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Abstract 

Background:  To treat stenosed coronary arteries, percutaneous transluminal coronary 
angioplasty (PTCA) balloon catheters must combine pushability, trackability, crossabil-
ity, and rewrap behavior. The existing anatomic track model (ASTM F2394) for catheter 
testing lacks 3D morphology, vessel tortuosity, and compliance, making evaluating 
performance characteristics difficult. This study aimed to develop a three-dimensional 
patient-specific phantom (3DPSP) for device testing and safe training for interventional 
cardiologists.

Methods:  A range of silicone materials with different shore hardnesses (00–30–45 A) 
and wall thicknesses (0.5 mm, 1 mm, 2 mm) were tested to determine compliance 
for creating coronary vessel phantoms. Compliance was assessed using optical 
coherence tomography (OCT) and compared to values in the literature. Stenosis 
was induced using multilayer casting and brushing methods, with gypsum added 
for calcification. The radial tensile properties of the samples were investigated, 
and the relationship between Young’s modulus and compliance was determined. 
Various methods have been introduced to approximate the friction between silicone 
and real coronary vessel walls. Computerized tomography (CT) scans were used 
to obtain patient-specific anatomy from the femoral artery to the coronary arteries. 
Artery lumens were segmented from the CT scans to create dissolvable 3D-printed 
core models.

Results:  A 15A shore hardness silicone yielded an experimental compliance of 12.3–

22.4 mm2

mmHg
· 10

3 for stenosed tubes and 14.7–57.9 mm2

mmHg
· 10

3 for uniform tubes, aligning 

closely with the literature data (6.28–40.88 mm2

mmHg
· 10

3 ). The Young’s modulus ranged 
from 43.2 to 75.5 kPa and 56.6–67.9 kPa for the uniform and calcified materials, respec-
tively. The dependency of the compliance on the wall thickness, Young’s modulus, 
and inner diameter could be shown. Introducing a lubricant reduced the silicone 
friction coefficient from 0.52 to 0.13. The 3DPSP was successfully fabricated, and com-
parative analyses were conducted among eight commercially available catheters.
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Conclusion:  This study presents a novel method for crafting 3DPSPs with realistic 
mechanical and frictional properties. The proposed approach enables the creation 
of comprehensive and anatomically precise setups spanning the right femoral artery 
to the coronary arteries, highlighting the importance of such realistic environments 
for advancing medical device development and fostering safe training conditions.

Keywords:  Patient-specific phantoms, 3DPSP, Silicone compliance, Friction, Additive 
manufacturing, PTCA balloon catheter

Background
Newly developed medical devices, such as percutaneous transluminal coronary angi-
ography (PTCA) balloon catheters, can be assessed during the preclinical phase using 
human cadavers [1, 2] or animal models [3]. The pig model is frequently employed to 
study atherosclerosis in larger animals. Like in other models, atherosclerosis is induced 
in pigs through a high-fat diet. A notable benefit of the pig model is its size, which allows 
imaging tools to examine plaque growth and readily available clinical devices for analy-
sis. [4, 5]

Using animals for device testing invariably raises ethical concerns, especially when dis-
ease induction is necessary. Moreover, such trials entail high costs and pose challenges 
when comparing devices due to inherent variations among animals. Therefore, manu-
facturers often also rely on results from simulated use-case tests to evaluate the per-
formance of such devices. One example is the test on an anatomic track model (ASTM 
F2394). These models provide reproducible results and provide insights into the perfor-
mance of catheters. However, they do not represent the human cardiovascular system’s 
3-dimensional (3D) anatomy. Furthermore, vessel tortuosity is known to impact per-
cutaneous coronary intervention (PCI) delivery [6, 7]. Due to the 2D structure and the 
design of the ASTM model, tortuosity is present only to a limited extent.

A systematic review by Bernhard et al. [8] showed that 3D patient-specific phantoms 
(3DPSP) are already recognized in cardiology for preoperative planning to aid decision-
making and improve interventions. However, their use is not widespread, and further 
evidence is needed. Ormiston et al. [9] highlighted the importance of bench testing for 
coronary bifurcation treatment on realistic models considering the anatomy, flow condi-
tions, and vascular compliance to assess stenting techniques, stents, or scaffold testing. 
They further presented some guidelines regarding the anatomy of bifurcation models, 
including scaling laws for flow and testing. In [10–12], 3DPSP models of the coronary 
arteries are shown and used for preoperative planning in complex cases or anomalous 
anatomy. However, neither of these studies considered the mechanical properties of the 
coronary arteries, and Watanabe et al. [10] and Gach et al. [12] considered only the aor-
tic and coronary anatomy.

The biological arterial wall consists of multiple layers. Therefore, Brunette et al. [13] 
manufactured a coronary artery phantom for particle image velocimetry featuring mul-
tiple layers. The multilayered phantom is based on translucent silastic T-2 silicone and 
is produced with five molds. An asymmetric narrowing simulated 50% occlusion. Bru-
nette et al.’s approach to creating anatomically more realistic phantoms was suitable for 
blood flow investigations. However, the study did not account for the anatomical struc-
ture of the coronary arteries or the realistic shapes of plaques, and evidence of realistic 
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mechanical properties was lacking. Yazdi et al. [14] provided a comprehensive review of 
models for particle image velocimetry, suggesting the use of a female mold to delineate 
the outer surface of silicone while accurately positioning a male mold within it to define 
the inner surface of compliant phantoms.

Finn et  al. [15] manufactured flexible coronary arteries with compliance of 
21− 37 mm2

mmHg · 103 using the lost wax technique. However, the proposed method 
requires several time-consuming steps (manufacturing two metallic molds, the lost core, 
and the arterial wall, six freeze‒thaw cycles with a total duration of 72 h, and removal of 
the core) to generate the final geometry, and only the aortic and coronary anatomy was 
considered. In Biglino et al. [16], PolyJet 3D printing technology was used to manufac-
ture phantoms using a layer-by-layer (16  µm) approach. Phantoms of the descending 
aorta were produced at 50 mm in length and 15.5 mm in inner diameter using the mate-
rial TangoPlus FullCure®.

This study aimed to introduce a modular 3DPSP that mimics the anatomical struc-
ture from the femoral artery to the coronary arteries. The developed model incorpo-
rates the coronary arteries’ realistic mechanical and frictional properties and is designed 
for PTCA balloon catheter testing. Using a realistic model, PTCA balloon catheters 
can be evaluated in real-case scenarios. This knowledge can contribute to understand-
ing the behavior of balloon catheters, advancing their development, and increasing their 
performance.

Additionally, this phantom facilitates realistic simulation of PTCA procedures and 
serves as an educational resource for healthcare professionals seeking to enhance their 
procedural skills and gain hands-on experience in a safe and controlled environment 
before performing interventions on patients. By offering physicians a tangible represen-
tation of coronary anatomies, this model aids in preprocedural planning, allowing for 
the development of more tailored treatment strategies and ultimately contributing to 
improved patient outcomes.

Results
From the material screening, it was found that compliance can be adjusted by either 
introducing a different material or changing the WT. However, small WTs are consid-
ered unfavorable since they are easily damaged. Therefore, the ELASTOSIL® VARIO 15 
was used for further testing.

Compliance

After the material screening, further tests were performed on uniform cast tubes with 
an inner diameter of 3  mm made from ELASTOSIL® VARIO 15 (n = 4), and compli-
ance was measured. The results are shown in Table  1. Compliance declines when the 
WT increases. Furthermore, small WTs and large tubes show an increase in scattering.

Casted tubes with WTs of 0.5 m, 1 mm, and 2 mm are shown in Fig. 1a. Compliance 
was calculated based on Eqs. 2, 4. The result is plotted in Fig. 1b. For the dependency of 
the compliance on Young’s modulus, a tube with a ri = 1.3 mm, and a WT of 1 mm is 
assumed (black curve). As expected, an increase in Young’s modulus causes a reduction 
in compliance. Furthermore, an increase in the WT results in a reduction in compliance 
(red curve). Additionally, a large ri shows a higher compliance (red dashed line). These 
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curves were calculated using Young’s modulus of 110  kPa. The same becomes visible 
from the results of the measurement of compliance, which depends on the WT shown 
in Table 1. However, it can also be seen that the measurement of large inner dimensions 
shows increased scattering (shaded area). Overall, the median values of the measure-
ments agree with the calculated compliance values. Furthermore, the experimentally 
obtained compliance was converted to Young’s modulus (Eq. 3) and vice versa (Eq. 4). 

Table 1  Compliance values for the uniform silicone tubes made by ELASTOSIL® VARIO 15 presented 
as the median (IQR) and the corresponding Pearson’s linear correlation coefficient r  and the cross-
sectional area at a pressure of 120 mmHg

Uniform WT [mm] MLA 
[

mm2
]

A120
[

mm2
]

CC
[

mm2

mmHg
· 103

]

r[−]

0.5 5.9 (0.6) 10.5 (0.6) 57.9 (10.5) 0.991 (0.009)

0.75 8.8 (0.5) 30.7 (1.5) 0.999 (0.001)

1 8.9 (0.02) 31.0 (4.8) 0.993 (0.002)

2 7.7 (0.3) 14.7 (5.1) 0.989 (0.026)

0.75 16.43 (2.5) 31.1 (2) 243 (156.2) 0.983 (0.011)

1 35.2 (6) 182 (55.1) 0.986 (0.007)

Fig. 1  a Uniform silicone tubes with WTs of 0.5 mm, 1 mm, and 2 mm (from left to right). b Compliance is 
based on Young’s modulus (black) and the WT (red). Gray: converted compliance from the radial tensile tests. 
Green: converted Young’s modulus from the compliance test on uniform silicone tubes; yellow: converted 
Young’s modulus from the compliance test on stenosed silicone tubes. c Typical stenosed silicone tubes. 
Top: thick silicone tube with calcification; middle: medium silicone tube with calcification; bottom: medium 
stenosed silicone tube without calcification
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The compliance vs. Young’s modulus is shown as gray marks for the results of the radial 
tensile test and black marks for the compliance measurement.

Furthermore, stenotic tubes were produced by using the casting method. The WT at 
the stenosis was 1.07 (0.09) for thin silicone tubes, 1.46 (0.19) for medium silicone tubes, 
and 2.03 (0.07) for thick silicone tubes (Fig. 1 c).

The results of the compliance measurements are shown in Table 2. For tubes without 
calcification, only one sample could be measured.

Radial tensile properties

During the tensile tests, hysteresis was present in all specimens; see Fig. 2a. The median 
curve of cycle two until cycle five is shown in Fig.  2b. Elastomers commonly exhibit 
preconditioning behavior, where the cycles gradually shift toward a larger strain and 
eventually stabilize. Therefore, it is important to note that the first cycle was analyzed 
separately due to its significant difference from subsequent cycles.

Young’s modulus was evaluated within the 30–50% range and in a high strain region 
between 150 and 200% for the median cycle 5 to 6 curve. The first cycle was evaluated 
separately between 5 and 30% and 30–50%. These tests showed no significant differ-
ence between the brushed and casted specimens (p > 0.5). Furthermore, the difference 
between the stenosed tubes with calcification and those with pure silicone was signifi-
cant only for the low-strain region of the first cycle (p < 0.001). The Young’s moduli can 
be found in Table  3. The individual values are shown in the supplementary material. 
High scattering was observed for all the samples.

Figure 2c presents the results of the neo-Hookean model obtained through curve fit-
ting to the experimental data. The model shows good agreement with the results from 
the uniaxial tensile test. Additionally, the dependency of the hyperelastic model on dif-
ferent deformation modes is demonstrated for both biaxial and shear states. The behav-
ior of the radial tensile test can only be described in the low-strain region. The plot 
shows the difference between the uniaxial and radial tensile tests. Figure 2d shows good 
agreement between the uniaxial tensile test and the model based on Young´s modulus 
from Eq. 11. The Young’s moduli obtained in [26] for the low-strain region (0–20%) are 
similar to those obtained with Eq.  8. Therefore, this curve is not shown. The Young`s 
moduli at higher strain regions (20–40% and 40–60%) underestimate the behavior. The 
Young´s moduli from the radial tensile test resulted in a similar behavior as in Fig. 2c.

Table 2  Results of the compliance measurement and the corresponding Pearson’s linear correlation 
coefficient r  and the cross-sectional area at a pressure of 120  mmHg on stenosed tubes with 
calcification

Sample Calcified layer 
thickness [%]

MLA 
[

mm2
]

A120
[

mm2
]

CC
[

mm2

mmHg
· 103

]

r[−]

Thick 53 (19) 4.84 (0.3) 6.1 (0.5) 12.3 (7.7) 0.97 (0.015)

Medium 49 (11) 5.8 (0.3) 10.5 (0.6) 0.994 (0.01)

Thin 39 (4) 6.4 (0.5) 16.5 (8.9) 0.99 (0.018)

Thick - 4.5 (0.1) 5.8 (0.4) 14.27 (2.4) 0.99 (0.008)

Medium - 5.8 15.9 0.968

Thin - 6.81 22.4 0.991
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The material parameters required for the neo-Hookean hyperelastic material constitu-
tive model (Eq. 8) based on the Young´s modulus converted from the shore hardness, 
the results of the radial tensile test, and the uniaxial tensile test performed in [26] are 
shown in Table 4.

Frictional properties

The results of the friction measurements can be found in Fig. 3. The friction coeffi-
cients of the applied methods are significantly lower than that of the reference meas-
urement with plain water [0.52 (0.03)]. The lowest friction was measured using the 

Fig. 2  a Resulting nominal stress‒strain curve for a thick stenosed silicone tube with and without 
calcification. b Median loading and unloading curve for loading to 5 N. c Results of the neo-Hookean model 
with its multiaxial behavior (dashed lines, uniaxial, biaxial, shear) based on the input of uniaxial tensile test 
data (black) from [26] and the radial tensile test (red). d The result of the neo-Hookean model for uniaxial 
loading (dashed lines) is based on a different Young´s modulus compared to the measurements

Table 3  Values of the Young’s modulus measured in the radial direction on uniform and stenosed 
tubes presented as the median (IQR)

Specimen Range % EC1
[

kPa
]

Eloading
[

kPa
]

Eunloading
[

kPa
]

Uniform 5–30 43.2 (14.6) – –

30–50 75.5 (18.4) 70.5 (21.1) 39 (17.7)

150–200 – 67.3 (21.2) 82.3 (26.6)

Stenosed 5–30 56.6 (20.9) – –

30–50 67.9 (28.1) 62.6 (20.4) 36.1 (7.4)

150–200 – 62.7 (18.2) 72.3 (30.6)
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lubricant [0.13 (0.014)]. The PLL-g-PEG [0.42 (0.05)] and the water–soap mixture 
[0.41 (0.06)] were comparable.

The significance level was corrected using the Bonferroni–Holm correction 
( p
n

)

 
to avoid false positive results when performing multiple tests (n = 6). Therefore, a p 
value of <  = 0.008 was considered significant for this investigation.

The manufactured samples had a median WT of 1.39 (0.26) mm and a median 
length of 15.2 (0.79)  mm. The influence of the coating on the Young’s modulus, 
evaluated in the strain region of 10–30%, is shown in Fig.  4. The plain silicone had 
a Young’s modulus of 61.8 (27.9) kPa. The silicone with embedded glass beads had a 
Young’s modulus of 102.7 (32.5) kPa. For Parylene C with a WT of 1.2 µm, the first 

Table 4  Material parameters for the neo-Hookean model based on Young’s modulus and curve 
fitting to the experimental data

Input Young’s modulus 
[kPa]

Shear modulus [kPa] C10 [kPa]

Equation 11 340.1 113.4 56.7

EC1 5–30% 43.0 14.4 7.2

EC1 30–50% 75.5 25.2 12.6

Elow[26] 346.0 115.3 57.7

Emid[26] 218.0 72.7 36.3

Ehigh[26] 183.0 61.0 30.5

Input curve (radial tensile tests) – – 10.6

Input curve (uniaxial tensile tests [26]) – – 62.2

Fig. 3  The coefficient of friction measurements, including the p value based on the Wilcoxon signed-rank 
test, were compared to those of plain silicone in water
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cycle showed a 67% greater Young’s modulus of 211.9 (94) kPa than did the later 
cycles with 70.3 (10.4) kPa. The thick Parylene C had the highest Young’s modulus of 
405.5 (93.6) kPa. The Young’s modulus decreased by 12% in the later cycles.

3DPSP and comparison of commercial PTCA balloon catheters

The finalized 3DPSP is shown in Fig.  5a. The model is divided into five seg-
ments and placed inside a heatable water bath. A constant WT between 1  mm 
( 31.0mm2

·mmg−1
· 103 ) and 2 mm ( 14.7 ·mm2

·mmg−1
· 103 ) is used for the coronary 

arteries. The WT was measured after each brushing to ensure accurate thickness. The 
trackability results in Fig. 5b indicate that the overall trackability work is greater in the 
silicone model. The OPN NC shows the highest trackability work of 0.16  J (0.013) in 
the silicone model and 0.091 (0.025) in the ASTM model; see Fig. 5c. The Pantera LEO 
exhibited the lowest trackability in both models, with 0.09 J (0.003) in the silicone model 
and 0.038 J (0.019) in the ASTM model.

Discussion
Mechanical properties

OCT measurements have proven to be suitable for evaluating the compliance of sili-
cone tubes. The assumption of linearity within the physiological range for compliance 
calculation is acceptable, considering that the Pearson correlation coefficient for both 
uniform and stenosed silicone tubes was never lower than 0.968. Compliance can be 
adjusted through modifications to parameters such as the WT, Young’s modulus, or 
inner diameter. Furthermore, calcification in the form of gypsum was introduced. 
However, the difference from plain silicone is only significant for the first cycle of the 
radial tensile test. One reason is that some damage occurs in the calcified layer due to 

Fig. 4  Median radial Young’s modulus of the coated samples for cycle 1 and cycle 5
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the high strains. In reality, the physiological strain should be approximately 10–30%. 
Therefore, the artery is not stretched to such a high degree. Furthermore, the addition 
of more gypsum could increase the material stiffness.

The reported compliance for healthy coronary arteries is 38.07 mm2

mmHg · 103 . This value 

is comparable to the compliance of silicone tubes 
(

31.0 mm2

mmHg · 103
)

 with a WT of 

1 mm and an inner diameter of 3 mm. The measurement of stenosed coronary arter-
ies without calcification was reported to be 21.08 mm2

mmHg · 103 , which is in good agree-
ment with the compliance of stenosed silicone tubes without calcification and a WT 
of 2 mm 22.4 mm2

mmHg · 103.
To achieve stenosed coronary arteries with calcification, 18.18 mm2

mmHg · 103 silicone 

tubes with an inner diameter of 2.5 mm and a WT of 2 mm 16.5 mm2

mmHg · 103 or an inner 
diameter of 3 mm and a WT of 1.8 mm were used.

Nevertheless, notable scattering was evident in the measured values. Multiple fac-
tors contribute to this scattering. While OCT is renowned for its superior image res-
olution compared to IVUS [33], it is presumed that measurement errors stemming 
directly from the imaging technique are negligible. However, OCT measurement soft-
ware automatically assesses the inner lumen area during postprocessing. The lumen 

Fig. 5  a The final result of the patient-specific silicone model is shown from the femoral artery to the 
coronary arteries. b Median results and IQR of the trackability test on commercial PTCA balloon catheters 
measured using the ASTM and the silicone model. c ASTM F2394 model showing the left anterior descending 
(LAD) and left circumflex (LCx) coronary arteries
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wall may not be consistently recognized in certain instances, necessitating manual 
adjustments that could introduce errors.

Furthermore, inherent variations between specimens due to the manufacturing pro-
cess may also contribute to differences. A significant eccentricity was noted, particularly 
in the stenosed specimens produced using a 3D-printed casting mold. This suggests that 
precise positioning of the core during manufacturing was challenging.

A relationship between Young’s modulus and compliance was shown. However, 
Young’s modulus required to obtain similar compliance as measured by OCT is much 
greater (110 kPa) than the measured modulus of 43–75 kPa.

This can be attributed to differences in the stress distribution between the radial ten-
sile test and the cylinder under inner pressure. Furthermore, the strain measurement is 
much more precise when using the OCT method than the traverse of the tensile test-
ing machine. Additionally, the pressure is applied uniformly on the vessel wall during 
the OCT measurement, causing uniform deformation. In contrast, in the tensile test, 
the force is only applied on 2 points, causing stress peaks. The clamps and pins are also 
deformed during the tensile test. A higher strain automatically results in a lower Young’s 
modulus. In the future, the strain should be measured using a video extensometer to 
increase the accuracy.

Furthermore, while the compliance measurements were performed statically, the 
radial tensile tests were performed quasistatically. Therefore, different strain rates are 
used, which might also influence the results and can explain differences in Young’s 
modulus.

ELASTOSIL Vario 15A was previously investigated by Illi et  al. [26]. The obtained 
Young’s modulus of 183 kPa is comparable to that estimated by OCT (110 kPa).

Additionally, Young’s modulus was obtained from the radial tensile test. This test was 
chosen to be as close as possible to the final geometry instead of producing another test 
specimen geometry. Even though the radial tensile test, or ring pull test, is a uniaxial 
tensile test, the stress state is more complex than that in a typical dog-bone specimen 
[26] due to the stress concentration at the pins. There have been attempts to [34, 35] 
introduce correction factors to match the results of the radial tensile test to those of the 
uniaxial tensile tests, depending on the ratio between the pins used and the wall thick-
ness. Even though the ratio is small in our case, it is still visible in Fig. 2 c) that the radial 
tensile tests show different behavior than the uniaxial tensile test and underestimate 
the stresses since the peak stresses are not considered, resulting in a reduced Young’s 
modulus.

The Young’s modulus of coronary arteries is reported to be between 0.55 and 4.11 MPa 
[36–38]. Similar to compliance, there is great variability in the reported values. The vari-
ability can be attributed to the coronary arteries, differences in the measured setup, 
and sample preparation. While most of the methods rely on extracted and cut coro-
nary arteries, a value of 0.61 MPa was measured directly in the coronary arteries using 
OCT and a pressure sensor [39]. Therefore, this value is most comparable to the val-
ues obtained in this study. The agreement in compliance despite differences in Young’s 
modulus can be attributed to the combined effects of geometry, material behavior, and 
the nature of the tests conducted. Compliance is influenced by both the material prop-
erties and the structural characteristics of the specimen, allowing different materials to 
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exhibit similar compliance under certain conditions, even if their intrinsic stiffness dif-
fers. The wall thickness of coronary arteries is approximately 0.75 mm [40]. The ELAS-
TOSIL Vario 15A was selected to avoid walls that are too thin and might fracture easily, 
which would be the case for a stiffer silicone (see supplementary material). The resulting 
wall thickness for the silicone was between 1 and 2 mm. This highlights the importance 
of considering material properties and structural factors when comparing biological tis-
sues with synthetic materials.

Even though compliance is a widely used indicator for biological tissue, it has to be 
noted that it has some limitations when comparing arteries due to its dependency on 
artery size. Distensibility, another frequently cited parameter of biological tissue, char-
acterizes the stress within arterial walls. It is calculated by dividing compliance by the 
initial cross-sectional area. Consequently, this value is independent of the initial cross-
sectional area. However, if we assume similar cross sections and Young’s modulus but 
vary the WT, the distensibility decreases as the WT increases.

The comparison of the hyperelastic material model to the experimental data shows 
that even though the conversion from shore hardness to Young’s modulus is very simpli-
fied, good agreement can be achieved. The dependency on the deformation load should 
be considered for a more refined material model, and multiple constitutive laws should 
be compared.

Friction

After correcting the p-value, all the methods tested, except for the use of glass beads 
and the PLL-g-PEG coating, significantly reduced the friction of the silicone. However, 
there are several drawbacks to these individual methods. Even though the glass beads 
are only embedded into the surface of the silicone and are made from several individual 
beads instead of a glass layer, Young’s modulus is greater than that of plain silicone. This 
can be attributed to a friction change between the steel cylinders and the silicone, which 
impacts the Young’s modulus. However, the difference was not significant (p > 0.05).

Both Parylene C coatings increase the Young’s modulus compared to plain silicone. 
This has to be considered when designing compliance measures. Additionally, samples 
with Parylene C coating show a decrease in Young’s modulus during later cycles. This 
could be because the Parylene C layer is too thin and becomes damaged when large 
strains are applied. This phenomenon becomes especially visible for the coating thick-
ness of 1.2 µm. However, it must be noted that the applied strain during the radial tensile 
test is much greater than the physiological strain.

The potential impact of using soap or lubricant on the coating integrity of individual 
catheters remains uncertain. Further investigation of this effect will be necessary in 
the future. Additionally, applying either method to the model entails a significant time 
investment and necessitates post-use cleaning procedures. Given its low friction coef-
ficient of 0.13, which closely aligns with reported values (0.046 [41] and 0.02–0.6 [42]), 
a lubricant (Durex, Perfect Glide, Silicone Based) was selected for the finalized model.

Despite the high costs, the PLL-g-PEG coating seems promising since it does not 
impact the mechanical properties, does not require post-use cleaning procedures, and, 
when achieving proper attachment to the silicone, it is assumed that it will not impact 
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the coating of the catheters. However, this method cannot be studied further in the pre-
sent work due to the limited material.

3DPSP

For the finalized model, a patient with a low degree of tortuosity of coronary arteries 
was selected to minimize the complexity. Despite the time-consuming manufacturing 
process, it was shown that the brushing method was a possible process for manufactur-
ing complex geometries. However, further research is required to produce samples with 
greater reproducibility. In the future, tortuosity should be increased to mimic challeng-
ing cases. Furthermore, introducing stenotic regions can help study the crossability of 
catheters.

The current 3DPSP model can train PCI based on balloon catheter handling, stent-
ing, and imaging techniques such as OCT and IVUS. The current model is too elastic 
for more complex devices, such as rotational or orbital atherectomy devices, since the 
working principle of rotablation involves grinding the calcified material while leaving the 
elastic tissue intact [43]. Even though the silicone is translucent, it is not as transparent 
as the ELASTOSIL RT601. Therefore, the use of image velocimetry is limited. Adapta-
tion is required to connect the coronary arteries and the aorta to a flow loop to generate 
a pulsatile flow.

The manufacturing time for one set of the aortic arch and the coronary arteries is 
approximately 300 min. (The duration for exporting from the CT scan and 3D printing 
the core is not specified, as it varies depending on the geometries involved.) Due to the 
modular setup, different geometries can be exchanged and assessed efficiently within a 
practical timeframe. In Table 5, the main advantages and disadvantages of the manufac-
turing process are listed.

Based on the results of the trackability test, the trackability measured inside the sili-
cone model is greater than that measured inside the ASTM model. This may be because 

Table 5  Advantages and disadvantages of the proposed manufacturing process for a 3DPSP

Advantage Disadvantage

Manufacturing with simple lab equipment (3D printer, 
polisher, vacuum pump, and scale)

The manual process depends on the experience of the 
manufacturer

No manufacturing and designing of casting molds Close monitoring of the wall thickness during fabrica-
tion. Wall thickness variation along the length of the 
coronary artery is only possible to a limited extent. 
Material accumulation is possible

The mechanical properties of ELASTOSIL Vario 15 are 
closer to the ones of tissue compared to the screened 
3D-printed material. The lumen can be directly 
obtained from the CT scan, and no step is required to 
generate the actual wall thickness in the CAD

Mechanical properties are only comparable in a certain 
pressure range (70–120 mmHg)

Low material costs (Filament for 3D printer and 
silicone)

Manufacturing requires a higher degree of personal 
labor compared to 3D printing

Tunable properties by varying the WT Simplified tissue response

Modular design

Resilience: silicone can withstand repeated use with 
limited degradation compared to currently available 3d 
printable elastic materials
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the tortuosity of the coronary arteries and the tortuosity of the aorta itself influence 
catheter performance. The force required to advance the catheter is increased since the 
stiff hypotube must pass through the bend GC. Furthermore, the difference between the 
OPN NC and the other investigated catheters was less pronounced in the silicone model.

Limitations
In addition to the limitations of the postprocessing of the OCT, the strain measurement 
for the radial tensile test, and the general difference between the radial tensile test and 
the uniaxial tensile test and the large scattering, another limitation of this study is the 
sample size. For each test, approximately 3–4 specimens were tested. More specimens 
would be required to increase the statistical significance. Furthermore, tensile tests were 
performed at room temperature.

A very basic hyperelastic material model was used, and the curve fit could only be per-
formed by using available Young’s moduli or the experimental uniaxial tensile data. The 
dependency on different deformation modes could not be evaluated.

The chosen manufacturing process largely depends on the expertise of the individ-
ual producing the silicone part and the equipment used. No significant difference was 
observed between the cast samples (without acetone) and the brushed samples (with ace-
tone). However, the potential impact of acetone used during demolding on the mechani-
cal properties of silicone remains a possibility and warrants further investigation.

It should be noted that in the beginning, the PLL-g-PEG coating was lower. However, 
the friction increased after changing the water in the artery. Therefore, no proper attach-
ment of the polymer brushes was achieved. Due to limited material, the test could not be 
repeated.

The mechanical behavior of the final model could not be directly verified. However, 
all tests were conducted on tubular specimens manufactured using the same process as 
the final model. Material accumulation may occur at the carina of the coronary artery 
or irregularities within the coronary lumen, potentially affecting mechanical behavior. 
Additionally, the extent to which the final model differs from the actual patient-specific 
geometry remains unverified due to the multiple processing stages, including CT scan 
extraction, CAD modeling, slicing, printing, and material polishing.

Conclusion
This study presents a method to produce patient-specific silicone models with realis-
tic mechanical and frictional properties. Models that mimic the desired characteristics 
were achieved using ELASTOSIL Vario 15 silicone and applying a brushing technique 
to a 3D-printed lost core. OCT measurements can be used to evaluate silicone tube 
compliance effectively. Despite Young’s silicone modulus being lower than that of coro-
nary arteries, the compliance of silicone tubes can be tuned to match the compliance 
of coronary arteries through modifications in wall thickness and consideration of the 
inner diameter. Furthermore, a relationship between compliance and Young’s modulus 
was shown, indicating limitations in coronary artery compliance and distensibility val-
ues due to the dependency on the actual arterial geometry. Although radial tensile tests 
are similar to the actual specimen geometry, the complex stress state limits their use for 
silicones. However, the scarcity of available literature and the interdependency among 
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numerous parameters pose challenges in precisely tuning the parameters required to 
achieve the desired compliance.

Methods
The following strategy was applied to develop the 3DPSP (see Fig.  6). Mimicking the 
mechanical properties of human tissues ensures that the phantom behaves realistically, 
providing accurate experimental outcomes. Stiffness is essential for replicating physi-
ological conditions, and friction between tissue and medical devices is essential in real-
life medical procedures. Incorporating frictional properties into the phantom ensures 
that the simulation closely mimics the tactile feedback and resistance encountered dur-
ing actual interventions. By replicating anatomical features, the phantom can validate 
medical devices or procedures in a more representative environment.

Materials

Different materials were screened before this investigation to evaluate materials with 
properties similar to literature values of human coronary arteries (see Table 6).

Fig. 6  Development strategy for developing a 3DPSP for evaluating PTCA balloon catheters, from simplified 
specimens for the manufacturing process and parameter definition to the manufacturing process of the 
finalized 3DPSP

Table 6  Compliance values of coronary arteries are presented as the mean (SD) measured by IVUS 
and OCT

Imaging technique Arterial classification Compliance mm2

mmHg
· 103

IVUS [17–19] Healthy coronary arteries
Stenosed arteries without calcification
Stenosed arteries with calcification

40.88 (20.12) [17], 17 (5) [18]
19.87 (11.13) [17], 17.57 (4.78) [19]
9.66 (6.34) [17], 12 (2) [18]

OCT [20] Healthy coronary arteries
Stenosed arteries without calcification
Stenosed arteries with calcification

38.07 (17.45)
21.08 (16.04)
18.18 (17.45)
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Intravascular ultrasound (IVUS) [17–19] and optical coherence tomography (OCT) 
[20] were employed in a clinical setting to measure coronary artery compliance in living 
subjects based on the change in cross-sectional area due to physiological pulse pressure. 
The IVUS measurements align with results from other studies for stenosed arteries. For 
healthy and non-calcified coronary arteries, the mean values are consistent between 
IVUS and OCT. However, there is a greater deviation between the two methods for sten-
osed arteries with calcification. Most measurements exhibit a large standard deviation 
(SD), highlighting significant patient variability.

An overview of the investigated materials and their corresponding results can be found 
in the supplementary material. Based on these results, ELASTOSIL Vario 15A (Wacker 
Chemie AG, Munich, Germany) was used during this work. Furthermore, stewalin (Glo-
rex, Fuellinsdorf, Switzerland) was added to the stenosed tubes for calcification.

The median and interquartile range (IQR) were calculated for all tests. Statistical tests 
were performed with R version 4.3.2 in RStudio 2023.03.0 (Posit Software, PBC, Boston, 
Massachusetts, USA). The p-values were calculated using the Wilcoxon signed-rank test. 
A p-value of <  = 0.05 was considered significant.

Manufacturing process

Before manufacturing the 3DPSP, simple tubular specimens were used to determine the 
wall thickness and properties that matched those of coronary arteries. The process for 
producing these specimens is detailed below.

In the first manufacturing step, the silicone was hand-mixed and degassed for 10 min 
at 10 bar to eliminate air bubbles.

Casting

Uniform silicone tubes with a constant inner diameter, representative of the luminal 
opening, and a constant outer diameter, representative of healthy coronary arteries, 
were produced based on the casting mold procedure. Three different casting molds pro-
duced tubes with wall thicknesses (WTs) of 0.5 mm, 1.0 mm, or 2.0 mm, depending on 
the outer part of the mold. The inner diameter was formed by a metal rod, which had a 
diameter of 3.0 mm. For the demolding of the finished part, the outer part is designed 
with two half shells. More information can be found in the supplementary material.

The manufacturing of a stenosed silicone tube is based on the principle of lost core cast-
ing. Lost core casting is a two-part system comprising a destructible ‘‘male’’ core and a neg-
ative ‘‘female’’ mold. The male core represents the inner lumen of a blood vessel, and the 
female mold represents the outer wall of a blood vessel. A circular dog bone shape was used 
for these specimens, with stenosis in the center. A healthy left coronary artery has an initial 
diameter of approximately 2.0–5.5 mm [21, 22]. Therefore, a diameter of 5 mm was chosen 
for the healthy segment of the core design. To simulate 75% luminal stenosis, narrowing to a 
diameter of 2.5 mm was introduced at the center of the core, resulting in a minimum lumen 
area (MLA) of 4.9 mm2 The core was designed using SolidWorks 2019 (Waltham, Mas-
sachusetts, USA) and was 3D printed using an Ultimaker S5 (Ultimaker, Utrecht, Nether-
lands). The destructible core was printed using PolySmooth™ (Polymaker, Shanghai, China) 
and smoothed in isopropanol mist to remove the layer lines created during 3D printing 
using Polysher™ (Polymaker, Shanghai, China). The stenosis was introduced by increasing 
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the material thickness or adding gypsum to the silicone at a ratio of 1:2 (double the amount 
of silicone).

Brushing

In addition to casting, silicone tubes were manufactured by repeatedly brushing a thin sili-
cone layer onto a core. For this process, a core with a constant diameter of 3.0 mm was 
3D printed from Polysmooth™ and smoothed. A thin silicone layer was brushed on the 
core and then cured at 50 °C for 10 min. The brush-curing process was repeated until the 
desired WT was reached. Approximately 15 brushing layers were necessary to reach a WT 
of 1.5 mm. Finally, the molds were dissolved in a bath of acetone for 3 h.

Mechanical properties of the materials

Compliance measurement

OCT measurements were utilized to assess sample compliance. A Dragonfly™ OPTIS™ 
Imaging Catheter (Abbott, Chicago, Illinois, USA) was used. OCT measurements can be 
performed using an automatic or stationary pullback method. The probe is withdrawn 
through the blood vessel over a certain distance at 20  mm/s in the automatic pullback 
method. Notably, the distance and speed of an OCT pullback can vary between measure-
ments. During automatic pullback, which helps assess a stenotic region, multiple images 
are generated and subsequently stacked to form a longitudinal cross-sectional blood ves-
sel profile. In the stationary measurement, the probe remains in place, capturing images of 
the same cross section for a specified duration. During this research, the stationary OCT 
method was utilized to identify transverse cross-sectional changes in the inner lumen, ulti-
mately determining each specimen’s cross-sectional compliance and geometrical shape. 
The equipment required for the measurements included an OCT console with a light 
source, a compatible catheter, a pressure transducer, and an adjustable manual pump.

The measurements were performed in a water bath at 37 °C. The pressure within each 
test phantom was gradually increased by 10 mmHg using an indeflator (SIS Medical AG, 
Frauenfeld, Switzerland). Cross-sectional snapshots were taken at each pressure set-
point. The pressure was recorded in LabView 2019 (National Instruments, Austin, Texas, 
USA) with an MLT844 physiological pressure transducer (AD Instruments, Sydney, 
Australia). The cross-sectional compliance is defined as per Eq. 1. [23]:

where ΔA is the change in cross-sectional area proportional to the change in pressure 
ΔP. The compliance was identified in the range of 70 mmHg to 130 mmHg, reflecting 
the average physiological blood pressure. The age-standardized average diastolic and 
systolic blood pressures for men and women were 78.7 and 127.0 mmHg and 76.7 and 
122.3 mmHg, respectively [24]. Linear behavior between the measured cross section and 
the pressure was assumed and assessed for each specimen using Pearson’s linear correla-
tion coefficient r.

By expressing the change in cross-sectional area with the change in radius �r , the fol-
lowing equation (Eq.  2) for compliance can be obtained, where ri is the lumen radius 
under initial or lower pressure conditions:

(1)CC =
�A

�P
· 103

[

mm2

mmHg

]

,
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Therefore, the radius change �r can be expressed by Eq. 3:

When assuming linear elastic behavior of the silicone phantoms and a rotational sym-
metric cross section, the following equation (Eq. 3) for closed tubes under inner pressure 
�r can be calculated using Eq. 4 [25]:

where ra is the outer radius, E is the Young’s modulus, and µ is the Poisson’s ratio. For 
silicone, an incompressible material is assumed, and therefore, µ = 0.5 . Young’s modu-
lus can express compliance, and vice versa, using Eqs. 3, 4.

The repeatability of the measurement was investigated by performing multiple meas-
urements on the same stenosed silicone tube under the same conditions. These results 
are shown in the supplementary material.

Radial tensile test

To measure the circumferential stress and strain behavior of the samples, a radial ten-
sile test (see Fig. 7) is used. The tests were performed using a Shimadzu AGS-X 10 kN 
(Shimadzu Corporation, Kyoto, Japan). The force F  was recorded using a 200  N load 
cell (accuracy of the measured value of ± 0.5%). The displacement d was recorded by 
crosshead position detection (accuracy ± 0.1% indicated value or ± 0.01  mm). The sili-
cone tubes were cut into 15 mm segments. Two hardened steel cylinders with a diam-
eter of 1.4 mm were inserted inside the sample 0.2 mm from each other. These cylinders 
were fixed to aluminum supports, which were clamped into the jaws of the tensile test 
machine. This allows sufficient rigidity of the test support.

For the tensile test experiment, a specified load pattern was used to stretch the sam-
ples radially.

Initially, a preload of 0.05 N was applied. Subsequently, the specimen underwent five 
loading–unloading cycles wherein the force was incrementally increased to 5 N at a rate 
of 25 mm/min and decreased to 0 N at 50 mm/min. Following this, another set of five 
loading–unloading cycles with the same velocities was performed, with the force reach-
ing 7.5 N.

The corresponding tensile stress σ was calculated using the formula in Eq. 5:

where F is the measured force, t is the WT, and b is the length of the test specimen.
The tensile strain ε was calculated using the formula in Eq. 6:

(2)CC =
π ·�r2 + π · 2 · ri ·�r

�P
· 103

[

mm2

mmHg

]

.

(3)�r = −ri +

√

r2i +
CC · 10−3

·�P

π
[mm].

(4)�r =
pi · r

3
i

E · (r2a − r2i )
·

[

r2a

r2i
· (1+ µ)+ 1− 2 · µ

]

[mm],

(5)σ =
F

2tb

[

N

mm2

]

,
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where Δd is the measured stroke and d is the length of the original configuration, which 
is the initial inner diameter of the specimen.

The Young’s modulus E was then calculated based on Eq. 7 using the least squares 
linear regression method:

Silicones usually exhibit hyperelastic behavior. Therefore, the material is usually 
described by models that can account for nonlinear behavior rather than assuming 
linear elasticity. The strain energy function W  describes the relationship between 
stress and strain for these materials. Common hyperelastic material constitutive mod-
els include the Ogden, Arruda-Boyce, polynomial models, and variants of polynomial 
models such as the Mooney-Rivlin, neo-Hookean, and Yeoh models. The input of 
experimental data from uniaxial, biaxial, pure shear tensile, and confined compres-
sion tests is required [27] to derive such hyperelastic material constitutive models. 
However, basic material models such as the neo-Hookean model (see Eq.  8) can 
already be defined by the shear modulus G and the bulk modulus K  obtained from the 
uniaxial tensile test or by performing a model curve fitting to the experimental data 
from the uniaxial tensile test. Since no classic uniaxial tensile test was performed in 
this study, this study relied on data from Illi et al. [26] for curve fitting.

(6)ε =
�d

d
[−],

(7)E =
�σ

�ε
[kPa].

Fig. 7  Measurement of the radial tensile properties
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where C10 and d1 are material parameters that can be approximated by d1 = 2
K  and 

C10 =
G
2  [27], I1 is the first strain invariant of the right Cauchy–Green deformation ten-

sor, and J is the total volumetric ratio, which is 1 for an incompressible material.
The shear modulus G and bulk modulus K  can be converted from Young’s modulus by 

Eq. 9 and Eq. 10, respectively:

As mentioned above, a Poisson’s ratio µ of 0.5 is assumed. This results in an infinite 
value for K , , and in addition, d1 becomes zero.

There have been attempts in the literature to transform the shore hardness of rubbery 
materials directly into Young’s modulus [28–30]. The conversion from shore hardness S 
to Young’s modulus E is shown in Eq. 11 [30]:

Frictional properties

After manufacturing, the silicone features a highly sticky surface, making the insertion 
of catheters nearly impossible. For this evaluation, specimens were manufactured using 
the brushing approach described above and then tested under the following conditions:

•	 Filling with deionized water.
•	 Silicone with embedded glass beads 125–200  µm in size and filled with deionized 

water.
•	 Parylene C coating with a thickness of 1.2  µm (COAT-X SA, La Chaux-de-Fonds, 

Switzerland), filled with deionized water.
•	 Parylene C coating with a thickness of 6.25 µm (COAT-X SA, La Chaux-de-Fonds, 

Switzerland), filled with deionized water.
•	 Poly(L-lysine)-graft-poly(ethylene glycol) (PLL(20)- g[3.5]-PEG(5)) [31] and filled 

with deionized water.
•	 The samples were filled with a deionized water–soap mixture (10:1 ratio).
•	 Filled with a lubricant (Durex, Perfect Glide, Silicone Based).

Further information on the tests performed, and the methods used to reduce friction 
can be found in the supplementary material. Five specimens with a WT of 1.5 mm and 
an inner diameter of 3 mm were produced for each of the abovementioned methods. The 
WT and length of the manufactured samples were measured using a Nikon SMZ745T 
stereo Microscope (Nikon Instruments Inc., Tokyo, Japan). Friction was evaluated by 
measuring the friction between the coating and a polyamide 12 (PA12) tube using the 

(8)W = C10(I1 − 3)+
1

d1
(J − 1)2,

(9)G =
E

2(1+ µ)
[MPa],

(10)K =
E

3(1− 2µ)
[MPa].

(11)ERigbi = e
S−35.22735
18.75487 [MPa].
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device described in [32]. Further information on the tests performed and the coating 
manufacturing can be found in the supplementary material. Furthermore, the influence 
of the coating on the mechanical properties was tested using the radial tensile test for 
five cycles until a force of 5 N was reached.

3DPSP manufacturing

The femoral artery to the aortic root was segmented from the computed tomography 
(CT) scan of a 72-year-old male. The aortic root and the coronary arteries were seg-
mented from a CT scan of a 52 year-old male. The open-source software 3D slicer (The 
Slicer Community, Earth, Texas, United States) and Meshmixer (Autodesk, San Fran-
cisco, California, United States) were used for segmentation. The model (see Fig. 8a) was 
divided into the following segments: a the aortic root with the coronary arteries posi-
tioned on the balloon, b the aortic arch, c the descending aorta, d the renal aortic part, 
and e the right femoral artery to enable a modular setup. The final design was performed 
in SolidWorks 2019 (Dassault Systemes, Waltham, Massachusetts, United States).

The generation of casting molds was challenging due to the tortuosity and unsym-
metrical shape of the arteries. Therefore, the brushing approach was used. The seg-
ments were 3D printed from PolySmooth™. Water-dissolvable polyvinyl alcohol 
(PVA, Ultimaker) was used as a support structure. Before applying the silicone, the 
support structure was dissolved in water, and the PolySmooth™ was smoothed. An 
example of a smoothed core of the aortic root with coronary arteries is shown in 
Fig. 8b. The model was split and reassembled by dissolving the surface between the 

Fig. 8  a Entire core for the 3DPSP containing the individual segments from the aortic root to the femoral 
artery. b Manufacturing steps to produce the final 3DPSP
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halves with acetone for better printing quality and less support material. The overall 
fabrication process is shown in Fig. 8b.

Comparison of commercial PTCA balloon catheters

Measurements of trackability were performed on an IDTE 1000 track tester (MSI, Phoe-
nix, Arizona, USA). Tests were performed on a 2D track model (ASTM F2394) and the 
3D silicone model developed in the present work. First, the inside of the silicone model 
was filled with a mixture of deionized water and soap to facilitate the insertion of the 5F 
JL 4.0 guide catheter (GC) (Medtronic, Dublin, Ireland). The GC was inserted into the 
silicone model, pushed through the descending aorta and the aortic arch, and placed at 
the ostium of the left anterior descending (LAD) artery. Furthermore, an ASAHI SION 
blue straight guide wire (GW) (ASAHI INTECC Co., Ltd., Tokyo, Japan) was advanced 
through the GC into the LAD artery. After each test, a syringe was used to fill the coro-
nary artery with 1 ml of the lubricant mentioned above from the distal end.

The PTCA balloon is pushed along the GW until the tip is at the ostium of the LAD 
artery. The force Ftrack required to move the catheter along the LAD was measured. 
Additionally, the insertion depth was recorded. After 7  cm of insertion, the cathe-
ter was retracted. The resulting insertion forces of the catheter models are compared 
against each other. The same settings are used for both models.

Furthermore, the area under the curve, which defines the work required for inser-
tion and extraction, was evaluated. The tests were carried out in a water bath at 37 °C. 
The water was heated using an ANOVA Precision Cooker (Anova Applied Electron-
ics, Inc., San Francisco, CA, USA) with an accuracy of ± 0.5 °C.
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