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Featured Application: A new silicone-based molding technique allows for a non-transparent
fluidic component to be replicated as a model with optical accessibility. This, in turn, allows
for optical flow analysis, such as particle image velocimetry, to be performed. This technique can
be applied in various technical fields, such as mechanical engineering or biomedical engineering.

Abstract: Optical flow analysis methods such as particle image velocimetry can only be performed in
fluid systems or components with optical access. Many fluidic components, such as metallic tubes,
do not typically feature optical accessibility. A new silicone-based molding technique is presented that
makes it possible to replicate non-transparent fluidic components as models with optical accessibility
that can be used to perform optical flow analysis. Furthermore, to avoid errors due to refraction,
a test fluid is presented whose refractive index matches that of the silicone material of the replication.
This new method allows flows to be analyzed in tubes or similar components with diameters in the
range of only a few millimeters. An initial test was performed demonstrating the proof of concept
and the velocity field of the flow inside a manifold was measured using a micro-particle image
velocimetry setup. The study showed that both simple parts like tubes and complex parts such as
manifolds can be replicated and investigated.

Keywords: molding technique; micro-particle image velocimetry; refractive index; flow analysis;
welded tubes

1. Introduction

Micro-particle image velocimetry (µ-PIV) has been broadly accepted as an optical method to
measure flow fields at microscopic scales. The µ-PIV technique was first introduced by Santiago et al.
in 1998 [1] and is now widely used in the fields of life science, lab-on-a-chip, micro electro mechanical
systems (MEMS) and chemistry. Extensive reviews of µ-PIV techniques and applications have been
published by Linkden [2], Wereley [3] and Williams [4].

µ-PIV is a variation of the well-known particle image velocimetry (PIV) technique that is used
to measure macroscopic flows [5]. In both µ-PIV and PIV, the velocity is derived from the measured
displacement of tracer particles that are suspended in the fluid. The displacement is calculated
by cross-correlation of two subsequent images of the particles in the flow. µ-PIV uses dedicated
microscopic imaging components in order to investigate regions from a few micrometers up to several
millimeters by choosing an appropriate magnification. The light sheet that is applied in PIV is replaced
by a volume illumination of the flow in µ-PIV, and the depth of field is determined by the numerical
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aperture of the objective lens of the microscope [6]. Fluorescent tracer particles are used to overcome
the reflection from the nearby surfaces.

In a typical setup, a microfluidic device is placed on the stage of the microscope. The device has
to allow optical access to the fluid flow. Many microfluidic MEMS devices made from silicon typically
feature an optical access since the silicon substrates are often sealed with glass by anodic bonding [7,8].
PDMS (Polydimethylsiloxane) is also a very popular material for microfluidics, especially in the
research community, because it is inexpensive and easy to fabricate by replication of molds made using
rapid prototyping or other techniques [8,9]. Microfluidic devices made from PDMS are also optically
transparent and can be investigated in a µ-PIV setup.

Although most popular manufacturing techniques offer the possibility to realize transparent
windows or sealings, many fluidic devices or components made from silicon or metal do not feature
optical access to the fluid flow. In the case of silicon, its transparency in the infrared region can be
capitalized upon, so infrared micro-particle image velocimetry can be used to investigate the fluid
flow [10–12].

A further possibility to achieve optical access was investigated in studies utilizing transparent
models of the object to be investigated: coronary stents [13] and a stenosed artery [14], respectively.
In the first study, an original stent was mounted on a balloon catheter and inserted into a polyurethane
hose. Silicone was poured into the hose and cured. In the second study, a stenosis artery model
was manufactured from silicone by casting around a pair of rods whose ends are shaped and slotted
together. The silicone replicates were then used for µ-PIV investigations. Although the studies utilized
molding techniques, they do not describe a method to replicate complex or irregular inner surface
structures of fluidic components such as metallic tubes with weld seams or manifolds.

The aim of the current study is to present a new method to perform optical flow analysis in
transparent models of fluidic components. In order to realize an optical access, a new silicone-based
molding technique is used to create a transparent replication of the original component. Silicones are
very well suited for the molding step because they are dimensionally stable and have a high elongation
at break (several 100%), so they can be removed without any damage or permanent deformation.
Silicone molding is a widely used technology because the flexible mold can produce parts with
extremely complex geometry, intricate detail and tight tolerances [15,16]. In order to allow flow
behavior to be analyzed, the new molding technique has to ensure both a detailed representation of the
internal geometry of the original component and optical access for the cameras of the µ-PIV system.

For performing flow analysis in a transparent replication of an original part, it is also necessary
to use a fluid that has an index of refraction which matches that of the replicate’s material, in order
to avoid optical distortions. Previous investigations serve as a basis for the development of suitable
refractive index matched fluids [17,18].

2. Materials and Methods

2.1. Molding Technique

The investigations were conducted using stainless steel tubes having an inner diameter of approx.
4 mm. A welded tube and a welded manifold were chosen as test parts.

The molding process is shown in Figure 1. The process starts with a non-transparent sample
(e.g., welded tube) (1); Then the silicone is poured into the tube, forming a core with a detailed
representation of the internal geometry. This step uses the addition curing silicone Elastosil® M 4601
(Wacker Chemie AG, Munich, Germany). This is an addition curing silicone with an elongation at
break of 700%. In order to avoid trapped air, the mold is placed in a vacuum chamber during curing.
The core is removed from the tube after 24 h (2); The result is a core with a detailed representation of
the internal geometry of the tube (3).

In the next step, this core is fixed in an aluminum square profile (l × w × h: 30 × 25 × 20 mm) by
pushing it through two screw connections (4); In order to avoid leaking, the profile is bonded to a glass
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plate. After this, the aluminum profile is filled up with a transparent silicone (5); The additional curing
Elastosil® RT 601 (Wacker Chemie AG, Munich, Germany) is used as the material for the replication.
It is important to ensure that the surface of the mold is as smooth as possible and not deformed. Again,
it is necessary to place the mold in a vacuum chamber to remove trapped air. After the drying phase of
24 h the core and the glass plate are removed (6). It is important to choose silicones for the core and
replication that can be separated from each other well, leaving no streaks or residues remaining in the
replication after removal of the core.

Figure 1. Molding process of a welded tube in schematic form: (1) welded tube; (2) molding and
removing of the silicone core; (3) detailed silicone core; (4) fixing of the core in an aluminum square
profile; (5) filling up the aluminum profile with a transparent silicone and removing of the core after
curing; (6) final replicate for performing optical flow analysis.

2.2. Test Liquid

To perform flow analysis, a suitable fluid has to be chosen. The fluid itself is driven through the
sample by a pump. In order to avoid errors due to refraction, an appropriate fluid needs to be found that
has an index of refraction which matches that of the material of the replication (Elastosil® RT 601). A list of
aqueous solutions suitable for refractive index matching is given by Budwig [7] and is shown in Table 1.

Table 1. Refractive index of fluids [7].

Aqueous Solutions n

glycerol 1.33–1.47
zinc iodide 1.33–1.62

sodium iodide 60% 1.5 (60% NaI by wt.)
potassium thiocyanate 1.33–1.49

ammonium thiocyanate 1.33–1.50
sodium thiocyanate 1.33–1.48

An aqueous glycerol solution was chosen to be the test liquid and various solutions were
prepared with varying concentrations of glycerol in the range of 55 to 60 wt % in 0.5 increments.
The temperature-dependent refractive index of the solution as well as of the Elastosil® RT 601 is
determined for the range of 15 to 25 ◦C in 1 ◦C increments. The refractometer Abbemat 300 by Anton
Paar (Graz, Austria) is used to determine the refractive index.

2.3. Micro Particle Image Velocimetry (µ-PIV)

In order to demonstrate the proof of concept an initial flow analysis is performed. The velocity field
of the flow is determined using a Micro Stereo PIV system (µ-PIV) 3D Stereo Flowmaster PIV/PTV-System
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(LaVision, Göttingen, Germany) shown in Figure 2. Image processing and uncertainty analysis have
been performed using the imaging software DaVis 8.4 (LaVision, Göttingen, Germany). The µ-PIV
in combination with a stereo microscope Discovery V20 by Carl Zeiss (b) (Oberkochen, Germany)
allows for the analysis of simple and complex flows with high precision. For this, fluorescent
particles, which follow the flow and make it visible for the cameras, are added to the test fluid.
PMMA (polymethyl methacrylate)-RhB particles (LaVision, Munich, Germany) with a size of 10 microns
are used.

The particles are illuminated twice by a Nd:YAG double pulse laser (Litron Lasers, Rugby, UK)
with a wavelength of 532 nm and recorded with sCMOS (scientific-grade Complementary Metal
Oxide Semiconductor) double-frame cameras (a) Imager sCMOS (LaVision, Göttingen, Germany).
The measurement setup (d) is placed under the microscope (b). The velocity vectors are calculated
from the displacement of the particle between the two images using cross correlation technique.

Figure 2. Left: (a) Micro Stereo particle image velocimetry (PIV) system consisting of double-frame
cameras; (b) stereo microscope; (c) laser fiber and (d) measurement setup; Right: Measurement setup
consisting of (e) micro-annular gear pump; (f) filter; (g) sample and (h) fluid container.

A schematic sketch of the measurement setup is depicted in Figure 3. The circuit consists
of a micro-annular gear pump mzr®-7245 (HNP Mikrosysteme GmbH, Schwerin, Germany) with
a membrane filter located in front and the sample. The membrane filter protects the pump from
large agglomerates.

Figure 3. Schematic sketch of the measurement setup.



Appl. Sci. 2018, 8, 512 5 of 9

The measurement was started 10 s after activating the pump, in order to ensure a fully developed
flow. The experiments are carried out at 4000 rpm, corresponding to a flow rate of 192 mL/min.
The pulse interval, which is the time between two laser pulses, is set to 400 µs. In each case, 100 images
are recorded and evaluated.

3. Results

3.1. Molding

The cores as well as the replicates of the tube and the manifold were created successfully.
The silicone Elastosil® M 4601 has been found suitable for molding the core. With this material,
it is possible to guarantee a detailed core reproducing the original internal geometry and being easily
removable from the tube. For the second and decisive cast the transparent Elastosil® RT 601 has proved
to be particularly good. The two silicones do not bond and can therefore be easily separated from each
other. There are also no residues in the replicated part. The results of the experiments are depicted in
Figures 4 and 5.

Figure 4. (a) Welded tube and silicone core made of Elastosil® M 4601; (b) silicone replication made of
Elastosil® RT 601 inside the aluminum frame with fluidic connections for µ-PIV analysis.

Figure 5. (a) Welded manifold with 90◦ angle; (b) silicone core made of Elastosil® M 4601;
(c) silicone replicate made of Elastosil® RT 601 inside the aluminum frame with fluidic connections for
µ-PIV analysis.

The removal of the silicone core from the welded manifold also proceeded without any problems.
Therefore, due to the high elasticity of the silicone this molding technique can also be used for
replicating complex fluidic structures like manifolds with different branching angles.

If the diameter of the fluidic components is too small, the silicone core can break when pulled out.
If the diameter of the test samples is too big, the removal of the core can also become more troublesome,
because it will be more difficult to deform the material.
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The surface properties of the silicone replication, like roughness and surface energy, differ
from those of the original component. Although this molding technique provides a very accurate
reproduction of geometrical surface details that are sufficient for this investigation, it has to be kept in
mind that microfluidic effects would increase as the geometries become even smaller (e.g., influence
of surface roughness, wall slip, entrance effects) [19]. It would therefore be necessary to closely
investigate the respective properties of the original component and its silicone replica: for example,
surface roughness and surface energy.

In the present study, the diameter of the tube is in the preferred range of several millimeters and
the reproduction of the surface worked very well. The influence of the wall effects is negligibly small.
Furthermore, experimental investigations were carried out with only low volume flows and an open
fluid pathway, so no deformation of the silicone due to fluidic pressure could be observed.

3.2. Test Liquid

A suitable fluid had to be found that had a refractive index to match that of the silicone
material of the replication (Elastosil® RT 601). Aqueous glycerol solutions were prepared and tested.
The temperature dependence of the refractive index of silicone and the aqueous glycerol solution were
measured using a refractometer. The results are depicted in Figure 6.

Figure 6. Refractive indices of aqueous glycerol solution and Elastosil® RT 601 as function of temperature.

The refractive index decreases with increasing temperature for both the silicone and the aqueous
glycerol solutions. However, the gradients of decrease for the silicone and the solutions are different.
The spread of the refractive index for the tested solutions is nearly constant over the whole temperature
range. Refractive index matching solutions can be found for the considered temperature range. Table 2
lists the appropriate concentrations of the aqueous glycerol solution for various temperature subranges.

Table 2. Temperature ranges for a refractive index matching of an aqueous glycerol solution and
Elastosil® RT 601.

Temperature Subrange (◦C) Concentration of the Aqueous Glycerol Solution (wt %)

14–16 59.25
17–19 59.00
19–21 58.75
22–24 58.50
24–26 58.25

If other materials such as PMMA are used [2] for the replicate, the fluid has to be adjusted or
another fluid has to be chosen accordingly.
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This method can also be used to investigate the flow of a particular fluid applying the concept of
similitude. The concept of similitude is especially useful when the chosen refractive index matching
liquid features a density or viscosity different to the original fluid. Similar flow conditions in channel
flow can be established by keeping the Reynolds number constant. Therefore, the velocity in this
setup could be adjusted to match the relevant Reynolds number. A second possibility is to adjust the
temperature of the setup. Matching refractive indices of silicone and aqueous glycerol solution can be
found by varying the glycerol concentration. This also leads to a change in fluid density and viscosity.
A third method for adjusting the density and viscosity of the test liquid to the original fluid is to use
additives such as thickening agents when preparing the refractive index matching liquid.

3.3. Micro Particle Image Velocimetry (µ-PIV)

An initial test was performed demonstrating the proof of concept. A 58.75% aqueous glycerol
solution was chosen according to the ambient temperature of the µ-PIV lab (21 ◦C). Using µ-PIV the
velocity field of the flow inside a manifold could be measured.

Figure 7a shows a contour plot of velocity magnitude averaged over 50 image sets. The geometry
of the manifold is indicated by black marking and the locations of the three velocity probe lines are
indicated by red, green, and blue lines.

Most of the fluid flows through the top branch of the manifold, with the maximum velocity in the
side branch being about 1/3 of the maximum velocity in the top branch (Figure 7a). Figure 7b shows the
velocity profile at the three probe lines upstream (red) and downstream (blue) of the manifold, as well
as in the intersection of the manifold (green). The absence of an inviscid core upstream of the manifold
indicates fully developed laminar flow. The velocity profile in the manifold and downstream is asymmetric
because of the side branch. As expected from mass balance the velocity is highest upstream of the manifold.
The velocity vectors close to the left wall are not zero: this does not match the velocity that would be
expected from theory. This is due to the fact that the interrogation windows overlap the wall boundary.

Figure 7. (a) PIV-velocity field of the flow inside a manifold; (b) velocity profiles over the three probe
lines indicated in (a); (c) contour plot of PIV uncertainty of velocity.



Appl. Sci. 2018, 8, 512 8 of 9

Figure 7c shows the contour plot of PIV uncertainty of the averaged velocity magnitude.
The method of Wienecke [20] which is based on correlation statistics and is integrated in LaVision
Davis 8.4 has been used. At the far left and in the top left corner the uncertainty reaches about 13% of
the velocity magnitude. The far left region is already outside of the geometry and the top left region
has been illuminated less than the rest of the geometry so fewer particles could be used for cross
correlation. In the regions of interest, such as in the mean flow and in the side branch, the uncertainty
is mostly less than 3% of the corresponding velocity magnitude.

The optical accessibility to the fluid flow itself was very good. No lens effect could be observed.
The described measurement setup is well-suited to perform flow analysis of molded tubes at different
flow rates and pulse intervals.

4. Conclusions

In order to analyze the flow in non-transparent fluidic parts, a new method was created,
which allows for the original part to be replicated as a model with optical accessibility. Here, silicones
have proven to be suitable materials. The study showed that both simple parts, like tubes, and complex
parts, like manifolds, can be replicated and investigated. To avoid errors due to refraction, a suitable
fluid with matching refractive index was found. Various aqueous glycerol solutions have proved to
be appropriate for covering a wide temperature range. The presented technique can be applied in
various technical fields, such as mechanical engineering or biomedical engineering. The technique
allows for researchers to investigate fluid flow in, for example, tubes with weld seams, nozzles and
diffusers, venture tubes, outlets and simple valves, rifled tubes, and fluidic connectors, as well as in
stents (especially tube stents like ureteral stents or tympanostomy tubes) or in medical liquid-handling
systems such as medical drainage systems or connectors and dosing systems.
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