 1

smartActor n
…

smartActor 1

wireless

tethered

Machine
Coupler

Superordinate 
System

smartEnergy
supply and

transfer
smartData

 

Fig. 1. Modular electronic platform 

For energy supply a battery system and an energy transfer system with capability 
of wireless power is provided. Beside the control unit and machine coupler the further 
components are designed as modular. Thus it is possible to adapt the system to the 
requirements and conditions of the particular use case. For instance energy-saving 
smartFeatures combined with a high-capacity energy supply can be used for long-
term applications with reduced processing power requirements. The smartSensors are 
capable of data acquisition and preprocessing to, for instance, reduce data volume 
within the electronic platform or increase accuracy by preprocessing close to the sen-
sor to avoid signal interferences. Different types are drafted: one type with capability 
of high frequency applications, one low power type and one type designed for high 
accuracy. 
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3.2 Modular Mechanical Design 

The associated mechanical design of the workpiece carrier system is consistently 
modularly designed, see figure 2 below. The central element of the mechanical design 
is a workpiece carrier with frame architecture, see top element in the figure above. To 
facilitate the dissemination of the system, the outer dimensions and the outer mechan-
ical interfaces refer to the standard DIN 32561. This standard describes dimensions 
and tolerances of a tray in the field of production equipment for microsystems. The 
mandatory elements of the electronic platform, control unit, communication as well as 
energy supply and transfer, are placed into the frame. Thus an encapsulation of the 
electronic components in rough environments like ultra-precision machining is en-
sured. The aperture within that frame architecture can now be individually designed 
with modules, considering the mechanical and electronic interfaces to the workpiece 
carrier and is matched to the size of 100 x 100 mm², which most microtechnical de-
vices fit into, pursuant to [8]. For the integration of multiple modules distribution 
modules can be applied. 

 

 

Fig. 2. Mechanical design of the workpiece carrier system 

By flexible control interfaces of the machine coupler and even simple ones, like 
digital inputs and outputs, the system can be integrated into almost every machine 
with minor effort. The setup and programming of the workpiece carrier can take place 
outside the machines in specially designed set-up stations if required. Due to the 
compact design with low height and different sizes the mechanical integration is feas-
ible in many, even limited, working spaces. 

To give an illustrative draft of a workpiece carrier system, one example adapted for 
precision machining is sketched in the figures below. 

Here modules with motor-driven clamping are inserted into the workpiece carrier. 
Additionally there is a module with inertial measurement unit and temperature sensor. 
It allows the measurement of the environmental temperature close to the workpiece 
and the detection of shocks during the manufacturing of sensitive parts. In the event 
of varying workpieces, for example, the clamping module can be easily changed 
without modification of the machine tool. 
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Clamping Module 

 
Workpiece carrier for precision machining 

 
IMU + Temperature module 

Fig. 3. Components of workpiece carrier for precision machining 

4 Discussion 

Compared to other work in the field of workpiece carriers in this paper a concept for a 
flexible and modular system, adapted to the requirements in micro assembly and re-
lated micro production processes requiring high precision is presented.  

Beyond conventional passive workpiece carriers the modular electronic platform 
enables the integration of process and monitoring functionality. Its own energy supply 
allows, combined with the wireless data transfer capability, the continuous track and 
trace in production of quality and safety related devices. Due to the energy supply 
also the acquisition of measurement data or the control of actors is possible, even 
outside machines during transport or storage. 

The modular design enables the precise adaption to the product and processes 
without dissipation of resources by overdesigned or unutilized features of the work-
piece carrier. The standardization of the modules and their interfaces simplifies the 
adaption and makes reusability of modules possible. 

The next tasks will be the implementation of the single elements of the modular 
electronic platform and the modular mechanical design as well as the merging to 
workpiece carrier systems. These systems will be technically and economically vali-
dated in several industrial use cases in micro assembly, ultra-precision machining and 
precision measurement. 
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been sponsored by the German Federal Ministry of Education and Research (BMBF) 
in the funding program “Spitzencluster MicroTEC Südwest” and is administered by 
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Abstract. Manufacturing is getting more competitive with time due to 
continuously increasing global competition. Late market introduction decreases 
the economic lifecycle of products and reduces return on investments. 
Reconfigurable Manufacturing Systems (RMS) reduce the time to market 
because the process of equipment configuration is less time consuming than 
engineering it from scratch. This paper presents a scientific framework, to be 
applied as an engineering design tool, that is capable of improving the relation 
between product design and the reconfiguration process of RMS. Not only does 
it support a cross-domain adjustment and information exchange between 
product developers and manufacturing engineers, it also adds risk analysis for 
conscious risk taking in a cyclic development process. The method was applied 
on an industrial case; concurrent design and manufacturing of an 
environmentally friendly circuit board for wireless sensors. The method may be 
considered successful. It will lead to better system architecture of product and 
production systems at a more competitive cost. Feedback on the development 
process comes available in the early development stage when the product 
design is not rooted yet and two-way optimisations are still possible. 

Keywords: Reconfigurable Manufacturing System, RMS, Risk modelling, 
FMEA, Qualitative Analysis, Concurrent Engineering, Agile Manufacturing, 
Production, Equiplets, Micro, Hybrid, Microsystem. 

1 Introduction 

Increased global competition in manufacturing technology puts pressure on lead times 
for product design and production engineering. Quickly eroding markets, like markets 
for high-tech systems and micro-technology, especially require tight scheduling of 
system development; ‘being first’ leads to an extended economic lifecycle, better 
market penetration and higher added value for products, together leading to 
progressively higher return on investments [1]. By the application of effective 
methods for systems engineering (engineering design), product design and production 
development can be executed in parallel instead of sequentially. Modular equipment 
is currently under developed to not only meet the manufacturing demand of single 
products but to address product groups [2, 3]. Instead of developing dedicated 
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manufacturing systems for specific needs, Reconfigurable Manufacturing Systems 
(RMS) reuse modular parts of existing production equipment as building blocks for 
new manufacturing systems [4, 5]. 

Reconfiguration of RMS needs to be planned ahead. New systems can rarely be 
realised without any engineering efforts. Typically 80-90% of a RMS can be 
assembled from existing modular parts [6], the rest of the modules needs to be 
specifically developed. The quality of the new modules is a key indicator. 
Questionable quality of these modules, caused by hasty engineering efforts, leads to 
unreliable performance when production is ramped up. 

This paper presents a scientific framework, to be applied as a systems engineering 
tool, that consciously enables a periodic ‘Zigzagging’ motion between product design 
and manufacturing engineering. It increases mutual understanding and the 
effectiveness of negotiation between product- and equipment-engineers. The method 
is based on the definition of ‘Domains’ as defined by the ‘Axiomatic Design’ 
technique developed by MIT [7, 8]. 

2 Integral System Engineering in Product Design and Design of 
Reconfigurable Manufacturing Systems (RMS) 

Decomposition of a product- or equipment-design and their definition at sub-levels 
are not performed in a single complex development effort. Instead, progression is 
made in successive development cycles. Moments of evaluation, to inventory residing 
risks in the system, are an essential part of the design loop. This was described for 
RMS in recent work by a graphical representation of a general development cycle as 
shown in figure 1 [9]. 

System 
Development

(in Functional, 
Physical or

Process Domain)

Classify Residing 
Risks

Proof of 
Principle

Design 
Freeze

Targets
Met?

Proposed
Improvement(s)

No

Yes

Development
Cycle(s)

 

Fig. 1. General Product/Process Development Cycle. The development cycle can be used for 
the functional, product and/or the process domains. 

The product/process development cycle describes a ‘Development stage’, consisting 
of functional decomposition and analysis at sub-levels, followed by a classification of 
residing risks. Depending on the outcome of the classification process a corrective 
action to improve the system is determined and executed. Basically all known design 
methodologies that have been developed in the past can be used in the development 
cycle e.g.; proven tools for system development are: QFD, morphological matrices, 
Pugh matrices. SADT/IDEF0 are typically applied for sequential processes like 
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manufacturing. The classification of residing risks in the system can be done with 
Failure Mode Effect Analysis (FMEA) or Qualitative Analysis (QA). Suitable 
applications of the design loop have been described in [6, 9 & 10]. The method has 
proven to be of good use to the various system design processes but it has problems 
addressing the different domains concurrently. The method of Axiomatic Design is used 
to expand the development cycle to enable this. 

The Axiomatic Design theory describes the domains and how to connect them. 
Typically the domains applied are; the functional domain, the physical domain and 
the process domain. The domains are related as shown in figure 2. 

Process
Domain

(Equipment)

Physical
Domain

(Products)

Functional
Domain

(Specifications) Product
Design

Equipment
Design

 

Fig. 2. Relational mapping of the domains. Specifications in the functional domain are brought into 
relation to design parameters of a product in the physical domain by the product design process. 
The design parameters are related to the process domain by the equipment design process. 

At the start of a project, the functional requirements are decomposed in levels, thus 
dividing the project into smaller parts that can be better understood. The 
decomposition simultaneously takes place for the other domains to fortify the 
concurrent character of the development process. This process is called zigzagging 
[8]. Figure 3 shows the process of zigzagging in the relational map of figure 2. 
Zigzagging aims for a cross-domain harmonisation of the requirements, product 
design and equipment. The amount of remaining work is broken down and equally 
optimised over the domains. For the remaining project risks, a conformable 
breakdown should be obtained. 
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Fig. 3. While zigzagging, a hierarchical descent is made in the design process for as well 
specification, product design and production means. It leads to simultaneous decomposition of all 
domains. 

However, relations between the domains should be modelled by an appropriate 
method of system engineering. In practice, as explained above, these methods are 
dependent on the domains and therefore not the same for product and equipment 
design. Due to this incompatibility, the process of zigzagging is not automatically 
congruent with the cyclic development procedure. The development cycle is not able 
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to address all domains at the same time. Different cycles should be adjusted in some 
way to align the concurrent procedures and synchronise design processes in 
simultaneous development cycles. Since decomposition, definition at sub-levels, and 
risk analysis are performed in a different manner, the monitoring stage ‘targets met’, 
basically a Boolean indicator, will be the most suitable stage to compare the 
remaining project risks. The risk classification outcome typically is a measure that can 
be prioritised. This enables comparison with different risk-analysis-techniques, such 
as FMEA or QA. So for an improved development cycle, that is capable to support 
more than a single domain, the outcome of the risk classification stage is compared 
across the domains. This was implemented as shown in figure 4. The improved ‘Multi 
Domain Development Cycle’ was applied on an industrial case for testing. 

Process
Domain

(Equipment)

Cross Domain 
Coordination

Proof of 
Principle

Design 
Freeze

Targets
Met?

Improve System

No

Yes

Development
Cycle(s)

Physical
Domain

(Products)

Functional
Domain

(Specifications)

Classify 
Residing Risks

Classify 
Residing Risks

Product
Design

Equipment
Design

 
Fig. 4. Multi Domain Development Cycle for cross-domain coordination. The risk 
classification results from product design and equipment engineering processes are taken into 
general consideration. Joint classification if targets are met and what to do to fulfil them in the 
next cycle are point of discussion before definition of improvements. Struggles for engineers 
are administered and equally divided. 

3 Case: Manufacturing of an Environmentally Friendly Circuit 
Board  

3.1 Definition of the Product 

The applied case, manufacturing of an environmentally friendly wireless sensor 
system, consists of a fairly simple electronic circuit that has to be realised in large 
quantities. Due to the fact that most wireless sensor systems cannot be recycled at the 
end of their life cycle, the aim is to minimise the environmental footprint of these 
sensors when disposed. This is done i.a. by replacing the standard printed circuit 
board with an environmentally friendly alternative (figure 5). This circuit board is 
embossed in a biodegradable plastic using a carbon paste to realise conductive tracks 
[11]. The circuit board, as required for this case, introduces a number of new features. 
First, the electronic layout is embossed in a plastic part, secondly, the part is filled 
with a carbon paste to create the conductive tracks. The electronic parts are placed in 
the carbon paste prior to curing. A regular pick & place process is applied.  
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Fig. 5. Left, printed circuit board of a wireless sensor system. Right, circuit board made of bio 
degradable PET. 

After curing, the circuit is electrically functional and can undergo further mechanical 
assembly. The paper focusses on the design modifications of the plastic part in which 
the circuit is embossed in relation to its manufacturing process. The manufacturing 
process is to be implemented as a modular and reusable part of an RMS. 

3.2 Application of the Multi Domain Development Cycle in a Design for 
Manufacturing Process 

First, the state of the art PCB integration was compared to the envisioned embossed 
circuit board using a concept selection matrix (also known as Pugh’s alternate 
technology matrix). Parallel to this analysis, SADT was applied on the product flow 
through the RMS; the most significant risks were determined. Based on the outcome 
of the Pugh matrix and the SADT, the cross-domain negotiations were executed and 
follow-up actions for the product and production development processes were 
defined. 

This procedure was repeated in three stages in which product and process 
development were put in sync. The full analysis is given in figure 6. After completion, 
a solution was found that matched the goals of the product designers as well as the 
manufacturing engineers. The iterative process was cycled for three times in total. A 
result was found that satisfied the goals of the product designers as well as the 
manufacturing engineers. 

4 Discussion and Conclusions 

4.1 Design Information Flow when Concurrently Applying the Development 
Optimisation Cycle 

The systems engineering cycle, as proposed in this paper, was successfully applied to 
the development of a new method for lens stack-alignment and its manufacturing 
equipment. The question arises if this could also have been the case if this method had 
not been applied. Processes of industrialisation for hybrid micro systems are diverse 
and involve large investments. This makes an objective reference measurement 
expensive and heterogeneous. What can be concluded is: 
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Fig. 6. The Multi Domain Development Cycle in three consecutive steps 
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At first, the method organises the design process of product design and 
manufacturing equipment. It monitors functional progression in development. This 
addresses development risks in an optimal order, structurally reducing the hazards of 
project delay. Further engineering may be considered to be ‘work’ instead of 
‘investigation’ leaving minimal risks left. 

Secondly, the optimisation cycle implements a zigzagging motion between the 
functional, physical and process domains. All domains will be decomposed 
hierarchically and consecutively defined at the various sublevels. This is conforming 
the definition of concurrent engineering in the axiomatic domain [12]. 
Communication between the domains is greatly enhanced as ideally proposed in the 
Axiomatic framework. This is shown in figure 7. 
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Fig. 7. Zigzagging through the domains. Decomposition and definition evolve concurrently 

Thirdly, the risk inventory is updated with a regular frequency. This enables a 
continuously updated view on the remaining project risks. The most dominant risks 
can be addressed in a forehanded way, by timely prioritising the largest risks and 
pulling them forward in time. 

Finally, the staged visualisation of project risks will elevate the level of 
communication in the organisation, widening the scope of personnel to be addressed. 
Though the engineers profit by an overview of remaining project risks, the higher 
level of management will also be capable of understanding the project status. This 
reduces discrepancy in the estimates of perceived effort to complete the project; less 
explanation to the management is needed. 

These four effects together lead to a quicker and more structured optimisation of 
problems in the concurrent design of products and equipment. Visualisation of 
progression in development, the appropriate feedback cycle and the improved 
communication with technological and operational management will lead to a better 
architecture of product and production means at a more competitive cost. 

The method as described in this paper, although applied for RMS, is truly generic 
and can be used for the analysis of a diversity of processes in the development and 
engineering stadium. The method is flexible due to the ability to fit domain specific 
tools for analysis in the development cycle. 
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4.2 Conclusion 

The RMS Optimisation Cycle, combining SADT and an improvement cycle with a 
layered structure, can be successfully applied to monitor development of RMS. 
Visualisation of development-progression, the appropriate feedback loop and the 
improved communication with technological and operational management, will lead 
to a better system architecture of product and production means at a more competitive 
cost. The results come available in the early stage of development when the product 
design is not rooted yet and combined optimisations are still possible. 
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Industry & the HU University of Applied Sciences in the Netherlands. 

References 

1. Puik, E., van Moergestel, L.: Agile Multi-parallel Micro Manufacturing Using a Grid of 
Equiplets. In: Ratchev, S. (ed.) IPAS 2010. IFIP AICT, vol. 315, pp. 271–282. Springer, 
Heidelberg (2010) 

2. Koren, Y.: General RMS Characteristics; Comparison with Dedicated and Flexible 
Systems, vol. 3, pp. 27–45. Springer, Heidelberg (2006) 

3. ElMaraghy, H.A.: Changeable and Reconfigurable Manufacturing Systems. Springer 
(2009) 

4. Pritschow, G., Kircher, C., Kremer, M.: Control Systems for RMS and Methods of their 
Reconfiguration. Reconfigurable Manufacturing Systems and Transformable Factories 
(2006) 

5. Colledani, M., Tolio, T.: A Decomposition Method to Support the Configuration / 
Reconfiguration of Production Systems. CIRP Annals - Manufacturing Technology 54(1), 
441–444 (2005) 

6. Puik, E., Smulders, E., Gerritsen, J., Huijgevoort, B.V., Ceglarek, D.: A Method for 
Indexing Axiomatic Independence Applied To Reconfigurable Manufacturing Systems. 
Presented at the 7th International Conference on Axiomatic Design ICAD, 1st edn., 
Worcester, vol. 7, pp. 186–194 (2013) 

7. Bell, A., Gossard, D.: Suh: On an axiomatic approach to manufacturing and - Google 
Scholar. Journal of Engineering for Industry (1978) 

8. Suh, N.P.: The principles of design. Oxford University Press, USA (1990) 
9. Puik, E., Telgen, D., Moergestel, L.V., Ceglarek, D.: Qualitative Product/Process 

Modelling for Reconfigurable Manufacturing Systems. Presented at the International 
Symposium on Assembly and Manufacturing ISAM (2013) 

10. Puik, E., Telgen, D., Moergestel, L.V., Ceglarek, D.: Structured Analysis of 
Reconfigurable Manufacturing Systems. Presented at the International Conference Flexible 
Automation and Intelligent Manufacturing, FAIM 2013 (2013) 

11. Gielen, P., Sillen, R., Puik, E.: Low cost environmentally friendly ultrasonic embossed 
electronic circuit board. Presented at the Electronic System-Integration Technology 
Conference (ESTC), vol. 4, pp. 1–7 (2012) 

12. Gonçalves-Coelho, M.A., Mourão, A.: Axiomatic design as support for decision-making in 
a design for manufacturing context: A case study. International Journal of Production 
Economics 109(1), 81–89 (2007) 



 

S. Ratchev (Ed.): IPAS 2014, IFIP AICT 435, pp. 147–160, 2014. 
© IFIP International Federation for Information Processing 2014 

The SMARTLAM 3D-I Concept: Design of Microsystems 
from Functional Elements Fabricated by Generative 

Manufacturing Technologies 

Markus Dickerhof1, Daniel Kimmig1, Raphael Adamietz2, Tobias Iseringhausen2,  
Joel Segal3, Nikola Vladov3, Wilhelm Pfleging4, and Maika Torge5 

1 Institute for Applied Computer Science, Karlsruhe Institute of Technology, Karlsruhe, DE 
2 Fraunhofer Institute for Process Automation, Stuttgart, DE 

3 Manufacturing Research Division, Faculty of Engineering, University of Nottingham, 
Nottingham, UK 

4 Institute for Applied Materials Karlsruhe Institute of Technology, Karlsruhe, DE 
5 Karlsruhe Nano Micro Facility, H.-von-Helmholtz-Platz 1, 76344 Egg.-Leopoldshafen, DE 

Abstract. Generative manufacturing technologies are gaining more and more of 
importance as key enabling technologies in future manufacturing, especially when 
a flexible scalable manufacturing of small medium series of customized parts is 
required. The paper describes a new approach for design and manufacturing of 
complex three dimensional components building on a combination of additive 
manufacturing and e-printing technologies, where the micro component is made 
up of stacks of functionalized layers of polymer films. Special attention will be 
paid to the “3-d” modeling approach, requested to support the applicaton 
developer through provision of design rules for this integrated manufacturing 
concept . Both, the application concept as well as the related equipment and 
manufacturing integration currently are currently developed further in the project 
SMARTLAM, funded by the European Commission. 

Keywords: flexible scalable manufacturing, smart manufacturing, additive 
manufacturing, printing technologies. 

1 Introduction 

Today´s fabrication methods for micro and nanotechnology enabled devices require 
expensive tooling and long turnaround times, making empirical, performance-based 
modifications to the product design expensive and time consuming. Thus till to date  
are often limited in their flexibility, so that complex devices, that incorporate on-
board valves, membranes, discrete parts, or electrodes, cannot be developed or 
adapted without considerable expense in molds and assembly fixtures. 

These boundary conditions create a barrier to the development of small to mediul 
series of complex and higher functionality devices, where the cost-benefit ratio of 
incorporating functionality is too risky for the typical laboratory, diagnostic or 
medical device developer. To bridge the gap between a high volume production with 
specialized equipment and a - until today - not efficient production of medium series, 
SME´s need to find other, more flexible and scalable approaches to produce 
microsystems in high volumes.  
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Fig. 1. SMARTLAM enabling technologies 

The solution proposed by the EC-funded project SMARTLAM and presented in 
this paper builds on a modular, flexible, scalable scenario combining state of the art 
developments in technologies and materials:  

- Rapid prototyping technologies in a wider sense and laminated object 
manufacturing (LOM) in the narrow sense - an established rapid prototyping 
technology building on layer by layer lamination of functionalised film sheets 
with different material properties is in the focus of the activities [1]. 

- Printing technologies, where aerosol-jet printing is in the specific focus of the 
project allowing for an efficient and precise manufacturing of conductive tracks, 
electrodes, etc. 

Novel polymer film materials with advanced material properties such as 
anisotropic conductive film or effects arising from combinations of composite sheets 
will be combined with state of the art, scalable 3D printing, structuring and welding 
technologies as well as the usage of.  

Both technologies will be integrated in a modular manufacturing environment 
allowing for the production of complete 3D Microsystems.  

The approach proposed by SMARTLAM is designed to address the 
manufacturing of small medium series of micro enabled components, in contrary to 
the research field of roll-to-roll manufacturing focussing on a high throughput 
manufacturing of e-printed devices such as flexible electronics, flat panel displays or 
organic photovoltaics [2]. 

The SMARTLAM design approach builds on the assumption that most 
applications can be designed using modular building blocks with dedicated process 
sequences for each functional element – the 3 dimensional integration (3D-I) 
approach. 
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To allow for a better use of the new capabilities arising from this 3D-Integration a 
testbed will be set up and evaluated by two SME companies in the field of 
bioanalytics and lighting application. The companies are acting as potential 
customers, whose application requirements will be providing input to the 3D-I 
approach from a technical and economical perspective. 

2 Application Oriented Modeling Elements of the SMARTLAM 
3D-I Approach  

To facilitate the development of new applications the SMARTLAM consortium 
introduced a modelling hierarchy allowing for structuring of the different levels of 
detailing and the mapping of technological capabilities, after the initial function 
requirements have been clarified and a first decision for a specific design has been 
made. 

Over the first months the focus of the discussions was on the identification of an 
initial set of functional elements which will become expanded during the project. Sets 
of related process sequences for manufacturing are currently identified for each of 
these elements These specific process chains support the implementation of a specific 
functional element, representing an instance of more or less application independent 
manufacturing processes. 

 

 

Fig. 2. SMARTLAM demonstrator for “intelligent combination of functionalized” polymer 
layers 

2.1 Modelling of Generic SMARTLAM Functional Elements 

This initial set of functional elements shall cover a broad variety of potential 
applications without being limited to the two main application fields, which are in the 
focus of SMARTLAM. 

The requirements to the functional elements have to address the manufacturing 
methods inherent to SMARTLAM: They should either 

- have the potential to become realised by a combination of the technologies 
available in one level (grooves, conductive tracks,…), or 
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- Microfluidic channels 
- Membranes 
- Valves 
- Mixers  
- Storage 
- Actuators 

Functional elements building on surface modification 

SMARTLAM technologies basically allow for an active treatment of surface 
properties (chemical and physical properties). Surface activation (e.g. Ionisation) or 
an active control of wttability by laser processing are just two examples to mention in 
this context.  

Composite functional elements  

Some of the functional elements can be combined to composite functional 
elements of a “higher” integration level. The functional element “positioning and 
integration of a chip” may consist of two functional elements “milling of a pocket” 
and “e-contacting”  

Implementation strategies 

Many of the functional elements mentioned above can be realized in a single 
manufacturing step, where the function can be realized by manufacturing of a single 
geometric element, which will be covered in more detail in the next paragraph. In 
most cases even more complex functional elements can be described as a combination 
of such features. From a process perspective however, there are typically multiple 
solution strategies for implementing functional elements. The "Via" functional 
element may serve as an example, as technological as well as chemical solutions are 
feasible and will have to be selected depending on the application boundary 
conditions. These solutions include but are not limited to: 

- realisation of a “mechanical” contacting between film layers consisting of a 
through hole filled with electronic ink. 

- Physical realisation of a contacting using the special material properties e.g. of 
“anisotropic conductive films” 

2.2 Features  

“Features” represent a kind of intermediate between the application-oriented function 
element and the “manufacturing output”, mostly resulting in a set of geometric 
primitives that can be micro milled or cut, coated, printed, welded, etc.. The following 
examples may illustrate underlying concept:  

- A single hole can be a vertical microfluidic channelas well as a pocket for 
integration of discrete parts. 

- An array of such micro might represent a “micro sieve” for blood separation in the 
bio disposable application areas.  
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- A combination of the “hole”-feature with other features such as the filling of a 
hole with e-ink can result in a contacting for manufacturing of “vias”, know from 
printed circuit board technology 

Typical features: 

- Channels (for fluidic or optical properties) 
- Pockets (cavities, lumen or locating holes) 
- Printed lines (conductive tracks, sensors, “via”)  
- Material layers with properties, different from polymers (realisation of batteries, 

realisation of membranes (elastomers) 

Evaluation tests could demonstrate the validity of this approach and similar 
concepts on feature level had been successfully tested in other micro related contexts 
[3]. A thorough evaluation in order to validate the principles of this concept will be 
performed over the course of the project. 

3 Selection of Manufacturing Process Chain and Product 
Design  

An integrated micro device often consists of a very large number of features which 
form the application oriented functional elements. For the fabrication of such devices 
a manufacturing process chain of high complexity is required. To address this 
problem, in SMARTLAM the product design and the process selection are 
incorporated into a hierarchical model where decisions are made at different 
abstraction layers. Similar hierarchical approaches have been elaborated and realised 
in CIM or STEP [4][5]. 

3.1 Product Design Method 

In the SMARTLAM 3D-I concept the product designer uses a library of structural 
features which can be integrated to built functional elements. These features together 
with information about technologies that can be used for their fabrication are stored in 
a database. In the hierarchical model the first layer is the library and is the only layer 
open to the designer. The second layer is the pool of available technologies and forms 
the manufacturing process chain. The third layer is the process parameters and is used 
for the optimisation and selection of specific process chain (see Figure 4). If the 
simple example from the previous section is taken, the library will offer a variety of 
micro holes in a range of sizes and materials which can be arranged to form a micro 
sieve. Some of the technologies that can be used for the fabrication of wholes in a 
polymer material are micro milling, laser machining or micro- injection moulding. 
The process parameters for the machining of the specific holes selected by the 
designer are stored in the database. After the micro sieve the next functional element 
on the device might be a conductive line. Possible technologies for its execution 
would be any kind of lithography, aerosol or jet printing. The design can be continued 
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with the next device feature or a lamination step. Thus is it is apparent that an 
effective method of selecting the best available chain has to be created. The advantage 
of using a library of preset geometries is that the designer is limited to structures 
which fabrication is already a well-established process. The number of alternative 
process depends on the completeness of the database which can be expanded when 
required. The addition of each new device feature multiplies the number of the 
possible manufacturing process chains by a factor equal to the number of available 
technologies for the feature. Therefore the development of fast and effective way of 
selecting the optimum chain is essential.  

 

Fig. 4. SMARTLAM process sequence hierarchies 

3.2 Process Chain Selection Method 

Large number of the initially identified process chains are rejected by breaking some 
of the links on the second hierarchical level. This can be done either on material- 
technology (M-T) or technology- technology (T-T) compatibility criteria. (see Figure 
4). The T-T compatibility criterion is relatively simple and normally there is a clear 
rejection or approval of a specific chain. In many cases this is the inability of 
combining vacuum with non- vacuum technologies. As an example, laser machining 
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cannot be combined with electron lithography due to the extreme complications of the 
workpiece transfer. In cases when the technology compatibility assessment is not that 
straightforward SMARTLAM can exploit the Process Pair Interface Model developed 
under the EC FP7 funded EUMINAfab project which provides more detailed analysis 
of the pair maturity level [6]. The M-T criterion is more complicated and requires 
some more detailed investigation. For many technologies there is a “favourite” 
material but this does not exclude the use of some other materials. For example PET 
is one of the most popular substrate materials for aerosol jet printing but shows poor 
UV laser machinability. This requires the development of a scoring system for 
different material- technology pairs and setting of threshold score below which the 
manufacturing chain is rejected.  

After applying the compatibility criteria the remaining process chains are arranged 
in an array:  

ݕܽݎݎܣ  ൌ ሺ݄ܿܽ݅݊ଵ … ݄ܿܽ݅݊௜ିଵ ݄ܿܽ݅݊௜ ݄ܿܽ݅݊௜ାଵ ڮ ݄ܿܽ݅݊௡ሻ 

 
Technologies that can be associated with more than one set of process parameters 

are linked in a separate chain for each set. The minimisation of the array is executed 
in two phases. In the first one process parameters such as temperature or pressure are 
assessed and it is checked whether any of the technologies or materials in the chain 
imposes restrictions to these parameters. Chains which do not meet these criteria are 
rejected. The second minimisation phase is when the actual process optimisation is 
performed. This is done by comparing the process parameters against the user 
requirements. User requirements can be machining time, cost or accuracy. At the end 
only the best matching chain remains which is used for the fabrication of the designed 
device. An advantage of this approach is that the selection of the technologies also 
serves for identification of the process parameters. This allows for very fast and 
efficient reconfiguration of the SMARTLAM modules. 

4 Technologies and Materials of Relevance for the Smart 
Manufacturing Approach 

Representing the smallest building blocks in modelling of process chains three 
different types of technologies are currently under evaluation regarding their 
integration in the system setup: 
- Technologies for additive manufacturing and e-printing aerosol jet printing. In 

SMARTLAM the e-printing functionality is realized by aerosol jet printing, 
offering good results for manufacturing of line-based geometries such as 
conductive paths [8] 

- Handling assembly and bonding technologies [7] 
- Technologies for direct and indirect milling and cutting of polymer films [laser 

milling, cutting, nano imprint lithography, hot embossing] 

Each of these technical sections will be briefly introduced with respect to its 
specific relevance for the Smartlam approach. 
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Fig. 7. Pocket structure in PE
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repeatable positioning of the droplet. To still achieve a stable assembly process, high 
precision measuring equipment for the lateral and vertical dimensions of the pockets 
and the dispensed adhesive as well as a precision placement system with a positioning 
accuracy in the low micron range for the dispensing tool is required. The same high 
requirements have to be fulfilled for the chip placement. Fig. 9 shows optical 
measurements of three stages of the chip assembly process: at first the empty pocket 
is filled with adhesive and the assembled chips with the adhesive bridge.Afterwards 
the adhesive needs to be cured. The products assembled within SMARTLAM are 
based on polymer films. Currently a broad range of substrate materials is intended to 
be applied, e. g. polyethylene terephthalate (PET), polycarbonate (PC) or poly(methyl 
methacrylate) (PMMA). The glass transition temperatures (PET: 70 °C; PC: 145 °C; 
PMMA: 105 °C) should not be exceeded during the curing of the adhesive. For most 
common adhesives comparative high temperatures above 100 °C are needed for fast 
curing. To maintain low cycle times with low temperatures UV curing adhesives are 
taken into account. Laser as part of the SMARTLAM system could potentially be 
used for precise and local curing to reduce the heat-affected zone compared to a 
convection oven. 

The SMARTLAM e-printing functionality is used in a following step for the 
electrical connection of the chips. 

4.3 Materials Properties of Specific Relevance for SMARTLAM Concept 

Novel polymer film with advanced material properties are of a specific interest for the 
SMARTLAM approach. There exists a broad range of material features that will 
become of interest for SMARTLAM applications: 

“Standard materials” 

The use of polymer materials with dedicated optical and mechanical properties 
provides opportunities for a broad range of applications but does also cause problems 
while its application in the SMARTLAM context. While the activities in the startup 
phase are focussing on polymer films, the application of ceramic films, similar to 
LTCC applications [15] as well as the application of flexible glass [16] but also 
combinations of different substrate layers with surface properties will be subject to 
the future research. 

In addition materials with advanced chemical and physical properties will be 
evaluated in later stage of the project. As an outlook may serve the following 
materials: 

- Anisotropic conductive films allowing for the an electrical conductivity vertical 
to the sheet plane, While the application in LCD panel production and chip 
industry is well established the application of the ACF in flexible environment is 
still subject to research activities, e.g. in the field of flip-chip on flex packages 
assembly [11]  

- high optical transparency, robust flexibility, and excellent conductivity caused by 
general synthesis of aligned carbon nanotube/polymer composite films with. 
(potential applications such as flexible conductors for optoelectronic devices) [12] 

- Actuation of the microsystem, caused by electro active properties of the polymer 
[13] 
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4.4 System Integration on Process Chain Level 

According to the 3D-integration paradigm different combinations of process 
sequences –each representing the respective process sequences for manufacturing of 
the respective design building blocks. Figure 10 provides an example how such 
process sequences could look like  

 

Fig. 10. Example of a process sequence for connecting a discrete part 

Different setups are currently under evaluation and testing, contributing to the 
decision support tools as well as the database. 

5 Conclusions and Outlook 

In the paper a novel approach for flexible scalable manufacturing of micro 
components building on a combination of laminated objects modelling, integration of 
laser technologies for structuring of films and printed electronics for e-contacting and 
printing of electronic components was presented. 

Specific attention was paid to the design of applications, building on a new 
approach for 3D-integration, (3D-I). Design elements on different aggregation levels 
and their implementation have been introduced.  

Over the next month these concepts will be developed further and adapted to the 
needs of the two project demonstrators in the field of lighting and microfluidics 
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Abstract. Remote Center Compliance (RCC) devices are passive devices used 
in automated assembly. For round peg-in-hole insertions, initial misalignments 
of the peg can cause heavy radial loadings on the corresponding hole in arbi-
trary direction. RCC devices with rotational symmetry property are therefore 
desirable. This paper discusses how such devices may be designed and shows 
that circular periodic structures satisfy this property. The elastic part of the RCC 
device is formulated as a compliant mechanism and a systematic design metho-
dology is proposed based on structural optimization. A smooth optimal design 
is achieved with distributed compliance and numerical simulation is conducted 
to illustrate the feasibility. The proposed method is expected to be used to de-
sign a novel device for assembling fragile plastic parts, which is a challenge to 
3C industry. 

Keywords: Remote Center Compliance (RCC), rotational symmetry, circular 
periodic structure, structural optimization. 

1 Introduction 

RCC devices were first developed at Draper Laboratory by Whitney and others [1-4]. 
Drake first pointed out that RCC devices could be created using rubber-metal sand-
wiches called elastomer shear pads (ESP) [3]. However, the analysis model for ESPs 
is inaccurate and it depends on the configuration parameters [5]. Havlik used three 
elastic rods to construct the device and proposed an algorithm to find rod parameters 
in [6]. Ciblak also investigated the possibility of using prismatic beams [7]. Drake and 
Hricko designed some devices conprising compliant linkages and elastic joints [2, 8]. 

The elastic part of an RCC device can be modelled as a compliant mechanism. As 
lumped compliant mechanism will induce stress concentration, distributed compliant 
mechanism is desirable in actual applications. The kinetoelastic model which belongs 
to the continuum structural optimization method is an efficient tool of designing dis-
tributed compliance mechanisms and has been utilized here [9]. Rather than a fixed 
topology or shape configuration, structural optimization can significantly enlarge the 
design domain. Additionally, the optimization model could be applied to various  
                                                           
* Corresponding author. 
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applications, such as assembly of small fragile parts in 3C industry, etc. It is therefore 
helpful to regard the design of an RCC device as question of structural optimization.  

In the field of automated assembly, the task of fitting a round peg into a round hole 
is fundamental. As mentioned in the abstract, it is better to design a device with rota-
tional symmetry property. The feasible structures that satisfy this property are dis-
cussed below. It has been proved that a circular periodic structure with at least 3  
elements is workable and more elements are required if considering high-order geo-
metric nonlinearities. The existing RCC device designs agree well with the above 
conclusions as most of them are circular symmetric structures with three or four  
elements.   

The remainder of this paper is organized as follows: in Section 2, the compliant 
mechanism is analyzed and modeled using kinetoelastic model. The rotational sym-
metry property is introduced and feasible structures achieving this property are dis-
cussed. We show a schematic proof of the feasibility of the circular periodic structure. 
Section 3 presents formulation of the optimization model which includes the objec-
tive, constraints, design parameterization and solution scheme. The optimal design is 
presented and simulated in Section 4 to verify the proposed method. The conclusions 
and future works are discussed in Section 5. 

2 Design of RCC Devices Compliant Structure 

2.1 Analysis of Compliant Mechanism 

Conventional and modified part mating events are shown in Fig. 1 and the shaded 
region is the design domain which can be modelled as a compliant mechanism. The 
second representation is adapted because it is easier to handle the structural optimiza-
tion problem of compliant mechanism with a fixed upper boundary. 

 

            

Fig. 1. Part mating events            Fig. 2. RCC Structure: placement and parameters 

The compliant mechanism is formulated by the kinetoelastic model which concerns 
both kinematic motion and stiffness characteristics of compliant mechanism. Accord-
ing to Hooke’s law, the force-displacement relationship at the rigid peg tip ܱ under 
global coordinate ܱ−ܺ−ܻ−ܼ can be expressed as 
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ڄ ெܭ  ܺ߂ ൌ ܲ (1) 

where ܭெ   is the mechanism stiffness matrix, ்ܲ ൌ ሾ ௫ܲ ௬ܲ ௭ܲ ܯ௫ ܯ௬ ܯ௭ሿ  and ்ܺ߂ ൌ ሾߠ߂ ݖ߂ ݕ߂ ݔ߂௫ ߠ߂௬ ߠ߂௭ሿ are generalized force and motion at O respectively. 
Notably, linear Hooke's law is satisfied due to the small clearance between peg and 
hole. 

2.2 Rotational Symmetry Design 

The rotational symmetry property is introduced in the abstract. Two kinds of feasible 
structures which satisfy this property are shown in Fig. 3. Note that revolutionary 
symmetric structure is occlusive. It costs much more in materials and its stiffness at 
radial direction would be exceptionally higher. Therefore, circular periodic structure 
is more reasonable. 

        

Fig. 3. Realization of rotational symmetry property: (a) revolutionary symmetric structure (only 
half is shown); (b) circular periodic structure 

The schematic proof of circular periodic structure with N elements can satisfy this 
property is described in the followings. Intermittently placed springs, shown in Fig. 4, 
can be utilized to represent the compliance elements. Each element comprises a radial 
spring (spring constant: k) and two tangential springs (spring constant: ݇௧). A small 
deformation ߜ in arbitrary direction ߠ is given at ܱ଴. 

 

Fig. 4. Plan view of circular periodic structure (only three compliant elements are shown) 

The resultant forces and directional stiffness in the direction of and perpendicular  
to ߜ together with the rotational moment and resultant stiffness can be obtained as 

 ൝ܨ߂ఋ ൌ ఋ௥ܨ߂ ൅ Δܨఋ௧ଵ ൅ Δܨఋ௧ଶ ൌ ܰሺ݇ ൅ 2݇௧ሻ2/ߜΔܨᇼ ൌ Δܨᇼ௥ ൅ Δܨᇼ௧ଵ ൅ Δܨᇼ௧ଶ ൌ ௥ܯ0 ൌ ௧ଵܯ ൌ ௧ଶܯ ൌ 0  (2) 
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 ൜ܭఋ ൌ Δܨఋ/ߜ ൌ ܰሺ݇ ൅ 2݇௧ሻ/2ܭᇼ ൌ ୼ఏೣܭ ൌ 0  (3) 

Combining the above results, the system stiffness ܭ is derived as  

ܭ  ൌ ܰሺ݇ ൅ 2݇௧ሻ/2 (4) 

which is not related to the direction ߠ. This completes the proof. Notably, the follow-
ing trigonometric identities hold 

 ቊ ∑ cosሺߠ െ ௜ሻே௜ୀଵߚ ൌ 0; ∑ sinሺߠ െ ௜ሻே௜ୀଵߚ ൌ 0; ሺܰ ൒ 2ሻ∑ cosሾ2ሺߠ െ ௜ሻሿே௜ୀଵߚ ൌ 0; ∑ sinሾ2ሺߠ െ ௜ሻሿே௜ୀଵߚ ൌ 0; ሺܰ ൒ 3ሻ (5) 

where ߚ௜ ൌ ሺ݅ߨ2 െ 1ሻ/ܰ. If second-order geometrical nonlinearity is considered, the 
following trigonometric identities should be utilized in the proof. 

 ቊ∑ ሾcosሺߠ െ ௜ሻே௜ୀଵߚ ڄ sinଶሺߠ െ ௜ሻሿߚ ൌ 0; ሺܰ ൒ 4ሻ∑ sinଷሺߠ െ ௜ሻே௜ୀଵߚ ൌ 0; ሺܰ ൒ 4ሻ  (6) 

Several interesting conclusions can be drawn about circular periodic structure and 
are summarized as: (i) at least 3 discrete compliant elements are required; (ii)at least 
N complaint elements are required if ሺܰ െ 2ሻ௧௛ሺܰ ൒ 4ሻ order geometric nonlinearity 
is considered; (iii)when the number of complaint elements goes to infinity, the circu-
lar periodic structure becomes a revolutionary symmetric structure. 

According to Hooke's law, the force-displacement relationship at beam tip ௜ܱ  un-
der local coordinate ௜ܱ െ ݒ െ ݎ െ  is ݐ

ாܭ  ڄ ாܺ߂ ൌ ாܲ (7) 

where ܭா  is element stiffness matrix, ாܲ  and ܺ߂ா are generalized force and motion 
respectively. Notably, beam finite element is used to calculate ܭா . With transforma-
tions of load and displacement, the mechanism stiffness matrix ܭெ is achieved as 

ெܭ   ൌ ∑ ௜ܶை ڄ ாܭ ڄ ௜ܶைᇱே௜ୀଵ  (8) 

where ௜ܶை is the transformation matrix between local and global coordinates.  
Suppose the distance between peg tip and compliance center is ܽ௫. The mechanism 

stiffness matrix becomes diagonal at the compliance center, and ܽ௫ can be acquired as 

 ܽ௫ ൌ െܭெሺ3,5ሻ/ܭெሺ3,3ሻ ൌ  ெሺ2,2ሻ (9)ܭ/ெሺ2,6ሻܭ

Notably, the two ratios in Eq. 9 are equivalent according to Eq. 8. 
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3 Structural Optimization of RCC 

3.1 Objective Function 

One practical optimization criterion is to maximize the output displacement ݑ௢ which 
is the displacement of the contact point along the chamfer for unit normal contact 
force as shown in Fig. 5. According to geometric relationship equations, Eq. 1 and Eq. 
8, the objective function can be expressed as 

௢ݑ  ൌ /ݕ߂ ݏ݋ܿ ߙ ൌ ଵ݂ሺߤሻ ൌ ܣ െ  (10) ܤߤ

where ݕ߂ is the displacement of the peg tip, ߙ is the angle of chamfer, ߤ is the coef-
ficient of friction, A and B (positive) are constant coefficients. According to Eq. 10, ݑ௢ is a decreasing function of ߤ which means that RCC device is more difficult to 
work under conditions of a higher coefficient of friction. Maximizing ݑ௢ is equiva-
lent to maintaining the same displacement at the output port under conditions of a 
higher coefficient of friction. Therefore, the objective function is equivalent to max-
imizing the range of friction coefficient that the RCC device can handle. 

 

Fig. 5. Illustration of the chamfer crossing 

3.2 Design Constraints 

Successful Assembly Conditions. In order to cross the chamfer and avoiding wedg-
ing, the initial misalignments (ݕ௛଴,  :௛଴) of the hole should satisfy the followings [4]ߠ

|௛଴ݕ|  ൑ ܹ; |௛଴ߠ| ൑ ሺܦ௛ െ ݀௣ሻ/ሺ݀ߤ௣ሻ (11) 

where W is width of chamfer, Dh and ݀௣ are the diameters of hole and peg respec-
tively. In order to avoid jamming, the applied forces must satisfy the followings [4]: 

 ቊ െ1/ߤ ൑ ௬ܲ/ ௫ܲ ൑ ߣെߤ/1 ൑ ௣ݎ௭/ሺܯ ௫ܲሻ ൅ ߣሺߤ ൅ 1ሻ ௬ܲ/ ௫ܲ ൑  (12) ߣ

where ߣ ൌ ݈/ሺ2ݎߤ௣ሻ, ݎ௣ is the radius of peg and l is the insertion depth. When ߣ is 
small, jamming is most likely to happen and the slope of sides of the jamming dia-
gram approaches െߤ. Thus, if the slope of applied force െܽ௫/ݎ௣ is approximately 
equal to െߤ , then the applied forces and moments have the best chance of lying  
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inside the jamming avoiding region [1]. Jamming constraint therefore can be con-
verted into: 

 0 ൑ ܽ௫ ൑  ௣ (13)ݎߤ

Constraint on Input Displacement. This is introduced to indirectly control the max-
imum stress levels in the compliant mechanism. For detailed explanations, please 
refer to reference [10]. The constraint of the input displacement ݑ௜ is expressed as 

௜ݑ  ൌ ݕ߂ ݊݅ݏ ߙ ൅ ൫Δݔ െ ௭൯ߠ௣Δݎ cos ߙ ൑ ሾݑ௜ሿ௠௔௫ (14) 

where ݑ௜ is the displacement of the contact point along chamfer's normal direction, 
which is shown in Fig. 5.  

Constraint on Coupling Stiffness. Many coupling stiffness elements will vanish in ܭெ due to periodic property. A large deformation would occur if the misalignment 
compensation capacity were increased. Then the elements in stiffness matrix will vary 
from each other and the coupling stiffness elements in ܭெwill be non-zero which 
means the compliance center would drift away. It order to reduce its negative effect, 
the element of rotational stiffness about radial direction should be reduced to make 
the element like a spring with no coupling stiffness. From the perspective of engineer-
ing application, the ratio of two terms less than 0.1 can be regarded as small one and 
the numerator term can be ignored. We therefore introduce a constraint concerning 
the ratio of rotational stiffness about radial direction over tangential direction as 

 ܵ. ܴ. ൌ ாሺ6,6ሻܭ/ாሺ5,5ሻܭ ൑ 0.1 (15) 

Constraint on Buckling and Stability. In order to maintain the stability of the  
compliant element, its critical buckling load should be greater than a given minimum 
value.  

 ௖ܲ௥ ൒ ሾ ௖ܲ௥ሿ௠௜௡ (16) 

3.3 Model Formulation 

In conclusion, the optimization model can be summarized as follows. 

 

ەۖۖۖ
۔ۖ
ۓۖۖ :݁ݖ݅݉݅݊݅ܯ ܬ ൌ െݑ௢

:݋ݐ ݐ݆ܾܿ݁ݑܵ
ەۖۖ
۔ۖ
ۓۖ |௛଴ݕ| ൑ |௛଴ߠ|ܹ ൑ ሺܦ௛ െ ݀௣ሻ/ሺ݀ߤ௣ሻ0 ൑ ܽ௫ ൑ ௜ݑ௣ݎߤ ൑ ሾݑ௜ሿ௠௔௫ܵ. ܴ. ൑ 0.1௖ܲ௥ ൐ ሾ ௖ܲ௥ሿ௠௜௡ܭெ ڄ ܺ߂ ൌ ܲ

 (17) 
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The design variables are the distance ݀ ൌ ܱ଴ పܱതതതതതത, shape ߗ of compliant element cross 
section and neutral axis. The shape ߗ at each vertical level is defined by a set of radi-
al parameters which start from neutral axis to the surface. In this paper, two second 
order parabolic curves are employed to represent the neutral axis. The method of 
moving asymptotes (MMA) [11] is employed to solve the proposed optimization 
problem. 

4 RCC Device Design (Numerical Example) 

The design domain is defined as a cylinder with radius R=100 mm and height Le=50 
mm. The length of the peg and diameters of peg and hole are 100 mm, 12.000 mm 
and 12.033 mm respectively. The horizontal length and angle of chamfer are 3 mm 
and 4/ߨ . The initial misalignments are given as -3 mm and 0.0275 rad. The maxi-
mum input displacement is 0.2 mm and the minimum critical load is 1 KN. The 
Young's modulus, Poisson’s ratio and coefficient of friction are 210 GPa, 0.3, and 0.1 
respectively. In this paper, the RCC device with three compliant elements is designed 
to verify the proposed methodology. However, it is a straightforward matter to extra-
polate to cover situations involving more than three elements. Note that the designed 
results are based on unit normal contact force. 
 

  

Fig. 6. Optimal design   Fig. 7. Iteration history of objective function 

The optimal design is illustrated in Fig. 6. The optimal output and input displace-
ments are 0.369 mm and 0.190 mm respectively. The position of the compliance cen-
ter, the stiffness ratio and critical buckling load of optimal design are 0.138 mm, 
0.054, and 1.682 KN respectively. This clearly shows that all the constraints are satis-
fied. The optimal design is modelled and visualized with LOFT operation in Solid-
Works by connecting all the optimal cross sections at different vertical levels. The 
optimal compliance element is quite smooth and flat mainly due to the constraint of 
coupling stiffness. Point flexures are avoided and distributed compliance is achieved 
by the proposed methodology. The convergence history of objective is illustrated in 
Fig. 7 which shows a good convergence. The present methodology generalizes some 
existing designs as the realization domain of compliant element is extended from 
round rod with elastic joints and round beam to beam with arbitrary cross sections.  

The optimal design was analyzed and simulated by Autodesk Algor Simulation. 
The upper boundary of compliant mechanism is connected to a fixed platform and the  
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lower boundary is joined to a very rigid platform. The property of remote compliance 
center is demonstrated in Fig. 8 where pure force results in a pure translation and pure 
moment causes a pure rotation. Numerical errors in translation and rotation are due to 
the small compliance in the platform and peg.  
 

    

Fig. 8. Demonstration of compliance center: (a) pure translation, (b) pure rotation 

5 Conclusion 

We propose a novel design methodology by using structural optimization for design 
of an RCC device. The rotational symmetry property is discussed and it has been 
shown that a circular periodic structure satisfies this property. Comparing with revo-
lutionary symmetric structure which is another feasible structure, circular periodic 
structure is adopted because it achieves quite low stiffness and saves on materials. 

The elastic part of the RCC device was modelled as a compliant mechanism.  
To distribute the compliance, kinetoelastic model was utilized. The output displace-
ment was selected as the objective and equivalent to the range of coefficient of fric-
tion that RCC device can handle. Beam finite element is utilized to analyze and simu-
late the complexity of design deformation. A smooth optimal design with distributed 
that is cost effective to manufacture is obtained in this paper. It satisfies all constraints 
and the properties of remote compliance center are demonstrated through the  
simulation. 

The work reported here is far from complete. It is rewarding to integrate structural 
optimization with reliability constraint by considering the geometrical uncertainties of 
peg and hole, uncertainty of the coefficient of friction, etc. In addition, the discussed 
methodology can be applied to specified applications by introducing corresponding 
objective and constraints. For example, the applied force and vertical stiffness is criti-
cal in assembling fragile plastic parts which are easily damaged. 
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