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A B S T R A C T   

The prevalence of medical errors during surgical procedures has led to a higher emphasis on improving surgical 
outcomes, by improving surgical planning and training. Anatomical models have become valuable tools for pre- 
operative planning and current 3D printed models strive to better match real soft biological tissues. This study 
aimed to develop novel 3D printed material composites with controllable mechanical properties that mimic soft 
tissue. Concepts of microstructuring, fiber reinforcement and fluid infill in extrusion-based 3D printing are 
combined to design tunable materials towards target tissues of porcine muscle and liver. Material character-
ization was performed in triangular wave cyclic experiments under uniaxial tension with increasing displace-
ments. Hereby, initial EI and final EII elastic moduli were evaluated. Further, the viscous response was 
characterized by the dissipated energy ratio UD and suture retention strength (SRS) was determined by single 
tensile pull-out tests Elastic moduli of printed materials were successfully tuned to 510 ± 10 kPa, closely 
resembling porcine muscle with 580 ± 150 kPa. The dissipated energy ratio UD of the silicone was increased 
from 0.09 ± 0.01 to 0.46 ± 0.17 by addition of gyroid infill and viscous fluid. Suture retention strength (SRS) for 
porcine liver tissue was 1.64 ± 0.42 N, while that of 3D printed silicone showed a mean SRS of 5.1 ± 0.6 N. 
Although the exact properties of porcine muscle and liver tissue require finer tuning, this study established 
techniques for refinement of 3D printed tissue-mimicking materials, ultimately enabling more accurate models 
for surgical rehearsal.   

1. Introduction 

Recently, it has been suggested that ’medical errors’ lead to a mean 
death rate of about 250,000 patients each year in the United States alone 
[1]. Hence, a higher emphasis has been placed on reducing patient 
mortality through improved surgical planning and training. The use of 
anatomical models in research, teaching and surgical rehearsal has 
therefore risen significantly in the past few decades [2]. 

Advancements in medical imaging technology have led to the 
emergence of higher resolution, non-invasive imaging methods, such as 
Computed tomography and advanced MRI imaging. Although these 
techniques are increasingly capable of capturing more intricate details 
of the anatomical structures within a patient’s body, a two-dimensional 
portrayal of anatomy can obscure the complex spatial relationships 
between tissues [3]. 3D virtual models help here to visualize organs 
structures and enhance visualization and communication. However, 

they lack the tactile feedback necessary for surgical rehearsal and 
practice. Producing a 3D physical model of an individual’s organ can 
significantly improve this aspect, offering a more tangible approach for 
medical professionals [4]. The advent of additive manufacturing, 
commonly referred to as 3D printing, along with improvements in image 
processing, has enabled complex patient-specific physical anatomical 
models to be developed [5,6]. The use of these models enables 
pre-operative key feature identification, implant customization, 
intra-operative guidance and an improved patient communication [7,8]. 

3D printed anatomical models have been implemented in many 
surgical fields [9]. For instance, in neurosurgery, a high degree of ac-
curacy is needed [10]. As such, 3D printed models of a cerebral aneu-
rysm were generated using ABS and photoresins by Scerrati et al. [11] 
and more recently, a neonatal anatomical model was printed by Wagner 
et al. [12] using polyjet technology. In other fields, such as in Urology, 
resin printed prostate tumor models were presented by Shin et al. [13] 
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and Wang et al. [14]. Anatomical models have made a large impact in 
cardiology [15–19], pulmonary medicine [20–22], hepatology [23,24] 
and abdominal surgery [25–27]. Despite the advancements in 3D 
printing technologies, a common drawback of some of these previously 
mentioned studies is that the materials tend to be stiffer and less 
compliant than real soft biological tissue. 

This led to the use of softer and more compliant materials such as 
silicone and hydrogels [28–30], often combining indirect methods such 
as molding, casting or injection with 3D printing [9]. Models of blood 
vessels are often created by applying 3D printing to a sacrificial part 
which is later melted or dissolved to create hollow structures [31,32]. 
Maddox et al. [33] created 3D printed renal units using a multi-jet 3D 
printer to form the outer shell of the renal tissue and injected agarose gel 
solution into the inner cavity of the model to achieve more realistic 
patient-specific renal malignancies. Ishii et al. [34] created a 
patient-specific liver model composed of three separate parts by directly 
3D printing blood vessels and the shell of the liver and then molding the 
parenchyma with soft polyurethane resin using a 3D printed mold. The 
aim of these studies have been primarily to ensure that the mechanical 
properties of anatomical models are in the same order of magnitude as 
the target soft tissues. This is a clear trend showing the importance of the 
tactile response properties of anatomical models for surgical rehearsal. 
Although these combined direct and indirect methods tend to exhibit an 
overall more realistic tissue behavior, the mechanical properties of 
combined casted and 3D printed parts may be difficult to characterize 
accurately with conventional testing methods. Moreover, in these ap-
proaches the material properties are often not easily tunable to better 
match other use-cases. 

Here, we propose a methodology for the creation of anatomical tis-
sue models with tunable and measurable mechanical properties. The 
approach involves direct 3D printing of two types of silicones in com-
bination with standard fused deposition modeling (FDM) printing. Tis-
sues are printed with a controllable microstructure or ’infill’, to tune the 
material’s stiffness and viscous properties. A novel concept was applied 
to increase the material’s viscous response under uniaxial cyclic loading 
by introducing a fluid silicone oil with high viscosity into the matrix of 
the designed sample. Additionally, stiff wavy fibres were printed 
directly into the matrix of the samples to tune the material’s elastic 
response from a linear elastic response to a more non-linear response 
typical of soft tissue. This study is novel in that it combines fibre rein-
forcement, microstructuring and fluid infill in extrusion-based 3D 
printed materials to produce tunable tissue mimicking materials for the 
creation of anatomically accurate surgical rehearsal models. 

2. Methods 

2.1. Theory 

Target tissues were selected to be porcine liver and porcine muscle as 
reference mechanical properties and due to the readily availability of 
these tissues for testing. Hepatic tissue is regarded as being homogenous 
and isotropic and one of the softer biological tissues [35] and hence 
served as a lower boundary of target tissues. Muscle tissues have been 
shown to be in the upper range of soft biological tissue stiffnesses, 
[36–38] and hence serve as the upper boundary of target tissues. 

The main approach employs 3D printable condensation-crosslinking 
single component (1 K) silicone materials as a base material for the 
tissue mimicking material (TMM). Addition of microstructuring or infill 
enables the control of material stiffness [39] and may introduce some 
viscoelastic responses [40,41]. Elastomers display linear stress strain 
behaviour in the range of surgical manipulation (10 % to 25 %), whereas 
soft biological tissues have a non-linear stress strain relationship [42]. 
Hence, a technique to introduce the strain softening behaviour of soft 
biological tissue into linear elastic polymer is the inclusion of wavy fibre 
reinforcement in the matrix of the material, as seen in previous literature 
[43,44]. This creates a controlled mismatch, such that the material 

stiffness is dominated at lower strains by the matrix and higher strains 
by the fibres [45,46]. Soft biological tissues have been shown to have 
higher energy absorption.i.e. larger hysteresis under cyclic loading [47, 
48] as compared to elastomers. Here, novel approach was developed to 
include silicone oil as a filler fluid is employed to increase the elastomers 
viscosity. In total, four major specimen groups were created and tested: 
Soft biological tissue, base silicones, i.e., with unaltered material prop-
erties, fibred samples and tuned samples. Three samples per specimen 
group were tested for repeatability and mean results with standard de-
viation are reported. 

2.1.1. Elastic stiffness tuning 
Elastic tuning to change the non-linear elastic behaviour of the 

samples was performed by incorporating stiffening fibres into the silicon 
matrix. Wang et al. [45,42] as well as by Garcia et al. [46] showed that 
the non-linear response of base polymeric materials can be tuned to 
achieve strain stiffening behaviour by embedding stiff wavy fibres in the 
soft polymeric material, given that these structures have the right design 
parameters. During loading the stiffer wave fibres are engaged once fully 
stretched and produce an increase in stiffness at a given strain range. 
This inflection region is characteristic of a given soft tissue that mimics 
the effect of collagen fibres within the soft tissue [49]. The increase in 
stiffness is dependent on the stiffness of the fibre, while the inflection 
region is based on the wavelength of the embedded fibres. In order to 
reduce the general stiffness of the material, the study focused on both 
the initial EI and final EII elastic moduli. The overall stiffness was low-
ered by introducing an infill pattern whilst printing, also reducing the 
overall material mass. 

2.1.2. Viscous behaviour tuning 
It has been shown that an increase in fluid content in soft biological 

tissue corresponds to a faster rate of relaxation and hence an increase in 
the dissipated energy [50,51]. Viscous tuning aims to increase the en-
ergy dissipation by the tissue mimicking material under cyclic loading. 
To achieve this, a high viscous fluid, PDMS oil, is introduced to the 
polymeric matrix to introduce a dampening effect. 

2.1.3. Suture retention test 
The suture retention strength (SRS) as defined by the AAMI/ISO/ 

ANSI 7198 Standard (2016) as the anastomotic strength or “the force 
necessary to pull a suture from a prosthesis or cause failure in the wall of 
a prosthesis”. Here we apply the same definition to tissue. Mine et al. 
[52] showed that, depending on the breakage pattern for a biological 
tissue, a break starts much earlier than the maximum suture retention 
strength (SRS), this is referred to as the breaking start strength (BSS). 
The influence of the test design has been shown to also have a marked 
effect on the results of the suture retention test and hence test parame-
ters were chosen with special care considering the effect of suture bite 
size [53], location and suture size [54] and clamping [55]. BSS and SRS 
of porcine liver tissue and a 3D printed sample were assed in the current 
study. 

2.2. Sample preparation 

2.2.1. Multi-material 3D printer 
Samples were created using a custom-made multi-material 3D 

printer capable of printing two highly viscous fluids as well as a filament 
extrusion. The printer was developed using a modified Railcore II 300 ZL 
open-source 3D printer system with an extrusion-based extruder print-
head composed of a Vipro-HEAD 3/3 two-component printhead (Vis-
cotec GmbH, Toging am Inn, Germany). This enables processing two 
single-component silicones, or a two-component silicone in combina-
tion with a standard E3D V6 FFF printhead for depositing thermoplastic 
filaments (see Fig. 1). A customized printing nozzle was designed to 
enable the use of various printer nozzle diameters. 

The silicone printing nozzle is connected to the outlet of the extruder 
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through a Luer-thread and is secured against unscrewing with a retainer 
part. These white Luer-adapters and retainers were custom-made for the 
extruder. A nozzle with 0.4 mm outlet diameter was selected for silicone 
extrusion. The original E3D V6 FFF printhead on the other side of the 
carriage is capable of melting and depositing thermoplastic filaments 

through a 0.4 mm diameter nozzle (see Fig. 1). Accuracy of the 3D 
printed models was considered in terms of recommendation made in 
previous publication by Jaksa et al. [56,57] with regards to aspects such 
as recommended wall thickness, slenderness ratios, bridging lengths and 
overhang angles. 

2.2.2. Materials 
To create tissue mimicking specimens, three main material compo-

nents were required. A 3D printable base material, a stiffening material 
component to mimic the strain stiffening effect of soft biological tissue, 
and a viscous fluid-like component for the tuning of viscoelastic me-
chanical properties. 

Four single-component high viscosity, condensation-crosslinking 
liquid silicone rubber Elkem AMSil20101, AMSil20102, AMSil20103, 
AMSil20104 (Elkem Silicones SAS, Lyon, France) were tested for use as a 
base matrix. The selection was made primarily based on the ease of 
printability and curing of the material as well as the Elastic moduli of the 
silicones. To enable elastic tuning, two printable stiffer material com-
ponents were tested. A standard polylactic Acid (PLA) fibre (Materi-
al4Print GmbH & co. KG, Loehne, Germany) and a more flexible 

Thermoplastic Urethane (TPU) filament, Varioshore Natural (Col-
orFabb B.V. Belfeld, Netherlands), each filament with a standard 1.75 

Fig. 1. Custom-made multi-material 3D printer with a 2 component ViproHead 
printhead (Viscotec GmbH, Toeging am Inn, Germany) capable of printing in 
combination with a standard E3D V6 FFF printhead. 

Fig. 2. Flow chart showing the methodology of the study. A) Soft tissue section shows sample preparation of porcine muscle and liver tissue. B) 3D printed section 
shows the creation of tissue mimicking 3D printed silicone samples from design, printing to final samples. C) mechanical test setup. D) cyclic loading protocol. E) 
analyzed parameters, initial EI and final EII Elastic moduli,inflection strain εi as well as energy areas (X,Y). 
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mm diameter. The latter was printed at 210 ◦C to activate the foaming 
expansion to decrease the fibre stiffness. For viscous tuning, a high dy-
namic viscosity (100 Pas) Polydimethylsiloxane (PDMS) oil (Optimal 
Products GmbH, Bad Oeynhausen, Germany) was selected as a fluid 
filler material. Additionally, the PDMS oil was mixed with 1 w/w% Silc 
Pig “Blood” paint (Smooth-On Inc., Macungie, PE). It was assumed that 
this coloring additive does not have a significant effect on the overall 
mechanical behavior of the PDMS oil, due to negligible weight amount. 
It was hypothesized that the fluid like nature as well as the inherent 
viscosity of the PDMS Oil would significantly increase the overall 
viscous response of the designed material. 

2.2.3. Sample design 
In this study, soft biological tissues, porcine muscle and liver tissue 

were prepared into rectangular shape 70 mm x 20 mm x 5 mm thick 
samples as previously described in [34] for cyclic uniaxial testing (see 
Fig. 2A). Initial tests were conducted on base silicone materials (Elk01, 
Elk02, Elk03, Elk04) as well as fibre reinforced samples (Elk01LF, 
Elk01MF, Elk01HF) using Type I dogbone samples in accordance with 
ASTM Standard D638–14 as shown in Fig. 2B. 

Tuned concept specimens (G30, G30Fib, G30Flu, G30FibFlu) were 
designed based on the results of preliminary tests (see Table 1 for a 
description of all designed samples). In order to create cavities for the 
fluid infill, and prevent fluid loss during testing, the samples required an 
outer wall thickness of at least 1 mm. To mitigate the effect of thickened 
walls on the test results, the sample design was increased in width and 
thickness to 10 mm and 14 mm respectively, with a gauge length of 70 
mm (see Fig. 2B). 

Tuned samples were created with gyroid infill structures using 
parametric CAD design tools, specifically Rhinoceros 7 (Robert Mcneel 
& Associates, Seattle USA) with the Grasshopper™, and Crystallon 
plugins. A basic CAD design of the dogbone sample was created in the 
Rhinoceros CAD design environment and shelled to a thickness of 1.2 
mm. The shell thickness defines the thickness of the printed wall. Using 
the Crystallon Plugin, the obtained cavity within the shelled CAD object 
was filled with a gyroid structure, the minimum thickness of each gyroid 
was the print head nozzle diameter (0.4 mm) plus a tolerance of 0.1 mm 
i.e. (0.5 mm). The gyroids were patterned in x, y and z directions such 
that they filled a 30 % volume of the CAD dogbone model, based on 
comparisons to Prusa Slicer infill volumes. A boolean operation was 
carried out to ensure that the internal gyroid structure conformed to the 
internal volume of the dogbone structure and outliers were removed. 
The internal cavity was then copied, to give an additional dogbone 
model with internal dimensions of the shelled CAD model. The internal 
dogbone was boolean subtracted by the fitted internal gyroid structure 
to produce the negative volume which would serve as the negative space 
for fluid infill. The stiff wavy fibres were produced by a simple sinu-
soidal wave function line in Rhinoceros 7 plugin Grasshopper. A pipe 

function was applied to the line with a radius of 0.9 mm. Fibre structures 
were designed based on literature studies by Wang et al. [42,45], which 
showed that a sinusoidal wave embedded in a soft polymeric material 
with a selected wavelength introduced strain stiffening behaviour. Three 
main design parameters were considered, the wavelength of the fibre λ, 
the amplitude A and the radius of the fibre RF. Three types of fibres were 
designed. A High frequency fibre (HF) with λ=6 mm, A = 3 mm, rf=0.8 
mm; a mid frequency fibre (MF), with λ=10 mm, A = 3 mm, rf=0.8 mm; 
and a low frequency fibre with λ=20 mm, A = 3 mm, rf=0.8 mm. PLA 
fibres were initially printed as reinforcement into Elk01 material and 
tested in uni-axial tension and later replaced by more flexible TPU fibres. 
2 print layers (0.8 mm + tolerance (0.1 mm)) were used to create the 
final fibre stls. The 3 stl files were combined and the fibre stl was boolean 
subtracted from all other components to create a cavity within the 
gyroid stl, the negative space and the dogbone structure. This allowed 
for the creation of both the base material’s gyroid infill structure, 
equivalent to approximately 30 % of internal sample volume, and the 
negative space volume, for the fluid filler, as separate stl files. This 
further enabled multi-material slicing using Prusa Slicer. The samples 
were labelled based on their constituents. G30 samples referred to 3 
samples prepared with only the 30 % ’empty’ gyroid infill. G30Fib refers 
to 3 samples with a single fibre reinforcement, layered centrally in a 
gyroid structure. G30Flu refers to samples with PDMS oil as a fluid filler 
in the negative space of a similar G30 structure, whilst G30FibFlu con-
tains both fibre reinforcement and fluid filler components. 

2.3. Mechanical testing and analyses 

2.3.1. Test protocol 
Experiments were carried out using an electro-mechanical test ma-

chine (Zwickiline Z030, Zwick Roell GmbH, Ulm, Germany) operated at 
10 Hz sampling rate. A high resolution camera (Sony α− 6400, Sony, 
Tokyo Japan) was used for optical video recording at 1 Hz. 

White dot markers (GOM, Braunschweig, Germany) were placed 
slightly below the upper clamped region and above 15 mm from the 
bottom to avoid bell ends and ensure that the gauge area was vertical 
(see Fig. 2A). These were used for optical strain tracking analysis with a 
point tracking algorithm described previously by Frank et al. [58]. 
Specimens were subsequently clamped on both ends (see Fig. 2C). 

Displacement-controlled, uniaxial tensile, triangular wave cyclic 
loading was applied at 1 mm/s with a preload of 5 mm on the samples 
with target strain levels (7.5 %, 15.0 %, 25 % and 30 % strain). Each 
strain level was cycled 8 times to ensure a steady state, the final cycles of 
each strain level were used to determine the hysteresis (see Fig. 2E). 

2.3.2. Suture retention tests 
Additionally, suture retention experiments were performed on 

porcine liver tissue as well as on 3D printed silicone samples to assess the 
ability of the materials to hold sutures. For suture retention tests, rect-
angular samples were clamped on one end with a suture material pulled 
through a notch on the free edge. The notch is created with a suture 
needle and hence the notch size is dependent on the needle size. This is 
referred to as the suture bite. The suture bite depth is the distance from 
the free edge of the specimen (ab) that shall amount to 2 mm as per the 
standard. The suture is tied off and pulled with a speed (v) of 1 mm/s. 
Coated vicryl (polyglactin 910), dyed, braided sutures (Ethicon, New 
Jersey, USA) were used. Suture bite size of 3 mm was made with a 1/2 
circle (rounded) tapered needle. Suture thread thickness was 3 mm and 
suture length 70 cm (see Fig. 3). The specimens were tested with 
displacement controlled tensile pull test. The breaking start strength 
(BSS) as well as the suture retention strength (SRS) were measured and 
reported. 

2.3.3. Stress and strain determination 
Actual sample strains were obtained via digital image correlation 

(DIC). Hereby, the position of the markers is tracked over time and the 

Table 1 
Produced material sample acronyms and description.  

Designation Specimen Description  

Composition Fibre Design Parameters 

PM Porcine muscle N/A N/A 
PL Porcine liver N/A N/A 
Elk04 Elkem AMSil20104 N/A N/A 
Elk03 Elkem AMSil20103 N/A N/A 
Elk02 Elkem AMSil20102 N/A N/A 
Elk01 Elkem AMSil20101 N/A N/A 
Elk01HF Elk01 + high-frequency fibre PLA λ=6, A = 3, rf=0.8 mm 
Elk01MF Elk01 + mid-frequency fibre PLA λ=10, A = 3, rf=0.8 mm 
Elk01LF Elk01 + low-frequency fibre PLA λ=20, A = 3, rf=0.8 mm 
G30 Elk01 with infill pattern N/A 30 % gyroid pattern 
G30Flu G30 + fluid filler N/A 30 % gyroid + Silicone Oil 
G30Fib G30 + LF fibre TPU λ=20, A = 3, rf=0.8 mm 
G30FibFlu G30 + LF fibre + fluid filler TPU λ=20, A = 3, rf=0.8 mm  
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relative displacement between the marker positions at the top and 
bottom is determined. Hence, engineering strain is computed as: 

ε(t) = l(t) − l0

l0
(1)  

where l0 is the initial length (at zero-force) and l(t) the actual length of 
the tissue. 

Determination of stiffness. The uni-axial linear engineering stress (σ) is 
calculated from the axial measured force (f) and the cross sectional area 
(A0 = B ⋅ T), measured with a calliper (prior to testing) and averaged at 3 
positions, using the following equation: 

σ(t) = f (t)
A0

(2) 

The samples were tested in a cyclic manner and the non-linear elastic 
behavior was analyzed based on the initial and final Young’s moduli 
values at the start and end regions of the material behaviour E and the 
inflection strain region εi (see Fig. 2E). 

Determination of energy dissipation. The dissipated energy ratio UD was 
calculated as done previously by Aryeetey et al. [47]. The total energy 
WT of the triangular wave cycle is the area under the loading half cycle i. 
e. area (X + Y) in Fig. 2E), while the storage energy i.e. elastic energy WS 
is the area under the unloading half cycle, i.e. area Y in Fig. 2E. The 
dissipated energy WD is the area between the loading and unloading half 
cycles, area X. The dissipated energy ratio, UD as defined by Oyen et al. 
[59] is given by: 

UD =
WT − Ws

WT
=

(X + Y) − Y
(X + Y)

=
WD

WT
(3)  

2.3.4. Data representation 
The material parameters measured EI, EII and UD for each specimen 

type were obtained individually for all 3 samples of the specimen type. 
For each specimen type, the mean value of the 3 samples were obtained 
as well as the standard deviation over the 3 samples. 

3. Results 

3.1. Non-linear elasticity 

3.1.1. Base material selection 
Porcine muscle and liver tissue both showed the typical non-linear 

elastic material behaviour of soft collagenous tissues. Porcine muscle 
tissue showed a mean stiffness EI of 10±4.0 kPa within the 3 % to 5 % 
strain range with an increase to a mean final stiffness EII of 580 ± 150 
kPa between 15 % to 25 % strain range. Similarly, porcine liver tissue 
showed an initial stiffness EI of 3.0 ± 1.0 kPa with a final stiffness EII of 
38±21 kPa (see Fig. 3A). 

All 3D printed base materials (Elk01 - Elk04) displayed a linear 
elastic response. The initial and final stiffnesses were relatively similar 
mostly showing a slight decrease in the final stiffness (see Fig. 3B). The 
Elk01 material showed the lowest stiffness (140±21 kPa), closest to the 
chosen soft biological materials and was therefore selected for further 
testing and tuning. Details of all stiffness results are reported in Table 2. 
The elastic moduli EI, EII of all tested samples are exhibited in Fig. 5. 

3.1.2. Effect of fibre reinforcement on elastic behaviour 
The effect of the fibre reinforcement design was evaluated based on 

the results of the non-linear response in terms of initial and final elastic 
modulus EI and EII and inflection strain εi. The fibre reinforcement with 
varying wavelengths were tested with the aim to result in a strain 
stiffening behaviour. Only the low-frequency fibre sample (Elk01LF) 
accomplished this behaviour, whereas the mid- and high-frequency fibre 
sample still indicated a strain softening behaviour, similar to the bulk 
material (see Fig. 4 and Table 2). There was no clear inflection in the 
high-frequency sample, and an inflection at 12 % and 15 % was observed 
for the mid- and low-frequency samples, respectively. 

The non-linear elastic response of Elk01LF was similar to that of 
porcine muscle tissue, however with a higher initial stiffness EI of 350 
±20 kPa but a similar final Elastic modulus EII of 520±50 kPa. Further, 
initial stiffness EI was increased in all fibre reinforced samples, with 
respect to the bulk Elk01 material. Taken together, the low-frequency 
wave design parameters showed the most promising results in terms 
of non-linear behaviour and inflection strain εi and were hence 

Fig. 3. A) Suture retention test geometry showing suture bite depth (ao), distance to clamp (Lo) and width(w) B) Mechanical test setup for suture retention C) Porcine 
liver tissue suture retention test setup showing DIC tracking D) 3D printed silicone sample under suture testing. 

Table 2 
Mean Initial and final elastic moduli ± standard deviation for soft biological 
tissue, Elkem base silicone samples and fibred samples.   

Muscle Liver   

EI 10 ± 4.0 3 ± 1.0   
EII 580 ± 150 38±21    

ElkHF ElkMF ElkLF  
EI /kPa 260 ± 20 330±30 350 ± 30  
EII /kPa 180±40 240±30 520±50   

Elk01 Elk02 Elk03 Elk04 
EI /kPa 140 ± 20 780±60 860±80 1900 ± 70 
EII /kPa 175 ± 30 520±40 690±90 1800 ± 50  
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implemented in final samples G30Fib and G30FibFlu. 

3.1.3. Effect of gyroid pattern and fluid infill on elastic behaviour 
Fig. 6 shows the stress strain response of Elk01 base silicone, Elk01 

with 30 % gyroid infill pattern (G30), and Elk01 with PDMS Oil as a fluid 
filler (G30Flu), as well as porcine muscle and porcine liver tissue. 
Reducing the infill percentage from 100 % in Elk01 to G30 sample 
showed a reduction in initial modulus EI from 140±30 kPa to 110±10 
kPa as well as in the final elastic modulus EII from 175 ± 20 kPa to 80 
±30 kPa. Adding PDMS oil (G30Flu) increased EI to 250±30 kPa and EII 
to 190±60 kPa, still lower than the base material Elk01 (see Table 3). 

G30Fib showed an initial Elastic modulus EI of 780 ± 20 kPa and 
final elastic modulus EII of 970±70 kPa at 12 % strain with the inflection 
strain εi at ≈ 7 % (see Table 3). 

Adding the PDMS oil to the fibre reinforced gyroid samples 
(G30FibFlu) still demonstrated an inflection strain εi of ≈ 7 %. Initial 
and final stiffness was lowered to 510±10 kPa and 400±20 kPa, 
respectively (see Table 3 and Fig. 4 for an overall comparison of all 
samples. 

Testing performed on fibre reinforced samples displayed character-
istics of damage during cyclic testing for cycles with strain levels above 
14 % strain. The observed delamination occurred at the clamping re-
gions (see Fig. 9). Results for cycles below this threshold were therefore 
reported. 

3.2. Suture retention tests 

Additional suture retention tests were performed primarily on 
porcine liver tissue and 3D printed Elk01 samples with 30 % gyroid infill 

to assess the capability for anatomical models. For porcine liver tissue, 
an early failure point (BSS) was observed. The mean BSS over 3 tested 
samples were determined to be 0.71±0.08 N. The mean suture retention 
strength of porcine liver tissue measured over 3 samples was 1.64±0.42 
N, while for 3D printed silicone samples showed a mean suture retention 
strength of 5.1 ± 0.6 N with no obvious early failure point observed. 
Representative samples were selected and are shown in Fig. 7. 

3.3. Dissipated energy ratio 

3.3.1. Material selection 
The dissipated energy ratio of the various samples was calculated as 

described in the methods section Equation III. Base materials showed 
varying hysteresis behaviour based on their chemical composition. 
Elk01, Elk03, and Elk04 showed relatively low energy dissipation with 
UD of 0.09±0.01 and 0.05±0.02, and 0.06±0.01, respectively (see Fig. 6 
and Table 4). Elk02 showed higher energy dissipation with 0.21±0.02 
much like porcine muscle and liver tissue samples. Elk02 was however 
not selected for further tuning due to the higher initial stiffness range. 
Further, as already demonstrated in Fig. 3, the selected base material 
Elk01 and applied elastic tuning concept Elk01LF already indicated a 
similar energy dissipation ratio to biological tissue (see also Fig. 6), 
hence was selected for further material tuning. 

3.3.2. Effect of fluid filler 
The Elk01 with ‘empty’ 30 % gyroid infill (G30) was compared 

initially to the 100 % filled Elk01 samples and showed an increase in the 
dissipated energy ratio UD from 0.09±0.01 to 0.16±0.03. The samples 
filled with PDMS Oil (G30Flu samples) were observed to have an even 

Fig. 4. Selected stress strain plots showing the material behaviour of A) porcine muscle and liver tissue. B) Base silicones Elkem 20,101- Elkem20104 3D printable 
base materials. C) Fibred Elk01 samples with sinusoidal fibres of high-, mid- and lowfrequency (HF, MF, LF). 
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further increase in UD to 0.23±0.05. These results are like dissipated 
energy ratio results obtained from porcine muscle tissue of 0.24±0.04. 

UD of the samples are measured at the 8th and final cycle of the 

triangular wave excitation per strain level. The values are compiled over 
all 3 specimens of a sample type and box plots (see Fig. 8) show the 
spread of the results per specimen type. The dissipated energy ratio UD 
for the tuned sample G30Fib showed an increase to 0.31±0.03 
compared to Elk01, G30, G30Flu. A further increase in UD is observed 
with G30FibFlu (0.46±0.17) with the additional component of PDMS oil 
(see Table 5). Taking a closer look in Fig. 7 demonstrated that samples of 
G30Fib and G30FibFlu indicated a permanent deformation as stress 
values become negative after unloading to 0 % strain. 

4. Discussion 

In this study, extrusion-based 3D printable polymeric materials were 
tuned to mimic soft biological tissue using a combination of micro-
structuring, fibre reinforcement and fluid infill and compared to two 
target soft tissues, porcine liver and porcine muscle tissue. 

Results of the final elastic moduli EII of porcine liver tissue (38±21 

Fig. 5. Initial mean Elastic modulus EI (darker shade) and final mean Elastic moduli EII (lighter shade) with standard deviation of 3 tested specimens per spec-
imen concept. 

Fig. 6. Stress strain plot of Elkem 20,101 base silicone (Elk01) in green, Elkem 
20,101 with 30 % gyroid infill pattern (G30) in black, and Elkem 20,101 base 
material with PDMS Oil as a fluid filler (G30Flu) in blue as well as porcine 
muscle and porcine liver tissue in red and brown respectively. 

Table 3 
Table showing the dissipated energy UD, mean ± standard deviation for me-
chanically tuned samples.   

G30 G30Flu G30Fib @12 % G30FibFlu @12 % 

EI /kPa 80±30 190 ± 60 970 ± 70 400±20 
EII /kPa 110 ± 10 250±30 780±20 510 ± 10  
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kPa) in our study fall within the range of values reported in literature 
previously [29,47,60]. Porcine muscle elastic moduli values reported in 
our study (580 ± 150 kPa), are also within values reported in literature 

[61,36,62]. Qiu et al. [63] suggests that the range of strains during 
surgical manipulation is between 0 % and 15 % and hence reported 
initial EI and final elastic moduli EII were selected within this range. 

Elastic tuning involved the reduction of the elastomers overall stiff-
ness as well as the introduction of non-linear stress stain behaviour in 
the otherwise linear elastic base material. The chosen base material 
(Elk01) showed similar stiffness properties to more flexible commer-
cially available print materials flexible materials such as the Tango 
family from Stratasys, and materials from Ninjatek or PolyFlex, with 
elastic moduli within the range of 102 kPa and 104 kPa [64–67]. The 
introduction of a gyroid microstructure to the base Elk01 base material 
reduced the materials overall final stiffness from 175 ± 30 kPa to 110 ±
10 kPa as hypothesized. This is mainly due to the reduction in the 
sample’s density. Sinusoidal wave fibres (PLA and TPU) were printed 
into the polymeric matrix and successfully introduced a non-linear 
elastic behaviour to the sample. As expected, the mismatch of silicone 
matrix and fibre stiffness introduced an inflection point in the stress 
strain relationship. The design of the wavy fibre whether 
high-frequency, mid or low- frequency impacted the inflection strain, 
while the fibre material affected the stiffness increase after inflection. 
This concept introduces control to the non-linear stress strain response 
of polymeric tissue substitutes and hence enables tuning of various 
materials towards specific collageneous soft tissue. Comparing to pre-
vious literature, the strain at the inflection point was higher than those 
shown by Wang et al. [42] for similar sinusoidal wave fibre re-
inforcements, which was about 5 %. However, the chosen materials 
showed a stiffness range of one order of magnitude higher than in those 
in our study. Garcia et al. [46] also applied similar wavy fibre techniques 
and successfully introduced non-linear elastic material response for an 

Fig. 7. Representative force-displacement results of suture retention test in 
porcine liver tissue (top) and 3D printed Elk01 with 30 % gyroid infill (bottom). 

Table 4 
Mean dissipated energy ratio UD ± standard deviation for biological tissue, 
Elkem base silicone samples and fibred samples.   

Muscle Liver   

UD 0.24 ± 0.04 0.15 ± 0.12    
ElkHF ElkMF ElkLF  

UD 0.11 ± 0.02 0.16 ± 0.02 0.17 ± 0.05   
Elk01 Elk02 Elk03 Elk04 

UD 0.09 ± 0.01 0.21 ± 0.02 0.06 ± 0.01 0.05 ± 0.02  

Fig. 8. Boxplots showing the dissipated energy ratio UD of all materials tested.  

Table 5 
Table showing the mean dissipated energy UD ± standard deviation for me-
chanically tuned samples.   

G30 G30Flu G30Fib @12 % G30FibFlu @12 % 

UD 0.16 ± 0.03 0.23 ± 0.05 0.31 ± 0.03 0.46 ± 0.17  
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ascending aorta model. The stiffness response of designed samples was 
between 360 kPa and 600 kPa. Hence, our current study was able to 
mimic soft collagenous tissue in terms of stiffness inflection strain εi 
more realistic. 

In terms of viscous tuning, samples with fibre reinforcement also 
exhibited an increase in the dissipated energy ratio UD, from the base 
material value of 0.09 ± 0.01 increasing with fibre frequency from 
Elk01HF (0.11±0.02), to Elk01LF (0.17±0.05). This is likely attributed 
to increased energy absorption of stiffening fibres. In accordance, Garcia 
et al. [46] showed an increase in dissipated energy in the composite 
fibre-reinforced material (≈ 40 %) as compared to the single Tango Plus 
material (≈ 35 %). Additionally, it is observed that the introduction of 
the gyroid microstructure creates an increase in UD (0.16 ± 0.03). It is 
hypothesized that the specific infill percentage and distinct pattern of 
gyroid voids may contribute to energy dissipation within the sample by 
redistributing stresses or creating zones of localized deformation. 

Suture retention tests were performed on both porcine liver tissue 
and an equivalent G30 sample designed for suture retention tests. Only 
porcine liver tissue was tested for suture retention as it forms the lower 
boundary of our experiments and hence is the minimum value for 
comparison to 3D printed sample. Porcine liver tissue BSS and SRS re-
sults were consistent with literature results [68]. Bircher et al. [68] 
performed suture retention tests on bovine liver tissue and reported a 
BSS of 1.1 N, consistent with our study of porcine liver tissue (0.71 ±
0.08 N). SRS of the G30 equivalent sample (5.1 ± 0.6 N) was consid-
erably higher than that of porcine tissue (1.64 ± 0.42 N) mainly 
attributed to the materials higher stiffness properties as compared to soft 
porcine tissue. Hence, our results show that the 3D printed samples show 
a sufficient large suture retention strength to withstand manipulation 
during surgical procedures. 

In the present study, the novel concept of introducing a fluid filler 
(PDMS oil) directly into the sample was used to tune the viscous 
response. PDMS oil was added as a filler material due to its high viscosity 
(100 Pas) and showed a further increase in UD, up to 0.23±0.05. The 
contribution to the increased dissipated energy ratio was initially 
attributed to the fluid viscosity. However, the effect of shear thinning 
behaviour might also contribute to the energy dynamics of the designed 
tissue samples and should be studied further. The UD values of our tissue 
mimicking materials were directly comparable to those of porcine 
muscle tissue. The final elastic modulus EII of G30Flu sample rose to 190 
±60 kPa, due to an increase in overall sample density, but however did 
not match that of porcine muscle tissue (580±150 kPa). The G30Fib 

sample showed an increase in UD (0.31±0.03) as compared to the G30 
(0.16±0.03) and is consistent with the hypothesis that fibre reinforce-
ment increases energy dissipation. The inclusion of PDMS oil i.e. and 
G30FibFlu samples showed a further increase in UD (0.46±0.17) 
attributed to the contribution of both fibre reinforcement and fluid infill 
to energy dissipation within the sample. 

Known limitations of the study are noted. The addition of the PDMS 
oil to the fibre reinforced gyroid sample showed an unexpected reduc-
tion in stiffness (400±20 kPa) as compared to G30Fib (780 ± 20) at the 
maximum attainable strain at 12 % (see Fig. 9). This is mainly attributed 
to small leakages of viscous oil during testing around the clamping re-
gion. Another limitationwas the damage (partial delamination) occur-
ring in the stress strain plots for strains above 15 % for fibre reinforced 
G30Fib and G30FibFlu samples. This is attributed to damage of the 
sample around clamping regions at higher strains, verified by optical 
inspection after testing. These limitations can be avoided in future 
studies by increasing the wall thickness of the samples in order to pre-
vent damage to clamping zones. Despite these limitations, the G30Fib-
Flu sample showed an increased viscosityas well as non-linear elastic 
behaviour in cycles prior to damage cycles as anticipated. The concepts 
of combining microstructuring, fibre reinforcement and fluid infill to 
tune tissue mimicking materials mechanical response could thus be 
clearly demonstrated. 

There are several advantages of using such 3D printed phantoms over 
direct usage of animal samples such as porcine tissue. Firstly, samples 
are digitally created and are more reproducible, compared to animal soft 
tissue which likely shows a large variation in mechanical properties 
(depending on sex, age and species of the animal) [69]. Another major 
advantage is the ability to further adapt the properties by slight changes 
in stiffness, non-linear response and energy dissipation as shown in this 
study for use in other clinical contexts such as in tumor research [20,70]. 
The use of 3D printed samples can be adapted to use non-toxic sub-
stances which are then safer to use as compared to the preparation of 
samples from animal sources which may contain allergens or pathogens 
[71]. Additionally, silicone samples can be used for training and testing 
in any location, while the use of human and animal tissue may be 
restricted in certain environments. 

The results show that it is possible to tune mainly elastic polymeric 
materials towards soft biological tissues (non-linear elasticity and 
increased viscosity) within the range of their physiological stresses. 
Although porcine muscle and liver tissue could not be reproduced 
exactly, it is shown that the combination of adding fibres and fluid can 

Fig. 9. A) Image of G30FibFlu undergoing uniaxial tensile loading B) Stress strain of samples G30Fib (base material with sinusoidal fibre) and G30FibFlu (base 
material with sinusoidal fibre and PDMS oil fluid) showing the effect of mechanical tuning with addition of fluid. 
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be successfully used to tune polymeric base materials close to soft 
collagenous tissues. Further, the presented mechanisms serve as base 
tuning concepts that can be further refined and tuned to match a specific 
tissue by altering the design parameters. 

5. Conclusion 

This study showed that the mechanical properties, such as non-linear 
elasticity and viscoelasticity of polymeric base material, can be tuned by 
combining fibre reinforcement and fluid infill to create tissue mimicking 
materials. Hereby, a wide range of stiffnesses (80 - 970 kPa) was ach-
ieved and energy dissipation of materials was raised by ≈ 40 % using 
microstructuring and fluid infill. Developed materials also exhibited an 
adequate suture retention strength (5.1 ± 0.6 N) and hence showed the 
capacity for use as anatomical phantoms. In future studies, further 
analysis of infill structures, as well as material properties of viscous fluid 
infills, will be carried out to create more fine-tuned materials. Also, 
computational models might be interesting to predict the stress-strain 
behaviour of those materials to overcome the limitation of physical 
printing and testing several sets of parameter compositions. Taken 
together, the basic tools necessary for the development of actual tissue 
mimicking materials, covering several mechanical aspects at once, have 
been made available to enable future development of surgical rehearsal 
anatomical models. 
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