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Foreword 
 
 
It is our great pleasure to present to you the proceedings of the fifth 'Physics with Industry' 
workshop that was organised by the FOM Foundation and Technology Foundation STW at 
the Lorentz Center in the Netherlands. The main aim of the 'Physics with Industry'  
workshop is to obtain creative solutions for industrial problems and to bring (young) 
physicists in contact with industrial R&D. 
 
The first 'Physics with Industry' workshop was organized in 2010 and was inspired by the 
'Mathematics with Industry' workshops, which have regularly been organised by the 
International Study Group Mathematics with Industry since 1968. As well as enabling 
excellent scientific research, both FOM and STW focus on contributing to the Dutch 
knowledge economy, for example through public-private research collaborations and the 
training of young scientists. The 'Physics with Industry' workshop is therefore a natural 
extension of FOM's and STW's ambition to help companies and to inspire (young) 
physicists. 
 
Over 50 physicists participated in the workshop of 2014, ranging from PhD students to 
professors. These scientists spent a week working in groups on five industrial problems, 
which were selected by a programme committee from proposals put forward by industry. 
Following an introduction to the various problems by the companies on Monday, the 
participants worked on these in groups for the rest of the week. On the last day, the groups 
presented their findings to the companies. For most of the companies, site-visits before the 
workshop took place, continuing the trend of the 2013 workshop, so that the participants 
could become acquainted with the problem in a 'real-life' setting. Also various experiments 
took place during the workshop week. 
 
Besides the scientific outcomes, the workshop also resulted in new public private contacts 
that may lead to future collaborations. Participants were mostly driven by the sheer 
pleasure of applying their physics knowledge to new problems, the desire to enrich their 
scientific network and the interest in gaining hands on experience with industrial R&D 
processes. 
 
Companies benefited from the scientific input they received and participating in the 
workshop enlarged their academic network. Finally, one company has indicated the 
intention to apply for a patent, which contains additional insight obtained during the 
workshop. 
 
These proceedings provide an overview of the scientific results obtained during the fifth 
'Physics with Industry' workshop. We hope you enjoy reading it! 
 

 
   Wim van Saarloos       Eppo Bruins 
       Director FOM       Director STW 
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Introduction 
 
 
The fifth Physics with Industry workshop was organized in 2014 by the Foundation FOM and 
Technology Foundation STW at the Lorentz Center at Leiden, the Netherlands. 
 
The five industrial problems discussed during the week were collected via an open call for 
proposals in spring/early summer 2014. A programme committee selected the five 'best 
problems' for the workshop. The selection criteria used by the committee were: 

• it must be possible to solve the problems (or a major solution must be within reach) 
within one week and physics can make a clear contribution to the solution; 

• it should be an urgent problem; 
• the company should be willing to share detailed information. 

 
The committee aimed at a mix of contributions from small, medium and large companies. 
The committee consists of four researchers with different backgrounds in physics: 

Dr. M. Blaauboer, Delft University of Technology 
Prof. Erik van der Giessen, University of Groningen  
Dr. Jacco Snoeijer, Twente University 
Dr. Peter Steeneken, NXP Semiconductors 

 
The committee selected problems from the companies Deltares, DSM Dyneema, Feltest/ 
Sensortag Solutions, Janssen Precision Engineering, and Philips; together a well balanced mix 
of SME’s and larger industries posing different challenges ranging from fundamental 
questions to more applied problems in a wide variety of industries. As soon as the five 
workshop problems had been selected, senior researchers from academia who are familiar 
with the specific subjects involved were recruited. They helped the companies to prepare their 
questions for the workshop and they joined the workshop week to guide the progress of the 
discussions. 
 
These proceedings contain five chapters, one for each company case. Each chapter starts with 
a description of the case and a profile of the company, followed by a detailed description of 
the results obtained in the single workshop week. 
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Deltares 

Measurement technique to measure 3D flow patterns near a 
submersible pump without the use of seeding 

 

Bojk Berghuis1, Marco Ferretti2, Ruud Hendrikx2, Maarten Kok3, Alexander van der Torren4, 
Merel van Wijk5, I-Sheng Yang6, Christian Poelma1, Chao Sun3, Femke Verhaart7 and Anton de 
Fockert7 

 
1 Delft University of Technology, the Netherlands 
2 VU Amsterdam, the Netherlands 
3 Twente University, the Netherlands 
4 Leiden University, the Netherlands 
5 Radboud University Nijmegen, the Netherlands 
6 University of Amsterdam, the Netherlands 
7 Deltares, the Netherlands 
 

1. Abstract 
Deltares deals with projects concerning the flow of liquids in large-scale systems. The present 
report deals with a case concerning measuring the flow profile in a large basin, in order to 
compare data obtained from simulated flows to flow measurements in experiment. We find 
that no current measurement technique exists that is capable of providing data to such high 
resolution in both space and time as necessary for direct comparison. We therefore propose a 
hybrid measurement technique with PIV and PTV aspects, to acquire data at high spatial 
resolution, but low time resolution. This would allow for the comparison of global mean flow 
structure, as well as local flow variations to the numerical results. 

2. Company profile 
Deltares is an independent institute for applied research in the field of water, subsurface and 
infrastructure. Throughout the world, Deltares works on smart solutions, innovations and 
applications for people, environment and society. Its main focus is on deltas, coastal regions 
and river basins. Its motto is Enabling Delta Life. As an applied research institute, the success 
of Deltares can be measured in the extent to which its expert knowledge can be used in and for 
society. For Deltares the quality of its expertise and advice is foremost. Knowledge is its core 
business. 

3. Problem description 
Objective 
Development of a measurement technique to measure 3D flow patterns near a pump without 
seeding (small) present in the water. 

Background 
Deltares performs physical scale model tests of pumping stations (see figures). During these 
tests, the approach flow towards the pumps is optimised (this implies to avoid air entrainment,  
occurrence of vortices and to limit pre-rotation in the impeller approach flow). Flow patterns 
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are mainly visualized by means of dye injection. A typical pump compartment has a width of 
about 0.5 m and a water depth of about 1 m. Flow velocities range from 0.1 m/s to 3 m/s. 

The state of the art technique to measure 3D flow patterns in detail near a pump is by means of 
a dedicated PIV technique. To apply such a technique, seeding is required. As the flow patterns 
near the pump depend largely on the flow further upstream in the pumping station, the 
location for the implementation of this seeding is not trivial. Next to that, large amounts of 
seeding are required to have a dedicated 3D investigation because of the dimensions of the 
model (in the order of meters). In addition, water is located at three sides of the model, which 
makes it difficult to put the laser and sensors opposite to each other. Most likely, backscatter 
techniques should be developed. Several steps should be taken to implement PIV techniques in 
the applications of Deltares. 

The development of measurement techniques which can be applied in scale model tests is also 
of importance because detailed measurements of the flow patterns are required for a solid CFD 
validation. As long as data sets for CFD validation are not available, CFD codes cannot be used 
in this field. 

The challenge during the workshop is to develop a measurement technique for 3D flow 
patterns which can be applied on the scale we have indicated, so typically 10 to 20 times larger 
scales than normally used for PIV measurements. We are looking for a technique which can be 
applied in the facilities of Deltares, without making major adjustments to the facility. To find a 
solution, knowledge of different measurements techniques and creativity is required. 
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Typical layout of the pump compartments (top left) and pumps (right) applied in Deltares’ 
projects. A typical flowfield in a pump is given at the bottom left. 

4. Problem solving strategy 

4.1 Problem analysis and demarcation 
For the technical problem, first order of business is to quantify the demarcations, since these are 
the requirements for the measurement scheme to be used. In the ideal situation, information on 
the flow profile in all three dimensions is obtained, at a high spatial and temporal resolution, in 
the entire scale model and for long periods of time.  

Secondary requirements include the necessity to not disturb the flow profile while performing 
the measurement, and not pollute the water in the scale model, limiting the options for tracking 
particles. 

4.2 Listing possible measurement techniques 
After proper demarcation of the problem, we start searching for measurement techniques, both 
currently available and possible innovative methods. These techniques are then evaluated on 
their performance compared to the requirements described above. 

4.3 Designing the experimental setup 
After determining the measurement technique, we deal with the practical issues concerning the 
design of the experimental setup. 

5. Theoretical analysis 

5.1 Problem demarcation 
Temporal resolution 
The lower limit on the temporal resolution is determined by the relevant time scale of 
fluctuations in the flow field. From previous measurements in the scale model in question, it is 
known that the large scale flow profile is stable on a long time scale ( > 102 seconds). Vortices, 
which are of prime interest, fluctuate in their position on a time scale of seconds, forming the 
lower boundary to the spatial resolution. To fully capture these fluctuations, measurements 
will have to be performed significantly faster than this timescale. When using particles to trace 
the flow profile, the maximum flow velocity, combined with the spatial resolution, determines 
the maximum exposure time to prevent motion blur. 

Spatial resolution 
The lower limit on the resolution is determined by the relevant spatial scale of the flow profile. 
The smallest features relevant to the measurement are the vortices, with a width of 
approximately one centimeter. For a full description of the flow, a larger resolution is required, 
but a spatial resolution of 1 cm should be sufficient to detect the vortices. 

The upper limit on the resolution is determined by data limits. The entire area of interest is 
several cubic meters in size, resulting in a extremely large amount of data points for each point 
in time. To deal with this problem, we concentrate on a limited area of interest, centered 
around the entrance of the pump opening, extending a short distance into the pipe, see figure 1. 
An area of 0.5 x 0.5 x 0.5 meters in size, at a spatial resolution of 1 centimeter, would result in 
125.000 data points at each point in time. 

 



Proceedings Physics with Industry 2014 

7 

 
Figure 1: Schematic side view of the pumping section, indicating the general flow direction direction 
and speed. The area of interest is indicated in red (extending into the bellmouth). 

5.2 Possible measurement techniques 
Mechanical measurement techniques 
Currently, pitot tubes are used to measure velocity of the flow in the basin. However, they 
disturb the flow and yield only point measurements. A significant improvement with 
mechanical devices is not possible, as all available measurement techniques share the same 
disadvantages of intrusion and point measurements. 

Laser Doppler 
Laser Doppler is a technique that uses the Doppler shift to obtain the velocity in a flow. This 
offers only point measurements however. Another disadvantage is that it obviously uses a 
laser, which turned out to be impossible due to safety regulations (see light source). 

Acoustic tracer imaging 
Particles in a fluid medium reflect acoustic waves, due to the difference in acoustic impedance 
(density times speed of sound). These reflected waves can be used to determine the location, 
and, using Doppler-shift, even their velocity. Using array transducers, 3D information can be 
obtained. However, the accuracy of this technique is limited, as well as the total volume that 
can be measured due to the limited penetration depth. 

Radio Frequency Identification (RFID) particle tracing 
With the advent of micro-electronics, it has become possible to fabricate RFID-chips at ever 
smaller scales, down to 1 cm. These chips can be implemented in spherical particles, and 
tracked by being continually communicated with using an outside reader.[1] These types of 
techniques are still in their infancy, however, still being rather unreliable and inaccurate at 
small scales. We do propose this method is looked into further for on-site measurement of flow 
profiles at full scale installations. 

Optical tracer imaging 
Optical tracer imaging methods are the industry-standard. These techniques are based on the 
reflected light off of otherwise inert tracer particles in the flow. 

Two main optical tracer imaging techniques exist[3]: 
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Particle image velocimetry 
The first technique, known as particle image velocimetry, uses a relatively high density of 
seeding particles. Images are obtained using a single camera, providing 2-dimensional position 
information. By illuminating using a thin 'light sheet' (often from a laser for sufficient 
luminosity), the 3-dimensional position is fixed. Velocity data is obtained by taking successive 
images with a short time delay, then cross-correlating the two images (or sections thereof) to 
obtain the average shift in position. 

Particle tracking velocimetry 
The second technique, known as particle tracking velocimetry, uses a relatively low density of 
seeding particles. Images are obtained using multiple cameras at different angles. Using the 
known positions of the cameras, the 3-dimensional position of each particle seen by at least two 
cameras can be determined. To improve the chances of each particle being seen by two cameras 
at the same time, additional cameras can be used, which will also increase accuracy. More 
cameras at different angles requires additional optical access, however. For PTV, volume 
illumination is used. However, since all particles need to be seen by as many cameras as 
possible, either particle density or illuminated volume must be kept low to prevent blocking 
sight. 

 
Figure 2: Two successive images for use in particle tracking velocimetry 

5.3 Tracer particles 
As described earlier, measurement techniques using seeding particles are not preferable, due to 
several factors. These include, but are not limited to, the large basin of fluid involved, making 
large quantities of tracer necessary at high cost, interaction between the pumps in the model 
and particles, and the fact that the water in the basin not refreshed often. As described earlier, a 
measurement method without seeding particles would be ideal. However, no such methods 
currently exist for practical use and large volumes. 

A different approach is to utilize particles that dissipate from the medium over time (by easy 
filtering or other method), without causing long-lasting damage to the environment or setup. 
To this end the following ideas were investigated further: 
- Gas bubbles, 
- Water ice particles. 

Critical parameters for such tracers are: 
- Residence time, 
- Particle size, 
- Particle density. 
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The size of the particle determines the spatial resolution of the measurement. Both the particle 
density and its size determine the response of the particle to changes in the flow field, and the 
influence of the particles on that flow field itself. The residence time determines whether the 
particle exists long enough to be used as tracers. 
The response of a particle to a change in the flow velocity field can be determined using the 
following equation, obtained by assuming Stokes' drag on the particle: 

𝑣𝑣𝑝𝑝 − 𝑈𝑈 =
2
9
𝑅𝑅2(𝜌𝜌𝑝𝑝 − 𝜌𝜌𝑓𝑓)

𝜇𝜇
𝑑𝑑𝑣𝑣𝑝𝑝
𝑑𝑑𝑑𝑑

= 𝜏𝜏𝑝𝑝
𝑑𝑑𝑣𝑣𝑝𝑝
𝑑𝑑𝑑𝑑

 

with vp the particle velocity, U the local fluid velocity, ρ the densities, and μ the viscosity of the 
fluid. This equation provides us with the relevant time scale τp. When this value is significantly 
smaller than the relevant time scale of changes in the flow profile, the particles can be trusted to 
follow the flow. The relevant timescale of changes in the flow profile is found by dividing the 
smallest spatial scale by the flow velocity, resulting in a value of approximately 10 ms. 

 

Water ice particles 
Water ice particles represent a possible tracer particle with the capability of disappearing 
without leaving residue in the basin. These particles also have nearly the same density as the 
surrounding water, resulting in a very small response time of the particle. 
Water ice particles have a certain residence time inside the fluid, before the particles melt. This 
residence time is a function of their size and the temperature difference between the particles 
and the surrounding liquid. A rough estimate can be provided by the following equation[2]: 

𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟 ≈ 2.4 ∙ 105
𝑅𝑅
Δ𝑇𝑇

 

with tres the residence time, ΔT the temperature difference, and R the initial radius of the 
particle. For ice crystals with a radius of 1 mm and a temperature difference of 15K, this leads 
to a residence time of approximately 16 seconds. 

Non-uniform melting of large (~ 2 - 5 mm) non-spherical particles would result in spherical 
particles within a small time frame. This would allow for the use of non-spherical particles, 
injected at the entrance to the pump segment, reducing production requirements.  

As the ice particle becomes smaller, the ratio of surface area to volume increases, resulting in a 
relative increase in melting speed. This effectively provides a lower limit to the particle size of 
approximately 0.5 mm (the equation above is no longer valid, due to higher order terms). As 
explained before, the spatial resolution of both the PIV and PTV methods is strongly limited by 
the size of the seeding particles, being at least one order of magnitude larger. 

Production of ice particles of rough cubic shapes are possible with currently existing 
technology, such as is implemented in slushy machines. 

Seeding of the particles is highly complicated due to the need of the particles to be cooled until 
the moment of seeding, and the relatively low residence time compared to the timescale 
determined by the length of the pump compartment and the flow velocity (2 m and 0.1 m/s, 
respectively, leading to a timescale of 20 seconds). The limited residence time forces the 
seeding to be close to the measurement volume, which disturbs the flow significantly. 

Bubbles 
Bubbles containing air (or a different gas) can be used as tracer particles. For air bubbles below 
a certain threshold radius, the forces on the air-water interface are dominated by surface 
tension, resulting in a spherical bubble. This radius can be determined by comparing the 
Laplace pressure (resulting from surface tension) to the hydrodynamic pressure. 
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𝑃𝑃𝐿𝐿𝐿𝐿𝑝𝑝𝐿𝐿𝐿𝐿𝐿𝐿𝑟𝑟 =
2𝛔𝛔
𝑅𝑅

 

𝑃𝑃ℎ𝑦𝑦𝑦𝑦𝑟𝑟𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝐿𝐿𝑦𝑦𝑦𝑦𝐿𝐿 =  𝜌𝜌𝜌𝜌𝑅𝑅 

with σ the surface tension, ρ the liquid density, and g the gravitational acceleration. 

Equating these two pressures leads to a radius of 3 mm. Bubbles significantly smaller than this 
value can be considered to be perfectly spherical. 

The residence time of the bubbles is limited by their rise velocity. When a bubble reaches the 
surface, it will release the gas into the surrounding air. The rise velocity is essentially the 
terminal velocity of the bubble, which can found by equating the buoyancy and drag forces. 
This leads to the following expression: 

𝑣𝑣𝑟𝑟𝑦𝑦𝑟𝑟𝑟𝑟 =
2𝜌𝜌𝜌𝜌𝑅𝑅2

9𝜇𝜇
 

with 𝜇𝜇 the viscosity of the water. 

This equation leads to a rise velocity in the order of millimeters per second. This is at least one 
order of magnitude smaller than the smallest flow velocity in the measurement volume, 
indicating that the bubbles are suitable tracer particles. 

Due to the large density difference between bubbles and the surrounding liquid, their response 
time is more significant than that of ice particles, but for bubbles smaller than 0.5 mm in radius, 
the response time is smaller than the relevant time scale. 

5.4 Illumination and recording methods 
Double-shot camera 
Since the velocity can be as high as 2 m/s, a requirement of resolution per centimeter needs at 
least two images per 20 ms. This means 100 FPS in a camera of constant frame rate. Instead of 
such piece of expensive equipment, we recommend a double-shot camera. It can take two 
consecutive pictures with ~ms separation, and produce these pairs in ~20 FPS. Each pair is then 
sufficient to define a velocity vector in a one-centimeter cell. 

LED-stroboscope 
Coupled to the double-shot camera, we also like to provide instant illuminations which are 
exactly timed to match the shots. First of all, a constant illumination consumes more energy. 
Also, since the two images in a pair produced by a double-shot camera typically have very 
different exposure times, a constant illumination leads to a very bright and a very faint picture, 
which increases the difficulty of data processing. If we time two bursts of light of exactly equal 
duration and power, we can get two equally bright pictures. We recommend using an 
electronic stroboscope that links the camera to the power-source of an array of LED lights. The 
response time of these devices is sufficient for our timing goal. 

Light sheet production 
A thick light sheet can be easily produced from an omni-directional light source by use of a 
semi-convex lens. Due to the size of the setup, we recommend using a perspex half-cylinder to 
fit this purpose. As long as all particles are illuminated sufficiently, the lighting does not need 
to be perfectly homogeneous. 
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6. Experiment design 

6.1 Visual access 
Somehow, we need to be able to visualize a horizontal plane in the pump area. With the 
camera being behind the glass wall, this could in principle be done with the camera being 
under an angle and using the Scheimpflug principle to get the components of the displacement. 
However, the complicated calibration this would require and the fact that this would need to 
be redone for a different pump setup makes it preferable to use a mirror.  

 
Figure 3: Schematic side view of the pump area, indicatng the placement of a mirror beneath the 
bellmouth to gain visual access from below. A thin perspex plate is fitted horizontally over the mirror 
and raising the bellmouth would ensure an identical flow profile. 

A mirror could be inserted at an angle of 45 degrees (changing this angle would not change the 
required height from the floor). A horizontal thin plate should cover this to avoid changing the 
flow pattern. To keep the original dimensions intact, the pipe should be raised, but this is 
feasible. To view the entire 50 cm x 50 cm area, the mirror should be 25 cm high (according to 
the same principle that allows you to see yourself in a mirror half your height).  However, a 
mirror of about 10 cm high should allow vision of entire bellmouth area and a large fraction of 
the pump area. This way, we could do partial imaging but as the flow pattern changes with 
time, this is not optimal. We thus would like a mirror that is as high as possible. For future 
basin construction, we recommend lowering the floor in the pump area.  

While the cover plate should be transparent in the area above the mirror, the remainder could 
be made of wood. This would make it cheap and easy to adjust the system to a pump area 
shaped differently. 

6.2 Bubble generation and insertion 
It is important that the generation of bubbles does not disturb the flow. This can be done by 
generating them as far away as possible from the measuring region. In principle, we can 
generate them even outside the intake trench, in the large water tank. This is done by 
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supplying a constant pressure air through tubes, connected to a porous material that releases 
bubbles.[4] 

There are three factors one needs to balance in practice. If releasing so far away from the 
measuring region, their upward motion may not leave enough bubbles to be measured. This 
can be compensated by either reducing the size, therefore their rise velocity; or we can increase 
the total amount. The first method makes detection more difficult, while the second method 
increases the disturbance to the flow. We recommend starting at 200 micron and see how good 
can we measure it. Depending on that result, further adjustments will be needed. 

6.3 Complete setup 
Figure 4 presents the complete setup as we propose it. A single light source is used to create the 
thick light sheet. Bubbles are injected at several positions several meters before the bell head. 
Multiple double-shot cameras are used to observe the particles in the light sheet, using the 
mirror below the plexiglass 'false bottom'. This false bottom does not bear any load, since the 
space beneath it is filled with water. 

 
Figure 4: Schematic view of the entire setup, as proposed. The setup comprises a single light source, 
multiple double-shot cameras, a tilted mirror below the false bottom, and the bubble injection. 

7. Conclusions and outlook 
We combined and adapted standard approaches to obtain a flow profile. At the lab scale, PTV 
using bubbles is a tried technique, but the much larger basin scale in combination with the fact 
that it had to be implemented without significantly modifying or contaminating the basin is 
challenging. 
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We propose a setup consisting of the following parts, as seen in figure 4. Bubbles are generated 
outside the pump compartment for maximal control and then pumped into the beginning of 
the pump compartment. There they follow the flow into the pump. A powerful stroboscope 
generates a thick (~5 cm) light sheet, which illuminates the bubbles and allows imaging by 
three double-shot cameras. A mirror at the bottom of the compartment allows imaging from 
below, perpendicular to the light sheet. After calibration of the cameras using a grid, 
comparing two images quickly taken after another should yield a velocity profile. 

Using this setup, we effectively propose using PTV in a thick sheet. Moving this sheet up and 
down allows us to image the entire area of interest during several sweeps. By measuring each 
sheet position for an extended period of time, we can obtain enough data for a 3D mean flow 
profile. This information can then be succesfully compared to the CFD data. By making the 
sheet thinner, and increasing the particle density, more accurate data can be gathered faster, to 
assess the size of the fluctuations in the flow field. 

A test setup using just one camera can be used for checking whether the light of the 
stroboscope is bright enough. If the bubbles are clearly visible, the full setup can be built. The 
setup is flexible enough to be used in different basins. 
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Optimum textile loop interface for a maximum strength of a 
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1. Abstract 

As a world market leader in ultrahigh molecular weight polyethylene (UMHWPE) 
fibers, DSM Dyneema© is now focused on replacing steel chains by synthetic link 
chains. The very high tenacity of UMHWPE fibers compared to that of steel (3.5 N/tex 
versus 0.2 N/tex respectively) make the Dyneema© fibers very attractive to use as a 
chain in e.g. mooring applications. However, in the current link chain configuration 
designed by Dyneema© , the strength at breaking is reduced by a factor seven 
compared to Dyneema© ropes. It is assumed that a sub-optimal link-link interface is 
responsible for this significant reduction. Increasing the chain strength by re-designing 
the link-link interface of Dyneema© chains is discussed in this report. A range of 
innovative chain shapes is developed and discussed. For a subset of these, 
experiments have been performed using paper and rubber bands. The relative strain 
distribution for the linear and helical (Möbius) twist, pressure profiles on webbing, the 
Poisson effect and flattening of fiber undulations is theoretically assessed by simple 
models. A uniform pressure distribution and equal load per fiber in each webbing is 
assumed to yield the optimal strength at breaking in chain configuration. Although an 
exclusive optimal link design could not be concluded, the so-called hyper-link© 
design is offered as a solution to improve Dyneema© chain strength. This link shape 
can be relatively easy produced from existing webbing production methods. 

2. Company profile 
DSM Dyneema© (www.dyneema.com) is a business group of DSM N.V. (25.000 FTE, 
10 Billion $/a). As world market leader in UHMWPE fibers, it produces super strong, 
lightweight synthetic fibers and tapes under the brand Dyneema©. In Greek, this 
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means Dyn=Force and Neema=Fiber, thus forceful fiber. With about 800 employees , 
DSM Dyneema © has four production locations in NL, USA, JP and China and about 
ten sales offices all over the world as well three technical application - & R&D centers 
in Heerlen (NL), Stanley (USA) and Singapore. DSM Dyneema is backward and 
forward integrated. It means, it produces several UHMWPE polymer molecules, 
draws about 100 different fiber types from that, manufactures UHMWPE sheets and 
unidirectional foils. 

3. Problem description 
DSM Dyneema is the manufacturer of Dyneema© , The World’s Strongest FiberTM. 
This ultra-strong, super lightweight high tenacity fiber is made from UHMWPE 
(ultrahigh molecular weight polyethylene) resp. HMPE (high modulus polyethylene). 
With its tenacity of at least 3.5 N/tex, this synthetic fiber is on weight-to-weight basis 
fifteen times stronger than steel with its typical tenacity of 0.2 N/tex only. Therefore 
Dyneema© fiber is replacing steel since twenty years in weight critical applications 
such as heavy marine mooring ropes for oil tankers, in armor panels for police cars and 
in heavy duty lifting slings for offshore wind park installation. 

On its path to innovation, DSM Dyneema has defined a new ambitious project: 
replacement of heavy steel link chains by synthetic link chains made with Dyneema© 
fiber. The world market for steel link chains is about 3 billion Euro large and still 
growing fast. The ambition of Dyneema© reaches even further: designing efficient, 
much smarter synthetic link chains, that are up to ten times lighter than the best 
existing steel chains! 

 

 
 

Figure 1. Synthetic chain made from Dyneema© 
 

For current chain designs, the tenacity of Dyneema© chains is about a factor seven 
lower than the tenacity of the Dyneema©  fibers. Fracture is typically observed at the 
interface of two links, leading to the assumption that the load transfer from link to link 
is sub-optimal. The hypothesis is that this is related to a complex inhomogeneous 
stress distribution over the fibers at the link-link interfaces. Some improvements were 
already obtained, but still a factor two improvement is expected to be feasible. 
Technical measures resulting in a strength improvement towards that factor two are 
highly desired. Thus, the problem can be stated as: 
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What should be changed in the design of Dyneema© chains to improve the strength at 
breaking by a factor of two compared to currently existing designs? 

 

3.1 Background 
Dyneema© SK75 (and SK78) fibers have a tensile strength of about 3.4 GPa. This is as 
strong as the strongest types of steel. However, steel of such strength is extremely hard 
and brittle and therefore often unpractical whereas Dyneema© is still flexible, tough and 
thus highly useful. Moreover, the density of Dyneema© is only 1/8 of that of steel. 
Hence the specific strength (also denoted as tenacity) of Dyneema © is about 10 times 
that of steel. Both Dyneema© and steel are often used in cables which are typical tension 
members. An alternative tension member is a chain. The tenacity of chains is lower than 
that of cables. Yet, chains are often preferred, as the chain link allows to hook-in all along 
the chain length. This practical feature can be of large importance. Since a few years, 
Dyneema© is also used for chains. Again, the chain tenacity is considerably lower than 
that of a cable, although much higher than Dyneema© ropes. Improving the tenacity of 
Dyneema© chains will make its use much more attractive. Before discussing this 
problem in more detail, some introduction to Dyneema© is useful, as material 
characteristics as well as geometrical conditions of the final product are of importance. 

3.2 Material details 

Dyneema© is a polymer based fiber with highly anisotropic properties. The structure 
consists of high crystallinity Ultra High Molecular Weight Polyethylene (UHMWPE) 
fibers aligned along one direction, requiring an additional processing (gel-spinning) 
for this alignment. 

Polyethylene (PE) consists of CH2 repeating units and obtained via polymerization of 
ethylene (C2H4). Ethylene monomer has a double bond (1 σ and 1 π bond, sp2 
hybridization) between the carbon atoms and during polymerization, the π bonds are 
broken and monomer units are connected to each other via newly formed σ bonds. 
Figure 2 shows the polymerization of ethylene monomers. 

 

 
 

Figure 2. Polymerization of ethene to polyethylene (PE) via breaking of bonds between carbon atoms 
and formation of new bonds between ethylene monomers. 

After the polymerization, the resulting PE chains are durable and chemically inert. The 
main force between individual PE chains is the weak Van der Waals forces, and as a 
result, the interaction between the chains is low. Moreover, bonding with other 
materials (e.g. resin) is also weak due to the chemically inert and hydrophobic nature 
of PE. In order to use PE in high strength applications, very long polymer chains 
(around 10 micron) are required, therefore the chains can withstand the applied stress. 
The long PE chains are called Ultra High Molecular Weight Polyethylene (UHMWPE). 
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The gel-spinning is a solution based step and is aimed for aligning UHMWPE chains 
with respect to each other. The gel-spinning process is explained in figure 3.2. Figure 
3.2a shows the extruder together with the gel-spinning set-up and figure 3.2b 
represents the fiber drawing step. The UHMWPE solution is first processed in the 
extruder to form polymer fibers. The polymer solution leaves the extruder through 
nozzles in the fiber form and subsequently solvent is removed from the polymer 
fibers. At this stage, the fibers can be called as-spun gel (fiber). The polymer crystals in 
the fiber are disentangled, therefore there is a preferred alignment between the 
polymer chains within the fibers. With the fiber drawing step depicted in figure 3.2, the 
disentangled polymer chains in the fiber are forced to align more (figure 3.2c). High 
drawing ratio provides the orientation of the chains in the fiber, which also brings high 
crystallinity. The transformation of the polymer chains during the extrusion and 
drawing is shown in figure 3.2d. With the drawing, the polymer crystallinity can be as 
high as 85 % compared to crystallinity lower than 60 % in PE fibers with low polymer 
orientation. 

 
 
Figure 3. Processing of UHMWPE polymers from extrusion, gel-spinning and fiber drawing. [1] 
 

As UHMWPE polymer chains within the fiber is highly oriented along specific 
direction, the fibers exhibit highly anisotropic behavior. While the mechanical 
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properties such as the tensile strength (up to 3.4 GPa with Young’s modulus 110 GPa) 
and stiffness along the fiber oriented direction are extremely high, the axial 
compression and transverse strength is low due to weak interaction of polymer chains 
with each other. The attractive van der Waals forces between the polymer chains 
cannot account for the applied compressive stress and the fibers suffer from plastic 
deformation (compressive yield strength is around 1 % of the tensile strength). 

3.3 Previous solutions on improving chains by DSM Dyneema 

• Möbius folding. One possible reason for a strength reduction in the chain 
compared to a cable is that the inside of a link has a smaller length than the 
outside. Yet the displacements are nominally identical, so the tensile strain and 
the resulting stress at the link inside is higher and failure starts at this inner side. 
This problem has been reduced by shaping the links as Möbius rings. A Mö̈ bius 
ring has no real inner and outer side (picture 3.3) which leads to a more equal 
distribution of loads among the inner and outer surface of the link. 

• pre-loading of chains at elevated temperatures. The Dyneema© fibers show 
increased 

 
 

Figure 4. Schematic of Dyneema © chain design 

creep at higher temperature and most creep occurs at the locations with the 
highest fiber stress, thus relaxing the stress peaks and causing a more 
homogeneous stress distribution in the fibers that leads to improved strength. 

• Combining wide thick links with narrower long links. This method yields a 
structure where the critical narrow links are in contact with a wider link at the 
interface, thus the stress concentration in the critical link is lower and the 
effective strength is improved. However, production of such chains is very 
complicated, thus it is hardly attractive. 
 

4. Problem solving strategy 
We have tried to understand the problem in detail and we have come up with some 
ideas/designs to work on throughout the week. Most of these ideas and designs were 
presented during the mid-term presentation. A brainstorm session of junior 
researchers, academic supervisors and company representatives yielded a range of 
ideas and approaches into possible solutions for the chain problem. Some problems 
diverged from the existing chain designs, others proved to be possible by minor 
modifications to the existing production process. A selection of promising results have 



Proceedings Physics with Industry 2014 

19 

been treated from an experimental and theoretical perspective. The following options 
for chain shapes have been developed during this session: 

• Asymmetric rings. Currently, all the chain links have the same shape. 
Incorporating different shapes in the chain may enhance the mechanical 
properties. However, as stress is applied to the chain and the Dyneema© chain 
are flexible, each chain elongates and forms a similar junction with another one, 
independent from the original shape. As a result, we have not worked on this 
idea in more detail. 

• Double chain. The double chain design consists of two chains incorporated in 
one chain with the idea that the stress at the chain-chain junctions can be 
reduced as the junction interface is increased. We have prepared several samples 
from paper and tested them under load (results can be found in the 
experimental section). From our experiments, we observed that this design does 
not bring much improvement to the load carrying properties and it is also 
difficult to handle. Also, this design requires twice amount of number of chains 
compared to the current design for a given length which is another drawback. 

• D-link. The goal of this design is to increase the interface area at the chain-chain 
junction. Each chain is folded from the middle section. In this way, the 
neighboring chains have an interface of double the area compared to the current 
Dyneema© design. From our paper experiments, the mechanical properties are 
not enhanced. Note that this design also requires twice the amount of the 
number of links. 

• Staggered webbing. For this design, instead of fiber layers on top of each other in 
a single chain, the fiber layers of neighboring chains are intermixed. The aim for 
this design is to reduce the stress that the fibers at the sides of the webbing at the 
chain-chain junctions undergo. 

• Webbing stitch at chain-chain junction. Currently, the stitching is placed at the 
side of each chain. From the experiments conducted by DSM Dyneema, it was 
observed that the stitching is not the weakest point that leads to failure. In order 
to increase the strength at the chain-chain junction (preventing the individual 
fibers to change position), the stitching can be placed at this junction. However, 
in terms of design and appearance, the junction would become too thick with 
many more fiber layers, and that would result in more compressive stress at this 
point. 

Apart from changes in the chain shape, different weaving patterns in the webbing that 
make up the synthetic chain could lead to improvements in strength. The following 
ideas have been developed: 

• Different weaving patterns in a single ring. In the current Dyneema© chains, all 
webbing consist of mainly 0◦ UHMWPE fibers (the warp yarns) and these fibers 
are kept together by 90◦ weft yarns. Introducing several layers of fibers with 
such as 45◦ and -45◦ fiber alignment can be helpful to increase the mechanical 
properties at the link interfaces. In addition, incorporating fiber layers with 
different angles makes the structure more isotropic. A drawback of this 
approach is that production process has to be changed. This design is definitely 
promising, however it is difficult to realize in a short period of time. 

• Warp yarns with different lengths. When a load is applied to the chain, the 
fibers are compressed, particularly at the chain-chain junction. As the 
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Dyneema© fibers undergo plastic deformation and elongation under 
compressive stress, it might be helpful to produce different length fibers in a 
single webbing to accommodate for changes in length upon loading. This 
webbing can only form its shape when it is rolled. We have prepared a sample 
from paper that represents the chain from this sort webbing, and we also show 
with another sample that it is possible to store this webbing via rolling. 

 

• Different elasticity (higher failure strain) in warp yarns. In the current 
Dyneema© chain design, when the load is applied, the fibers fail at the outer 
layers (mainly at the outer 4 layers) as they are stretched more compared to the 
inner layers. Using more flexible yarns as the outer layers would be beneficial to 
delay the failure of these layers when exposed to heavy loads. 

In addition to previous options of improvements in link design, changing the 
fiber/webbing processing techniques could prove beneficial as well by making 
changes on a micro-level. Two options are pointed out hereafter. 

• Eliminate post stretch steps. Post stretch of fibers brings additional alignment of 
polymers in the fibers, thus an increase in elastic modulus but a decrease in slack 
at the same time. The fibers at the sides of each warp are stretched more 
compared to the fibers located at the inner side, therefore post stretching can be 
omitted for the fibers at the sides so that they will be more flexible compared to 
the fibers at the inner side.  

• Different warp yarn tensions along a webbing. Similar to the ’eliminate post 
stretch steps’ case mentioned above, employing different draw ratios during 
fiber production can also be useful to have fibers with different modula in a 
webbing. As an example, multiple rollers with different diameters (smallest 
diameter at the center of the webbing) can be employed to produce a webbing 
(with constant speed of the fiber rollers). When the fibers are rolled, the ones at 
the each side are stretched (or drawn) more compared to the fibers located at the 
center. Another method is adjusting the fiber feed rather than the roller. Using a 
brake at certain location such as at the center leads to higher draw ratios (with 
constant speed of the fiber roller) of the fibers at this location compared to the 
ones at the side. This process gives the stretched fibers at the center and flexible 
ones at the sides. Note that both processes give the webbing a shape different 
from a planar shape, therefore storage should also be handled in a different 
manner. 
 

5. Theoretical analysis 
Detrimental effects for the link chain performance such as high curvature at the link 
interface, twisting of webbing and the high compressive forces due to accumulated 
pressure from the layered webbing have also been approached from a theoretical 
perspective. Some simple modeling has been carried out on these aspects and are 
discussed hereafter. 

5.1  A study of the Möbius twist 
Relative strain distribution in a link without the Möbius twist 
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The webbing in a link is layered and because of that the circumference of a single webbing layer 
increases from the inside to the outside. In a simple model one can assume an equal tensile stress 
on all fibers. The webbing layers are curved around a spherical shaped pin. One can now assume 
the same displacement ∆ for all webbing layers. We approximate the geometric parameters in table 
1. The length of the trajectory over the surface is S(x, ∆) where x 

Table 1. An approximation of the geometric parameters  

 Radius  R = 1 
Length  L = 8R 
Shackle thickness H = 2R
Width of a single webbing  w = 2R  
Small displacement  ∆ = 0.05 

is the distance in the radial direction away from the link interface (-H/2<x<H/2) and ∆ the overall 
displacement of the link interface due to the external load. The strain ǫ is given as a function of the 
trajectory, S, over the surface. The configuration is illustrated in figure 5. 

                                    𝜀𝜀(𝑥𝑥) = 𝑆𝑆−𝑆𝑆0
𝑆𝑆0

= 𝑆𝑆(𝑥𝑥,∆)−𝑆𝑆(𝑥𝑥,0)
𝑆𝑆(𝑥𝑥,0)

.                                                                                (1) 

The relative strain ratio is 

                                   𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚
𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚

= 8+𝜋𝜋

8+𝜋𝜋(1+𝐻𝐻𝑅𝑅)
.                                                                           (2) 

Because of the curvature changes from the inside to the outside the same absolute displacement 
will result in a varying relative strain, namely a radial dependence. The relative strain ratio is 
shown in figure 6 (left). The webbing in the inner part of the link are exposed to a significantly 
higher relative strain. The inner webbing will fail before the outer layers can contribute up to their 
maximum strength. 
 

 

 

 

 

 

 
 

 

 

 

 

 

 

Figure 5. Schematic of webbing layers around a spherical pin. 
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Relative strain distribution in a link with a linear twist 

Introducing a Möbius twist interchanges the inner and outer layers and therefore equalizes the 
absolute lengths of different webbing layers. That significantly reduces the relative strain 
differences. If one assumes that there is an equal stress distribution at zero displacement, then the 
slope of the interchanging layers will introduce a slight relative length difference. The layers at half 
the thickness of the link are slightly shorter and the same absolute displacement will therefore 
results in a slightly higher strain in those webbing layers: 

𝜀𝜀(𝑥𝑥) =  
∆ + �(𝐿𝐿 + ∆)2 + (2𝑥𝑥)2 − �𝐿𝐿2 + (2𝑥𝑥)2

𝐿𝐿 + 𝜋𝜋(2𝑅𝑅 + 𝐻𝐻) + �𝐿𝐿2 + (2𝑥𝑥)2
                                                                                 (3)  

Figure 6 (right) shows the strain distribution of the middle core fibers within one webbing for 
different positions along the thickness of the link. In reality its more likely that the length 
distribution between webbing layers can adopt to that effect, as the single webbing layers are  
rolled up sequentially. That effect will therefore most likely cancel out. 
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Figure 6. Strain distribution of a link without the Möbius twist (left) and the stress distribution in 
ideally interchanged webbing (right). 
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Figure 7. Schematic drawing of link with Möbius twist.

  
  

R
el

at
iv

e
st

ra
in

R
el

at
iv

e
st

ra
in

−0.5 0 0.5 1
1
−1 −0.5 0 0.5 1

 x    x   
 



Proceedings Physics with Industry 2014 

23 

Strain distribution due to the helical twist of the Möbius configuration 

We now assume that the fibers within a webbing have exactly the same length. This is a 
realistic assumption as this is the current requirement for manufacturing the webbing. 
By introducing the Möbius twist, the helical like structure will result in an effective 
displacement of the outer fibers in a single webbing compared to the central core fibers. 
The configuration is illustrated in figure 7.  This configuration effectively leads to a 
relative strain distribution (pre-strained state) along the radial axis of a single webbing. 
The relative length increase of a helically twisted webbing is shown in figure 8 (left) 
whereas the relative strain distribution over the width of the webbing is shown in 
figure 8 (right).

𝜖𝜖(𝑥𝑥) =  
𝜋𝜋�𝑤𝑤2+(𝐿𝐿+∆𝜋𝜋 )2+∆−𝐿𝐿

2𝐿𝐿+2𝜋𝜋𝜋𝜋+𝜋𝜋𝜋𝜋
        (4) 

The figure clearly shows the significant increase of the strain along the radial cross-
section of a single webbing. 
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Figure 8. Relative length increase (left) and induced relative strain (right) due to the helical twist. 
 

5.2 Model for the pressure on different layers 

In order to model the effect of the pressure build-up due to stacking of the webbing, we 
consider now several layers of webbing on top of a cylinder with radius R and length b. 
Figure 9 shows the cross-section of the cylinder. Because the cylinder is rotation 
invariant around its center, we choose a z direction, with z = 0 at the position where 
the stack of webbing touches the cylinder and z increases outwards. First we assume 
that the forces on the webbing are distributed equally, so each layer carries a load F. For 
an infinitesimal element at position R + z with angle dφ we calculate the pressure it 
exerts onto the next layer due to the stress on the edges. 

For this volume element the force on the edges is F, the total of this force in the radial 
direction is: 
 

𝐹𝐹𝑁𝑁 = 2 sin �1
2
𝑑𝑑𝑑𝑑� ≈ 𝑑𝑑𝑑𝑑𝐹𝐹.  (5) 

This leads to a pressure in the radial direction which is this force FN divided by the area: 
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dP = − dφF 

(R + z)bdφ 
. (6) 

 

Expressing now the force in terms of the stress on the volume element 

  𝜎𝜎 = 𝐹𝐹
𝑏𝑏𝑑𝑑𝑏𝑏,                                                         (7) 

gives 

𝑦𝑦𝑑𝑑
𝑦𝑦𝑑𝑑

= 𝜎𝜎
(𝜋𝜋+𝑑𝑑)

. (8)

 

 

 

 

 

 
 

Figure 9. Schematic representation of the connection between the pressure (P) in the webbing and the 
applied pulling force (F). The webbing has an thickness h and an internal curvature with radius R. 

 

Integrating this and using that the boundary condition P(h) = 0 gives 

                              P(z) = σ log�1+𝑏𝑏 𝑅𝑅�
1+ℎ 𝑅𝑅�

� 
 

(9) 

for the pressure on a single webbing as function of z. 

Non-uniform distribution of strain on different layers

In the previous section we have solved the pressure distribution on different layers by 
assuming that the tensile stress (σa) is uniform over the webbing. Now we consider 
that the tensile stress is not uniform but it decreases linearly from inner layers to the 
outer ones (σ(z) = K − Tz), hereby approaching the more realistic shape of a ’quenched’ 
webbing. At the inner most layer (z = 0) the stress is K and it decrease linearly to  
(K − Th) at the outer layer. 

By inserting the stress profile into (8) we have 

𝑑𝑑𝑃𝑃
𝑑𝑑𝑏𝑏

= −
𝑘𝑘 − 𝑇𝑇𝑏𝑏
𝑅𝑅 + 𝑏𝑏

. 

  
(10)

 

p 
Fn  
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By integrating over z and using that at the at the outer layer (z = h) the pressure is zero 
we get the pressure profile as a function of z: 

𝑃𝑃(𝑏𝑏) = (𝑘𝑘 + 𝑇𝑇𝑅𝑅)𝑙𝑙𝑙𝑙 �
1+𝑑𝑑 𝜋𝜋�
1+ℎ 𝜋𝜋�

�+ 𝑇𝑇(ℎ − 𝑏𝑏).  
 (11)  

By putting T = 0 and K = σa we end up with the previous equation for the uniform 
stress distribution. 

Pressure profiles in links with ellipsoidal symmetry 

The pressure change in any small element can be described using equation 6 when the 
curvature of that element is known. As a first approximation of the pressure profile 
around an ellipsoidal shaped cylinder, we describe the surface as a collection of 
cylindrical elements each with their own curvature. This give a series of one 
dimensional pressure profiles along the normal of the inner ellipse. Using a polar 
coordinate system the shape and curvature of an ellipsoid are defined as: 

x = a cos(φ), (12) 

y = b sin(φ), (13)

                                                   𝑅𝑅 = 𝐿𝐿𝑎𝑎

�𝐿𝐿2𝑟𝑟𝑦𝑦𝑦𝑦2(𝜑𝜑)+𝑎𝑎2𝐿𝐿𝑦𝑦𝑟𝑟2(𝜑𝜑)�
3
2�
 .                                                  (14) 

In figure 10a-c the pressure profiles are shown for webbing packets with a rectangular 
cross-section. It is clear that when deviating from the circular shape the pressure is 
concentrated in the high curvature regions. When a chain is loaded, the cross-section of 
the links deviate from a rectangular shape to the shape that matches the inside of the 
other link. So by assuming that the perpendicular shape of the webbing is equal to the 
shape of the inside an estimate of the pressure distribution in the links is obtained. 
Results of the pressure distributions in links of such cross-section are shown in figure 
10d-f. Clearly, the pressure distribution in the ellipsoidal shaped links is much wider 
distributed while in the rectangle shaped links the pressure is more localized to the 
surface. 

It is not possible based on these calculations to predict which shape is actually the most 
desirable or even if it makes a stable conformation. Pressure can be a two sided sword 
as it can either reduce the load of the fibers due to pressure induced elongation, while it 
might also decrease the intrinsic strength of the fiber. More knowledge of the material 
properties as function of the pressure are necessary to assess the positive and negative 
effects of the shape. Besides, in this model we only consider equilibrium properties. In 
reality however, the links are not static and deform due to the pressure exerted by the 
other link. For example, when starting from the cylindrical shape as depicted in figure 
10(a,d) a pressure is applied on the sides of the other link which would result in a 
flattening in that direction. The shape thereby becomes more elongated, more towards 
what is shown in figure 10(b,c,e,f) and the pressure applied at the sides decreases due 
to this deformation, while at the same time the pressure required for further 
compression of the other link is increasing. The profile when those two pressures are 
equal, give a better description of the contact region between the links. Further 
improvement of the model could be obtained by incorporating the webbing elongation 
due to the pressure (see next section) and by investigation of the change in the load 
distribution over the fibers due to the deformations. 
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Figure 10. Pressure profiles for webbing curved around an ellipsoid, indicating the higher pressures 
with red and the lower with blue. On the left column (a-c), the webbing has a rectangular cross 
section, while on the right the cross section of the webbing is given by the shape of the internal ellips 
(d-f). 

5.3 Elongation of fibers due to squeezing at junctions 

Now we want to estimate how much the fibers in the inner layer can be elongated due 
to squeezing at the junction. The highest pressure is applied on the inner most layers 
and the order of magnitude of this pressure is about load over the cross-section of a 
single chain. We know that the Poisson’s ratio is about 0.3. According to the definition 
of the Poisson’s ratio the amount of elongation in the fiber direction due to squeezing 
in the perpendicular direction is about νP0/E. This elongation process is happening in 
the arc part of the chain with a length of about 2πR. But this elongation can be 
distributed along the whole length of the chain which is (2L + 2πR). In order to find 
the average elongation of the fibers we multiply these two quantities to get the average 
elongation   

νP0 (2L + 2πR).                                                                             (15)                                                                      
E

 

By comparing this average elongation with the elongation of the chain under uniform 
stress (a= σa/E) we get  

                              𝜖𝜖𝑚𝑚
𝜀𝜀

=
𝜈𝜈ln (1+ℎ𝑅𝑅)

1+ 𝐿𝐿
𝜋𝜋𝑅𝑅

.                                                      (16) 

(d) 
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Figure 11. Average elongation in percent as a function of the aspect ratio of the chain. The two circles 
show the average elongation for the two chains produced by DSM. 

This relation gives us the elongation of the fibers in the inner most layer due to squeezing with 
respect to the elongation due to tension. In figure 11 equation 16 is plotted as a function of 
aspect ratio of the chain (L/R). a/  is decreasing by increasing the aspect ratio. We have also 
shown the calculated values for two chains produced by DSM on the plot. The produced 
chains have low a/, which means that these chains have optimized aspect ratios. 

 

5.4 Corrections to the relative length change of the webbing 

In this section we look into first order calculations on the relative length change of the 
link webbing as a result of flattening out fiber undulations. This length change can be 
decomposed into two parts: (i) the flattening of the fiber undulation itself, and (ii) the 
pressing of fibers against each other within the webbing. 

Flattening of fiber undulations 

The schematic in figure 12 represents the undulation of two warp fibers within the 
webbing. The amplitude a is such that it spans half the webbing thickness. We also
define an undulation wavelength λ which should be of the order of the spacing 
between the weft fibers. The flattening of these undulations resulting from the 
pressure applied on the webbing leads to a reduction of the amplitudes which scales as 
aǫz. For low stresses where the transverse strain is low enough such that the warp 
fibers are not pressing against each other, we can relate geometrically the change in 
undulation amplitude ∆a to the change in the undulation wavelength ∆λ: 

λ2 + (az)2 ≈ (λ + ∆λ)2, 

which leads to first order as

∆𝜆𝜆
𝜆𝜆
≈ 1

2
𝐿𝐿2𝜀𝜀𝑧𝑧2

𝜆𝜆2
.

The sum of these relative changes in wavelengths over all N wavelengths along the 
webbing must lead to its total relative change in length: 

≈ 
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                                                   ∆𝐿𝐿
𝐿𝐿

= 𝑁𝑁𝐿𝐿2

2𝜆𝜆
𝜀𝜀𝑑𝑑2 .                                                                   (17) 

Pressing of fibers: Poisson effect 

When the pressure on the webbing is large, the fibers start pressing against each other. 
In this case, we make use of the Poisson effect [2] to obtain the relative length change 
of the fibers. We take an infinitesimal volume element with dimensions Lx × Ly × Lz in a 
fiber whose longitudinal axis is oriented along the x−dimension as shown in figure 13. 
Suppose the fiber is stretched along its length thereby squeezing its diameter, the 
Poisson’s ratio is defined as 

𝜈𝜈 = −𝜀𝜀𝑦𝑦
𝜀𝜀𝑚𝑚

= − 𝜀𝜀𝑧𝑧
𝜀𝜀𝑚𝑚

, 

where 

𝜀𝜀𝑥𝑥 = 𝑦𝑦𝑥𝑥
𝑥𝑥
≈ ∆𝐿𝐿𝑚𝑚

𝐿𝐿𝑚𝑚
, 𝜀𝜀𝑦𝑦 = 𝑦𝑦𝑦𝑦

𝑦𝑦
≈ ∆𝐿𝐿𝑚𝑚𝑦𝑦

𝐿𝐿𝑦𝑦
,     𝜀𝜀𝑑𝑑 =  𝑦𝑦𝑑𝑑

𝑑𝑑
≈ ∆𝐿𝐿𝑧𝑧

𝐿𝐿𝑧𝑧
.

If the fibers are uniform with diameter d ≈ Ly = Lz and length Lx = L, the length change 
L + ∆L of a fiber resulting from the diameter reduction d − ∆d due to the squeeze can 
be expressed using the above definition −νx = y = z and integrating over the 
changes in dimensions : 

−𝜈𝜈 ∫ 𝑦𝑦𝑥𝑥
𝑥𝑥

𝐿𝐿+∆𝐿𝐿
𝐿𝐿 = ∫ 𝑦𝑦𝑦𝑦

𝑦𝑦
𝑦𝑦−∆𝑦𝑦
𝑦𝑦 =  ∫ 𝑦𝑦𝑑𝑑

𝑑𝑑
𝑦𝑦−∆𝑦𝑦
𝑦𝑦  ,

which leads to 

�1 +
∆𝐿𝐿
𝐿𝐿 �

−𝜈𝜈

= 1−
∆𝑑𝑑
𝑑𝑑 . 

For small diameter changes z = ∆d/d, we obtain the first order relative fiber length 
change 

                                   ∆𝐿𝐿
𝐿𝐿
≈ 𝜀𝜀𝑧𝑧

𝜈𝜈
.                                                               (18) 
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Implications to the link geometry 

Both equations 17 and 18 can be used as corrections to the relative length change of the 
webbing. The flattening of undulations leads to a length change which is quadratic in 
z, which means that for small deformations, it has a smaller contribution. For large 
deformations however, the undulations will have been flattened out and by that time 
the length change should be dominated by contributions from equation 18. This means 
that for a tight weave typical of the link webbing, it is expected that significant 
contributions to ∆L/L can come from the fibers pressing against each other and less 
significantly so from the flattening of the fiber undulations. So a link webbing made of 
uniform fibers with Young’s modulus E and squeezed at a pressure P(z), the Poisson 
effect correction assuming a Poisson’s ratio ν ≈ 0.3 leads to a relative length change 
∆L/L which is roughly 3 times the relative reduction in fiber diameter  z ∼ P(z)/E. 

6. Experiments 
6.1 Tensile stress test 

To start with out of the list of possible solutions from chapter 4, five ideas were tested 
experimentally using paper model chains. Figure 14 shows the tested shapes. 

 

 

2a 

 

 
 

λ 

 
 

~(λ+Δλ) 

Figure 12. Section of a webbing showing the undulations of fibers with amplitude a and wavelength 
λ. The lower figure is a zoom-in of a fiber undulation before (solid curve) and after (dashed curve) 
applying a transverse strain z to the webbing. 

 

 

 

 

 
 
Figure 13. An infinitesimal volume element of a fiber showing the Poisson effect. The transverse 
strain z = y squeezes the fiber which leads to a longitudinal extension x. 

 

 

 

 

 



Proceedings Physics with Industry 2014 
 

30 

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

 

Figure 14. The design of the paper chain models. (a) simple (b) Möbius (c) double (d) thicker middle 
(e) D-link. 

 

Experimental setup 

All types were tested with the setup depicted in figure 15: the chain (3 links) was 
connected between a hook and a scale-beam. The scale-beam (KERN CH15K20) was 
used to measure the force. 

Figure 15. Setup of the stress measurement.  

 
Results and discussion 

Figure 16 shows the break-strength (normalized per strand) for different model chains. 
From this figure we can clearly see that the ’thicker middle’ model has the highest 
breaking strength. Post-analysis shows that the edges of the strand tears first, because 
the stresses at these spots are the highest. In the case of the ’thicker middle’ the stress 
appears to be more homogenously distributed,   resulting in a higher breaking strength. 
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Figure 16. The breaking strength (normalized per strand) for different model chains 

 

6.2  Morphology alteration due to tensile stress 

The tensile stress on the chain leads to morphology of the strands, which is 
depicted in figure 17. The shape of intersection appears to resemble a 
hyperbolic paraboloid. 

 

  
 

Figure 17. Morphology of the strands in the chain due to tensile stress for one strand 
(left) and five strands (right). 

Experimental setup 

A similar setup was used as in section 6.1. Rubber bands were used to get 
an intuitive feeling for the shape of the inner section. 

Results and discussion 

The curvature of the strand was determined as function of the tensile 
stress, which is depicted in figure 6.2.. This was done for 1 strand and 5 
strands. In the case of multiple strands (5 in this case) the effect on 
curvature appears to be less pronounced. 
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F [N]          F[N] 
20.0            11 
15.0               9 
13.0              7 
10.0              4 
8.0              0 
6.0 
4.0 
2.0 
0.0 

 

 
 
Figure 18. Shape of the inner section of the strand as function of tension. 

6.3 Observations of tested Dyneema© chains 

Observation of the Dyneema © chain lead to some findings about what occurs during 
heavy loading of the chains. 

Results and discussion 

The inner strands of the intersection of the link appears to be compressed in a 
hyperbolic profile, see figure 19. This is similarly to what was observed in previous 
section about the experiments with rubber bands. Moreover, ripples are observed in 
all strands (figure 20), but appear to have a larger size at the inner strands. This can be 
explained by the more heavy compression in this region figure 20 (right). 

  
Figure 19. The intersection of the chain show a ’hyperbolic profile’ after heavy loading. 

  
 

Figure 20. Ripples originate due to the high compression force during tension of the chain. 
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6.4 Shaping the Hyper-link © 

The ideal shape of the hyper-link will have a shape which distributes the tension on all 
fibers equally. A model of possible link design was proposed: the Hyper-link 21. This 
model shows that by using a shape similar to the hyperbolic paraboloid the empty 
space at the intersection due to the rectangular stack of strand will disappear. 
Moreover, the model shows that the outer region of the strand appear to distribute its 
longer length equally over the length in which the strand is wrapped.  

 

 
 

Figure 21. Hyper-link © 

 
 

  
 

Figure 22. The outer region of the strand appear to distribute its longer length equally over the 
length in which the strand is wrapped (left). If the hyper-link is stretched in horizontal direction 
ripples appear at the outer region of strand, because of the longer length. 
 

 

 
 

Hyper-link © 
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7. Remarks on manufacturing the Hyper-link © 
 

The Hyper-link© shape can be manufactured in the following way. By controlling the 
speed in which the fibers are put through the weaving process, the tension is controlled. 
By having a higher tension at the edge (so higher speed) more spacing is created, leading 
to the Hyper-link© , see figure 23. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

radial position 
 
Figure 23. (a) The speed of the fibers across the radial direction is distributed to give more tension at the 
center as the edge. In this way the edge is more flexible. (b) The corresponding speed distribution. 

8. Conclusions and outlook 
The introduction of the Möbius twist has improved the mechanical properties to 
some extent, though more improvement is still needed in order to be able to 
compete with the currently used steel chains. The authors have worked on several 
possibilities which can be of help to improve the strength of current Dyneema© 
chains, namely various alternative link designs from the current Dyneema© links, 
introducing webbing layers with different weaving patterns and altering certain 
webbing production processes (e.g. fibers with different lengths and elasticity 
parameters). Moreover, we have established some simple theoretical models to 
have a deeper understanding at the main causes of chain failures. 

From these models, we have learned that despite the presence of the Möbius twist, 
the fibers are subjected to an unequal distribution of stress and the inner layers in 
the link profile suffer from a compressive stress exerted by the outer layers under 
applied load. Due to these two effects, the failure occurs at lower loads than 
expected. In addition, the fibers at the link-link interface are not perfectly aligned 
along the direction of the applied load. This is another issue since Dyneema© fibers, 
unlike steel, are highly anisotropic. 

Out of various design possibilities, particularly introducing different webbing 
layers with angles such as 45◦ and -45◦ for the load carrying yarns compared to 
the loading direction, would make the structure more isotropic, which in turn
can be helpful to improve tensile properties. Next to this, shaping the links in 
the so-called Hyper-link© design is expected to significantly increase the chain  

sp
ee

d 
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strength. The required type of webbing for this shape could be relatively easy 
produced by some small modifications of the existing methods. The key is to 
make the webbing with load carrying yarns at different length or elasticity as 
function of the width of the webbing (see section 7). 
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1. Abstract 
The Feltest Aequo moisture detector is used to measure the water content in felt belts at paper 
mills. The detector has been observed to behave unstably in one case over three when operated 
at factories under different environmental and operational conditions. 
We perform an individual impedance analysis of the five sensors constituting the device (one 
big and four small ones) and find that the chosen operational frequency (150 kHz) might not be 
optimal. From both static and dynamic measurements on wet felts, we conclude that the 
sensors, especially the small ones, are sensitive to changes in the water content of the felt and 
bad contacts. The dynamic measurements are noisier than the static ones. 
Furthermore, we believe that the presence of a water film at the contact surface may produce 
instabilities and incorrect interpretation of the readout. To investigate this effect, we modify 
one detector by drilling grooves between the electrodes and perform measurements with it. 
By analyzing data provided by Feltest on measurements performed previously in different 
factories under multiple conditions, we identify possible flaws in the readout logic and 
software, which are the main candidates for being the cause of the non-reproducibility 
problem. 
 
2. Company profile 
Feltest (Feltest Equipment BV, www.feltest.com) is specialized in troubleshooting equipment 
for the paper industry. By focusing on the true needs of their customers, they have developed 
several specialized measuring instruments and tools that can withstand the harsh environment 
of a paper mill and still produce reliable test results. Founder and Director ing. Marcel Lensvelt 
has a background in mechanical engineering and industrial marketing. The three people at 
Feltest achieve sales of about e 650k (estimate 2014) to over 50 countries worldwide. 
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STS (SensorTagSolutions BV, www.sensortagsolutions.com) is specialized in the development, 
production and marketing of dielectric moisture sensors, especially for horticulture and 
agriculture, but also for other applications. The company has developed special moisture 
sensors for customers, among which the moisture sensor that is subject of this study. STS has its 
own soil moisture sensor system (AquaTag) that is being introduced on the market in 2013-
2014. Products are or will be marketed worldwide. The company is a start-up, turnover is 
<100.000 euro. 
 

3. Problem description 
The press section of a paper machine 
 
Paper sheets are produced from a highly diluted solution of cellulose fibers (the pulp) 
undergoing pressing and drying stages until the water content is reduced down to ∼6% (see 

figure 1). The press section of a paper machine consists of rotating rolls pressing against the 
 

 
 
Figure 1. Schematics of a paper machine. The press section is highlighted in red, between the 
forming section (grey, left) and the drying section (grey, right). 
 
wet paper sheet through a moving belt made of synthetic felt. This latter has a twofold 
function: to mechanically support the paper and to aid the water extraction process. The water 
content of the felt must be uniform along the width of the sheet. Inhomogeneities can be 
caused by (known or unknown) press load differences, wear or contamination of the belt, 
faceting or non-roundness of press rolls etc. Uneven water content in the belt will give an 
uneven pressure in the press nip, resulting in poor paper quality and more waste. The 
detection of such inhomogeneities is thus an important operation that needs to be regularly 
performed in order to assess the condition of the press. 
 
The Feltest Aequo moisture detector 

The moisture in a section of the felt can be determined by measuring the electrical conductivity 
of the local felt plus water system. The moisture profile along the full length of the felt is then 
built by operating the detector at a high measurement rate while the operator sweeps it from 
one side to the other of the felt (see figure 2). 
One way of measuring the moisture of the felt is by determining its electrical conductivity 
(EC) [1]. The EC of the process water itself is the same over the whole measured surface (2-15 
mS/cm); variations that are measured are thus related to differences in water content over the 
surface of the belt. 

http://www.sensortagsolutions.com/
http://www.sensortagsolutions.com/
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Figure 2. Measurement of the moisture profile in a fast moving felt using a Feltest Aequo device. 
 

The Feltest Aequo moisture detector relies on dielectric sensors based on a four-points 
electrochemical conductivity measurement scheme where the four electrodes are in direct 
contact with the running belt (see figure 3). Four-point probe measurement is used to 
minimize the effect of contact resistance on the impedance measurement [2]. A 150 kHz 
 

 
 
Figure 3. Schematic of the four-point measurement technique. 
 
current is applied to the two outer electrodes (electrodes 1 and 4), and the resulting voltage is 
measured on the two inner electrodes (electrodes 2 and 3). This four-point measurement 
principle is applied in all nine sensors with which the Aequo is equipped, as shown in 
figure 4. The eight small sensors (1.0 × 0.3 cm2) are paired to increase the probed area. They 
provide four measurements (called S1,S2,S3 and S4) at peripheral locations of the sensor shoe. 
These small sensors are used to measure the surface properties of the felt, since they can only 
probe to a maximum depth of approximately 1 mm. The large sensor (7.0 × 2.8 cm2, called S5), 
located in the center of the shoe, can probe through the entire felt. It provides a measurement 
of the bulk conductivity of the felt and process water. All five sensors share DAC and ADC 
electronics. The raw measurement signal is amplified and digitized by a 12-bit ADC. 
Depending on the measured value of all five sensors, the microcontroller adjust the gain setting 
for the next measurement. This feedback, which is shared by all sensors, ensures that all 
measurement values are within the ADC input range. 
Even though some sensors consist of two sensors in parallel and they share a single gain 
control, we will from now on consider the five sensors, S1 through S5, as independent. 
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Figure 4. The sensitive surface of the Feltest Aequo moisture detector. The eight small sensors (blue 
boxes) surround the large sensor, whose four steel electrodes are visible in the center of the device. 
 
The problem 

The definition of the problems or potential improvements of the Feltest Aequo moisture 
detector can be separated in three points: 

• The detector has been tested in controlled laboratory conditions, producing good and 
well reproducible results. However, when operated in the factory, around one third of 
the cases yield highly non-reproducible data. The reason for these differences is not 
understood. 

• The measurements from the Aequo are often comparable with those from a competitive 
instrument (whose reproducibility is high), while other times they are not. What are the 
causes of such differences? It must be noted that the competitive instrument is based on 
a different functioning principle. 

• It is likely that the analysis strategy currently applied on the data can be improved in 
order not only to achieve good and reproducible results, but also to investigate whether 
more information can be extracted, thus increasing the value of the instrument for the 
end-user / customers. For example, by detecting periodic patterns in the signals, one 
may identify irregularities in the surface of the roll, or bearings etc. 

 

4. Problem solving strategy 
Several effects might be the cause of the problem(s). In order to understand the role of 
so-called parasitic capacitances, we perform an electrical characterization of individual 
sensors. In parallel, we perform measurements on a simplified setup mimicking the 
conditions of an actual press felt, with the goal of understanding which parameter, both 
operative (e.g. pressure exerted by the operator) and environmental (e.g. the role of process 
water temperature), might have a significant influence on the sensor performance. Finally, the 
analysis of measurement data taken in various factories is exploited to further identify 
correlations between the data quality and the measurement conditions. 
 

5. Impedance spectroscopy of the sensor electrodes 
Parasitic capacitances between the electrodes themselves and with the felt plus electrolyte are 
interfering when using AC in the measurement, which may affect the performance of the 
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device. An impedance analysis has been carried out on individual sensors in order to verify 
the conditions of the chosen operating frequency. We use a Hioki IM3750 impedance analyzer 
to perform electrical characterization of the sensors. For this purpose, we connect probes 
directly to each electrode (figure 5). Since the analyzer is already calibrated for two-point EC 
 

 
 
Figure 5. Direct readout of the sensor, in this case for the four-point measurement. 
 
measurements, we perform a preliminary characterization under these conditions. An 
advantage of the two-point scheme is that it can show the influence of the contact wires in the 
current source connections. Later on, we setup a four-point measurement scheme and we 
repeat the experiment. 
 
Two-point measurements 

The EC measurement is conducted at a frequency of 150 kHz. For a given sensor, we inject an 
AC voltage input to the electrodes 1 and 4 and measure the resulting absolute impedance and 
phase shift. A frequency scan from 50 Hz to 1.1 MHz is performed under three different 
conditions: 

• electrodes submerged in pure electrolyte: salty water with 1.1 mS/cm conductivity1 

• electrodes pressed against a felt saturated with electrolyte 

• electrodes pressed against a moisture controlled felt. 

In the first two cases we obtain comparable values of the measured absolute impedance for 
each sensor. Moreover, the device operated at 150 kHz falls in the resistive regime, i.e. phase 
shift is close to zero. In the third case we observe that the absolute impedance value increases 
when the moisture level decreases and, at the same time, the phase shift at 150 kHz is 
significantly different from zero. This means that, for low moisturized felts the device operated 
at 150 kHz falls in the capacitive regime. The results in the three situations are illustrated in 
figure 6. An estimate of the capacitance between electrodes (pF range) and the measured stray 
capacitance (17 pF) indicate that a major part of the stray capacitance is due to the wiring to the 
electrodes. Hence optimizing the circuit layout may solve the problems for dry felts. 
 
Four-point measurements 

In this case, the two AC current sources of the impedance analyzer are connected to electrodes 
1 and 4, while the voltage is readout at electrodes 2 and 3 via the other 2 probes. The five 
sensors are tested in the same three conditions as in the two-points measurement, at a 
 

 

1Measured with a conductivity meter. 
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Figure 6. Impedance analysis scans of the S4 sensor pair. From left to right: pure electrolyte, saturated 
felt, moisture controlled felt. On the horizontal (logarithmic) scale, the AC frequency is reported, 
while on the vertical scales the impedance (Z) and the phase shift (θ) are plotted. The dashed vertical 
line indicates the 150 kHz frequency point. 
 

frequency of 150 kHz. In the saturated felt condition we find that all sensors yield 
reproducible conductivity measurements. The values measured by the small sensors (S1, S2, 
S3 and S4) are around 700-800 Ω while S5 measures 1.2 kΩ. This difference is to be attributed 
to the different design of S5, which produces a different cell constant. 
As in the two-point measurement, we performed measurements in controlled moisture 
conditions. As shown in figure 7 for the case of S5, the conductivity measured at 150 kHz 
decreases linearly with respect to the water content of the felt. At the same time, the relative 
phase varies from 90◦ to zero with increasing water content. This implies that with low water 
 

 
 
Figure 7. Phase shift (left) and absolute impedance (right) as a function of the water content in the 
felt, as measured in the four-point scheme. 
 
contents the device operates in the capacitive regime of Cpar (see figure 8), which is consistent 
with our finding in the two-point case. 
 
6. Measurements on felt 
Static measurements 

Static measurements were performed by putting the sensitive area of Aequo detector in direct 
contact with wet felts under different conditions. The goal is to verify to what extent the 
readout values are affected by operational parameters (pressure and shaking) and 
environmental conditions (the humidity content of the felt). The different experimental 
conditions are listed in table 1. The moisture level in the felt was changed by adding/removing 
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Figure 8. Equivalent circuit of a single electrode. R and Cdl represent the resistance and capacitance 
of the electrode-liquid interface, Rel the resistance of the electrolyte and Cpar a parasitic capacitance 
between electrodes. Cpar and Rel determine the characteristic frequency where the observe 
impedance changes from resistive to capacitive. 
 
NaCl dissolved in water, whose conductivity was measured with a conductivity meter3 to be 

1.1 mS/cm. The results of this experiment are shown in figure 9 for the case of one small sensor 

Table 1. Measurements on felt in different conditions. 
Moisture level Pressure Shaking 
saturated low no 
saturated medium no 
saturated high no 
saturated low yes 
Under saturated low no 
Under saturated medium no 
Under saturated medium no 

 

(S1, the others behave similarly) and the large sensor (S5). Both plots refer to the measurement 
on the saturated felt at different pressure exerted by the operator, plus one measurement on the 
same felt at low pressure while shaking the device to reproduce frequent bad contact 
occasions. While S5 does not show considerable response variations between the different 
operating conditions, S1 (as well as the other small sensors, not shown here) displays a strong 
dependency of the average digital value with respect to pressure and shaking. This means that 
the small sensors are more sensitive to such variations of the ambient and operational 
parameters. Studies similar to this one could be conducted in more details in order to estimate 
the systematic error associated with each sensor type, hence assessing the influence of the 
measuring conditions on the uncertainty associated to the data. 
Similar results for the under saturated felt, are shown in figure 10 for the S5 sensor. Again, S5 
shows a good stability with respect to varying pressure. However, large gain fluctuations are 
observed, which deteriorate the corrected data. Further studies are needed to establish 
whether this effect has a systematic correlation with the moisture level of the felt. Notice that 
in both cases the raw ADC values of S5 are centered within the dynamic range, as an effect of 
the gain correction. This is not true for the small sensors (as shown in figure 9, left side). This 
issue will be addressed in section 7, where we provide an explanation of how this effect may 
be (one of) the cause(s) for the non-reproducibility problems observed by the company. 
 

 

3Milwaukee MW 302 EC Meter 
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Figure 9. Raw digital signals for S1 (left) and S5 (right) in the case of 100% wet felt. 
 

 
Figure 10. In the main plot, the raw digital signal for sensor S5 measuring on an under saturated 
static felt under different pressure conditions. In the inset, the same data after undergoing gain 
correction. 
The three corresponding profiles of the gain values are given in the smaller plots on the right. 
 
Dynamic measurements 

The test setup shown in figure 11 was built in order to conduct controlled measurements to 
mimic factory conditions. The Feltest Aequo device can be used to scan the full length of the 4 
m long felt in different circumstances. The tension in the felt is applied by 50 kg weights. 
Figure 12 shows the raw data collected from S5 while sweeping the long wet felt at three 
different velocities. While the three measurements agree with each other, we observe two 
significant dissimilarities with respect to the static measurements, i.e. 

1. the signals are not centered within the ADC dynamic range 

2. the measurement are much more noisy. 
 
Aquaplaning 

In the discussion sessions, it has been proposed that aquaplaning might play a significant role 
(see figures 13 and 14). The following experiment has been conceived to establish whether 
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Figure 11. The test setup. 
 
this effect takes place under certain measurement conditions. A prototype Feltest Aequo 
device (with a smaller S 5 sensor, 7.0 × 1.4 cm2 area) was modified by trenching grooves in the 
insulating material between the S5 electrodes, as shown in figure 15. This geometry is meant to 
avoid the formation of thin water films at the electrode-felt interface, by leaving free space for 
the water to flow around the metal lines. A dynamic measurement was performed with the 
modified detector. The result is shown in figure 16. In this plot, two consecutive dynamic 
measurements performed with the modified detector are superimposed, showing that 
reproducibility is good. Although this result is insufficient to conclude that the presence of 
grooves improves the detector performance, nor to assess whether a water film is actually 
formed under specific conditions, we believe that further experiments similar to this one, and 
possibly conducted at paper mills, will be of primary importance. 
 
7. Data analysis 
Before the workshop Feltest performed a measurement campaign with the current Aequo. A 
set of more than 60 measurements from 16 different felts in seven different factories was 
provided. For each felt, at least three measurements are available with both the Aequo and the 
competing instrument. We developed a number of analysis tools to investigate this data, as 
well as that collected in the experiments during the workshop (see previous sections). Using 
this data we investigate the following aspects: 

• The origin of non-reproducible measurements. 

• Evidence to complement or contradict the conclusions drawn from the experiments 
during the workshop. 

• The difference between reproducible measurements and the competing instrument. 

• The possibility of measuring belt speeds using the multiple sensors of the Aequo. 
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Figure 12. Raw profiles of sensor S5 under different sweeping velocities. 
 

 
Figure 13. Schematic of the aquaplaning between the shoes of the sensor and the felt. Due to 
aquaplaning a water film is formed which shunt the current between two outer electrodes resulting 
in measuring the impedance of the electrolyte rather than the felt. 

 
Origin of non-reproducibility 
Figures 17 and 18 show typical ADC outputs produced by the Aequo instrument, when 
measuring in a paper mill. From the data we observe that the bulk sensor, S5, usually measures 
higher signals than the ones measured by the small sensors (which usually present a 2 to 5 times 
lower signal amplitude). The higher bulk sensor signal is explained by the significantly larger 
area of S5. We also observe that the gain feedback loop indeed stabilized the ADC output to ∼ 
1000 for the highest signal. However, despite this stabilization, there can 

be large differences in the level of fluctuation on the bulk signal, as show in figure 18. 

When we investigate the signals of non-reproducible measurements, we observe systematically 
that particularly the small sensors produce a lot of null measurement values. A prime example 
of such a measurement is shown in figure 20. We expect these null values originate from the 
implementation of the signal readout in the ADC firmware. Figure 19 shows a simplified 
circuit diagram of the Aequo. The ADC is triggered at the same frequency as the AC 
measurement signal. As a results, it measures the positive amplitude of the periodic 
measurement signal. The 12-bit ADC has an input range -2.5 V and +2.5 V. However, because 
only the positive amplitude is sampled, 2048 is subtracted from the ADC output by the 
microprocessor. If the signal amplitude exceeds 1.25 V, the feedback control loop applies a gain 
adjustment step to reduce the current on electrodes 1 through 5, which becomes effective from 
the measurement immediately following. The feedback loop is shared by all sensors, but is 
guided by the sensor producing the highest signal amplitude. 
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Figure 14. Schematic of how the grooves in the tires to minimize the aqua planning by removing 
excess water. (Reference: http:www.semperit.com/www/semperit_tires_de_en/themes/winter-
tires/van-grip-2.html) 
 
At this level we diagnose a first weakness in the measurement scheme of the Aequo due to the 
shared gain and difference in signal amplitude between the small and large sensors. 

1. the feedback loop is mainly controlled by S5 

2. since the feedback logic affects all sensors simultaneously, the signals from the small 
sensors, which are smaller than the signal from S5, are always contained within a smaller 
window of the available dynamic range of the corresponding ADC. 

3. The difference in signal between the small sensors can be either real signal or variations 
in sensitivity. Unless the latter is calibrated out, the absolute signal amplitude is of no 
value. 

In principle, the only consequence of this condition would be to reduce the resolution of the 
ADCs of the small sensors. However, another effect plays a role which we believe leads to the 
observed anomalies in the data. The input signal of the ADC is assumed to be oscillating 
around 0.0 V. However, since the electronics are not grounded, there is a floating ground. As a 
result, the ADC input has an offset voltage. This has the following effects: 

• If the offset voltage is positive, the gain feedback will regulate the signal sooner. While 
this reduces the effective resolution of the ADC it is not a system failure. 

• If the offset voltage is negative, the measured amplitude is a fraction of the real 
amplitude. As a result the gain is generally maximized during the entire measurement. 
However, if the offset voltage is larger than the amplitude of the AC measurement signal, 
the measured amplitude voltage is < 0 and therefore the data point is zero. This is 
detrimental for the Aequo performance. A prime example of this can be seen in figure 20. 

Alternatively, a capacitive reaction could be inducing a phase delay in the signal. This could 
mean that the ADC is not sampling the positive maximum of the periodic signal, but it could 
potentially sample any location of the sinusoid / block wave. This includes negative voltages. 

http://www.semperit.com/www/semperit_tires_de_en/themes/winter-tires/van-grip-2.html)
http://www.semperit.com/www/semperit_tires_de_en/themes/winter-tires/van-grip-2.html)
http://www.semperit.com/www/semperit_tires_de_en/themes/winter-tires/van-grip-2.html)
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Figure 15. On the left, a cut-through schematic of the Feltest Aequo sensitive area along the 
transversal direction of the S5 electrodes. Conventional conditions (top) and after the cutting of 
grooves between the electrodes (bottom). On the right, a picture of the detector after the cutting of 
the grooves. 

 
The generation of null values by a floating offset it profound. Not only do we lose signal, it 
also affects the calculation of the mean value. The mean of the data stream is reduced close to 
zero. Normalization by this near-zero mean accentuates the already erratic behavior of the 
sensor. 
The origin of the floating offset voltage is unclear. To investigate this, we look at the correlation 
between the measurement data, reproducibility of the Aequo measurement, felt velocity, 
process water conductivity. figure 21 shows for 7 paper factories the resultant data. This figure 
shows the mean bulk sensor Aequo signal (top left), the standard deviation on this signal (top 
right), the raw ADC output value (bottom left) and the gain variation (standard deviation 
divided by mean) as a function of the Felt Velocity [m/s] and proces water conductance [1/Ω 
1/m]. The signal or variation increases with variation in color (black= 0, blue, green, yellow, 
red = max). Different belts have been given an offset along the x-axis, different measurements 
of the same belt and offset along the y-axis. From the time traces we identief three factories to 
be mainly responsible for non-reproducible measurements. The factories are circled in blue (De 
Hoop) and black (Nijmegen, Parenco). In addition, the ScanPro measurements of De Hoop, 
circled in blue, indicate its felts have a significantly higher water content than the other 
factories. We see that either a high velocity and/or a high water content increases amount of 
problems for the Aequo. This supports the hypothesis of aquaplaning. 
The red circle in figure 21 is the Swalmen factory. Here a measurement was performed with 
(right dots) and without (left dots) conditioning. We can see that the conditioning increases 
the variation in the measurement signal. 
The most straightforward solution to the above problem is using the full ADC range for 
sampling the amplitude of the signal. Even amplitudes represented by a negative voltage are 
then sampled properly. This has been implemented in the firmware during the workshop and 
initial test this solves the problem (See figure 22). 
We suggest the following further improvements to the firmware and electronics: 

• A groundstrap between the electronics and ground (for example the railing of the paper 
machine) potentially removes the floating offset voltage. Allowing more efficient use of 
the ADC range. 
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Figure 16. Raw moisture profiles obtained in two consecutive dynamic measurements with the 
modified Aequo detector, where grooves between the electrodes are manufactured. 

 
• Sampling both the positive and negative maximum amplitude of the AC signal, allows 

more accurate calculation of the amplitude, V0 = 0.5 ∗ (Vmax − Vmin), and offset voltage, 
Vo f f set = 0.5 ∗ (Vmax + Vmin). If this is applied, one should take care that the gain is such 

that both extremes of the signal are within the ADC range. For testing purposes, it could be 
beneficial to sample the full periodic signal. This would, for example, allow the investigation of 
a phase delay in the signal and the correctness of the triggering. The latter is assumed to 
ensure a measurement of the maximum, but might actually measure anywhere in the signal if a 
phase shift is present. 

• To maximize ADC range the gain could be regulated individually for each of the five 
sensors. Alternatively, each sensor could be equipped with its own gain and ADC 
circuit. This can be done easily, because one is only interested in the relative signal 
variations (and not the absolute value per sensors). 

• Even in reproducible data, there is an unnecessary amount of gain and signal variations. 
These could be removed by a different gain regulation algorithm. When using a moving 
average of the amplitude to regulate the gain and/or a rejection mechanism for high 
signal variations, would make the gain more robust to signal spikes. In addition, 
allowing some overshoot (in either direction) with respect to the desired amplitude 
could reduce the amount of irratic gain regulation. 

 
Sensor correlations 

An important unknown inherent to the measurement technique is the velocity of the operator 
that sweeps the detector from one side to the other of the felt width. This velocity is only 
approximatively constant, which implies that the distance scale of the detected moisture 
profiles is not properly calibrated by assuming a constant velocity, as it is currently the case. We 
propose to look at correlations between different sensors in order to determine the 
instantaneous velocity, based on the fact that same transversal sections of the felt are probed 
by different sensors at different times. The operator walks along the felt a a speed of ∼ 1 m/s, 
while the distance between two surface sensors is a few cm. We therefore expect a correlation 
peak between two neighbouring surface sensors at a delay time of ∼ 50 ms. This is potentially 
visible as the ADC sampling rate is 25 ms. Figure 23 show the correlations between the output 
of sensors 1 and all five sensors. No clear correlation peaks due to motion are observed. 
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Figure 17. A typical time series of the raw measurement values (ADC output). This specific case is 
from the Coevorden felt. The top panel shows the signal from the small sensors and the bottom panel 
the bulk signal from the large sensor. The gain regulation keep the largest of these five signals at 
1000. This is clearly visible in the bulk signal, which generally has the strongest signal. In the top 
panel we observe a variation between the small sensors, which can be either real signal, or sensitivity 
variations between the sensors. 
 
Unless the sampling frequency is significantly raised, we do not expect a velocity measurement 
can be performed. 
 
8. Suggested improvement actions 
Optimization of the firmware 

We suggest a number of improvements in the firmware of the Aequo. The most important is to 
use the full ADC range, which is the most likely origin of signal clipping (null measurements) 
and non-reproducible data. The next step in ensuring that the signal of each sensor stays 
within the ADC input is to implement an independent gain (circuit) for each sensor. This 
would immediately maximize the use of the ADC dynamic range. In alternative, ADCs with a 
higher dynamic range could be employed without the need of a gain correction strategy. 
We also suggest to increase the frequency of the signal sampling, which is now equal to the 
frequency of the signal itself. Sampling at the Nyquist rate is the minimum requirement to 
allow for an offset independent measurement of the amplitude. However, this solution is still 
sensitive to phase changes, which may be induced by parasitic capacitances of different 
magnitudes, depending on the different load conditions. Thus, a higher sampling frequency is 
preferable, with the further advantage that more information could be extracted from the data 
if phase shifts or changes in the signal shape are observed. 
Finally, in order to avoid the effect of parasitic capacitances, we suggest to perform accurate 
impedance analysis of the sensors to identify the optimal working frequency. 
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Figure 18. The ADC output of the bulk sensor presented as a time series (left hand side) and 
histogram (right hand side) for two scans of a felt using the Aequo. Due to the gain regulation both 
signals have a mean value close to 1000. Both signals have a non-Gaussian distribution with a right 
(positive) skewness. The top trace has much more fluctuations as can be seen from the higher 
standard deviation and broader value distribution (including being limited by the ADC, values in 
2000 bin). 

 
Device modifications 

Aquaplaning due to a water film at the detector-felt interface may be avoided by optimizing 
the geometry of the sensitive surface, e.g. by implementing grooves between the sensor 
electrodes, as in the pilot experiment we performed. 
The problem of dependency on pressure and bad contacts can be, if not eliminated, at least 
minimized by a more ergonomic design of the device. 
 
Data analysis strategy 

Contrary from the current analysis strategy, where a single number for the local measurement 
is obtained by averaging the normalized deviations calculated for the five sensors, we propose 
to keep the five readings separated. In this way, large fluctuations caused by a momentary 
instability of one or few sensors can be avoided. If signals are combined, software should be in 
place that detects and removes instable signals. 
 
9. Conclusion 
The Feltest Aequo dielectric moisture detector has been conceived for measurements of the 
moisture level of felt belts at paper mills. The goal of this study was to try and explain the 
non-reproducibility problem that operators have been observing in 1/3 of the measurements 
carried out at different factories. 
In order to verify the correct functioning of the nine sensors that are implemented in the Aequo 
detector, we perform electrical characterization of individual sensors using an impedance 
analyzer. We observe that, at the operating frequency of 150 kHz, the effect of parasitic 
capacitances can be strong, which may hinder the correct and controlled functioning of the 
device. An estimate of the capacitance between electrodes (pF range) and the measured stray 
capacitance (17 pF) indicate that a major part of the stray capacitance is due to the wiring to the 
electrodes. Hence optimizing the circuit layout may solve the problems for dry felts. 
In parallel, we study the behavior of the detector under different working conditions, 
performing static measurements and dynamic measurements. In the first case, the Aequo is 
placed in contact with a small piece of felt under different moisture levels, while the operator 
applies pressure or shaking. We find that the small sensors are sensitive to pressure variations 
and bad contacts, these latter caused occasionally by the shaking. Conversely, the big sensor 
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Figure 19. The simplified circuit of the Aequo electronics. This circuit provides a four-point 
measurement of the conduction of the felt. The ADC measures the incoming AC signal and for the 
next measurement adjust the gain, such that the amplitude of the AC signal stays within the ADC
input boundaries. 
 
behaves stably. In the dynamic case, we sweep the detector over a 4 m long wet felt. The 
dynamic measurements are noisier than the static ones, however stable with respect to 
different sweeping velocities. A further measurement aiming at studying the effect of 
aquaplaning was conducted on a modified device where grooves between the electrodes of the 
large sensor have been trenched. The modified detector was swept along the 4 m felt, yielding 
reproducible results, hinting at the possibility that the presence of an occasional water film 
might play a role to explain the non-reproducibility of the data observed in the measurements 
at factories. 
Feltest also provided measurement data from tests in multiple factories and in different 
operational and environmental conditions. Analysis of these measurements points at potential 
flaws in the firmware that, together with aquaplaning, may be the main cause of the 
non-reproducibility problem. We propose both hardware and software solutions. 
 
10. Outlook 
The functioning principle of the Feltest Aequo device is based on a contact measurement of the 
EC of the felt. The main competitor device, instead, relies on a measurement of the 
permittivity of the medium to microwaves. Other possible solutions may be evaluated in 
future studies, such as optical detection (IR or light scattering), near field resonance, capacitive 
or inductive measurements, mechanical-based approaches (e.g. by estimating the slip force) 
and thermal imaging. 
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Figure 20. A single measurement along the entire with of a felt in the Parenco (?) factory. It can be 
seen that the signals are small, in particular for the surface sensors. In addition, lot of zeros are 
present due to the clipping of negative voltages by the ADC. 
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Figure 21. The mean bulk sensor Aequo signal (top left), the standard deviation on this signal (top 
right), the raw ADC output value (bottom left) and the gain variation (standard deviation divided by 
mean) as a function of the Felt Velocity [m/s] and proces water conductance [1/Ω 1/m]. The signal or 
variation increases changing color (black= 0, blue, green, yellow, red = max). Different belts have been 
given an offset along the x-axis, different measurements of the same belt an offset along the y-axis. 
The black and blue ellipses are the factories (De Hoop, Nijmegen, Parenco) in which the Aequo has 
problems creating reproducible measurements. In addition, the ScanPro measurements of De Hoop, 
circled in blue, indicates its felts have a significantly higher water content than the other factories. 
The red circle is the Swalmen factory. Here a measurement was performed with (right dots) and 
without (left dots) conditioning. We can see that the conditioning increases the variation in the 
measurement signal. 
 

 

Figure 22. ADC output as a function of time for an experiment during the workshop using the new 
firmware. The new firmware uses the full ADC range and does not subtract 2048. Hence the red 
dashed line is the 0 line for the old firmware. We can now measure values below this line, indicating 
that the new firmware potentially solved (part of) the reproducibility problem. 
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Figure 23. The correlations functions between surface sensors S1 and all five sensors. A step value of 1 
on the x-axis corresponds to a delay time of 25 ms. Between S1 and S2, which is the direction in which 
the operator is walking, we do not observe a clear correlation peak. Also in the direction of the 
running belt (S1 and S3) no correlation peak is observed, however, this is not expected due to the 
speed of the belt. 
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1. Abstract 
Janssen Precision Engineering has developed high precision positioning actuators, with 
nanometer precision. To increase the value of their product, high precision displacement 
measurement sensors are required. Therefore, a project goal is formulated in which a 
displacement sensor with high dynamic range has to be developed. We propose two 
solutions, a laser displacement interferometer and a capacitive readout using a LC-
resonator. With the laser interferometer we predicted that a resolution of 1 nm in a range 
larger than 2 mm can be achieved with a bandwidth of 50 kHz. The cost of goods for this 
interferometer is estimated around a 1000 euro. For the capacitance readout, we propose new 
LC-circuits which provide according to our analysis 1 nm resolution in a range of 5 mm at a 
bandwidth of 5 kHz. The estimated cost of goods for the capacitivie sensor is 150 euro, which 
is significantly lower than the laser interferometer. The development costs may however be 
significantly higher. 

 

2. Company profile 
Janssen Precision Engineering (JPE) is an independent engineering group for development 
and realization of high-tech machinery and instruments where positioning accuracies in 
the nanometer range are involved. JPE provides precision engineering and mechatronic 
solutions in ambient, vacuum and cryogenic environments. 

The company was founded by Huub Janssen in 1991 after several years of experience in the 
high-tech industry of companies like ASML and Philips. Nowadays, we built up a team of 
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professionals which are able to find and implement solutions for very challenging 
engineering requests. A lot of our projects are initiated by physicists working on cutting edge 
research and technologies. 

JPE's developments typically find their way in an international market like: 

• semi-conductor industry, 
• astronomy and space, 
• scientific experimental instruments. 

 
Apart from turn-key and customer specific projects, JPE also has its own product line 
concerning accurate positioning devices for cryogenic and UHV applications. 

JPE's 'PiezoKnob' is a cryogenic motor based on their own piezo technology and able to 
position with nanometer accuracy in environments down to the millikelvin range. This 
actuator is well appreciated by quantum physicists at famous universities like Leiden, Yale 
and several institutes as for instance NIST. 

JPE also shares their precision engineering expertise with the community via the 
PrecisionPoint portal. For more information see: www.jpe.nl/precisionpoint/ 

 

3. Problem description 
 

Background 
For measuring displacements in an ambient environment several solutions are commercially 
available. One can think of: optical encoders, laser interferometers, capacitive or inductive 
sensors etc. 

Regrettably, only a limited number of these commercial sensors can operate in a vacuum 
environment and even less in a cryogenic environment. JPE's recently developed PiezoKnob 
actuator operates in such cryogenic environments, as mentioned before. This actuator, a 
friction based inertia drive, has a position resolution in the nanometer range while it is 
still able to create displacements of several millimeters. (see 
http://www.jpe.nl/products/cryogenic-products for detailed information). It is typically 
used to position optical elements or samples etc. in a cryostat. As one can imagine, a cryostat 
is a closed environment and one cannot 'see' what is happening. Therefore, many of JPE's 
customers are interested in a position sensor which can measure the position of the actuated 
samples. Important issues concerning this displacement sensor is the limited space in 
cryostats, and the necessary feed-through for cabling etc. 

In a Physics with Industry meeting in 2012, several solutions have been evaluated and this has 
led to a product which is able to measure the displacement of JPE's PiezoKnobs with sub-
micrometer resolution. The next step is position measurement with nanometer resolution and 
high measuring frequency. For this we need to think for a different physical concept. In order 
to get an impression of the specifications, we will make a list of the basic requirements as 
well as some 'nice to have' extended requirements. 

 

http://www.jpe.nl/precisionpoint/
http://www.jpe.nl/products/cryogenic-products
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Requirements 

 

Displacement sensor Basic requirements Extended requirements 
Number of axes 1 1 

Angular tolerance 5 mrad 50 mrad 

Environmental temperature 1 to 300 K 

Measuring range 1 mm 5 mm 

Resolution 1 nanometer 0.1 nanometer 

 

Absolute position accuracy - 100 nanometer 

Measuring frequency 10 Hz 50 kHz 

Maximum dissipation < 0.1 mW @ 4K 

Non-magnetic materials 

Max volume 2000 mm3 The smaller the better 

Cost of goods € 1000 € 3000 

Physics community and physics discipline 
The starting point for the development for a sensor like this will be determined by the choice 
of the physical concept. Various physical concepts will come into discussion for instance 
based on optical physics or electro-magnetic physics, but the challenge will be to develop a 
displacement sensor while taken the practical mechanical and electronic limitations into 
account and still fulfilling the basic 6 requirements. In other words, it should work in the 'real 
world'. 

Input 
Starting point for the development will be requirements as mentioned above. Points of 
attention are: 

• Dynamic range 
• Noise 
• Mechanical limitations in guiding (if required) 
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• Electronic limitations (noise, bandwidth, EMC) 
• Thermal effects 
• Dimension 
• Effect of angular or lateral displacement of target 
• Simplicity 

 

4. Problem solving strategy 
 

4.1     The detection methods 
To solve the problem we discussed four possible methods. 

One method we did not discuss in depth is the resistive 
method. Using springs or other ways, this method relies on 
a sliding contact which will change the resistance. In the 
Physics with Industry meeting in 2012, this method was 
already discussed and we did not see this as a reliable and 
good method to obtain the new requirements. 

A second method we discussed was to make use of a 
microwave cavity. By pushing a rod inside the cavity, the 
resonance frequency could be modified. The challenges of 
this solution was to make a cavity with tiny losses (high 
quality factor) together with the mechanism of the rod that 
should be pushed inside. The detection method would be 
similar to the other solution we will discuss in this report, 
the LC-resonator (JUPITER). 

The capacitive solution, where you read out a capacitance that depends on distance, can be done 
using a capacitance bridge, as shown in figure 4.1. Since this solution is already 
implemented at the Kamerlingh Onnes Laboratorium with a high cost commercial capacitor 
bridge, without obtaining the required resolution, we will not discuss the use of a capacitance 
bridge in this report. We will propose a different way in reading out the capacitance, by 
making use of a resonance circuit. 

The fourth and last method we discussed is the optical way in reading out distances. This is 
already a well known and widely used solution in physics and industry. We investigate this 
solution in depth in order to meet the requirements for resolution, costs and other. 

 

5. First method: Displacement Measuring Interferometer 
 

5.1 Basic concept about DMIs 
A DMI uses the physical phenomenon of interference of light to measure displacement. The 
measurement is relative, not absolute. DMIs offer the most accurate and sensitive method of 
tracking linear motion over ranges from fractions of a nanometer to meters. 

All interferometers define an interference cavity in which two beams are created: 
measurement and reference. Typically, the beams are split and follow separate optical paths 

Figure 1: A piezoknob with capacitive 
readout of the position. The capacitance 
is read out by the use of an Andeen- 
Hagerling 2500A capacitor bridge. 
Photograph is taken at the Kamerlingh
Onnes Laboratorium in 2014. 
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(see example Michelson in figure 2). When the beams recombine, they are shifted in phase 
relative to each other. The phase change is related to the actual displacement ΔL that is 
determined by the optical configuration of the interferometer. In the Michelson geometry, the 
target mirror displacement ΔL changes the optical path length of the measurement beam by 
twice the amount of displacement i.e, 2ΔL . 

 

  

 
Figure 2: Michelson type interferometer for measuring displacement. 

 

Two detection methods can measure the displacement: homodyne and heterodyne. 
Homodyne systems [1] measure the intensity change that results from the interference 
between two beams of the same frequency. Heterodyne systems measure the changes in the 
optical phase between the two beams of different frequency. Because our setup involves only 
one monochromatic laser source, we focus here in the homodyne detection where the two 
beams have the same wavelength λ. 

When two waves E1 and E2 interfere, the independent electric fields sum to generate a net E 
field as shown in figure 2b. Intensity (I) is equal to the square net E field and follows the 
equation: 

(1) 

With the phase difference ∆φ between the two beams is proportional to ΔL [4]. 

If waves intersect in phase, totally constructive interference occurs. This is the condition of 
maximum brightness. When the waves are 180° out of phase, totally destructive interference 
occurs. One full cycle of light intensity is called a fringe. Early use of interferometers for 
displacement measurement were based on the counting of fringes. This method limits the 
resolution to 1 fringe so in the case of the Michelson to λ/2. 

It is though possible to extend this resolution by various methods, commonly referred as 
subdivision or detection techniques [6,7] (figure 3). When the path length between the two 
beams varies from ΔL, the variation in intensity ΔI can be recorded. Knowing the small 
variation in intensity, the small displacement can be deduced. The resolution can thus be 
much lower than λ/2 and depend on the noise of the signal at the photodetector. Typically, 
resolution of up to pm can be obtained with homodyne interferometry [8][9]. From the 
figure 3 we can see that the resolution varies according to where we are situated on the cosine 
curve at the moment of the measurement. The point B in figure 2 is the point of higher 

a 
b 
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sensitivity i.e where the displacement ΔL produces the biggest ΔI variation. It is called 
quadrature point [4]. When measurements over more than a wavelength are needed, the loss 
of resolution along the curve can be circumvented by a so called quadrature detection 
method. This consist in using electronic feedback loops to place the interferometer in a 
quadrature position during measurement, enabling a linear response over a wide dynamic 
range. 

 

 

 
Figure 3: Increasing the resolution: Interpolation and Quadrature point 

 

The Fabry Perot Interferometer has a different configuration than the Michelson. It uses a 
pair of partially reflective glass plates facing each other in a parallel configuration making 
effectively an optical cavity (figure 4a). Depending on the reflection and transmission 
coefficient of the plates, the number of reflected beams (cavity modes) that interfere will vary, 
this is called the finesse of the cavity. The higher the number of interfering modes in the cavity 
(high finesse cavity), the sharper the constructive interference will be. As a result, for a 
particular beam frequency, the cavity will support constructively interfering modes for specific 

cavity lengths L, determined by the equation 𝐿𝐿 = 𝑙𝑙 𝜆𝜆
2
. At these values of L interference is 

maximum (see figure 4b). 
 

 

 
Figure 4: Fabry Perot (FP) Interferometer 

a b 
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The higher the reflection coefficient of the mirrors, the sharper the interference peak and 
hence the better the detection resolution. However there is a trade-off, since the detection 
‘blind spots’ also increase, where the interference intensity shows very small change as a 
function of L. 

 
 

5.2 Brief description of our solution 
 
The interferometry sensor’s requirements are the following: 

• <0.1 nm accuracy with a working distance of 5mm 
• Laser stability: 50 KHz linewitdh over a working distance of 5mm 
• Low noise photodetector 1pW of sensitivity at 50 KHz 

 

A laser fibre Fabry-Perot interferometer with homodyne detection as shown in figure 6a, is 
proposed here as a high resolution position sensor compatible with the Cryo Positioning 
Stage from JPE. We decided to use a homodyne detection for cost considerations (only one 
laser needed) with a fabry perot cavity for place considerations (only one optical fiber going 
into the device). 

The optical interferometer is based on an optical fibre with a collimation lens. A retroreflection 
mirror is placed after the lens. The mirror reflects part of the light back into t he optical 
fiber providing a reference beam. The transmitted light is retro-reflected by a cornered cube 
placed on the bottom of the positioning moving stage. The fabry-perot cavity is thus defined 
between the cornered cube and the retro reflection mirror. The two beams interfere on a 
photodetector placed in front of the fiber outside of the cryogenic environment. 

For ensuring highest sensitivity of the interferometric sensor the length of the fabry perot 
interferometer will be changed actively with the help of a piezoelectric actuator. The piezo is 
attached to the cornered-cube reflector (figure 6b). The principle of the measurement will be 
explained in the next section. 

 

 
 

Figure 6: Displacement sensor in Fabry-Perot configuration built into the translation 
system. 
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5.3 Design considerations 
 

Laser source: 
The laser source is crucial to achieve the resolution needed of 1 nm over 5 mm (figure 7). For a 
typical telecom laser diode of 1550 nm wavelength (~200 THz), the laser needs to have a line 
width <20 MHz. 

 

 

 

Figure 7: Optical setup outside the cryostat 

Obtaining highest sensitivity by actively changing the cavity length 
Homodyne detection is simpler to implement. However, on top of a fringe where the slope 
is very shallow the interpolation of the displacement is less accurate. Also, if the intensities of 
measurement or reference beams fluctuate, the contrast (or visibility) of the interference fringes 
drops resulting in a systematic error of the displacement interpolation. A way around the 
inaccurate displacement measurement of the homodyne interferometer is found by 
recalibration of the interferometer in between data acquisition using the additional piezo 
actuator mounted on the cornered-cube reflector. The length of the Fabry-Perrot cavity is 
changed actively by the piezo so that displacement changes are recorded at the quadrature 
points. Figure 8 shows an example of an interference pattern. The quadrature points lay on 
the zero crossings of the interference signal marked by the red line. Here the slope is highest, 
therefore the sensitivity of the interferometer is enhanced when operating at the quadrature 
points. 

Tuning the interferometer to the quadrature points requires either a tunable laser or a tunable 
Fabry-Perot cavity. Former solution will make the product very expensive. Latter requires 
an inexpensive piezo actuator working at low temperatures (4 K). The piezo actuator [5] we 
would use satisfies the both requirements and has a low hysteresis (fractions of nm). 

The measurement algorithm is depicted in figure 10. The interferometer is set to the quadrature 
point by the piezo. There the displacement measurement starts. After the JPE piezo knob 
changed the displacement too far out of the linear range around the quadrature point, the 
electronics will initiate a recalibration sequence. The piezo actuator scans the length of the 
Fabry-Perot cavity over a half a fringe. Half of a fringe corresponds to a displacement of 
quarter of the wavelength of the laser light. Therefore the scan will yield a calibration factor, 
which is used to transform the photocurrent of the detector into a displacement. Then the 
piezo moves the interferometer to the quadrature point. The displacement sensor works 
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accurately once again until the JPE piezo knob moves too far. The proposed algorithm makes 
the interferometer robust against contrast changes initiated by for example a misscoupling of 
the retro-reflected light from the cornered-cube mirror back into the fiber. 

For an accurate displacement readout, the wavelength of the laser has to be known up to one 
nm. 

 
 

Figure 8: Sensitivity and noise illustrated in the interference power versus displacement. By 
sweeping the piezo, the sensitivity can be optimized. 
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Figure 9: Digital signal processor firmware flow chart 

The basic electronic control of the interferometric displacement sensor is depicted in figure 
9. The algorithm is controlled by a digital signal processor. The processor has analog-to-
digital converters (ADC) with a high enough bandwidth (50 kHz) on board. The photodiode 
signal is amplified by a low noise opamp and is read into the ADC. The photocurrent is 
evaluated by the digital processor. The processor controls the piezo actuator for recalibration 
and provides the data to the main computer, where the displacement can be read off or used 
for active feedback for example. 

 
 

Figure 10: Electronic control scheme 

 

Corner cube retroreflector 
The corner cube retroreflector ensures a good angle tolerance up to 2-3 degree, this is the 
maximum angular displacement expected in the nanopositioning system during the whole 
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working range of the piezoknobs. If the retroreflector is tilted with respect to the optical axis 
of the fiber/lens assembly, a small shift of the reflected beam, is expected. 

 
 

Figure 11: Tilting of the stage causes loss in the fiber coupling. 

Although the beam is reflected by the corner cube parallel to the incoming laser, the small 
offset caused by the retroreflector tilt, causes a focusing of the reflected laser in the same spot 
on the fiber core, but with an angle compare to the on-axis case (see figure 11). If this angle 
exceeds the total numerical aperture of the fiber (NA=0.15), a worst fiber coupling is 
obtained with a change in the relative intensity of the reference beam and the reflected one. 
Such a change is reflected in a variation of the visibility of the interferometric fringes of about 
40% for a total angular tilt of 3 degrees [3]. However, the recalibration algorithm avoids wrong 
displacement measurements due to visibility changes. 

Tuning the intensity between the two beams 
Besides the angular tilting, that is within the tolerance of our interferometric 
measurement, the visibility can be affected by the different power intensity of the reference 
and the reflected laser beams. To avoid this two possible solutions can be exploited. In the 
first solution a semi-reflective mirror with 50% reflection and 50% transmission is placed 
just after the lens perpendicular to the parallel beam. The reference beam is then the sum of 
the first reflection of 4% at the fiber-air interface and the 50% of the transmitted power (96% of 
the incoming one) reflected back the first face of the 50/50 mirror. The reflected beam, 
instead, is equal to the 25% of the transmitted signal that passes once through the mirror, 
reflects back from the corner cube and pass once again through the mirror. A visibility of 
about 70% is obtained for this configuration. However the high reflectivity mirror with 50% 
reflection, creates a FP-cavity with a relatively high quality. For high quality FP-cavity the 
interferometric fringes are far from a sinusoidal shape and the transmitted intensity is similar 
to the orange line in the figure below. 

A FP-cavity with high quality factor improves the sensitivity but makes the fringe 
reconfiguration algorithm more difficult since it is more difficult to lock the photodiode signal 
on a broad range of the piezoknob. 



Proceedings Physics with Industry 2014 

 

66 

 
 

Figure 12: Interference power of the fabry perot cavity dependence on the reflection coefficient 
of the mirror 

A smaller reflection coefficient of 4% provides a sinusoidal shape with reduced sensitivity but 
an easier fringe reconfiguration that can be fulfilled by cost-effective components. For this 
second solution the 50/50 mirror can be replaced by an absorber with 22% of transmission at 
a wavelength of 1550 nm. 

The two times 80% absorption of the laser in the absorber must be carefully controlled in order 
not to brake the cryogenic condition. This sets an upper limit of the laser power at the fiber 
entrance of about 150 µW, still lower than the power dissipated by the piezo element 
inside the piezoknob (300 μW/step). For the 4% reflectivity solution, a visibility near 90% 
can be obtained, even if the absolute power at the photodiode will be smaller (~ 1 µW), but 
still 1M times the photodiode noise level, thus ensuring a good resolution. 

 

Photodiode 
For a displacement of 1nm at λ/8 (200nm), the photodiode needs to detect 50nW. 

Noise source and resolution 
 

Different source of noise may affect the resolution of this detection, namely the laser 
instability in power and frequency, the instability of the piezo and the noise of the 
photodetector. Low noise InGaAs photodetector (noise <1pW) are affordable at a cheap price 
while the step-size for commercial piezo actuators is of the order of 0.05 nm with a small 
hysteresis of about 0.1 nm at T=4.2 K, a good laser with robust power stability and frequency 
linewidth smaller than ~ 0.01 nm (500 MHz) is required. If this condition is fulfilled, the 
final resolution of the interferometric measure is determined by the bigger source of noise 
that is the piezo's hysteresis of ~ 0.1 nm. 

5.4 Detailed description of components: cost evaluation 
The total is estimated in about 800 euro/axis, 1100 euro/axis including optical switch to 
divide the laser to 3 beams. 
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Laser source: 
Wavelength: 1.55 um ~200 THz. 

Allowed linewidth: 200 MHz-2 GHz (0.001-0.01 nm) (1 ppm – 10 ppm) 

This is required in order to have a variation of interference peak that is smaller than 10% 
lambda/8n (n is number of wavelength contained in the FP cavity at minimum length (5 mm). 

Power range: 100 µW - 1 µW (per axis, x3 for system), 

Maximum value is limited not to overheat the cryogenic environment (Piezoknob releases 
~200 µW per step). Minimum value is determined by photodiode sensitivity (1 pW for 50 
kHz sampling, 300 ps ph-detect. rising time). 

Cost: Qphotonics QDFBLD-1550-10- telecom diode laser 500 euro (1530 - 1570 nm adjustable, 
10 MHz linewidth, build-in optical isolator). Should be less than 1000 euro (for 2000 euro one 
can find laser with 50 kHz linewidth). 

Fiber: Single mode, at 1550 nm, NA = 0.15, 9 µm core, Transmission ~90%, cryogenic 
compatible. Cost: 100 euro 

Lens: 
Acromatic doublet, antireflection coated at 1550 nm 
Diameter: 6.5 mm, Focal lenth = 14 mm, output beam: 3 mm when coupled with our fiber. Cost: 
60 euro 

Beamsplitter (option a): 
Using the beamsplitter method will give us 70% visibility in interference signal. 
Thorlabs, 50/50 reflection/transmission. Cost: 150 euro 

Absorber (option b): 
Using an absorber method will give us nearly 100% visibility in interference signal 
assuming that reference signal reflected from the fiber edge is 4% of the incoming laser 
beam. Visibility is 100% because we can match the intensity of the reflected signal to be equal 
to that of the reference signal. 80/20 absorption/transmission. Cost: 40 euro. 

Cornercube retroreflector: 
Reflected beam angle is parallel to incoming beam insuring self alignment of the 
reference and reflected beam. 6 mm diameter, 99% reflection. Cost: 150 euro 

Piezo actuators: 
The piezo actuator will move the retroreflector such that the interference signal intensity is set 
to the highest slope, for maximal signal. To achieve this the actuator should have a range of 
at least one eighth of the beam wavelength, in our case ~200 nm. The piezo shoud also be 
stable up to 0.1 nm precision. These requirements are within the specifications of a standard 
commercial piezo actuator (range 100 um, step size < 0.1 nm, tunability 0.2 nm/mV). Cost: 10 
euro 

Photodiode: 
Thorlabs, InGaAs photodiode, 300 ps rise time, sensitivity: 10-14 W/√Hz (= 1 pW at 50 kHz 
sampling rate). Output current: 100 mA/W. Our average signal is ~50 µW, giving a signal 
about 50 nA. Cost: 100 euro 
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Operational amplifier: 
Amplifies the signal coming out of the photodiode with low noise. Cost: 5 euro 

Digital Signal Processor: 
The DSP will process the photodetector signal and adjust the piezo actuator to 
reconfigure the interferometric fringes to the highest sensitivity quadrature point. Together 
with an amplifier it can output the voltage required to move the piezo. Cost: 20 euros 
(including amplifier) 

Piezo bias source(optional): 
(In the case no DSP is used) Range: 0-10V, stability 0.1 mV. Cost: 50 euro 

5.5 Conclusion 
We have described the implementation of a fabry perot interferometer as a measurement 
solution for nm displacement of the piezo knob.This solution presents the advantage to fit 
all required specifications in terms of sensitivity, bandwith and dynamic range for a cost of 
about 1000 euros/axis. Since the miniature fibre interferometer is physically separated from the 
laser and receiver electronics it is both physically small and robust to extreme 
environments such as high vacuum, cryogenic temperatures, and magnetic fields. 

We use a feedback loop to realize a cavity locking and stay at quadrature detection, enabling a 
linear response over the mm range . However, it is also possible let the system in open loop to 
measure the vibrations of the stage when stopped, although we have not studied in detail. 
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6. Second method: JUPITER 

6.1 Basic principles 
 

Capacitive measurements 
A capacitive position sensor consists of two conductors which can be moved relative to each 
other. The capacitance as function of distance is dependant on the design of the capacitive 
sensor. In figure 13, three different sensor types are shown. The basic design of a capacitance 
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sensor is the parallel plate capacitor (left figure 13). In this design, the capacitance C is 
inversely proportional to the distance z: 

𝐶𝐶 =  𝜀𝜀0𝜀𝜀𝑟𝑟𝐴𝐴
𝑑𝑑

, here 𝜀𝜀0  ≅ 8.85 × 10−12 is the vacuum permittivity and 𝜀𝜀𝑟𝑟 the relative permittivity. 
In the two other designs, the area of the capacitor or the dielectric material in between the 
capacitors is 

changed (right figures 13). The advantage of the latter designs is that the capacitance is linearly 
dependent on the distance. 

 

 

When using parallel plates there can be an error in the absolute position due to a tilt caused by 
the displacement at other piezo knobs. It is possible to calibrate for these effects. 

According to the specifications of Janssen Precision Engineering, we need to discriminate 0.1 − 1 
𝑙𝑙𝑚𝑚 on a 5 𝑚𝑚𝑚𝑚 scale. This means, we need a dynamic range of 107, which is equivalent to a cell of 
a grass blade on a football field. These constraints demand a high sensitive circuit for measuring 
tiny capacitance changes at large distances. Besides the high sensitivity demands, the 
displacement range of the capacitive sensor is limited. If we take a distance between 1 and 6 
mm and an area of the 

capacitor plates of 1 𝑐𝑐𝑚𝑚2, the range in capacitance is between 0.1 𝑝𝑝𝐹𝐹 and 0.7 𝑝𝑝𝐹𝐹. The capacitance 

changes are smallest when the capacitor is at the largest distance. Therefore in order to meet the 
specifications of JPE, we need to resolve a capacitance ∆𝐶𝐶 with 𝑑𝑑1 = 6 𝑚𝑚𝑚𝑚 an 𝑑𝑑2 = 6 𝑚𝑚𝑚𝑚 + 1 𝑙𝑙𝑚𝑚: 

∆𝐶𝐶 =  𝜀𝜀0𝜖𝜖𝑟𝑟𝐴𝐴 �
1
𝑑𝑑1
−

1
𝑑𝑑1
� = 8.854 × 10−12 ∙ 0.79 𝑐𝑐𝑚𝑚2 �

1 𝑙𝑙𝑚𝑚
36 𝑚𝑚𝑚𝑚2� = 19 × 10−21𝐹𝐹 = 19𝑏𝑏𝐹𝐹 

There are several ways to measure the capacitance very accurately. The main capacitance 
sensor solutions are a capacitance bridge, a voltage measurement when applying a constant 
current or an LC-circuit. In this report, we mainly focus on a LC-resonator circuit. Also, 
different methods can be used to measure an LC-resonator frequency. Here, we elaborate 
on a basic measurement principle using a RF signal detector and give extensions in section 
6.3 for possible improvement of the sensitivity. 

 

Figure 13: Three different configuration for two parallel plates to
determine the shift in position. The capacitance in the first
configuration will depends inverse proportional to the distance 
between the plates, while the last two configuration depends linearly 
on the displacement. 
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LC resonator 
An LC-resonator consists of an inductor (L) and a capacitor (C)  
and often a resistance forming a harmonic oscillator, which is shown in figure 14. The following 
differential equation describes the currents i(t) in the circuit: 

 
 

𝑳𝑳 𝒅𝒅𝟐𝟐𝒊𝒊(𝒕𝒕)
𝒅𝒅𝒕𝒕𝟐𝟐

+ 𝟏𝟏
𝑪𝑪
𝒊𝒊(𝒕𝒕) = 𝟎𝟎      

 

 

 
From this equation, we can see the analogue equation for a mass spring system, where 1/C is 
replaced by the spring constant and L replaced by the mass. 

The resonance frequency of this circuit is determined by the capacitor and inductor value: 

𝑓𝑓0 =  
1

2𝜋𝜋√𝐿𝐿𝐶𝐶
 

 

In a real experiment, the circuit has a finite resistance R, which limits the quality factor Q. If 
we place resistance in the circuit, an extra term has to be added to the differential equation, 
which causes the circuit to damp. The time it takes the circuit to be damped is given by the 
quality factor, i.e. characteristic time = 𝑄𝑄/(𝜋𝜋𝑓𝑓0) .To characterize the width of the peak, we can 
define Δω= ω+ -ω- , where ω± are the values of the driving angular frequency such that the 
power is equal to half its maximum power at resonance. This is also called full width at half 
maximum. In this way, we can get Δω= ω+ -ω-=R/L. Once the width Δω is known, the quality 
factor Q can be defined as 

𝑄𝑄 = 𝜔𝜔0
∆𝜔𝜔� = 1

𝜋𝜋
�𝐿𝐿
𝐶𝐶

.  
With a normal LC-circuit in the high frequency range, a quality factor of about 𝑄𝑄 = 50 − 1000 
can be obtained. 

The frequency of the LC-circuit is related to the square root of the distance. To measure 
the frequency of the LC circuit, many measurement circuits can be thought of. For a 
quantitative analysis, we have chosen to focus on the simplest case, which is an LC-
resonator, driven by an external oscillator and detector outside the cryostat. 

6.2 Physical principle 
In figure 16, a simple view of the resonator and the measurement circuit is shown. The LC-
circuit is driven by a radiofrequency (RF) voltage controlled oscillator (source) which can be 
tuned in accordance with resonance of the resonator circuit. The reflected signal of the LC-
circuit is recovered by a directional coupler, which ensures that the signal from the source will 
not be detected by the detector. The detector can be a power detector or a lock-in amplifier. 
When using a lock-in amplifier, the source has to be frequency modulated. 

capacitor (C)
which is shown in figure 14. The following
circuit:

Figure 14: Schematics of an LC-resonator. 
An inductor is coupled to a capacitor. (Ref. [1]) 
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By sweeping the frequency of the source, a dip in reflectivity will be observed when the 
frequency of the generator matches the frequency of the LC-resonator. The energy will then be 
absorbed by the resonator. When changing the capacitance and therefore the resonance of the 
circuit, the dip will shift to another frequency. The shift will give a rough indication of the 
position. 
By tuning the frequency of the signal generator to the steepest part of the curve, which is close 
to full width  
half maximum (FWHM), the detector is most sensitive  
to small changes in capacitance and therefore distance.  
The sensitivity of the circuit will be dependent on the  
steepness of this curve. 

Measurement protocol 
1. First find the absolute resonance frequency of your 

circuit 𝑓𝑓0, this frequency will give you the 
absolute position. 

2. Set the source frequency on a frequency that is on a 
sensitive part of the reflective power �𝑦𝑦𝜋𝜋

𝑦𝑦𝑓𝑓
�maximized. 

3. Relative changes of the resonance frequency ∆𝑓𝑓 can be detected, this will enable you to 
determine the relative position. 

 

 

 

Figure 13: The basic measurement circuit for
JUPITER. A source will apply a RF pulse to the 
LC-resonator with C determined by the 
displacement between two parallel plates. 
The detector measures the reflected power,
which depends on the resonance frequency
of the LC-resonator. 

Figure 12: Sketch of the implementation 
of the LC-crcuit to determine the position 
displacement ∆𝒙𝒙 of the moving 
surface. 
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6.3 Theoretical analysis 
 

Sensitivity 
We are interested in the voltage 𝑉𝑉 that the output of the detector gives as 
function of the distance 𝑏𝑏. The resolution will be given by the sensitivity 𝑦𝑦𝑑𝑑

𝑦𝑦𝑑𝑑
 and 

the voltage noise within a certain bandwidth. 

 

Detector 
If we look at a logaritm RF detector, ADL5506 datasheet (Ref. [2]) we see that the voltage 
output 𝑉𝑉(𝑃𝑃) as function of detected RF-power 𝑃𝑃 can be approximated with: 

 

𝑉𝑉(𝑃𝑃) = 1 + 0.36 𝑙𝑙𝑙𝑙𝜌𝜌 �
𝑃𝑃

1 𝑚𝑚𝑚𝑚
�

We can use this to calculate the sensitivity 𝑦𝑦𝑑𝑑
𝑦𝑦𝑑𝑑

for the detector:

𝑦𝑦𝑑𝑑
𝑦𝑦𝑑𝑑

= 0.16
𝑑𝑑

.

LC-circuit 
The LC-circuit will reflect the power sent by the source with a fraction 𝑅𝑅 (0 < 𝑅𝑅 < 1). We
are interested in how this reflectance evolves with the shift in resonance frequency 
𝑓𝑓when the source frequency is applied at the sensitive part of the resonance curve (the 
so called deflection point). We can approximate the slope 𝑦𝑦𝜋𝜋

𝑦𝑦𝑓𝑓
with: 

𝑑𝑑𝑅𝑅
𝑑𝑑𝑓𝑓

=
𝑄𝑄

2𝑓𝑓0
With 𝑄𝑄 the quality factor of the LC-circuit and 𝑓𝑓0 the resonance frequency, which is 
very closeby the measuring frequency 𝑓𝑓: 

𝑓𝑓0 =
1

2𝜋𝜋√𝐿𝐿𝐶𝐶
.  

 

The resonance frequency 𝑓𝑓 depends on capacitance 𝐶𝐶: 

𝑑𝑑𝑓𝑓
𝑑𝑑𝐶𝐶

=
𝑑𝑑
𝑑𝑑𝐶𝐶

�
1

2𝜋𝜋√𝐿𝐿𝐶𝐶
� = −

1
4𝜋𝜋𝐶𝐶3/2√𝐿𝐿

 

The capacitance 𝐶𝐶 between two parallel plates is  
inversely proportional to the distance 𝑏𝑏 between the 
plates 𝐶𝐶 = 𝜀𝜀0𝐴𝐴

𝑑𝑑
 (see figure 17). We are interested again  

in the sensitivity 𝑦𝑦𝐶𝐶
𝑦𝑦𝑑𝑑

: 

 

 

 

 

 

 

 

 

 

Figure 14: Inverse of the capacitance 
versus distance between the parallel 
plates of the configuration visible in 
figure 1.  The red curve is a linear fit,
showing the system’s linearity over a
large range. Measurements are 
performed by den Haan en Wagenaar at
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𝑑𝑑𝐶𝐶
𝑑𝑑𝑏𝑏

=
𝑑𝑑
𝑑𝑑𝑏𝑏

�
𝜀𝜀0𝐴𝐴
𝑏𝑏
� = −

𝜀𝜀0𝐴𝐴
𝑏𝑏2

. 

Total sensitivity 
The total sensitivty can now be obtained by combining the separate sensitivities of the 
components together with the power 𝑃𝑃𝑖𝑖𝑙𝑙of the source: 

𝑑𝑑𝑉𝑉
𝑑𝑑𝑏𝑏
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𝑑𝑑𝑅𝑅
𝑑𝑑𝑓𝑓

𝑑𝑑𝑓𝑓
𝑑𝑑𝐶𝐶

𝑑𝑑𝐶𝐶
𝑑𝑑𝑏𝑏

. 

 

At the sensitive measuring point, the power reflected and detected by the detector will 
be approximately 𝑃𝑃 = 0.3𝑃𝑃𝑖𝑖𝑙𝑙. Furthermore, we use an approximate quality factor 𝑄𝑄 = 
500, which corresponds to a small resistance below 1 Ohm for the total circuit. We use 
an inductance of 𝐿𝐿 = 20 𝑙𝑙𝐻𝐻, which corresponds to a stripline of 1 𝑐𝑐𝑚𝑚 length on a printed 
circuit board plus a single turn with a diameter of 1 𝑐𝑐𝑚𝑚 between the two parallel plates. 
Combining all we get: 

𝑑𝑑𝑉𝑉
𝑑𝑑𝑏𝑏
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𝑄𝑄
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4𝜋𝜋𝐶𝐶
3
2𝐿𝐿

𝐶𝐶
𝑏𝑏
≅

75
𝑏𝑏

 

 

The minimum sensitivity is at the maximum distance between the parallel plates. If we 
take the minimum distance between the plates as 1 𝑚𝑚𝑚𝑚, then the maximum distance is 
the range added to this value, so 𝑏𝑏 = 6 𝑚𝑚𝑚𝑚. We obtain for the final sensitivity: 

𝑦𝑦𝑑𝑑
𝑦𝑦𝑑𝑑

= 104𝑉𝑉/𝑚𝑚. 

In order to measure 1 𝑙𝑙𝑚𝑚 we need to resolve 10 μ𝑉𝑉. 

 

Noise 
We will assume that the noise of the 
detector is the dominant noise source. The 
phase noise of the detector will also result 
in a frequency noise and therefore in a 
displacement noise, but we estimated this 
noise to be low enough for our 
measurements. Since one of the extensions 
to the basic circuit will remove the source 
from the circuit, we consider only the 
noise of the detector. 

The output noise of this amplifier can be found in  
the datasheet and is plotted in figure 18. From this  
figure we assume a white noise of 200 𝑙𝑙𝑉𝑉/√𝐻𝐻𝑏𝑏.  
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Figure 15: Noise spectral density for the discussed detector 
ADL5506. If the detector is the limiting noise source of our 
measuring method, we can estimate the possible resolution
at a certain bandwidth. 
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To obtain a signal to noise ratio of 1, we see that in  
order to have a resolution of 1 nm, we can readout at a bandwidth of 2.5 𝑘𝑘𝐻𝐻𝑏𝑏. For a 
resolution 0.1 nm we have a bandwidth of 10 Hz. 

6.4 Extensions 
We will now look at the other solutions with an LC-resonator circuit. 

Feedback 
In the most basic ciruit, the resonance peak has to be shifted to the steepest curve by 
hand. This may not be very user friendly; therefore it would be advantageous if a 
feedback circuit provides this functionality. This can be achieved by using a phase 
locked loop (PLL) circuit. The PLL keeps the phase between the source and detector 
at a constant value (zero) by varying the source frequency. In this way, the frequency
of the LC-circuit will be followed by the source. Phase locked loops can be obtained 
as an integrated circuit at a low cost. The source and the detector are built into a single 
chip, see for example reference [3]. 

Self oscillating circuit 
By adding a tunnel diode to the LC-circuit, the circuit will be self oscillating, removing 
the need for an external source. Only the tunnel diode needs to be fed using a DC 
power supply. The tunnel diode together with a LC-resonator has been successfully 
implemented in the past as solution for similar problems as ours. It has been shown 
succesfull at cryogenic temperatures down to milliKelvin and with 0.001 ppm 
precision (references [4] and [5]). 

The tunnel diode consists of a highly doped p-n junction, causing a very thin depletion 
layer of the order of 10 nm. This enables electrons to tunnel from the n-type 
conduction band to the p-type valence band. At zero bias, the Fermi level lies above 
the n-type conduction band and below the p- type valence band. When a voltage is 
supplied, filled electron states in the n-type material do not match the empty states of 
holes in the p-type anymore. This means that the current drops at higher voltages, 
giving rise to a negative resistance. This can be used to create a self-oscillating circuit. 

When a DC-voltage is supplied such that 
we are at the negative resistance regime, the 
AC-power will flow out the circuit 𝑃𝑃 = 
∆𝑉𝑉∆𝐼𝐼 < 0 due to the negative resistance, see 
figure 19. This means that the oscillation 
present in the circuit (e.g. LC-circuit) will be 
amplified by the tunnel diode. 

The advantage of having a tunnel diode 
added to the LC-circuit, is the elegance of 
having a self oscillating circuit from which 
only the frequency has to be read out. 

 

 

Figure 16: I-V characteristics of a tunnel diode. 
Between Vp and Vv there is a negative differential
conductance, which can be used in a circuit to get it
self-oscillating. Figure adapted from reference [6]. 
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The frequency is read out by a frequency counter, which is commercially available in 
the form of an integrated circuit. The signal could also be amplified at low 
temperatures to increase the signal to noise ratio. 

Down converting frequency 
All previous LC-resonator suggestions need a coaxial RF-line which is able to support 
up to approximate 1 GHz frequencies. We propose a completely new design in which 
the RF-cable is not needed, only DC-cables, which go up to 10 MHz. A sketch of a 
possible setup with two tunnel diode circuits is shown in figure 20. 

By adding a second resonator circuit, which 
has a resonance frequency close to the 
sensor-circuit resonance, the two resonances 
can be mixed by using a mixer, to create a 
low frequency output. This second circuit 
can in turn be tuned by a varactor to ensure 
that the two resonance frequencies will 
always stay close to each other. A varactor is 
a diode which is reverse biased such that the 
depletion layer becomes smaller or larger 
depending on the voltage, determining the 
capacitance. Therefore three DC wires need 
to be installed, one for the tunnel diodes, one 
for the varactor and one for the readout. The 
frequency from the mixer plus the voltage on 
the varactor determines the position of the 
sensor. A “rough” measurement of the 
position is made by the voltage on the 
varactor and the precise measurement of the 
position is determined by the frequency 
coming from the mixer. The frequency from 
the mixer could be measured by using a 
frequency counter. The combination of the 
two voltages results in the high dynamic 
range. 

Using this setup, the varactor still has to be tuned by hand in order to get in the right 
frequency range. 

By adding a feedback system (PI) and a low pass filter to the circuit, the position 
readout is more user friendly. Then the output of the whole circuit consists of two 
voltages, one which comes from the frequency counter and one which is the voltage 
that is send to the varactor by the PLL, omitting the tuning knob. 

The two circuits resonate at two frequencies, which are close to each other. The mixer 
is used to return only the difference frequency of the two circuits. By moving one of 
the capacitor plates, the frequency of the sensing circuit will be altered. This will in 
turn change the difference frequency coming from the mixer. The frequency counter 
will change its output voltage according to the frequency it counts, which will be 

Figure 20: Schematic overview of the down converting 
frequency extension. Using a second controllable self- 
oscillating circuit, it is possible to downconvert the high 
frequency signals to low MHz-signals. In this way the 
whole measurement setup is plug-and-play, all
inside the measurement setup, closeby the sensor on a
printed circuit board. 
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used by the PI feedback system. The feedback system outputs a voltage which is low 
pass filtered and sent to the varactor. 

So the varactor slowly changes the frequency of the reference circuit, such that the 
difference frequency remains constant according to the setpoint of the PI feedback 
system. The variations around this set point reveal the fast and tiny changes in 
frequency and therefore position. 

 

6.5 Cost of goods 
To estimate the cost of goods we take the basic design. In this design we need coaxial 
cables and not the tunnel diodes and varactor. The prices of the last items varies 
around tens of dollars per unit, so that the total cost of goods will be approximate the 
same as for the basic design. 

Component Unit price 
Source: 470-520MHz, VCO $25,- 
(e.g. crystek CVCO55CL)  
Detector: e.g. the ADL5506 30MHz-4.5 
GHz 

$10,- 

Coaxial cable, 2 meters $45,- 
Directional coupler (< 1 GHz) $10,- 
Capacitor-plates, PCB, connectors etc. $25,- 
Voltage source, voltage amplifier $25,- 
Total cost of goods: $150,- 

 

6.6 Conclusions 
Parallel metallic plates can be easily implemented in cryogenic and/or high vacuum 
environments. We have shown with a basic measurement circuit how the capacitance 
of these plates can be read out using a LC-resonator circuit. The capacitance is 
determined by the absolute position between the plates, enabling you to determine the 
position very accurately. Furthermore we discussed a more advanced self-oscillating 
circuit where the 500-1000MHz signals are down converted to low frequencies. This 
more advanced circuit would be very customer friendly, since no coaxial cables need to 
be placed, and most part of the setup would be closeby the parallel plates. We 
estimated the sensitivity, dynamical range, range etc. to meet the necessary 
requirements together with very low costs of goods. 
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7. Overview expected specifications 
We can now compare both proposed methods on the resolution, bandwidth, dynamic 
range and costs of goods. Note that these specifications are a rough estimation. 

 

 Interferometer JUPITER© 

Resolution 0.1nm 0.1nm/1nm 

Bandwidth 50kHz 10Hz/2.5kHz 

Dynamic range > 2mm > 5mm 

Costs of goods 1000 euros/axis < 150 $ / axis 

 

8. Overview expected specifications 
 

 Interferometer JUPITER© 

   Resolution 0.1nm 0.1nm/1nm 

Bandwidth 50kHz 10Hz/2.5kHz 

Dynamic range > 2mm > 5mm 

Costs of goods 1000 euros/axis < 150 $ / axis 
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1. Abstract 
Low-cost solutions to detection of airborne particles in the size range of 100 to 2500 nm have 
been considered. Our goal is to design a compact device suitable for consumer products that 
can detect these particles and quantify their size and/or mass distribution. We present 
various designs based on light scattering in free space or evanescent wave scattering over the 
surface of waveguides and discuss the theoretical and practical aspects of particle detection 
with each of these devices.  

2. Company profile 
Philips’ mission is to improve the lives of 3 billion people in 2025 by meaningful innovation 
in the areas of lighting, healthcare and consumer lifestyle. The company had some 117.000 
employees and a turnover of 22 billion Euro in 2013. The R&D activities of Philips have a 
budget of about 6.5% of the turnover. Philips Research has activities in Europe, the US and in 
China. 
 

3. Problem description 
Air pollution is of great concern in many regions in the world. Contrary to common beliefs, 
this issue is prevalent not only in the Far East but also in in European cities such as Glasgow 
and Paris. According to recent estimations, one out of eight deaths worldwide is 
immediately related to bad air quality, and in Shanghai life expectation is reduced by some 
six years for the same reason. Ultrafine particles (between 100 nm and 1 µm in diameter) are 
of particular concern. They can easily reach the lungs and introduce harmful contaminants 
into our bodies. Philips is a significant player in air purification in China. Apart from air 
filtration technologies, we also apply sensors (for volatile organic compounds and particles) 
to inform our consumers about the air quality in the living environment.  

At present, there are no ultrafine particle sensors for consumer products and even optical 
sensors for larger particles (in the μm range) are far too inaccurate. As a result, consumers 
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only get information from city level air quality measurement stations, which is not always 
relevant for the indoors condition. 

Philips has offered ultrafine particle sensors (Aerasense) to the market, based on electrical 
detection of charged particles. These sensor systems, however, are far too expensive for 
application in consumer products. For this reason, Philips would like to explore the 
possibilities of particle detection using light scattering. 

 
Figure 1. Global satellite-derived map of PM2.5 averaged over 2001-2006, Moderate 

Resolution Imaging Spectroradiometer (MODIS),www.nasa.gov 

Currently available systems, based on IR laser diodes (LDs) or light emitting diodes (LEDs), 
have a lower size detection limit of 300 – 400 nm. To detect smaller particles, a light source 
with shorter wavelengths is likely to be necessary. These types of light sources are readily 
available. Philips needs help from the physics community to design an optical sensor system 
that enables accurate detection of particles with sizes smaller than 400 nm which is suitable 
for consumer applications. The design should incorporate an appropriate electronic system 
that preferably allows determining the particle size distribution. Ideally, the sensor will have 
the ability to identify the type of the aerosols as well. 

It is also of relevance to address the physical limits of this concept in terms of particle sizes, 
and of lowest and highest particle concentrations that can be detected. 

The challenge has a number of scientific aspects:  

1. Detection and determination of the sizes of ultrafine and larger particles using optical 
methods. 

2. Addressing critical aspects of optical system design, including light source properties 
(spectrum, bandwidth, brightness, etc.) and other optical components like lens and 
detector systems. 

3. Addressing critical aspects of electronic system design, enabling 
determining/estimating the particle size distribution. 

4. Proposing solution approaches for identification of the origin/type of aerosols. 
In view of the size and the urgency of the problem, Philips would like significant results 
within a few years. 
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4. Problem solving strategy 
We start from a general concept for particle detection and identify the various steps involved 
in such a device. We generate several ideas for each step in a brainstorm session and the list 
the necessary quantitive information. We then gather this information from literature or by 
direct calculation. The most promising combinations are selected and the details are worked 
out for designing a practical device and characterizing its sensitivity. Possible extensions and 
additional features are also discussed. 

a. Identification of device elements 
 

 
Figure 2. Elements of a generic particle detector 

Optical aerosol detectors are already commercially available. In order to generate new 
conceptual designs for such detectors or to improve the sensitivity and range of application 
of an existing detector we look at the elements of a generic device. We split the particle 
detection process into five steps that are sketched in figure 2. We then analyse the various 
physical principles that might play a role in each of these steps and formulate simplified 
models for evaluating the relevant quantities. We also investigate the practical challenges at 
each step. This approach allows us to present various devices with different levels of 
complexity and functionality by combining one or more of the suggested steps.  

Our focus in this report is on optical measurements. To provide a benchmark, we also review 
one alternative technique based on the detection of resonance frequency of nano-
electromechanical resonators, which directly delivers the particle mass. For a typical level of 
pollution, abundance of aerosols in air can vary between 1 and 10000 particles per cubic 
centimetre for diameters between 100 nm and 1 μm. Given this fact, we also need to consider 
the measurement time that is necessary for collecting sufficient statistics in each method. It 
turns out that for some devices, this time can be unrealistically long. Therefore, we proposed 
and analysed methods for increasing the concentration of particles when necessary. These 
methods include using electrostatic precipitators or using variable illumination area for 
detection of particles with different sizes.  

Probe 
•Light 
•Electricity 

Interaction 
•Light Scattering 
•Mechanical 

contact 
•Charge transfer 

Signal 
•Light intensity 
•Image contrast 
•Frequency shift 
•Electric Current 

 

Information 
•Size/Mass 

distribution 
•Chemical 

composition 

Collection 



Proceedings Physics with Industry 2014 

81 

The recorded signal in digital devices is invariably electronic. For each device we thus 
provide the signal to noise ratio based on the electronically recorded values. This signal, 
however, needs to be converted to the required information such as particle size distribution 
or chemical composition electronically. This conversion process often demands extra 
calibration steps, which have to be investigated for every device separately. In this report, we 
will focus on the sources of noise that are inherent to the interaction mechanism, such as the 
influence of background scattering. We do not investigate the calibration uncertainties, 
device to device variations or errors arising from conversting the electronic signal to target 
quantitites. 

In this section, we first present some general information about the physical concepts that 
have been investigated. Next, we quantify the problem in hand in terms of measurable units 
and discuss the rising issues such as shot noise and statistical considerations. 

4.2 Background information 
Light scattering by small particles 
Light scattering is probably the oldest and most sensible type of particle detection. Two 
typical examples are the formation of rainbows in sky or hindered vision while driving in a 
foggy street. Detection of elastic light scattering is already the most common working 
mechanism of existing particle detectors. However, detection of particles that are much 
smaller than the wavelength of light in the visible range is challenging because the intensity 
of elastically scattered light scales with the square of the particle volume (i.e. sixth power of 
its size). For example, scattering of red light from a 50 nm dielectric particle is a million times 
less than for a 500 nm particle. This steep size-dependence demands a large dynamic range 
for the detection and imposes limitations on the signal to background scattering for 
measuring a collection of all particles sized in practical devices. 

Brownian motion 
The trajectory of an aerosol particle in air will be governed in part by Brownian diffusion. 
For small spherical particles the diffusion constant D is estimated from the Stokes-Einstein 
relation:  

𝐷𝐷 = 𝑘𝑘𝐵𝐵𝑇𝑇
6𝜋𝜋𝜋𝜋𝑟𝑟

  

where, kB is Boltzmann’s constant, T is temperature, η is the dynamic viscosity of the 
surrounding medium, and r is the particle radius. The large variety of particles in air will 
include some charged particles. Furthermore, it may be advantageous to induce a charge on 
particles for detection. For such a charged particle, the diffusion is related to the particle 
mobility:  

𝐷𝐷 =
𝜇𝜇𝑞𝑞𝑘𝑘𝐵𝐵𝑇𝑇
𝑞𝑞

 

where q is the particle charge and μq is the mobility (usually in cm2/Vs).  

For a spherical particle in free space and under ambient conditions, its diffusion constant 
ranges from 2.3 x 10-9 m2/s for a 100 nm diameter particle, to 9.3 x 10-12 m2/s for a 2.5 μm 
diameter particle. (Note: These calculations do not account for the slip correction factor, 
which becomes more significant for smaller particles. For a more complete table comparing 
particle properties at different sizes, see refi.) In designing a particle sensor, and more 
specifically in considering the probability of a particle arriving into the sampling space, these 
dynamic properties must be taken into account. The dependence on the particle size to 
movement can furthermore be a distinguishing factor between particles and these 
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relationships are already utilized in some existing aerosol measuring techniques, such as 
differential mobility analyzers.  

4.3 Particle size distribution 
The value of the amount of PM2.5 particulate is given in terms of mass per volume, typically 
in µg per cubic meter. The European Union fixes the level of average mass concentration of 
PM2.5 considered safe for health at 25 µg/m3, but in crowded cities values up to 500 µg/m3 
have been recorded. These two values for concentration define the interval of interest in our 
problem. 

We are interested in counting the particle with a diameter between 100 nm and 2.5 µm. 
Given the particle density, we can calculate the total particulate mass of PM2.5. To do this we 
need an estimate of the typical values for the number of particles per size. 

Using available data for the relative mass concentration of aerosol per sizeii we were able to 
calculate the normalized mass distribution of particles of different diameters. This was 
achieved by sorting the particles in intervals of diameter of 100 nm. We assign to each 
diameter interval a relative weigth wbin, such that Σwbin=1, and consider a total mass M of 
particles. 

Each interval thus contains a number of particles given by: 

𝑁𝑁𝑎𝑎𝑦𝑦𝑦𝑦 =
𝑀𝑀 𝑤𝑤𝑎𝑎𝑦𝑦𝑦𝑦
𝜌𝜌 𝑉𝑉𝑎𝑎𝑦𝑦𝑦𝑦

 

where ρ is the mass density of the particles and Vbin the average volume of a sphere of 
diameter given by the central value of the interval.  

The results for particles of density ρ = 103 kg/m3 (water) and for a concentration of 
particulate of 10 µg/m3 are given in the figure 3: 

 
Figure 3 Left: relative mass concentration of particles per diameter. Right: density of particles per 
unit volume in cm3 per size interval in the case of total mass of 10 kg/m3 for the PM2.5 particulate 
taken from ref. 2. Particles were grouped in diameter intervals of 100 nm and we assume a mass 
concentration for the particle material of ρ = 103 kg/m3. 

For a given mass concentration, the number of particles is inversely proportional to the third 
power of the diameter: as a consequence, two intervals containing the same absolute mass of 
particulate can contain a very different number of particles. 
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5. Theoretical consideratons 

a. Optical scattering cross section 
Light scattering by small particles is a wave phenomenon and governed by interference. The 
relevant size parameter for light scattering of wavelength λ from spheres of radius R is:  

2x Rπ
λ

=

The general theory of scattering of particles is described by Mie scattering for any size of 
particlesiii. The derivation is made with the assumption of scattering of light by a spherical 
particle. The incident light is considered to be a plane wave and the scattered light is a 
spherical wave. At large distances the scattered field is described as, 
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where indices “sca” and “0” refer to the scattered and incident light, respectively, and the 
components are either parallel or perpendicular to the scattering plane. The exponential term 
depends on the distance r between the observer and the particle. The matrix in the formula 
describes the polarization effects of the scattering. We will only consider unpolarized 
incident light and interested only the intensity of the scattered light. In general, the medium 
and the particle refractive indices are complex.  

 
Figure 4. (a) Mie (solid blue line) and geometric (dash line) optical cross section as a fuction of 
particle diameter calculated for light for λ=400 nm. (b) Mie optical cross section as a function of 
incident light wavelength scattered from a particle with diameter of D= 100 nm. 

 

With the given values for the refractive indices, the particle radius and the wavelength of the 
incident light, Mie theory predicts angular scattering distribution of the polarized light as 
well as the scattering and absorption efficiency. The intensity of light scattered by a particle 
is given by 

a b
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0sca scaI Ps= × , 

where P0 is the power of incident light and ssca is the scattering cross section. 

To calculate the scattering cross section by means of Mie theory we used a numerical 
algorithm. In figure 4 we can see how the Mie optical cross section strongly depends on (a) 
the particle size and (b) the incident light wavelength.  

In the regime of particles much smaller than the wavelength of the light (x<< 1), we can use 
the Rayleigh approximation. The intensity of light scattered by any of the small particles 
from a beam of unpolarized light of wavelength λ and intensity I0 is given byiv    

( )
242 2

6
0 2 2

1 cos 2 1
2 2sca

nI I R
r n

θ π
λ

 + − =    +   
 

where r is the distance from the particle. Averaging this over all angles gives the Rayleigh 
scattering cross section,  
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The optical scattering cross section shows a strong dependency to the wavelength of incident 
light (λ-4). Therefore, light sources with shorter wavelength enhance the intensity of the 
scattered light dramatically. 

b. Electromechanical resonators 
Micro/nano electromechanical systems (MEMS/NEMS) are suspended mechanical devices 
with dimensions in the micrometer/submicrometer range that are integrated in an electronic 
circuit. The motion of these systems can be actuated/detected via electrical, optical or 
thermal mechanismsv. They are usually fabricated with processes close to the standard top-
down silicon technology: lithography, etching and releasing. Typical shapes include single-
clamped cantilevers, double-clamped cantilevers and ring resonators. 

Figure 5 shows a schematic of a double-clamped cantilever with length l, width w and 
thickness t. Independently of the shape, the dynamics of these systems can be analyzed with 
classical mechanics, approximating the oscillating beam to a mass-on-a-spring system. Thus, 
their resonance frequency (f0) is related to the mass (m0) and spring constant (k) of the spring 
as: 

 0
0

f k
m

∝   

The effective spring constant is boosted by the large young modulus of silicon (hundreds of 
GPa) while the mass is reduced due to (sub)micron dimension. Thus, resonance frequency 
can easily reach 0.1 ~ 1 GHz. These ranges of frequencies are important, for instance, for RF 
communication.  

A high mechanical frequency is also beneficial for mass detection, the main purpose of this 
study. From equation (1), a small (dm < m0) change in mass will give rise to a change in 
resonance frequency (df) as: 
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A large resonance frequency and a small resonator mass increase the shift in frequency for a 
small dm. Ultimately, the accuracy in measuring the resonance frequency determines the 
smallest mass that can be detected. In other words, the frequency noise, either intrinsic or 
due to the detection mechanism, limits the smallest mass that can be detected. State-of-the-
art devices operated in vacuum can achieve yoctogram (10-24 g) detection. 

In practice, the resonance frequency can be detected by sweeping the driving frequency and 
recording the amplitude of oscillation. The oscillation amplitude increases by several orders 
of magnitude at the resonance frequency. This is chematically shown in figure 5. When a 
small particle lands on the resonator (figure 5c), its mass increases (f1 = f0 + dm) resulting in a 
reduction in the resonance frequency (figure 5d).  

 

 
Figure 5: mass sensing with MEMS/NEMS resonator. (a) schematic of a doubly-clamped 
resonator. (b) Amplitude as a function of the driving frequency for an un-loaded cantilever. (c) 
Schematic of a doubly clamped resonator with added dm. (d) Amplitude as a function of the 
driving frequency for a loaded cantilever compared to an un-loaded cantilever. Panels a and c are 
from refvi, b and d are from refvii 

 

For the purpose of this study, we model a double clamped Si cantilever with l = 2 μm, w = t = 
200 nm operating in air, estimating a Q factor (Q = f0/FWHM) of about 100. Assuming 
noiseless frequency detection, for a resonator operated in ambient conditions, the largest 
source of noise is the momentum exchange noise. This source of noise can be expressed as a 
mass change: 
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Where Meff is the effective mass of the resonator (geometry dependent), kB is the Boltzmann 
constant, T is the temperature, ( )0

2 22 ·c eff cE M f xπ=  is the critical energy to enter the 
nonlinear regime (xc being the critical oscillation amplitude – proportional to the thickness of 
the resonator) and BW is the measurement bandwidth. We calculated the dm for a doubly-
clamped silicon cantilever with varying length (hence, varying f0) and a bandwidth of 20 Hz 
(figure 6). The mass of a 100-nm-diameter particle with a density of 103 kg/m3 is given as 
reference. With a resonator of about 10 kHz resonance frequency is theoretically possible to 
achieve single-particle detection. This indicates the much larger sensitivity to small particles 
that MEMS/NEMS detector offer compared with optical detectors.  

 

 
Figure 6: The theoretical limit for mass detection in a doubly clamped resonator with geometry and 
quality factor specified in the figure. The mass of a single 100-nm particle is also indicated as 
dashed line. 

The large sensitivity and the direct measurement of mass of particulate matter in air 
represent the strongest advateges of MEMS/NEMS devices compared with optical detectors. 

A disadvantage of resonators for continuous measurement of particulate matter density in 
air could be: 

1) The constant change in resonance frequency for every added particle, resulting in a 
continuous drift of the resonant frequency. 

2) The change in Q factor when the cumulative mass of the deposited particles is 
comparable with m0. 

3) The possibility of collapse in case a particle with M >> m0 lands on the resonator. 
4) The difficulty in distinguishing the chemical composition of the particles. 
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c. Electrostatic precipitation 
A low concentration of particles in the air may impose an unpractically long measuring time. 
Therefore we consider in this section how to concentrate the aerosol on a surface before 
optical measurement. For this goal we apply electrostatic forces to the particles to collect 
them. As we will see it allows us also to separate aerosols by their size. 

The particles in air are either charged or can be charged by a discharger as it happens in an 
existing Philips device (NanoTracerviii). We also consider neutral particles, which get 
polarized by the electrostatic field. The charge on the particle depends on the size. This 
relation slightly depends on the device but in the particle size range we are interesting in 
(50𝑙𝑙𝑚𝑚 < 𝑅𝑅 < 1𝜇𝜇𝑚𝑚) the relation is approximately linear: = 0.076 ∙ 𝑅𝑅 ix.  

Apart from the electrostatic force, the particles are affected by a drag force, which is 
proportional to their size and velocity v: 

𝐹𝐹𝑦𝑦𝑟𝑟𝐿𝐿𝑑𝑑 = 6𝜋𝜋𝑅𝑅𝜋𝜋𝑣𝑣, 

Where 𝜋𝜋 = 2 ∙ 10−5𝑃𝑃𝑃𝑃 ∙ 𝑠𝑠 is the dynamic viscosity of air. We assume that the mean-free path 
of the particles in air is small enough so that the electrostatic force is always equal to the drag 
force. 

For our setup we consider two concentric electrodes with radius 𝑟𝑟1 = 0.1𝑚𝑚𝑚𝑚 and 𝑟𝑟2 = 2𝑚𝑚𝑚𝑚 
with 1𝑘𝑘𝑉𝑉 applied voltage between them. The electric field as a function of the radius is 
𝐸𝐸(𝑟𝑟) = 0.33𝑘𝑘𝑑𝑑

𝑟𝑟
. 

 
Figure 7: Schematic drawing of an electrostatic precipitator for collection of 
aerosoles 

For a charged particle, the electrostatic force is linear with the charge and the applied electric 
field; thus we can express the electrostatic force as 𝐹𝐹𝑟𝑟𝐿𝐿𝑟𝑟𝐿𝐿 = 𝐸𝐸 ∙ 𝑞𝑞. Consider the linear 
dependence of charge on particle diameter, we finde that the final velocity of the particle is 
independent of its size. If the aerosol is 1 mm away from the inner electrode, this velocity is  
𝑣𝑣𝐿𝐿 = 10𝑦𝑦𝑦𝑦

𝑟𝑟
. 

In the rest of this section we will focus on neutral particles. These particles experience a force 
due to the coupling between the particle dipole moment p and the gradient of the electric 
field: 

𝐹𝐹𝑟𝑟𝐿𝐿𝑟𝑟𝐿𝐿 = 𝑝𝑝 ∙
𝜕𝜕𝐸𝐸
𝜕𝜕𝑟𝑟

 

If we assume spherical dielectric particles with dielectric constant 𝜅𝜅 = 2 the dipole moment is 

𝑝𝑝 = 4𝜋𝜋𝜀𝜀0
𝜅𝜅 − 1
𝜅𝜅 + 2

𝑅𝑅3𝐸𝐸 
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Putting these equations together we can conclude that the velocity of a particle in our setup 
is: 

𝑣𝑣𝑦𝑦 ∝
𝑈𝑈2𝑅𝑅2

𝑟𝑟3
 

where 𝑈𝑈 denotes the applied voltage and 𝑟𝑟 is the distance of the particle from the inner 
electrode. Specifically if we place an aerosol 1mm away from the inner electrode, using the 
previously specified values for the other parameters we obtain velocities of 

𝑣𝑣𝑦𝑦 = 1.82
𝜇𝜇𝑚𝑚
𝑠𝑠

(𝑅𝑅/100𝑙𝑙𝑚𝑚)2 

The velocity near the edge of the inner electrode is hundred times bigger than the above 
calculated velocity.   

The charged particles are much faster than the neutral ones, so with our method it is possible 
to separate charged from neutral particles. 

 
Figure 8: Drifting velocity of a neutral particle in the setup of figure 7 as a function of its radius 

 

The volume of the space from which aerosol particles are collected after a certain time is 
proportional to 𝑈𝑈 ∙ 𝑅𝑅√𝑑𝑑. This relation shows that larger particles are collected at a higher rate. 
However, the higher rate of collection is not enough to compensate for the lower abundance 
of larger particles relative to the small ones in actual conditions. Therefore, we will still 
collect more small than large particles. 

 

6. Proposed methods and experiments 

a. Optical detection of freely diffusing particles 
To evaluate the possibility of detecting small particle, we first calculated the scattered power 
from a small spherical particle of the diameter of 100 nm obtained by Rayleigh scattering 
approximation formula with a refractive index of n = 1.6 and wavelength of an incident light 
of λ = 400 nm. With these assumptions we obtain σsca = 10-15 m2.  

The maximum volume containing only one particle of 100nm diameter can be calculated 
from particle size distribution based on the measured data of the relative mass distribution 
(see figure 2) assuming concentration of 10 μg/m3, and it is equal to 1/20 000 cm3.  
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The diffusion constant of such particle (2R = 100 nm) can be calculated and it is equal to 
1.4x10-10 m2/s. This gives to a particle to stay around 1000 s in the measurement volume.  

In order to calculate signal-to-noise ratio (SNR) a typical photodiode’s noise equivalent 
power of 10-14 W/√Hz was used. By estimating the scattering from the smaller particles we 
found SNR = 1 for 0.5s integration time. 

Assuming that the laser spot has an area of around 368 x 368 µm2 and a collection efficiency 
of scattered light of 1% the power detected from a single 100 nm particle is equal to 30 
fW.The calculations above show the feasibility of the detection method described. 

Sampling rate for particles of various size 
The detection scheme depicted in figure 9(a) can be adjusted in a way that two successive 
scattering events can be resolved in time. In other words, for an average concentration of 
particles there should be less than one particle in the detection volume at each moment. In 
this case, the data analysis becomes straightforward. Here, the signal received on the 
detector represents a single particle scattering event and the volume of the particle can be 
directly computed from the scattering intensity. 

 
Figure 9. a) general detection method based on the detection of light scattered from a single particle 
in a focused free-space propogation light; b) improved detection scheme using a photodiode array, 
providing users with a mass distribution information. 

The drawback of limiting the illumination area to a small detection volume is the acquisition 
time. The highly non-uniform abundance of particles of different sizes makes optimization 
for each size incompatible with the optimum geometry for other sizes. Note that, for a typical 
particle distribution, the probability of having, on average, a single 100 nm particle in the 
detection volume would correspond to 1 in 2000 chance to have a 1 µm particle in the same 
volume. In order to decrease the acquisition time one has either to increase the flow of a 
sample air through that volume, which leads to the necessity of having a faster and more 
sensitive photodiode. We suggest utilizing the divergency of a focused laser beam in 
combination with a photodiode array (see figure 6b). This combination is a technologically 
simple but functionally significant improvement: the pixed of the photodiode array that 
image the tight waist of the focues beam are more sensitive to smaller particles. 
Simultaneously the pixels that detect particles in the wide part of the beam are only sensitive 
to larger particles because of the lower illumination intensity. However the probability of 
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particle detection is enhanced due to the larger detection volume. 
 

b. Imaging adsorbed particles with guided illumination 
We consider the cases where the excitation happens not via propagation in free space but in 
a guiding structure such as an optical fiber in air or thin glass plane. 

In these cases part of the field propagates near the interface on the air side of the structure in 
form of evanescent field. Evanescent fields can be sensed by the particle at the interface of 
the guiding medium and be scattered by this into free space in form of radiation that can be 
detected.  

The surface configuration offers the advantage that particles can be collected at the guiding 
interface where they can remain for a long time. This would allow longer integration times 
and differential measurements in time. 

In the following we first evaluate the signal to noise ratio for surface scattering and examine 
the case of a circular optical fiber and that of a guiding plane. 

 
Evaluation of signal to background ratio 
In a surface technique the background is mostly caused by the roughness of the deposition 
surface, which is also a source of scattered light from the guiding structure to the detector. 

 
Figure 10. A particle should give a scattering intensity (right) easily identifiable over the 
background given by light scattering on the surface roughness of the substrate (left). 

 

We assume our detector (photo diode or pixel of a camera array) to measure all the light 
coming from a square portion of side L of the deposition surface and we want to compare 
the background intensity to the signal coming from a particle of diameter D = 2R = 100 nm. 

We model the roughness as a set of particles of small radius Rb, assuming that they cover the 
surface in a random packing arrangement estimated as equivalent to 50% of the close-packed 
surface covering.  For the scattering cross section we use the Rayleigh approximation, giving  

ssca ~ R6/λ4. 

The number of incoherent scatterers from the roughness is then N = 0.5 L2/(πRb2). 

Both the roughness and the particle feel the same incoming light intensity, as a consequence 
the ratio of the scattered powers is given by the ratio of the scattering cross sections  

𝑆𝑆𝑁𝑁𝑅𝑅 =
𝑃𝑃
𝑃𝑃𝑎𝑎

=
𝜎𝜎𝑝𝑝
𝑁𝑁𝜎𝜎𝑎𝑎
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where we use 𝜎𝜎𝑝𝑝 and 𝜎𝜎𝑎𝑎 for the scattering cross sections respectively of the particle and a 
single roughness element and we use the incoherent sum of the intensities scattered by the 
roughness elements. 

The ratio of the scattering cross sections removes the dependence on the wavelength and, 
substituting the number of roughness scattering centers, gives: 

𝑆𝑆𝑁𝑁𝑅𝑅 =
2𝜋𝜋𝑅𝑅6

𝐿𝐿2𝑅𝑅𝑎𝑎4
 

The background to noise ratio can be optimized by detecting light from a smaller surface or 
by reducing the roughness of the reposition surface. For a test particle of diameter D = 2 R = 
100 nm and a roughness with Rr values of 5 nm and 10 nm, we estimate respectively SNR = 
100 and SNR = 5. 

As a note, we recall that roughness for commercial smartphone glass is specified to be down 
to Rr = 0.3 nm, therefore our estimations are very conservative. 

Excitation via optical fiber 

We consider the case where the particles are deposited on top of a multi-mode optical fiber 
without any cladding (sketched below). 

 

 
Figure 11: A particle is deposited over an optical fiber without cladding. It can scatter in free space 
the evanescent part of the field propagating as guided mode. The E field is in our case oriented 
perpendicular to the plane of the figure. 

We want to calculate the power scattered by this particle and for this we need to know the 
optical intensity at the interface where the particle is deposited.  In the case of a multimode 
fiber the intensity profile in the core is approximately constant. From continuity 
considerations (true for the polarization we want to use indicated in the figure) the optical 
intensity at the interface can be approximated with the average intensity inside the fiber Iav: 

𝐼𝐼𝐿𝐿𝑎𝑎 =
𝑃𝑃𝐿𝐿𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟
𝜋𝜋𝑅𝑅𝑓𝑓𝑦𝑦𝑎𝑎𝑟𝑟𝑟𝑟2  

 

This approximation is reasonable in our case of study, where we consider a fiber of radius 
Rfiber = 5 µm and a particle with diameter of D = 100 nm, smaller than the typical decay 
length of the field which is in the order of the wavelength. 

Assuming that the fiber is guiding 1 mW of light power, the value for Iav is in the order of 10 
µW/µm2. A particle of diameter D of refractive index n=1.5 has a scattering cross section for 
the light of wavelength 400 nm of ssca = 0.8 10-3 µm2. 

The total scattered power is then 𝑃𝑃𝑟𝑟𝐿𝐿𝐿𝐿 = 𝐼𝐼𝐿𝐿𝑎𝑎𝜎𝜎𝑟𝑟𝐿𝐿𝐿𝐿= 1 nW.

Assuming a conservative collection efficiency of 1%, we can estimate a collected scattered 
power of 10 pW from the particle. 
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Excitation via light guided in a plane 

The case of the light guided in a thin slab of dielectric (glass) is similar to the case of the fiber. 

The two geometries have the same performance in terms of signal to background ratio but 
differ in the absolute value of the scattered power. 

In fact, the incident intensity in the case of the planar thin slab must be calculated for the 
rectangular cross section of the guiding structure. This gives an average intensity of  

𝐼𝐼𝐿𝐿𝑎𝑎 =
𝑃𝑃𝐿𝐿𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟
𝐿𝐿 ℎ

 

where L is the width of the slab waveguide and h its thickness. Typical values for L and h are 
much bigger than the radius of the fiber previously considered.  

Using the values L = 1 mm, h = 100 µm and a total guided power of 1 mW, the estimated 
scattered power is in the order of 10 fW. 

c. Prototype setup for dark-field microscopy 
As a proof-of-concept, we designed a setup to detect particles with surface scattering. The 
setup is sketched in figure 11. The main feature of the setup is the dark field/ scattering 
technique to detect the particles, allowing to detect the edges of the particles. To accomplish 
this, the illumination and the detection paths are at a large angle with each other in order to 
collect only the scattered light from the surfaces of the particles. This setup could be based 
also on exploiting the evanescent field outside a 'planar waveguide' or total internal 
reflection in a glass slab.  

Figure 11 hows a schematic of the setup. A glass slide (cover slip) collects the particles from a 
closed environment and is illuminated at an angle lower than 30° by a 405 nm, 30 mW laser. 
The laser spot diameter on the surface is in the order of 200~400 um so as to illuminate an 
area comparable with the field of view (see below). This spot could be realized with a laser 
diode pigtailed to a single-mode fiber and a single asferical lens. The power of the scattered 
light ( scatterP ) is proportional to the impinging power ( incidentI ) and the scattering cross section 
( scatterings ) of the particles on the surface: 

 ·scatter incident scatteringIP s=  (1) 

With the simulated scatterings  for a single 100-nm-diameter particle we can estimate scatterP  to 
be in the order of 20 pW. 

To collect the scattered power, we place an imaging lens on the opposite side of the cover 
slip. This will prevent accumulation of particles on the imaging lens, possibly increasing the 
lifetime of the setup. To increase the collection efficiency, we use a high-NA lens with short 
focal length (about 3 mm). We estimate the optimal collection efficiency to be in the order of 
12.5% and we estimate a reduction to 6% once the setup is built. Finally, we can estimate the 
collected power Pcollected to be about Pcollected = 1.2 pW. We use a tube lens with f = 100 mm to 
achieve 30x magnification. This lens can be placed 260 mm away from the imaging lens, 
without reducing the field of view. Placing the tube lens closer would increase the field of 
view to regions that would be outside the image sensor (see below).  

As image sensor, we opted for a commercially available 1/3” sensor CMOS camera. This 
allows rapid building and use of the setup. However, the cost can be reduced by buying a 
CMOS detector and separate reading electronics. From the specs of the chosen detector, the 
minimum power to achieve a signal-to-noise ratio of 2 is 3.6 nW/mm2. Assuming that the 
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relevant area is a single-pixel (13 um2), this gives a minimum power in the order of 780 fW, 
50% smaller than the estimated power reaching the detector. This suggests that such a 
system can optically detect a single particle of 100 nm diameter. Moreover, the large dynamic 
range offered by standard CMOS sensors should be enough to image both large particles 
(high scattered intensity) and small particles. 

A major advantage of this experimental setup design is the separation of the detection optics 
from the glass slide collecting the particles. Such an arrangement prevents dust from landing 
on the detection optics and, thus, it is expected to increase the lifetime of the setup. A 
disadvantage is represented by the imaging optics: the need of a tube lens with large focal 
length inevitably increases the footprint of the setup. Further engineering is required to 
translate this concept in a more compact device geometry. 

 
Figure 11: (a) sketch of the experimental setup and (b) image of the sample 

Figure 11b shows the expected image of the sample surface. For particle diameter above the 
diffraction limit, it is directly possible to estimate the particle size and distribution. On the 
other hand, particle diameters below the diffraction limit will not be imaged directly but will 
result in a single-pixel peak in the image. The intensity of the peak is proportional to the 
scattering cross section and, hence, particle diameter. Therefore, large particles (r > 500 nm) 
can be imaged directly while smaller particles need to be inferred from an analysis of the 
intensity of the scatterd light. With some assumption on the particle density, it is possible to 
estimate the particle mass distribution. 

The setup designed in this section is meant to work at a fixed wavelength. Including 
multiple wavelengths would allow to obtain spectroscopic information about the particles, 
likely delivering information about their chemical composition. 

Table 1: Optical Components form Thorlabs.com (mechanics is excluded) 

Function Specifications Part number Cost (€)

Pigtailed laser diode 405 nm, 30 mW, NA = 0.12, 
field diameter = 4 um LP405-SF30 1052.00 

Laser driver Active temperature control LTC100-A 2003.00 
Laser focussing lens f = 1.40 mm C140TME-A 70.00 
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imaging lens f = 3.1 mm, NA = 0.68 C330TMD-A 63.00 
tube lens f = 100 mm LA1509-A 25.50 
CMOS camera 1/3" CMOS camera, 1280x1024, color sensor DCC1645C 300.15 
   Total 
   3213.5 

 

As evidenced from the table, the most expensive components are the laser diode and its 
driver. Replacing the driver electronics with in-house designed electronic components will 
cut the cost of this setup considerably. If wavelength stability over time is a concern, active 
temperature control of the laser diode is highly recommended. 

d. Practical issues 
Aerosol collection 

 

Figure 12. Schematic of an aerosol impactor for separating a stream of particles into two size ranges.

Enhancing particle collection into the sampling area would be advantageous for signal-to-
noise and response time. Additionally, a pre-screening step can help by limiting the size 
range for a particular detection method. Depending on the final sensor design, different pre-
filtering and collection enhancement techniques are reasonable.  

In the freely diffusing scattering sensor there is no need to pre-screen, as larger particles will 
not negatively affect the detection efficiency. In the surface approaches, however, the sensor 
effectiveness would be compromised by the presence of particles larger than the size of 
interest (in the present case, 2.5 μm). For these techniques the larger particles must be 
prevented from entering the sampling space. A porous filter at the inlet site could 
accomplish this task; however the filter would have to be cleaned or replaced periodically. 
Another option is to use aerosol impaction, wherein a controlled airflow encounters an 
obstacle allowing or necessitating a change in flow direction. In the schematic shown in 
figure 6.4.1, the air flows freely through the aperture, carrying with it the smaller particles. 
The larger particles, having more inertia, fall out of the major air stream and can be sent into 
an outlet channel. This is an established technique that can be implemented into the sensor 
design.  
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Additional methods, such as electrophoresis, thermophoresis, or acoustophoresis, will 
separate particle flow based on varying interactions with the surrounding gradient. 
Implementation of these types of techniques would aid in additional particle assays, such as 
for chemical composition, and further exploration is recommended for final sensor design. 

 
Clearing the detection area 
The surface sensor approach has the disadvantage that the substrate will require periodic 
changing or cleaning. We propose here one potential design idea, which may be adaptable to 
the final sensor design. As shown in figure 2, we consider for example a circular substrate, 
with a mask exposing only a portion for the sampling space. The substrate position is 
changed to a clean section by rotating the wheel. The unexposed sections can incorporate 
stepwise cleaning processes, such as a mixture of dry-wiping and solvent washes.   

 

Figure 13. Schematic for a rotating substrate stage with a mask cover 

7. Conclusions and outlook 
We have presented several techniques for detection of fine particles smaller than one 
micrometer in ambient air. Optical techniques are found to be more suitable for a consumer 
product because of their simplicity and cost-effectiveness. We have therefore, analysed two 
platforms for optical detection based on elastic light scattering. 

For detection of particles in free space, we have shown that detection of particle as small as 
100 nm with a low-cost apparatus is feasible. We have presented few methods to improve 
the accuracy of detrmining the size distribution by enhancing the detection volume for less 
abundant larger-size particles versus a tight focus for small particles that are more abundant 
but scatter much less. For this idea technique, we suggest to incorporate an array of 
photodiodes on a common free space light scattering system. 

We have also discussed methods based on detection with evanescent light on the surface of 
plannar waveguides and optical fibers. Despite their higher sensitivity, these methods 
require more frequent maintenance of the particle detect, which is less favourable or 
consumer product such as an air-purifier. However, because of the possibility of modifying 
surfaces in this method, it can be used for gathering extra information on the chemical 
composition and surface properties of the particles.  
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8. Appendix 
The dependency of the scattering cross section for small aerosol particles on the incident 
light wavelength was discussed in section 4. Here we show some examples of the 
dependency on the refractive index and particle diameter. All calculations are done 
numericallyx with the use of the Mie theory.  
 
Figure A1, shows the scattering cross section as a function of the refractive index for particles 
as small as 100 nm and 300 nm and for incident light wavelength 400nm. It is shown which 
substances are characterised with specific refractive indeces.  
 

 
 

Figure A5. Scattering cross section as a function of refractive index. Particle size is (a) 100 nm and 
(b) 300 nm. The incident light wavelength is 400 nm. The cross section increase is almost 
exponential in this range. 

      
 
 
 

 
 

Figure A2. Scattering cross section as a function of paticle diameter for water, sand and cigarette 
smoke. 

 
In figure A2 we show the dependency of the scattering cross section on the particle size for 
some important aerosol types calculated according to the Mie theory. The wavelength is 
fixed at 400 nm and the particles are smaller than the wavelength. The cross section 
dependency on the diameter behaves similarly for all three considered particles rapidly 
increasing with the particle size.  At the incident wavelength 200 nm the scattering cross 
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section is of the order of the particles geometric cross section, but already at 300 nm it 
exceeds the geometric size by an order of magnitude. 
 
Finally, results for different atmospheric aerosol particles frequently found in atmosphere 
are summarized in table A1. Only the real part of the refractive index n is used in the 
calculation and the value is indicated under the particle name.  
 
Table A1: Scattering cross section for different atmospheric aerosol particles depending on their 
size and incident light wavelength.  
 

Particle Particle 
diameter (nm) Cross section (µm2) 

  λ = 400 nm λ = 500 nm λ = 900 nm 

Water (n=1.3)xi 100 3.24 ·10-4  1.18 · 10-5 

 200 1.20 ·10-2   

 300 8.13 ·10-2   

Nitrate, sulphate 
(n=1.4)xii 300 1.10 ·10-1   

 700 1.58   

Sand (SiO2) (n=1.5)xiii 100 6.07 ·10-4   

 200 2.36 ·10-2   

 300 1.44 ·10-1   

 2000 6.41  8.05 · 10-2 

Cigarette smoke (n=1.6)xiv 100 8.18 ·10-4   

 200 3.35 ·10-2   

 300 1.86 ·10-1   

 500  7.43 · 10-1  

Soot (n=1.8)xv 1000 2.15 · 10-2   
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