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Abstract
Introduction  Refractive-index-matched (RIM) silicone phantoms play a critical role in experimental biomedical fluid 
mechanics, enabling detailed investigations of complex flow phenomena in anatomically accurate geometries. However, 
providing transparent, patient-specific and non-compliant and compliant models for detailed experimental quantitative 
analysis of the flow field, i.e., with high-dimensional accuracy and minimal post-processing, remains a major challenge.
Methods  This work presents a scalable manufacturing workflow based on a wax-based lost-core casting technique. High-
resolution wax printing enables the three-dimensional (3D) creation of both non-compliant and compliant silicone phantoms 
with smooth surfaces, fine structural details, and clean core removal. The method allows for modular assembly of large 
geometries, and it is demonstrated on three representative models, namely a patient-specific human airway model, a generic 
compliant bifurcation, and a compliant patient-specific thoracic aorta.
Results  Mechanical and geometric tests confirm that the compliant phantoms replicate physiologically relevant vessel prop-
erties, with a measured Young’s modulus of 1.71 MPa and wall thickness variations below 1%. The phantoms are integrated 
into flow circuits, and the velocity distribution in the phantoms is measured using volumetric 3D particle-tracking velocimetry 
(PTV) using the Shake-the-Box (STB) algorithm. Time-resolved measurements under steady and pulsatile inflow conditions 
reveal detailed flow structures and fluid–structure interactions in both non-compliant and compliant models.
Conclusions  The presented workflow enables reproducible, high-fidelity RIM phantoms for experimental studies of bio-
medical flows. Combined with advanced flow diagnostics, it provides a powerful platform for exploring pathophysiological 
mechanisms, validating simulations, and evaluating the performance of medical devices in realistic geometries.

1  Introduction

Respiratory, cardiovascular, and vascular diseases represent 
the most prevalent causes of mortality due to illness on a 
global scale (Xu et al. 2020). In many of these diseases, 
fluid-mechanical effects in the human body play a significant 
role in the course and progression of the disease. Examples 
include diseases such as chronic obstructive pulmonary dis-
ease (COPD), infectious diseases transmitted by inhalation 
of pathogen-laden aerosols, coronary heart disease, and ath-
erosclerosis. Hence, a deeper understanding of the complex 

flow dynamics in the human body, e.g., of the airflows in the 
human respiratory tract or the non-Newtonian blood flow in 
the elastic blood vessels of the circulatory system often, is 
an indispensable prerequisite to better understand disease 
progression or to develop new clinical diagnostic proce-
dures and treatment methods (Nahar et al. 2013). However, 
a detailed analysis of the fluid mechanics in the human body 
is often based on in vitro studies, which frequently involve 
numerical methods or experimental techniques, since this 
approach usually provides full control of the experiment, 
e.g., in terms of parameter space and temporal and spatial 
resolution in contrast to in vivo investigations, e.g., 4D MRI 
measurements (Cherry et al. 2022).

For experimental fluid mechanics, refractive-index-
matching (RIM) techniques/models in combination with 
non-intrusive measurement techniques, e.g., laser Doppler 
velocimetry (LDV), particle image velocimetry (PIV), and 
particle-tracking velocimetry (PTV), are most frequently 
used due to their high temporal and spatial resolution. 
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Although one of the first RIM experiments by Mcdougall 
(1979) dates back to 1979, it is still an ongoing challenge to 
provide accurate flow replicates of, e.g., the human lung, the 
aortic arch or human blood vessels. Usually, today’s experi-
ments still have to overcome the same challenges regarding 
optical transparency, i.e., high geometrical accuracy, repro-
ducibility, and manufacturing size, especially in the context 
of biomedical applications. Nowadays, silicone models are 
used for experiments, for both compliant flow phantoms, 
e.g., for the analysis of the fluid–structure interaction (FSI) 
in flexible vessels, and non-compliant models, e.g., for the 
analysis of the particle deposition and flow structures in the 
respiratory tract. Matching the refractive index of these sili-
cone models can be easily achieved using a mixture of dis-
tilled water (refractive index n = 1.33 ) and glycerol (refrac-
tive index n = 1.47 ). However, this approach becomes more 
challenging when viscoelastic fluid properties, i.e., blood 
analog fluids, are considered. Moreover, with increasing 
interest in physiologically relevant experiments, complex 
three-dimensional geometries are often taken directly from 
medical imaging data of individual patients (Farkas et al. 
2020; Zimmermann et al. 2021). High-resolution, low-noise 
CT and MRI data have significantly increased the available 
geometrical complexity of the models, evolving from simple 
models like the Weibel model (Weibel 1963) to patient-spe-
cific designs. This phenomenon becomes even more promi-
nent for experiments that serve as a basis for the validation 
of numerical simulations, where both the experimental and 
numerical models have to match very precisely. As far as the 
experimental models are concerned, this means that model 
properties like dimensional accuracy, surface quality, opti-
cal transparency, refractive index, and wall thickness must 
be adjusted and controlled within narrow limits. However, 
previously reported phantom fabrication approaches often 
suffer from drawbacks that affect the quality and reproduc-
ibility of the resulting models, including non-uniform wall 
thicknesses, surface roughness caused by support residues 
or limited printing resolution, restricted geometric fidel-
ity in small, branched vessels, and complex or destructive 
core removal procedures. These limitations directly com-
promise the accuracy and reliability of subsequent flow 
measurements.

The present study introduces an alternative workflow that 
overcomes these issues by employing directly 3D printed 
wax as a core material. The high printing resolution of 
16 μm per layer ensures precise wall definition and opti-
cally smooth inner surfaces. Moreover, the solvent-based 
removal of support material leaves no residue, and the wax 
core can be extracted cleanly and with minimal effort, even 
in thin-walled or compliant geometries. The low shrink-
age and favorable separation properties of wax further 
reduce the risk of geometric distortion during demolding, 
thereby improving the overall accuracy, optical quality, and 

reproducibility of the manufactured phantoms. In this study, 
this method is applied to three representative cases, namely a 
large-scale, non-compliant airway model, a generic compli-
ant abdominal bifurcation phantom, and a patient-specific 
flexible thoracic aorta model. For larger models exceeding 
printer volume constraints, the wax core can be segmented 
and reassembled without compromising dimensional accu-
racy using form-fitting joints and thermal bonding. While 
the overall process remains compatible to established lost-
core techniques, the use of wax as a printing material offers 
practical advantages in resolution, scalability, and handling. 
Therefore, it is a promising alternative for the fabrication of 
high-fidelity RIM-compatible silicone phantoms in experi-
mental biomedical research.

This manuscript is structured as follows. First, an exten-
sive literature review, divided into two sections, provides 
a detailed summary of today’s manufacturing approaches 
regarding compliant and non-compliant models used for 
biomedical RIM experiments. In particular, the limita-
tions, inaccuracies, and difficulties of the manufactur-
ing approaches are described. Consequently, the novel 
and advantageous manufacturing workflow is explained. 
Finally, the capabilities of the models are demonstrated by 
tomographic PTV measurements using the Shake-the-Box 
algorithm.

1.1 � Non‑compliant models

Non-compliant or nearly rigid silicone models based on 3D 
prints are often used to generate realistic airway models, but 
can also be found for simplified artery models (Wu et al. 
2022; Franzetti et al. 2022). However, the experimental anal-
ysis of the flow field in airway models is connected to two 
major challenges. On the one hand, a complete airway model 
from the upper airways, i.e., oral and nasal cavity, down to 
the lower airways is considerably large. On the other hand, 
the complexity of both the upper and lower airways, i.e., the 
complex structure of the nasal cavity with the turbinates and 
spurs and the complex bifurcation network of the bronchi 
and bronchioles with multiple outlets, requires a high spatial 
resolution of the flow phantom and thus of the core that is 
used to produce the model. However, increasing the size of 
the model to improve the spatial resolution during manufac-
turing often exceeds the limits of the available manufactur-
ing size. In other words, the model cannot be printed as one 
3D object. Vice versa, reducing the size of the model to print 
it in one run often leads to insufficient spatial resolution. 
Thus, a compromise between these two challenges is often 
used in the literature. To validate numerical simulations, 
Cozzi et al. (2017) investigated the flow field inside a 2:1 
silicone replica of the nasal cavity of a male patient using 
stereoscopic (2D/3C) PIV. The geometry of the cavity was 
reconstructed from a CT scan and manufactured by lost-core 
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casting using hemihydrated calcium sulfate as the printing 
material, which was covered with diluted vinyl-based glue to 
improve the surface quality. Despite capturing small details, 
removing the printing material was challenging. Similarly, 
Tauwald et al. (2024) performed phase-locked tomographic 
(3D/3C) PIV measurements inside a 2:1 model of a patient-
specific nasal cavity to investigate the flow structures in the 
smallest cavities resulting from oscillatory flow. The core 
for lost-core casting was 3D printed from gypsum powder 
and a binder, and the core was then coated in 20 layers of 
polyvinyl alcohol/distilled water solution (PVA) to ensure a 
smooth surface. Finally, the core was placed inside a rectan-
gular container which was filled with silicone (Sylgard 184) 
and was then washed out using water. Using tomographic 
PIV, Nof et al. (2020) analyzed the flow in a generalized 
mouth–throat airway model made from polydimethylsilox-
ane (PDMS) to study the effect of invasive mechanical ven-
tilation. The experimental results were also correlated with 
numerical simulations, indicating that high-frequency ven-
tilation (HFV) reduces the impact of jet impingement on the 
tracheal bifurcation. The core of the airway model was man-
ufactured on an stereolithography (SLA) printer with a layer 
thickness of 25 μm . The printed core was spray-painted with 
clear lacquer to smooth the surface. Finally, the core was 
washed out by dissolving the core in acetone for 72 h after 
polymerization of the PDMS. A comparable geometry was 
investigated by Zhu et al. (2020) to determine the flow field 
and the flow patterns resulting from realistic inflow curves 
from obstructive sleep apnea–hypopnea syndrome (OSAHS) 
using standard 2D/2C PIV. The study suggests that the area 
of the stenosis is prone to blockage due to potential wall col-
lapse induced by the high-speed jet during peak inspiration. 
A negative mold was printed from water-soluble materials 
on an fused deposition modeling (FDM) printer and coated 
with PVA as a separating agent so that the negative model 
could be separated from the silicone. The flow field in the 
lower airways was investigated by Janke et al. (2017) and 
Soodt et al. (2013) using 3D PTV and stereo-scanning PIV 
(3D/3C), respectively, revealing a symmetrical and laminar 
velocity profile upstream of the carina and the prominent 
recirculation area in the left main bronchus. In both studies, 

a positive core of a simple lower airway system was manu-
factured and casted in silicone and washed out consequently.

Apart from the experimental analysis of the flow field 
in the human respiratory tract, also hemodynamic studies 
of, e.g., cerebral aneurysms (Brindise et al. 2019), carotid 
arteries (Buchmann et al. 2011), and dissections (Bonfanti 
et al. 2020), often use the lost-core method and rigid silicone 
models. Wu et al. (2022) investigated the flow field inside 
a rigid patient-specific intracranial saccular aneurysm (IA) 
using tomographic PIV, stereoscopic PIV, in vivo MRI, and 
numerical simulations. The results of the study emphasize 
the relevance of spatial resolution of the measurement tech-
nique to determine flow quantities such as wall-shear stress 
(WSS) as well as the consequent diagnostic implications 
for diseases. The geometry of the core was scaled up by a 
factor of 3.7, and the geometry of the outlets was adapted 
and finally extended to allow better connection with the 
test bench. The core was 3D printed from ABS with a layer 
thickness of 127 μm . The silicone model was casted from 
PDMS, and the core was dissolved using acetone. Franzetti 
et al. (2022) studied aortic dissections in a combined exper-
imental and numerical approach to identify relevant fluid 
dynamical parameters, i.e., turbulent kinetic energy (TKE) 
or Reynolds shear stress (RSS) for clinical examinations. 
Therefore, a patient-specific aortic dissection model was 
directly 3D printed using an SLA printer with a layer thick-
ness of 100 μm and a transparent material (TuskXC2700T) 
with a refractive index of n = 1.50 . The model had to be 
post-processed for a smooth surface, i.e., removal of support 
structures and a polish of the surface (Table 1).

However, the trend moves toward compliant vessels for 
hemodynamic experimental investigations since the dilata-
tion of the vessel, i.e., fluid–structure interaction plays a 
dominant role for the flow especially when the complex non-
Newtonian behavior of blood is taken into account.

1.2 � Compliant models

As mentioned above, several studies indicate that 
fluid–structure interaction, i.e., the complex relationship 
between vessel deformation and flow field, possesses a 

Table 1   Exemplary overview of non-compliant models for RIM and non-intrusive measurements considered in the literature

Publication Geometry Measurements Core material Model material Resolution

Non-compliant Cozzi et al. (2017) Upper airways 2D/3C PIV Calcium sulfate Sylgard 184 600×540 dpi
Janke et al. (2017) Lower airways 4D PTV Low melting alloy PDMS n/a
Nof et al. (2020) Mouth–throat 3D/3C PIV Aluminum slabs Sylgard 184 n/a
Zhu et al. (2020) OSAHS 2D/2C PIV PVA Sylgard 184 100 μm
Tauwald et al. (2024) Upper airways 3D/3C PIV Gypsum powder Sylgard 184 n/a
Wu et al. (2022) IA 3D/3C PIV ABS PDMS 127 μm
Franzetti et al. (2022) Aortic dissection 2D/2C PIV n/a TuskXC2700T 100 μm
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significant influence on the spatial and temporal evolution 
of the flow. For instance, time-resolved 2D/2C PIV meas-
urements of the oscillating flow of a Newtonian fluid in a 
straight compliant vessel (Pielhop et al. 2015) and a 180◦ 
bend resembling the human aortic arch (Pielhop et al. 2014) 
showed that the wall-shear stress is highly overestimated for 
non-compliant vessels with values up to 20% during forward 
flow and that the volume flux amplitude increases by a factor 
of 2.1 at the vessel outlet compared to the compliant case. 
Thus, the focus of hemodynamic investigations has shifted 
toward thin-walled, compliant vessel phantoms.

In general, production methods for compliant vessels can 
be divided into two different classes depending on whether 
or not the vessel is optically transparent and thus suitable for 
refractive-index-matching and PIV or PTV measurements. 
On the one hand, methods such as the multistep dip-spin 
coating process by Arcaute and Wicker (2008), Fahy et al. 
(2014), Mu et al. (2019) and directly 3D printed silicone 
model using novel materials, e.g., Biglino et al. (2013), 
Ionita et al. (2014) are state of the art, but cannot provide a 
transparent silicone flow phantom suitable for these quan-
titative velocity measurements. On the other hand, a wide 
range of production methods exist to produce fully transpar-
ent flow phantoms for quantitative flow field measurements. 
Deplano et al. (2016), Meyer et al. (2011), Yagi et al. (2013) 
and Wu et al. (2025) used a method called dip coating for 
PIV and 3D PTV measurements. A solid core, i.e., made 
from glass or ABS, is manufactured and coated with a sil-
icone gel. The excess silicone is removed by rotating the 
model, which is then cured at higher temperature for a short 
period of time. This routine is repeated until the desired 
wall thickness of the phantom is achieved. Subsequently, 
the core is removed using acetone as a dissolver. However, 
as stated by Wu et al. (2025), it is difficult to ensure a con-
stant wall thickness and the authors reported deviations from 
the nominal wall thickness along the model length of up to 
15%. A rotational molding process uses a defined volume of 
low-viscosity silicone which is poured into a mold and then 
rotated to ensure an even distribution of the silicone on the 
surface. For simplified geometries, e.g., a generic straight 
vessel used by Burgmann et al. (2009a) for PIV measure-
ments, this method is able to provide flow phantoms with 
a wall thickness variation of 4%–7% in the circumferential 
direction. However, this method becomes more challenging 
for complex arterial geometries, e.g., as shown by Büsen 
et al. (2017) for a patient-specific aorta model where manu-
facturing tolerances of the wall thickness were in the range 
of ± 0.5mm , for a nominal wall thickness of 1.5 mm.

The most common method for the production of elastic 
vessels is the so-called lost-core casting. In this method, 
a solid core is placed inside a female mold with a small 
defined gap between the core and the mold, which represents 
the wall thickness of the final model. By changing the size of 

this gap, very thin-walled vessels and thus physiologically 
relevant wall thicknesses can be achieved. The gap is filled 
with liquid silicone, and once the silicone has cured, the 
solid core must be washed out or removed mechanically with 
great care, since the model is much more exposed to rupture. 
Geoghegan et al. (2012) produced a carotid artery with a 
symmetric stenosis using the lost-core casting method, with 
deviations from the original geometry from 3 to 5%.

Najjari and Plesniak (2018) investigated the flow 
structures in a 180◦ compliant curved artery model under 
steady and pulsatile inflow conditions using 2D/2C PIV. 
The refractive-index-matched vessel was made from Syl-
gard 184 (Dow corning) and possessed a wall thickness of 
2mm ± 0.28mm , i.e., ± 14 % , and an inner diameter of 
12.7mm ± 0.1mm . The negative mold was made from 3D 
printed ABS. To achieve a smooth surface, the mold was 
coated with a thin layer of Bondo filler 262, sanded with a 
sandpaper of various grit sizes, and coated with a layer of 
PVA glue. The core for the final model was produced using 
a resin-based 3D printer and the positive model was cast in 
plaster of Paris. The plaster mold was subsequently coated 
with two layers of polyvinyl acetate (PVA) to smooth the 
surface.

Yazdi et al. (2019) propose a novel fabrication method for 
a compliant artery phantom. Although the geometry of the 
phantom was not complex, they observed internal movement 
of the core inside the female mold, resulting in considerable 
deviations of the wall thickness. Hence, both the core and the 
female mold were manufactured from ABS with additional 
disk supports at every end, ensuring a higher consistency of 
wall thickness. Finally, the silicone model was casted using 
Sylgard 184 resulting in a final wall thickness of 2 mm, with 
a variable range of 11%–20%. More recently, in Özcan et al. 
(2023), the fluid–structure interaction of a patient-specific 
abdominal aortic aneurysm was investigated using PIV and 
numerical simulations. The study indicates deviations of the 
vessel wall deformations of up to 27% between the numeri-
cal and experimental data under steady flow conditions. The 
compliant phantom was manufactured using the lost-core 
casting technique. The mold was printed on a consumer 
grade FDM 3D printer with water-soluble PVA at a layer 
thickness of 100 μm , which was then polished with sandpa-
per of various grit sizes. Finally, the core was dissolved in 
warm water, resulting in a wall thickness of approximately 
2 mm, but no tolerance was reported (Table 2).

In summary, previous approaches for non-compliant mod-
els exhibit several recurring limitations. Chemical removal 
of printing material can induce geometric uncertainties, as 
prolonged solvent exposure (typically in acetone) has been 
shown to induce surface swelling and pitting. The limited 
print resolution and support structures of these core mate-
rials constrain geometric fidelity and necessitate extensive 
post-processing—such as polishing or manual support 
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removal—to achieve optically smooth inner surfaces. These 
steps may introduce variability in surface quality and accu-
racy, extend fabrication time, and increase the risk of con-
tamination or damage of the flow phantom, thereby degrad-
ing the optical performance and reproducibility essential for 
quantitative flow measurements.

The fabrication of compliant phantoms reported in the 
literature faces significant challenges that are comparable 
to those for non-compliant models, most notably regarding 
dimensional accuracy. Reported wall thickness deviations 
of up to 33% highlight the difficulty of achieving geometri-
cally precise, mechanically consistent models using existing 
fabrication techniques, e.g., dip coating, rotary casting, and 
lost-core. Dip coating and rotary casting offer a convenient 
alternative, but yield limited control over wall uniformity. 
However, as demonstrated in the literature, conventional 
lost-core implementations still suffer from inaccuracies and 
process-induced variations. Last, as for the non-compliant 
models, additional surface-finishing steps are often required 
to achieve optical clarity, while solvent-based removal of 
ABS cores through prolonged acetone exposure can cause 
swelling or residual stress in the surrounding silicone.

Based on these observations, the present study introduces 
an improved fabrication workflow for both non-compliant 
and compliant models that directly addresses these chal-
lenges. The method employs directly 3D printed wax as 
a core material, enabling precise wall thickness control, 
optically smooth inner surfaces, and reliable core removal 
without prolonged chemical exposure. The following section 
outlines the workflow in detail and demonstrates its applica-
bility to a variety of geometries.

2 � Methods

This section outlines the complete manufacturing chain of 
the present study, as seen in Fig. 3. First, general remarks 
and details of each step of the general workflow are pre-
sented, i.e., model preparation, core and additional support 
structures, scalability by soldering, silicone casting, and 
demolding. This workflow is subsequently applied to three 

representative non-compliant and compliant models to dem-
onstrate its reproducibility and applicability across different 
anatomical geometries.

2.1 � Digital phantom design

In the following, the general manufacturing workflow of 
scalable high-precision silicone models is explained in 
detail. First, details about the digital phantom and the pre-
processing steps for the geometry are discussed. Geometric 
data for experimental models are based on either generic 
configurations, e.g., straight and curved vessels and bifurca-
tions with analytically specified geometries, such as diam-
eter, wall thickness, and bifurcation angle; or on patient-
specific geometries which are based on MRI or CT scans. 
Generating, processing, and providing the geometric data 
often requires considerable effort. However, in the following 
it will be assumed that these data are available in a digital 
format suitable for producing models, e.g., as an .stp or .stl 
data set representing the final geometry for the experimental 
model. Hence, the essential workflow as it is described in the 
following and depicted in Fig. 3 already starts with a digital 
representation of the model. For all model types, i.e., com-
pliant or non-compliant and generic or patient-specific phan-
tom geometries, the geometry data first must be translated 
into a format that allows for the generation of a negative of 
the geometry or a male and a female section.

In the literature, e.g., (Geoghegan et al. 2012; Cozzi 
et al. 2017; Tauwald et al. 2024), anatomical models are 
frequently enlarged to improve the spatial resolution achiev-
able during fabrication, which is often limited by the layer 
thickness of the 3D printer used for producing the model 
negative or mold. However, upscaling is not solely a conse-
quence of limited printing resolution. For complex biologi-
cal structures with slender or weakly supported branches, 
geometric enlargement can be crucial to ensure mechanical 
stability during casting and handling, as small features may 
otherwise deform or collapse under their own weight when 
permanent internal supports cannot be introduced. Never-
theless, scaling the model can also be a trade-off: dynamic 
similarity cannot be maintained arbitrarily. Scaling by large 

Table 2   Manufacturing methods of compliant models for RIM considered in the literature

Publication Geometry Measurement Method Resolution Error

Compliant Burgmann et al. (2009b) Straight 2D/2C PIV Rot. casting n/a 4%–7%
Büsen et al. (2017) Aorta 2D/2C PIV Rot. casting n/a 33%
Geoghegan et al. (2012) Carotid artery n/a Lost-core 600 × 540 dpi 3%–5%
Najjari and Plesniak (2018) 180

◦ bend 2D/2C PIV Lost-core n/a ±14%

Yazdi et al. (2019) Ascending aorta 2D/3C PIV Lost-core Height: 100 μm 11%–20%
Özcan et al. (2023) Abdominal aorta 2D/2C PIV Lost-core Height: 100 μm n/a
Wu et al. (2025) Aorta 4D PTV Dip coating Height: 300 μm 15%
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factors would require correspondingly lower flow veloci-
ties or modified working fluids to preserve Reynolds and 
Womersley numbers, which is particularly challenging for 
refractive-index-matched mixtures designed to replicate 
the behavior of non-Newtonian fluids, such as the shear-
thinning properties of blood. Moreover, large-scale models 
rapidly become impractical due to the increase in silicone 
consumption, printing, and overall manufacturing time, 
making fabrication prohibitively expensive. Consequently, 
the model design must balance geometric fidelity, mechani-
cal stability, manufacturability, cost, and dynamic similarity, 
taking into account both the fabrication constraints and the 
fluid-mechanical requirements of the intended experiments.

2.1.1 � Wax core and support structures

In this study, the model cores, i.e., the positive molds, are 
printed on an SLA printer (ProJet MJP 2500W) using wax 
(Visijet M2 Cast) as the printing material. In principle, the 
only disadvantage of using wax as the printing material for 
the positive mold is the shrinkage that occurs during cool-
ing from the liquid state. However, this effect can be largely 
neglected when the wax mold is directly 3D printed with 
high accuracy and thin layer thicknesses. While the use of 
wax-like materials for lost-core manufacturing in refractive-
index-matched applications is conceptually straightforward, 
conventional casting of liquid wax often leads to substantial 
volumetric shrinkage and geometric distortion. These limita-
tions can be reduced for rigid resins such as Araldite, which 
are suitable for simple geometries but cannot be removed 
from more complex structures such as bifurcations. Direct 
3D printing of wax cores overcomes these issues by elimi-
nating this shrinkage-induced deformation. The resolution 
of the current printer is 1200 × 1200 × 1600 DPI with a layer 
thickness of 16 μm resulting in a high-precision replica of 
the digital data set. According to the technical data sheet, 
Visijet M2 Cast is 100% wax with a density of 0.80 g cm−3 
at 80 ◦C and a linear shrinkage of 0.70%. The printing of the 
positive mold often requires temporary support structures 
to stabilize overhanging or weakly connected regions, par-
ticularly in highly branched or complex biomedical geom-
etries. These supports are essential to maintain dimensional 
accuracy and to prevent deformation or collapse of fine fea-
tures. In conventional approaches, both the core and sup-
port structures are typically printed from the same material/
thermoplastics, for example ABS. In such cases, the supports 
must be mechanically removed, and the resulting surface 
irregularities are subsequently smoothed using acetone treat-
ment, as the printed surface quality is too rough for casting 
silicone models suitable for PIV measurements, Yazdi et al. 
(2019). While this process effectively improves surface qual-
ity, it is difficult to control, as acetone is also used in a later 
step to dissolve the ABS core from the surrounding silicone. 

Consequently, the same chemical process that smooths the 
surface can simultaneously affect dimensional accuracy, 
which is particularly relevant regarding wall uniformity for 
compliant models. In contrast, the present workflow employs 
a secondary wax material for the support structures, which 
can be dissolved chemically without mechanical interven-
tion, enabling residue-free removal and optically smooth 
surfaces ideal for refractive-index-matched experiments. 
The support material is printed in a porous structure that 
promotes rapid solvent infiltration and thus efficient disso-
lution. Therefore, the printed parts with the temporal sup-
port structures attached are placed in a glass container filled 
with isopropyl alcohol, which is magnetically stirred and 
maintained at approximately 30 ◦C . The dissolution of the 
wax is primarily governed by the mass transfer, where the 
concentration of wax in the solvent is determining the rate 
of removal. Active convective mixing enhances the removal 
of the support wax, while the elevated temperature increases 
solubility and accelerates diffusion within the solvent. To 
further improve the effectiveness of the process, the clean-
ing is performed in two consecutive steps. In the first stage, 
more than 90 % of the support wax is removed. The solvent 
is then renewed, and a second cleaning cycle is carried out 
to dissolve the remaining traces of support wax. This itera-
tive approach ensures complete removal even in narrow or 
enclosed regions of complex geometries. Figure 1 illustrates 
the removal process for two different non-compliant sections 
of the human respiratory tract model, namely the oral and 
nasal cavities and the lower airways from the trachea to the 
6th bifurcation generation. This efficient removal process is 
particularly advantageous for thin sections, such as the upper 
nasal passage of the nasal cavity, where the thickness of the 
core is less than 0.5 mm. Conversely, when using ABS or 
similar materials, removing internal supports in narrow areas 
is nearly impossible without harming the surrounding struc-
ture, highlighting the advantage of the wax-based method 
for intricate, high-resolution designs. Figure 1 (center and 
right) demonstrates both the necessity and the efficiency of 
the temporary support structures and their removal for the 
case of the lower human airways.

Because the diameter of the smallest bronchi of that 
model is in the order of millimeters and due to the com-
parably large weight of the funnels connecting the outlets, 
these parts can be very fragile. Hence, to prevent these parts 
from breaking apart, it is recommended to attach additional 
permanent support structures which stay attached to the final 
model to increase the stability of the model after washout. 
The permanent support structures can also be seen in Fig. 1. 
To minimize the contact area between these support struc-
tures and the model itself, the permanent structures possess 
a conical tip with a small contact point. However, having 
no support structures at all in general is very advantageous 
since no manipulation of the surface of the core is required 
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Fig. 1   Temporary, washed-out support structures (white wax) and permanent support structures for two different non-compliant models of the 
human respiratory tract: oral/nasal cavity (left) and lower airways (center/right)

Fig. 2   Four shadowgraphy images of a single casted silicone model. Picture a and c show regions printed with and without temporary support 
structures, b indicates the printing direction, and d irregularities from the PVA coating

Fig. 3   Generalized workflow 
for transparent silicone model 
manufacturing
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after the print. To further assess the surface quality and con-
firm the complete removal of support material, additional 
shadowgraph measurements were performed on a sectioned 
mother branch of a bifurcation model (Fig. 2). Illumination 
was provided by an LED light source diffused through a 
ground-glass plate, and the images were captured using a 24 
MP camera equipped with a 180 mm macro-lens to obtain 
highly magnified views of the silicone surface. The sample 
was cut in half to visualize potential surface irregularities 
through a single silicone layer. The images show both the 
top (a) and bottom (c) surface including minor artifacts (b) 
and (d) which can occur during the silicone cast, represent-
ing regions printed without and with temporary support 
structures, respectively. No visible differences or residues 
of support wax were detected, indicating successful solvent 
removal. Minor periodic shadows corresponding to the print-
ing direction at the maximum overhang ( 45◦ ) are visible (c)) 
but occur only locally and remain negligible for larger scale 
geometries. Their apparent prominence in Fig. 2 results from 
the higher magnification of the shadowgraphy images. Fine 
residues from the manually applied PVA separating layer 
can also occasionally appear but can be removed by rinsing 
and reapplication and thus minimized. Overall, the shadowg-
raphy results confirm smooth, residue-free surfaces suitable 
for refractive-index-matched flow experiments.

2.1.2 � Soldering

Due to the limited build volume of the 3D printer used in 
this study ( 294mm × 211mm × 144mm ) and to reduce 
printing time, large geometries were digitally segmented 
in CAD. Merging these parts into a single model with a 
classical soldering iron does not alter their geometry. To 
maintain high geometric accuracy, the parts are connected 
using form-fitting connectors, such as the triangular connec-
tors shown in Fig. 1 and merged together using a soldering 
iron. The segments were subsequently joined using a fine-
tipped soldering iron at a controlled temperature of 200 ◦C , 
with contact times kept below 1 s to avoid deformation of the 
surrounding printed surfaces. Following assembly, minor 
surface irregularities at the joints were gently smoothed by 
localized mechanical polishing to restore geometrical and 
optical continuity. Finally, a thin and uniform layer of pure 
polyvinyl alcohol (PVA) separating agent was applied manu-
ally with a soft brush to prevent discoloration of the silicone 
and to facilitate demolding without affecting transparency. 
The PVA used is a water-thin, alcoholic solution of polyvi-
nyl alcohol that forms a transparent, film-like coating with 
strong separating properties after drying. To determine the 
thickness of the PVA separation layer, microscope glass 
slides were divided into 14 sections, and a thin film of liquid, 
colorless PVA was applied by brushing. After the PVA was 
cured, the PVA films were carefully detached from the glass 

substrate and measured using a micrometer screw. Across 
the 14 samples, the PVA exhibited an average thickness of 
approximately 7.5 μm with a standard deviation of 0.73 μm . 
During application, it should be noted that surface-tension 
effects can cause locally increased film thickness in regions 
of high negative curvature, as the liquid tends to accumulate 
in such areas. Therefore, care must be taken to avoid exces-
sive material buildup when coating complex geometries, as 
also observed by Geoghegan et al. (2012).

2.1.3 � Model casting

For the fabrication of the outer mold, two different 
approaches were used depending on the model geometry. 
For the non-compliant models, a simple container made of 
PMMA was used to hold the silicone during casting, as no 
precise wall thickness control was required. For the compli-
ant models, such as the bifurcation or patient-specific aorta, 
a dedicated, contour-following female mold was produced 
by CNC milling or rapid prototyping to ensure a uniform 
wall thickness of 1mm along the entire geometry. PMMA 
was also used as the mold material in these cases, as it pro-
vides optical transparency, and silicone occlusions become 
easily visible. PMMA provides sufficient dimensional stabil-
ity, and according to the technical data sheet of the silicone 
(RTV-615), the cured silicone does not adhere to PMMA, 
making a release agent unnecessary unless surface polish-
ing or coating is applied. If required, the mold contact sur-
faces were polished to achieve a smooth finish on the final 
silicone model and coated with a thin layer of release agent 
to facilitate demolding. Because of the low viscosity of the 
silicone, all assembled molds were tested for leakage prior to 
casting to ensure complete and defect-free filling of the cav-
ity. For the models used in this study, the silicone RTV-615 
from Momentive Performance Materials Company GmbH is 
used. RTV-615 is a two-component PDMS with a moderate 
viscosity of approximately 4000 mPa s and low shrinkage of 
less than 2% after curing, which makes it very suitable for 
the production of refractive-index-matched silicone models. 
For the casting of the model, the PDMS is precisely weighed 
to an accuracy of 0.01 g in a 10:1 ratio and thoroughly mixed 
by hand for five minutes to ensure a homogeneous composi-
tion. To prevent overheating and extend the pot life, the use 
of power mixers is avoided. After mixing, entrapped air is 
removed by degassing the mixture in a vacuum chamber for 
approximately 1 h. During this process, the mixture is kept 
cool by placing cooling packs inside the vacuum chamber 
alongside the container, maintaining the temperature below 
10 ◦C . The cooling packs are replaced after 30 min to sta-
bilize the temperature and preserve the low viscosity of the 
silicone, allowing optimal flow around complex features 
during the subsequent casting. After degassing, the PDMS 
mixture is temporarily stored in a refrigerator until casting 



Experiments in Fluids           (2026) 67:18 	 Page 9 of 20     18 

begins to further extend the pot time. According to the tech-
nical data sheet, RTV-615 fully cures within 24 h, although 
optimal mechanical properties are achieved after seven days. 
Furthermore, data on the optical transmission coefficient for 
RTV-615 have been published by Lötters et al. (2014), show-
ing a very high transmission of more than 95% for wave-
lengths above 400 nm. These results confirm that RTV-615 
can be considered optically clear for visible-light applica-
tions, which is consistent with qualitative observations of 
uniform light intensity and the absence of scattering artifacts 
in the present measurements.

2.1.4 � Demolding and core removal

The demolding process represents a critical step in lost-core 
manufacturing, as improper core removal can compromise 
the surface quality, transparency, and structural integrity of 
the silicone model. The procedure differs for compliant and 
non-compliant models due to their contrasting mechanical 
and geometric characteristics. Thin-walled compliant mod-
els are prone to rupture once even a small cut or micro-defect 
is introduced, whereas non-compliant models with complex 
internal geometries and large enclosed volumes are difficult 
to demold mechanically without risking internal damage.

For compliant models, the removal of the wax core is 
performed mechanically using a glycerol-assisted separation 
technique. RTV silicone can rupture from a single micro-
defect, especially at thin sections or sharp edges. Therefore, 
ruptured/teared ends of the silicone model are cut with a 
very sharp blade to avoid stress concentrations and destruc-
tion of the phantom. A long, thin steel tube connected to a 
syringe is used to inject glycerol between the silicone and 
the wax interface. The end of the tube is polished smooth to 
prevent rupture during insertion, as any surface irregular-
ity can easily initiate tearing. Once sufficient lubrication is 
achieved, the silicone model can be carefully detached from 
the core without chemical exposure. If necessary, i.e., for 
branched geometries such as the bifurcation, one daughter 
branch is carefully separated to enable core removal. This 
procedure drastically simplifies the core removal while 
maintaining both the mechanical integrity and the optical 
quality of the final silicone model.

For non-compliant models, such as the airway geometry, 
the wax core is first removed mechanically from the silicone 
model, wherever feasible, to minimize chemical exposure. 
To prevent damage and maintain the optical quality of the 
inner surface, this step must be performed with great care. 
If needed, a small cut can be made in the middle of the 
model to provide access to both the upper and lower halves 
of the model, allowing the wax to be gently fractured and 
extracted without deforming the silicone. However, due to 
geometric complexity and presence of very narrow cavities, 
e.g., in the nasal cavity, complete removal of the wax solely 

by mechanical means is often not feasible. In these areas, the 
model is therefore placed locally in an unheated ultrasonic 
bath filled with gasoline at approximately 20 ◦C . It is known 
that prolonged exposure ( O(10 h) ) of PDMS to organic sol-
vents such as acetone can lead to swelling due to solvent 
diffusion into the polymer matrix, see Lee et al. (2003). To 
prevent similar effects, the wax removal process was care-
fully controlled. Each ultrasonic cycle lasted no longer than 
1 min, followed by rinsing with isopropanol and cleaning 
with pressurized air to remove residual wax fragments. The 
procedure was repeated as necessary, with a total exposure 
time of less than 10 min for the given region. After cleaning, 
the model was air-dried overnight. Under these controlled 
conditions, no visible swelling, surface irregularities, or loss 
of optical transparency were observed.

In summary, the presented workflow provides a repro-
ducible and flexible framework for the fabrication of trans-
parent, patient-specific phantoms suitable for any type of 
RIM measurements. Starting from digital geometries, either 
generic or patient-derived, the process integrates high-reso-
lution wax printing, controlled silicone casting, and geom-
etry-specific demolding to ensure dimensional accuracy, 
optical quality, and mechanical integrity. Key aspects for 
reproducibility are shown in Fig. 3 and include: 1. the direct 
3D printing of wax cores and soluble wax support structures 
to achieve optically smooth inner surfaces, 2. precise assem-
bly of multi-part geometries using form-fitting connectors 
and coating procedure using PVA, 3. temperature-controlled 
degassing and casting of RTV-615 to maintain low viscosity 
and optimal flow properties, and 4. tailored demolding pro-
cedures adapted to the mechanical and geometric complexity 
of the model. This workflow has been successfully applied 
to fabricate both non-compliant and compliant phantoms, 
demonstrating its versatility across a range of anatomical 
geometries and scales. The following sections illustrate the 
implementation of this process for representative examples, 
highlighting its clarity, reproducibility, and suitability for 
experimental flow investigations.

2.2 � Exemplary non‑compliant model: human 
respiratory tract

The digital model of the human respiratory tract consists 
of the upper airways including the nasal and oral cavities, 
the trachea, and the lower respiratory airways up to the 6th 
bifurcation generation. For this model, the geometry is based 
on patient-specific data, see Fig. 4a, derived from CT scans 
of a healthy 25-year-old male patient. The data set is pre-
processed to be suitable for physical airway replicas and 
CFD simulations and the final geometry was provided by 
Dr. František Lízal at Brno University of Technology in the 
form of a .stl file Lizal et al. (2020), Farkas et al. (2020). A 
medical face mask is added in front of the oral and nasal 
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ducts to allow individual, i.e., oral or nasal, and combined 
inhalation and exhalation.

To prepare the digital representation of the respiratory 
tract for 3D printing, the funnels were adjusted so that the 
model tightly fits into the casting tank. Additionally, the 
funnels are designed completely hollow, which reduces the 
weight and thus improves the stability of the wax core. As 
depicted in Fig. 1, the respiratory model is divided into four 
parts, making it easier to reduce the printing time. For better 
handling, the casting process is divided into two stages: (1) 
downstream of the first bifurcation generation and (2) the 
upper airways, including the trachea. The lower airways are 
first mounted on a suspension system and then lowered into 
the casting tray. As mentioned in Sect. 2, it takes approxi-
mately 7 days for the silicone to fully cure at room tem-
perature. The wax core of the trachea is then connected to 
the lower airways and the final casting tray is built around 
the model and filled with silicone. For the non-compliant 
model, the wax core is removed mechanically from the 
silicone model, and to ensure that no damage to the model 
occurs and to guarantee optimal transparency, the wax has 
to be removed very carefully from the mold. In particular, 
most of the wax can be removed without destroying the sili-
cone model. A cut is created in the trachea to gain access to 
the upper and lower airways from both openings. Because 
the cavities in the nasal region are extremely narrow and 

mechanical removal may damage the model, only this sec-
tion is immersed in an unheated ultrasonic bath with gaso-
line for short, repeated cycles of less than one minute each. 
The vibration fragments the wax, which is then flushed 
out using pressurized air. After the wax core is completely 
removed from the silicone model, both sections are again 
glued together using a small amount of liquid RTV-615. The 
final silicone model, e.g., the lower airways and the nasal/
oral cavities, can be seen in Fig. 5. The blue discoloration in 
the image of the upper airway model, Fig. 5 (left), is due to 
reflections and is not present in the actual model.

2.3 � Compliant silicone models

The detailed experimental analysis of the fluid–structure 
interaction in thin-walled compliant vessel models is one of 
the major ongoing challenges in hemodynamics. In general, 
the compliance of thin-walled vessels is managed through 
properties like the wall thickness of the vessel, the transmu-
ral pressure, and the Young’s modulus of the vessel material. 
However, casting a compliant vessel with controlled wall 
thickness and homogeneous material properties imposes the 
same requirements for the male core as they are needed for 
non-compliant models, namely a precise geometry, a smooth 
surface finish, and reproducibility of the casting process. 
In the following, this casting routine will be described in 

Fig. 4   Simplified workflow of 
the lost-core method for non-
compliant silicone models

Fig. 5   Close up of the final 
silicone model. Left: oral and 
nasal cavities and additional 
medical inhalation mask; Right: 
bronchi up to the sixth bifurca-
tion generation
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detail for two different compliant vessel phantoms, namely 
a generic bifurcation mimicking the dimensions and prop-
erties of the human abdominal aorta, and a patient-specific 
ascending aorta model based on CT data.

2.3.1 � Generic bifurcation geometry

The generic compliant bifurcation model described below 
is adapted from Lee and Tarbell (1997) and is analogously 
scaled up in dimensions by 30 % . The model as it is shown 
in Fig. 6 possesses an initial inner diameter of D0 = 20mm 
for the mother branch, inner diameters of D1 = D2 = 13mm 
for the daughter branches, and a bifurcation angle of 
�1 = �2 = 22.5◦ . To perform non-invasive static pressure 
measurements simultaneously to the PIV measurements, 
three miniature pressure sensor mounts with an inner diam-
eter of 1 mm are embedded in the model. The three sensors 
are located at L = 70mm = 3.18 ⋅ D0 from the junction point 
of the skeleton line in the mother branch and in each daugh-
ter branch. Due to the size of the bifurcation model with an 
overall length of 395.7 mm, the core is printed in three parts 
that are soldered together maintaining the nominal opening 
angle between both daughter vessels. For this purpose, the 
individual parts of the wax core are placed in the recess of a 
CNC-milled plate in which the diameter of the recess corre-
sponds exactly to the diameter of the core. In this way, it can 
be guaranteed that the pieces of the wax core are precisely 
soldered together. The female mold of the vessel consists of 
two transparent PMMA plates which are divided in the sym-
metry plane of the bifurcation model. To ensure the correct 
offset between the wax core and the female mold and thus 
a constant wall thickness of the final model, the male core 
is positioned in the PMMA plate using coaxial positioning 
rings at the ends of the model. The stability provided by the 
three positioning rings in combination with the stiffness of 
the final wax core is sufficient to prevent bending between 
the PMMA plates.

Analogously to the casting of the non-compliant airway 
model, a mixture of RTV-615 is prepared (mixing, cool-
ing, degassing) and then slowly poured into the 1 mm gap 

between the two molds. It is crucial that no air bubbles 
are trapped, e.g., inside a pressure pin, as this drastically 
increases the risk of rupture. Once the silicone has cured, 
the dummy pressure pins are removed, and the male core 
is washed out using warm water. The demolding becomes 
easier using a long and thin steel tube connected to a syringe 
and injecting glycerol between the silicon and the wax core. 
The final silicone model can then be easily removed from 
the core.

2.3.2 � Patient specific ascending aorta

The manufacturing routine described above becomes differ-
ent for a patient-specific geometry here shown for a thoracic 
aorta of a healthy 50-year-old male patient. The geometry 
was previously used by Zimmermann et al. (2021) to study 
the effect of increased vessel wall stiffness, employing three 
models with increasing wall thickness. In a first step, the .stl 
file must be modified to allow printing a three-dimensional 
solid wax core, since the original approach was to print the 
phantom directly. Subsequently, the lengths of the brachi-
ocephalic artery, the left common carotid artery, and the 
left subclavian artery, as well as those of the ascending and 
descending aorta, are extended to allow the connection of 
the final flow phantom to the inlet and outlet pipes of the 
experimental setup. Due to the size of the model, the core is 
split into two parts that can be soldered together using form-
fitting connectors after the support wax is removed. Since 
the patient-specific geometry is highly three-dimensional 
and asymmetric, the separation surface between the two 
halves of the female mold is not a simple plane (see Fig. 6), 
but must be adapted to the geometry. Therefore, a complex 
surface was designed to evenly split the female mold, pre-
venting undercuts and allowing demolding, as shown in 
Fig. 7. The female mold is produced using a 3D fused depo-
sition modeling (FDM) printer (Raise3D Pro3 Plus HS) with 
a nozzle diameter of 400 μm and a resulting layer thickness 
of 100 μm . The contact surfaces are polished to enhance the 
quality of the silicone model. Similarly to the bifurcation 
model, coaxial positioning rings are used at each end to keep 

Fig. 6   Simplified workflow of 
the lost-core method for compli-
ant silicone models. From left 
to right: sketch of the bifurca-
tion geometry and miniature 
pressure sensor mounts (final 
silicone model indicated by blue 
color); wax core consisting of 
three parts; assembly of wax 
core, female mold, and pressure 
dummies; final silicone model
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the model in place and to ensure a constant wall thickness 
of 1 mm. Finally, the silicone is simultaneously poured into 
the ascending and descending aorta to prevent air bubbles in 
enclosed regions inside the mold. The subsequent demolding 
and core removal follow the same procedure as described for 
the bifurcation model.

3 � Vessel properties: material and geometry

When considering compliant artery models, the structural 
properties of the phantoms play a significant role in the 
fluid–structure interaction and thus the resulting flow fields. 
Learoyd (1966) determined the circumferential incremental 
Young’s modulus of real human arteries by measuring the 
Young’s modulus of 59 major arteries from subjects under 
35 (’young’) and over 35 (’old’) to investigate age-related 
effects on arterial wall viscoelasticity. These measurements 
form the foundation of most of today’s in vitro studies, 
where the material properties of the arterial walls of in vitro 
phantoms are chosen such that they match the properties of 
the specimen of that study.

3.1 � Tensile tests and dynamic mechanical analysis

In this study, the material properties of the elastic vessels 
correspond to the values determined by Dörner et al. (2021), 
who measured the Young’s modulus, the storage modulus 
( E′ ), and the loss modulus ( E′′ ) of RTV-615 (additionally, 
a small amount of Rhodamine B was added to the mixture 
to enhance the reflection of the vessel walls) as a function 
of frequency within the linear viscoelastic range (LVR) at 
30 ◦C . For further details, please refer to Dörner et al. (2021).

The Young’s modulus was determined based on three 
tensile tests at 30 ◦C using a Z100 tensile test machine. The 
silicone specimen (DIN 53504 S2) was spray-painted with 
a speckle pattern to determine the displacement optically 
for a maximum displacement of 30 mm and an initial load 
and initial load speed of 0.3 N and 30mm s−1 . The Young’s 
modulus was determined to be E = 1.71MPa in a strain 
range of 0.02 ≤ � ≤ 0.08 , with � = ln(L∕L0) . The stretched 

tensile length is indicated as L and the initial length as L0 , 
see Dörner et al. (2021). The material showed strong hyster-
esis, with delayed relaxation and possible permanent distor-
tion, determined for strains up to � = 0.54.

The time-dependent properties of nine different speci-
mens were measured in a dynamic mechanical analysis in 
the range between [0.2 h, 10 h] using a TA Instruments 
DMA Q800. The applied dynamic strain �(t) was defined 
as �(t) = �0 ⋅ sin(�t) , with �0 denoting the dynamic strain 
amplitude and � the angular frequency. The dynamic 
stress response was defined as �(t) = �0 ⋅ sin(�t + �) , 
with �0 as the dynamic stress amplitude and � as the phase 
offset between the stress and strain waves. As a result, 
the complex modulus was calculated as |E∗| = �0∕�0 . 
Finally, the storage and loss modulus was calculated using 
E� = |E∗| cos(�) and E�� = |E∗| sin(�) . Figure 8 left shows 
both E′ and E′′ plotted against the frequency within the LVR 
for RTV-615 in comparison to the data from real young 
and old abdominal arteries by Learoyd and Taylor (1966). 
The comparison between the silicone and the data of a real 
vessel in the frequency range of 2 Hz–10 Hz shows very 
good agreement for the storage modulus, whereas the loss 
modulus deviates slightly from young and old patients. In 
conclusion, the silicone vessel model accurately replicates 
the elastic properties of large human vessels and qualita-
tively captures the damping behavior at various frequencies 
(Dörner et al. 2021).

3.2 � Wall thickness measurements

To determine the accuracy of the casting process of the 
compliant models with respect to the wall thickness of the 
flow phantoms, the wall thickness of the bifurcation model 
is measured in detail. First, the bifurcation is separated 
into three sections: one mother branch and two daughter 
branches. The three sections are cut equidistantly into 3 mm 
rings using a CNC lathe. Next, each ring is placed on a rotat-
ing table and the inner and outer diameter of each ring is 
measured using the optical viewfinder of a CNC milling 
machine. The edges of the silicone ring are tracked using 
the crosshair and the inner/outer vessel diameter is measured 

Fig. 7   Simplified workflow 
of the lost-core method for 
the compliant patient-specific 
ascending aorta, from left to 
right: .stl file of the core and 
male wax core; wax core in 
the female mold; final flow 
phantom
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by vertical translation, resulting in a measurement accuracy 
of 0.01mm . An exemplary image of the wall thickness 
measurement and a sketch of the measurement positions 
are shown in Fig. 9. In total, the wall thickness of the sili-
cone model and consequently the resulting inner and outer 

diameter is measured for each segment at four circumferen-
tial positions with a circumferential spacing of 45◦.

Figure 10 shows the normalized mean outer ( ′o′ ) and 
inner ( ′i′ ) diameters of the mother branch ( do,M and di,M ; 
top left) and the two daughter branches ( do,D1 , di,D1 , do,D2 , 
and di,D2 ; top right), as a function of segment index (cut 
locations along the branch). Figure  10 bottom depicts 
a schematic of the mother branch (extending between 
x0 = 0 → x1 = 25mm ) and the two daughter branches 
(extending between x2 → x3 ). The inner and outer diam-
eters are measured for the two given intervals. As indicated 
by the plots, the maximum deviation of the outer and inner 
diameters from the nominal values is less than 1%. This 
small variation shows that the wall thickness and the overall 
vessel diameter remain nearly constant over the length of 
the branches and consequently the accuracy of the manu-
facturing method thus ensuring reliable and repeatable flow 
characteristics for flow field measurements.

Fig. 8   Storage and loss modulus of a silicone specimen and a real human blood vessel from Learoyd and Taylor (1966) as a function of the fre-
quency and strain (Dörner et al. 2021)

Fig. 9   Overview of the viewfinder and cut segments of the bifurca-
tion model

Fig. 10   Wall thickness 
measurement of the bifurca-
tion model. Top left: mean 
outer/inner diameter of the 
mother branch normalized 
by the nominal diameter 
Do,0 = 22mm and Di,0 = 20mm . 
Top right: mean outer/
inner diameter of the daugh-
ter branches normalized 
by the nominal diameter 
Do,1,2 = 15mm and Di,1,2 = 13mm
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4 � Exemplary results: tomographic PTV 
measurements

This section presents exemplary time-resolved volumet-
ric velocity measurements based on three-dimensional 
particle-tracking velocimetry (3D PTV) using the Shake-
the-Box (STB) algorithm for both the compliant and non-
compliant flow phantoms to demonstrate their suitability 
for refractive-index-matched velocity measurements. The 
non-compliant airway model is embedded into a closed-
loop circuit with a continuous pump simulating steady and 
calm inhalation at a Reynolds number of Re = 400. The 
two compliant artery models are embedded into an open 
circuit to simulate pulsatile inflow conditions. The pulsa-
tile waveform for the generic bifurcation is adapted from 
generic waveforms measured by Olufsen et al. (2000) and 
yields a Reynolds number of Re = 2000 and a Womersley 
number of Wo = 20. For the patient-specific aorta model, 
the corresponding patient-specific waveform is scaled to 
match a Reynolds number of Re = 1000 and a Womersley 
number of Wo = 14. Both measurement fluids for the com-
pliant and non-compliant measurements are seeded with 
Orgasol particles often used in Tomo PTV applications 
using the STB algorithm, see Schröder et al. (2020) with a 
mean diameter of 47.7 μm resulting in a maximum Stokes 
number of Stmax = 5 ⋅ e − 4 . Due to the three-camera setup 
used in the measurements of the airway model, a lower 
seeding density of approximately 0.03 ppp was used. Due 
to the nature of the experimental setup, the airway model 
was submerged in a tank filled with the same measurement 
mixture of water/glycerin, and a laser was used instead of a 
light-emitting diode (LED) system to more precisely guide 
the light beam into the measuring section. In contrast, for 
the measurements of the compliant artery models, a higher 
seeding density of up to 0.06 ppp was applied and the 
models were submerged into a non-seeded mixture of the 
same measurement fluid. Lastly, the seeded measurement 
mixtures were left to rest overnight, allowing particles 
with slight buoyancy or excessive settling tendencies to 
separate. After this period, only the neutrally suspended 
particles remaining in the bulk of the fluid were used for 
the measurements. The study did not observe occlusion 
effects, wall effects, or sensitivity to pulsatile motion due 
to transparent, refractive-index-matched silicone models 
and optimized camera alignment ensuring clear visibil-
ity. Although calibration outside the model could affect 
reconstruction geometry, minor optical path changes from 
wall deformation were negligible. No motion-induced dis-
tortions or artifacts were detected in processing. In both 
cases, the volumetric measurements are processed using 
the software DaVis 10 by LaVision.

4.1 � Tomographic PTV measurements 
in a patient‑specific airway model

The Tomo PTV measurements use a refractive-index-
matched mixture of water and glycerin as the measure-
ment fluid. The mixture consists of 56.75  wt% glyc-
erin and 43.25  wt% of distilled water, resulting in a 
density of �WG = 1.139 kgm−3 and a dynamic viscosity 
of �WG = 6.9mPa s for a temperature of TWG = 30 ◦C . The 
water/glycerin mixture inside the measurement tank is tem-
perature-controlled ensuring a constant refractive index, 
density, and viscosity of the measurement fluid throughout 
the experiments (Fig. 11).

To generate defined inflow conditions, i.e., a fully 
developed velocity profile upstream of the mask, and to 
enable a comparison with numerical data, a straight inlet 
pipe with a hydraulic diameter of di = 20mm and a length 
of Li = 1640mm = 82di is installed upstream of the mask. 
The inlet velocity profile upstream of the mask is meas-
ured using a low-speed (LS) PIV system consisting of a 
Continuum Minilite laser and a PCO edge sCMOS camera 
with a 100 mm lens to determine the volume flux and 
thus the Reynolds number in the trachea. The PTV images 
are captured using three high-speed cameras: one Pho-
tron Fastcam NOVA S12 positioned at 0◦ and two Photron 
Fastcam Mini WX100 placed at ± 25◦ . These cameras are 
equipped with 100 mm Zeiss lenses and are positioned 
approximately 800 mm from the measurement volume. 
To illuminate the region of interest, an approximate vol-
ume of 25 ⋅ 25 ⋅ 50 mm−3 , a 100 mJ Nd: YLF Darwin-Duo 
laser with a wavelength of � = 527 nm is equipped with 
a volumetric optic (LaVision). Due to the three-camera 
setup and thus to further minimize distortion effects, the 
measurement tank is designed with walls perpendicular 
to each camera. The two Photron Fastcam Mini WX100 
cameras are Scheimpflug corrected, achieving a spatial 
resolution of 19.5 pxmm−1 . To ensure a sufficient depth 
of field (DOF) across the entire measurement volume, an 
aperture setting for the three cameras of NMini = f∕16 and 

Fig. 11   Experimental setup for the steady 3D PTV measurements of 
the non-compliant model of the human airways
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NNova = f∕22 is chosen, resulting in a lower bound of the 
depth of field of DOF ≈ 2 ⋅ N ⋅ c ⋅ (u∕f )2 ≥ 28mm , with 
c as the circle of confusion, u the distance to the subject 
and f the focal length. This adequately covers the full illu-
minated region of interest and ensures that all particles 
remain in sharp focus throughout the measurement vol-
ume. The PTV images were captured at a single exposure 
frequency of 619 h resulting in maximum particle shift 
of 10 px, as recommended by Schanz et al. (2016). The 
mapping was obtained using a third-order polynomial fit, 
followed by a volume self-calibration routine. The volume 
self-calibration was conducted with the same particle den-
sity (approximately 0.03 ppp), frame rate, and exposure 
as in the experiments. The self-calibration was performed 
iteratively until the maximum disparity error was reduced 
below 0.1 vx, ensuring subpixel accuracy. A final aver-
age disparity of 0.04 vx was achieved. The volume self-
calibration yields a final maximum calibration fit error of 
0.0099 px across the three cameras. While the three-cam-
era configuration for the airway model doesn’t meet the 
typical four-camera standard in tomographic PTV, it was 
optimized to reduce reconstruction ambiguity and ghost-
particle formation. To address the decrease in views, a low 
seeding density of 0.03 ppp and a minimum track length of 
five time steps were utilized during acquisition and pro-
cessing, as recommended by Schanz et al. (2016). This 
approach provides sufficient particle correspondence and 
reliable 3D reconstruction, while maintaining a favorable 
signal-to-noise ratio and stable tracking performance. For 
the processing of the tomographic PTV measurements, a 
triangulation error of 1.5 vx, a shake width of 0.11 vx, a 
particle intensity threshold of 0.1 ⋅ Iavg , and a minimum 
track length of five steps were employed to further reduce 
ghost particles. Finally, a spatial median 3 × 3 × 3 filter 
was applied to suppress false particle tracks. Without using 
an ensemble averaging approach, initial tests showed that 
a seeding density of around 0.03 ppp provided the most 
consistent results for the three-camera setup. To further 

quantify the possible measurement error, the uncertainty 
of the absolute velocity is calculated to be lower than 
|V| ± 0.005 m/s.

Figure 12 illustrates the orientation and position of the 
coordinate system for the PTV measurements. The coordi-
nate system (X, Y, Z) is scaled using the hydraulic diameter 
of the trachea dTR = 16.3mm , originating at the bronchial 
bifurcation of the two main bronchi with y∗ pointing upwards 
into the trachea. The x∗y∗ , y∗z∗ , and x∗z∗ planes correspond 
to the coronal, sagittal, and transverse planes, respectively. 
For more details, see Johanning-Meiners et  al. (2024). 
Figure 12 shows the 3D particle tracks color-coded by the 
velocity amplitude. The tracks are cropped along the sagittal 
plane for better visualization of the inner flow phenomena. 
The skewed velocity profile indicates the high-speed jet 
of the trachea, while secondary flow phenomena from the 
upper airways and the three-dimensional geometry of the 
model can be seen in the lower section of the measurement 
volume. A small section of the particle tracks is missing 
approximately in the center of the measurement volume due 
to a visible edge in the silicone model, caused by the model 
being cast in two consecutive stages.

4.2 � Tomographic PTV measurements in compliant 
vessels

Figure 13 shows an exemplary sketch of the experimental 
setup for an elastic vessel. The silicone model, in this case 
the bifurcation, is placed inside a large measurement tank 
that is filled with the same refractive-index-matched fluid 
as it is used for the experiments. Measurements using both 
Newtonian and non-Newtonian fluids are presented for the 
bifurcation and the aorta, respectively. The Newtonian fluid 
is a composition of distilled water, glycerol, sodium iodide, 
and sodium thiosulfate. The viscoelastic characteristics of 
the non-Newtonian blood analog are replicated by adding 
xanthan gum to the mixture. The composition of both fluids 

Fig. 12   Measurement domain 
of the airway model and 3D 
particle tracks of stationary oral 
inhalation for Re = 400; color-
map: velocity magnitude
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is listed in Table 3. For more details, i.e., viscosity curve, 
mixing procedure, please refer to Dörner et al. (2021).

Straight long pipes with L∕Di,0 = 138 (L: length, Di,0 : 
inner diameter) up- and downstream of the measure-
ment tank ensure a fully developed inflow velocity pro-
file. Two reservoirs placed at two different heights are 
used to generate a transmural pressure difference of 
ptrans = � ⋅ g ⋅ ΔH = 12467 Pa , thus ensuring a higher 
static pressure inside the vessel compared to the pressure 
in the measurement tank. Reservoir 2 has an overflow weir 
ensuring a constant height even for the positive volume 
flux resulting from the pulsatile flow. The temperature of 
the measurement fluid is kept constant at 30 ◦C using six 
active temperature controllers and heating cables to keep 
the density, viscosity, and refractive index constant during 
the experiments. Finally, the volume flux is realized by two 
precision motors with an active position feedback, which 
are connected to two individual piston pumps. The first 
pump realizes a cyclic motion, which is superimposed by a 
second linear pump resulting in a high-precision waveform. 
The PTV setup consists of four Phantom v2640 cameras 
equipped with Zeiss 100 mm macro lenses and two LED sys-
tems for the volumetric illumination of the complete model. 
The Reynolds number Re = (�NF ⋅ |uB| ⋅ Di,0)∕�NF is calcu-
lated using the absolute value of the maximum bulk velocity 
|uB| , the inlet diameter of the bifurcation model Di,0 , and 
the density and dynamic viscosity of the measurement fluid 
�NF,30 ◦C and �NF,30 ◦C , respectively. The Womersley number 

reads: Wo = (Di,0∕2) ⋅
√
(� ⋅ �NF,30 ◦C)∕�NF,30 ◦C , with � as 

the oscillation frequency, and again �NF as the dynamic vis-
cosity and �NF as the density of the Newtonian fluid at 30 ◦C . 
To ensure comparable flow conditions for Newtonian and 
non-Newtonian fluids, the blood analog fluid experiments 
use the same piston pump parameters, i.e., frequency and 
stroke volume. The acquired particle images from the exper-
iments are preprocessed by subtracting the moving average 
of 13 images because of the vessel movement. Subsequently, 
a multilevel target calibration routine is applied as well as 
the volume self-calibration, yielding a final average dispar-
ity of 0.01 vx and 0.04 vx for the Newtonian and the non-
Newtonian fluid, respectively, through four types of media, 
i.e., air, glass, measurement fluid, and the silicon model. 
Although a four-camera setup is less prone to observe ghost 
particles and, in general, a better volumetric reconstruction 
can be achieved, to ensure high reconstruction fidelity, a 
triangulation error of � = 1.0 vx was applied for NF case and 
� = 0.7 vx for the NNF cases due to the lower signal-to-noise 
ratio. For both configurations, a shake width of � = 0.11 vx 
was used. To further suppress ghost-particle artifacts, the 
minimum track length was set to five for the NNF cases.

Figures 14 and 15 show time-resolved three-dimensional 
particle tracks for the generic bifurcation and the patient-
specific aortic arch for different timestamps of a cardiac 
cycle. While Fig. 14 depicts the velocity field in the bifurca-
tion for the early and peak systole, Fig. 15 shows the velocity 
distribution in the aorta for the peak and late systole. The 
bifurcation waveform is adapted from Olufsen et al. (2000) 
and possesses a Reynolds number of Re = 2000 and a Wom-
ersley number of Wo = 20. The waveform for the aorta is 
based on the patient-specific waveform provided by Zim-
mermann et al. (2021) with Re = 1000 and Wo = 14.

To better visualize the flow phenomena perpendicular to 
the main flow direction in the mother branch, the upper half 
of the particle tracks is cropped at z = 0mm in the sym-
metry plane of the bifurcation. Figure 14 (left) shows the 
velocity component in y-direction, and Fig. 14 (right) shows 
the velocity magnitude �V� =

√
u2 + v2 + w2 . During early 

systole, flow reversal occurs from the daughter branches into 
the main artery. The velocity in the y-direction emphasizes 
the model’s symmetry, showing zero velocity along the stag-
nation point axis, where both branches meet. The diameter 
of the mother branch significantly increases from early sys-
tole with di,M = 20.8mm , i.e., 4% to di,M = 24.1mm , i.e., 
20.5% during peak systole, while the maximum absolute 
velocity remains below 0.1m s−1 . Due to the compliance of 
the vessel, energy is used primarily for vessel expansion, 
creating four recirculation regions in the main branch.

The three-dimensional particle tracks of the absolute 
velocity inside the patient-specific aorta can be seen in 
Fig. 15. At peak systole, a strong recirculation region can 

Table 3   Composition and properties of NF and NNF solutions

Ingredients NF NNF

Distilled water [wt %] 48.99 53.45
Glycerol [wt %] 36.94 22.92
Sodium iodide [wt %] 13.97 23.51
Sodium thiosulfate [wt %] 0.1 0.1
Xanthan gum [wt %] – 0.02405
Density �

30
◦

C [kg∕m3] 1222.5 1285.7
RI n

30
◦

C
[–] 1.4077 1.4077

Reservoir 1
HS cameras

1 4

Bifurcation

LED

h1
h2

L/D0 = 138 L/D1 = 138

32

s(t) Pumps v(t)

Reservoir 2

Fig. 13   Experimental setup for the 3D PTV measurements of the 
compliant bifurcation
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be observed right downstream of the bulbus. However, it 
dissolves into an m-shaped high-speed region concentrated 
along the inner curvature of the vessel. Similar to the dilata-
tion of the bifurcation vessel, the kinetic energy of the flow 
is converted into potential energy, resulting in a dilatation of 
the vessel. Consequently, the highest velocity amplitude is 
not reached at this point of the cardiac cycle, but during the 
late systole. A high-speed region downstream of the point 
of inflection and secondary flow phenomena induced by the 
curvature of the vessel can be seen in Fig. 15 right.

5 � Conclusion

This work introduces and validates a wax-based lost-core 
casting method that allows precise, large-scale manu-
facturing of both non-compliant and compliant silicone 
models for refractive-index-matched biomedical flow stud-
ies. By 3D printing the core from high-resolution wax, 
support material is removed residue-free, minimizing 

post-processing while preserving fine and small-scale fea-
tures with high accuracy. The direct soldering of wax seg-
ments enables up-scaling to large patient-specific geom-
etries. The workflow of manufacturing a non-compliant 
airway model and two compliant silicone models, namely 
a generic bifurcation model and a patient-specific aorta, 
is presented. For the compliant artery vessels, the mate-
rial properties are presented by means of tensile tests and 
a dynamic mechanical analysis. A Young’s modulus of 
E = 1.71 × 106 Pa and the complex storage and loss modu-
lus of a silicone specimen are measured. The wall thick-
ness of the compliant bifurcation model was measured 
using the optical viewfinder of a CNC milling machine 
and evidencing deviations in the wall thickness of less than 
1% along the mother and daughter branches. Finally, the 
manufactured models are embedded into flow circuits and 
volumetric measurements using the Shake-the-Box algo-
rithm are performed, which underline the accuracy of the 
model and compliant behavior of the elastic vessels. As 
far as the current models are concerned, the measurement 

Fig. 14   Time-resolved 3D particle tracks clipped at z = 0mm at two timestamps of a cardiac cycle for a Newtonian fluid, for Re = 2000 and Wo 
= 14; colormap: velocity component v in y-direction (left) and velocity magnitude |V| (right)

Fig. 15   Time-resolved 3D parti-
cle tracks at two key timestamps 
of a cardiac cycle (left: peak 
systole flow; right: Late systole 
flow) for a non-Newtonian fluid; 
colormap: velocity magnitude
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results presented in this paper are just excerpts from a 
detailed flow analysis for future investigations.

The entire airway system from the upper airways down 
to the sixth bifurcation generation can be investigated, 
giving new insights into the flow field, e.g., the influence 
of physiological oral and nasal inhalation on the lower 
airways. The study shows that it is possible to combine 
multiple casts of silicone, as shown for the airway system, 
yet, distortions inside the model can occur.

The flexibility of the proposed method enables the 
fabrication of models replicating a wide range of patient-
specific pathologies, including deviated nasal septum, 
obstructive sleep apnea–hypopnea syndrome (OSAHS), 
stenoses, aneurysms, and vascular malformations. Addi-
tionally, the method can be leveraged to embed or interface 
with medical devices (e.g., stents, valves, cannulas) within 
the models to experimentally investigate device-tissue 
interaction under physiologically relevant flow conditions. 
Combined with state-of-the-art measurement techniques 
such as time-resolved PTV, these models allow for precise 
three-dimensional velocity and wall-shear stress measure-
ments in highly complex patient-specific geometries. Thus, 
the approach can be utilized to give new insights into dis-
ease progression mechanisms, such as flow-induced vas-
cular remodeling or airway collapse.
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