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Highlights 
 

 A cost-effective multi-material surgical planning prototype is presented.   
 Multi-material prototypes provide more realistic approaches than mono-

material surgical models.   
 1%wt agarose is the most suitable composition for mimicking the liver 

tissue.  
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Abstract 
 

Biliary tract rhabdomyosarcoma is a soft tissue malignant musculoskeletal tumor 
which is located in the biliary tract. Although this tumor represents less than 1% of 
the total amount of childhood cancers, when localized, a >70% overall 5-year 
survival rate, the resection is clinically challenging and complications might exist 
during the biliary obstruction. Although surgery remains a mainstay, complete 
tumor resection is generally difficult to achieve without mutilation and severe long-
term sequelae. Therefore, manufacturing multi-material 3D surgical planning 
prototypes of the case provides a great opportunity for surgeons to learn 
beforehand what they can expect. Additionally, practicing before the operation 
enhances the probability of success. That is why different compositions of materials 
have been characterized to match the mechanical properties of the liver. To do this, 
Dynamic Mechanical Analysis (DMA) tests and Shore hardness tests have been 
carried out. Amongst the material samples produced, 6%wt PVA (poly vinyl 
alcohol)/1%wt PHY (Phytagel)-1FT (Freeze-Thaw cycles) and 1%wt agarose 
appear as the best options for mimicking the liver tissue in terms of viscoelasticity. 
Regarding the Shore hardness, the best solution is 1%wt agarose. Additionally, a 
surgical planning prototype using this last material mentioned was manufactured 
and validated using a CT (Computed Tomography) scanner. In most of the 
structures the difference between the 3D model and the organ in terms of 
dimensions is less than 3.35 mm, which represents a low dimensional error, around 
1 %. On the other hand, the total manufacturing cost of the 3D physical model was 
€513 which is relatively low in comparison with other technologies.  
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1. Introduction 
 

Additive Manufacturing (AM) has been widely used in different fields such as 
electronics, aerospace, motor vehicles and medicine. 3D printing is starting to 
bloom in this last sector, as it is nowadays used in different applications: tissue 
engineering [1], [2], implants [3], [4], or in the creation of surgical planning 
prototypes [5]–[7].  

Regarding the last application, in recent years most of the surgical planning 
prototypes manufactured were not only monomaterial but also monocolor, as FFF 
(Fused Filament Fabrication) based 3D printers were mainly used [8]. These do not 
offer the opportunity to print with two or more materials at the same time. 
Therefore, it was difficult to identify the different anatomical structures (soft and 
hard tissues) within the surgical planning prototype. Despite that, most of the 
surgical planning prototypes were produced entirely in FFF [9]–[11], since it is a 
cost-effective technology. However, it does not offer the best mimicking of living 
tissues since most of the filaments used in FFF are hard and rigid.  

SLS (Selective Laser Sintering) has also been used, but some materials such as 
PP (polypropylene) are even more rigid [9]. However, it is worth highlighthing that it 
offers other, more elastic, materials like TPU (Thermoplastic Polyurethane), TPE 
(Thermoplastic Elastomer) or PA (Polyamide) [12]. These technologies only provide 
the opportunity to have an idea about the model, in other words, identifying the 
different anatomical structures. Additionally, material jetting technology 3D printers 
have been used in the manufacture of  3D physical models using resins [13]. For 
instance, in Krauel et al. [9] two 3D models were manufactured using this 
technology and their relative soft consistency allowed the surgeons to use the 
same surgical instruments that would be used in the real operation. Anyway, 
prototypes manufactured with resins are just a first attempt to mimic; and moreover, 
they are expensive and hospital are not able to afford it. 

To sum up, most of these prototypes were not able to mimic the soft living tissues. 
Therefore, in recent studies, different materials have been used for mimicking living 
tissues: PVA (Poly (Vynil) Alcohol), PHY (Phytagel), PVC (polyvinyl chloride), agar-
agar, gelatin or hydrogels [5], [16]–[21]. These materials, specially hydrogels, are 
mainly used in tissue engineering or bioprinting [22], [23], although they are 
considered useful in this study and, consequently, they will be applied in surgical 
models. 

For instance, in Tan et al. [16] different concentrations of PVA and PHY were tried 
in order to mimic three different living tissues: brain, lung and liver. For that 
purpose, three mechanical measurements were carried out: true stress at 30% 
strain, average insertion force and average friction force. It was concluded that the 



 
 

best compositions for each organ were the following: (1) to mimic the brain, 2.5%wt 
PVA + 1.2%wt PHY; (2) to mimic the lung, 11%wt PVA; and (3) to mimic the liver,  
14%wt PVA + 2%wt PHY. 

The last-mentioned organ was also studied in Jong et al. [17], by focusing on the 
number of freeze-thaw cycles. It was seen that the 4%wt PVA with two freeze-thaw 
cycles could replicate the liver tissue mechanical properties. On the other hand, in 
Jiang et al. [24] a 3% PVA + 80% DMSO (dimethyl sulfoxide), which underwent 5 
freeze-thaw cycles, matched the liver tissue mechanical properties.   

This improvement in matching between the organ and material seems to have a 
positive effect on the performance of the surgeons. For example, the operation time 
can be reduced [25], [26], and consequently, the danger is potentially decreased. 
Moreover, different studies have shown that surgeons who trained with physical 
models or surgical planning prototypes, known as phantoms (simulated biological 
bodies [27]), had better skills in comparison with those who did not have the 
opportunity to train with phantoms [28]. 

Different studies have used 3D printing in liver surgery for preoperative planning 
[29]–[31].  For instance, in Zein et al. [29] a protocol and a successfully 3D printed 
surgical planning liver prototype were manufactured using a PolyJet® technology 
3D printer. They replicated the native liver of 6 patients: 3 living donors and 3 
respective recipients who underwent living donor liver transplantation (LDLT). The 
3D physical models were printed using the following resins: 
TangoPlus/VeroClearPlus® for liver parenchyma, TangoBlackPlus/VeroBlue® for 
hepatic vein structures, and a TangoPlus/VeroClear® blend (FLX9995‐DM; Shore A 
hardness ∼92) for other external vessels (all materials by Stratasys®). On the other 
hand, in Igami et al. [30] a material jetting technology 3D printer was used to 
manufacture a life-sized liver in which the printing material was a rigid acrylic resin. 

Biliary tract rhabdomyosarcoma is a soft tissue malignant musculoskeletal tumor 
[32] which is located on the biliary tract. Although this tumor represents less than 
1% of total amount of childhood cancers and has, when localized, a >70% overall 
5-year survival rate, the resection is clinically challenging and complications might 
arise during the biliary obstruction.  

Hence, the present work seeks to produce a 3D printed soft surgical prototype for a 
biliary tract rhabdomyosarcoma in the liver with the corresponding anatomical 
structures. The mechanical properties of different materials were tested in order to 
mimic the liver. Therefore, different analyses – DMA and Shore hardness – were 
carried out. In addition, a surgical planning prototype was manufactured to prepare 
the operation; subsequently, it was validated not only by the doctor, but also by 
means of a CT scanner. Additionally, the costs of the surgical planning prototype 
have been summarized.  



2. Materials and Methods 

2.1. Biological tissue sample preparation 
 

Lamb liver was procured from a local supplier within 24 hours’ post-mortem. For 
compression tests, the biological tissue was cut using a biopsy punch. The liver 
samples (n=6) had the following dimensions: 16.22±0.61 mm diameter and 
7.04±1.81 mm height. Regarding the Shore hardness, no sample preparation was 
needed.  

2.2. Materials sample preparation 
 

The materials synthetized are mainly hydrogels, except a silicone. These materials 
were chosen because of their softness.  

In terms of agarose, 1%wt and 2%wt agarose gels were produced by mixing 
deionized water and agarose powder (supplied by Químics Dalmau, Spain). The 
1%wt and 2%wt agarose powder amounts were added to the deionized water and 
magnetically stirred and heated at 90ºC until fully mixed. 

The platinum cure silicone rubber (Dragon Skin®) was mixed with Slacker®, in a 1:1 
mix, to create softer silicone gels. Dragon Skin® has two constituents (parts “A” and 
“B”) that were mixed together in 1:1 weight ratio and cured for 45 minutes at room 
temperature (23ºC). 

Regarding methacrylate gelatin (GelMA), the gelatin was supplied by Sigma 
Aldrich, USA. GelMA was synthesized at IBEC (Institute for Bioengineering of 
Catalonia) as described previously in Nichol et al. [33]. The 4%wt gelatin was 
added to a PBS (Phosphate Buffered Saline) solution at 60ºC and stirred until it 
was fully dissolved. Then, anhydrite methacrylate (5%wt) was added with a syringe 
at a constant rate of 0.5 ml/min, maintaining the solution in magnetic stirring for 1 
hour at 50ºC. Then, pre-heated PBS was added at 40ºC at a volume ratio of 1:5, 
and left dialing in a dialysis tube at 40ºC for 1 week. After this, the solution was 
lyophilized for one week to generate white porous foam and stored at −80°C until 
further use. 

Finally, the composite hydrogel (CH) was produced by mixing PVA (molecular 
weight 85-124 Da) and PHY, both supplied by Sigma Aldrich, USA. The solutions 
were prepared separately with the corresponding amount of powder and deionized 
water as explained in Tan et al. [16]. Amounts of 6%wt PVA and 1%wt PHY powder 
were added to the deionized water and magnetically stirred and heated at 93ºC for 
1 hour. Then, when the particles and deionized water were mixed, the solutions 
were allowed to cool down. Afterwards, the separate solutions were combined at 



 
 

1:1 weight ratio and stirred at 70ºC for 1h. Finally, the samples were physically 
cross-linked by undergoing one or two freeze-thaw cycles (24 hours) of -18ºC for 
16 hours, then the samples were thawed at room temperature for 8 hours.  

In order to characterise their mechanical resistance to compression, all these 
materials were cut using a biopsy punch, as mentioned above with the biological 
tissue. The dimensions (n=6 per material) can be seen in Table 1. The sample 
dimensions are different since they are difficult to cut due to their physical 
properties.  

Table 1. Dimensions of the material samples. 
Materials Diameter (mm) Height (mm) 

1%wt Agarose 17.68±0.80 7.22±1.49 

2%wt Agarose 17.15±0.63 6.51±1.06 

Platinum Cure Silicon Rubber (Dragon 
Skin®) with Slacker® 

15.88±0.07 8.10±0.09 

4%wt Methacrylate Gelatin (GelMA) 15.15±0.22 7.68±0.68 

6%wt Polyvinyl Alcohol (PVA)/ 1%wt 
Phytagel (PHY)  – 1 freeze-thaw (FT) 

14.78±0.46 5.35±0.54 

6%wt PVA/ 1%wt PHY – 2FT 16.83±0.82 7.21±0.77 

 

2.3. Dynamic Mechanical Analysis (DMA) 
 

Dynamic Mechanical Analysis (DMA) applies an oscillating force to a sample and 
analyzes the response of the material to that force [34]. DMA calculates not only 
the complex modulus (E*), the storage modulus (E’) and the loss modulus (E’’), but 
also the dynamic viscosity (ŋ*) and the stiffness (K*) as well as the stress-strain 
curves. Additionally, the complex modulus is obtained by relating the storage 
modulus with the loss modulus (see Equation 1): 

E*=E’+iE’’                       (Equation 1) 

Both organs and materials were tested using a DMA Q800 equipment of TA 
Instruments at 37ºC, 1 Hz and a pre-load force of 0.001 N  
(Figure 1). Additionally, strain amplitudes covered a range between 10 µm to 100 
µm. The samples were kept in the linear elastic regime, and hence, the stress-
strain relationship is linear [35].  



 

 

 

 

Additionally, the Young’s Modulus (E) was determined from the stress-strain 
curves obtained with the DMA by the compression tests using the following 
equation (see Equation 2): 

σ =  Eε                     (Equation 2) 

2.4. Shore Hardness 
 

Regarding the Shore hardness, the ASTM D2240-Durometer Hardness method 
was used [36]. Shore Durometer Type 00 and 000 (supplied by Baxlo, 
Instrumentos de Medida y Precisión, S.L., Spain) were used for measuring Shore 
hardness of the biological tissues and material samples. Different values were 
obtained at different parts of the lamb liver (see Figure 2):   
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Figure 1. Scheme of the DMA test. 

Figure 2. Schematic of a liver, where crosses
show the places were Shore hardness was
measured.  



 
 

2.5. Life-Sized Surgical Planning Prototype 
 

The manufacturing process of 3D surgical planning prototypes follows different 
steps: (1) image acquisition, (2) image segmentation, (3) surface reconstruction, (4) 
design of the mold (materials), and finally, (5) 3D printing and demolding the 
phantom. 

2.5.1. Image acquisition 
 

The first step is to provide information about the geometry, composition and 
organization of the corresponding tissue. Hence, image acquisition technology 
employs the most non-invasive medical imaging techniques such as CT (Computed 
Tomography) or MRI (Magnetic Resonance Imaging). The patient liver was 
scanned using a computed tomography (1.5 T System MR-Philips) on an 
abdominal CT scan and a MRI performed on 06/04/2019 at Sant Joan de Déu 
Hospital (Barcelona, Spain). An axial LAVA (postcontrast) echo was used for the 
3D planning. Additionally, there was a single phase of acquisition with a 2-time 
intravenous contrast injection that allows for venous (portal) and arterial (“split 
bolus”) reconstruction. See Figure 3a.  

2.5.2. Image Segmentation, Surface Reconstruction and Design and 3D 
Printing of the Phantom 

 

The development workflow of the surgical planning prototype can be seen in Figure 
3b. The images obtained using the CT are saved in DICOM (Digital Imaging and 
Communications in Medicine) format (Figure 3b). Then the image segmentation 
was carried out in which several CT images are overlapped for the reconstruction 
of the image. A semi-automatic segmentation was carried out using an IntelliSpace 
Portal from Philips. Regarding the MRI, it was used for obtaining a more detailed 
information about the inner organs (soft tissues). 

Then, the different parts of the prototypes are highlighted in different colors so as to 
distinguish the different anatomical structures (Figure 3b): (1) the hepatic artery is 
in red, (2) the portal vein is in purple, (3) the vena cava is in blue, (4) the 
gallbladder is in green, and finally, (5) the brown color corresponds to the tumor.  

Regarding the 3D printing of the surgical planning prototype, nowadays it is not 
easy to achieve a good printability and consistency of soft materials (PVA/PHY 
hydrogels, PVA hydrogels, agarose, etc) in big 3D printed pieces. For example, in 
Tan et al. [37], small PVA/PHY samples were 3D printed with 10.25±0.1 mm 
diameter and 6.75±0.13 mm height. That is why the molding technique is used, in 
which a material is cast inside the 3D printed mold. The material chosen was 1%wt 



agarose, which appeared as the best material in terms of viscoelasticity and 
hardness, after taking all the results into account. Additionally, it would have been 
possible to have used resins, but in this occasion were not used for two reason: do 
not mimic perfectly the tissues are expensive, and hence, hospitals would not be 
able to afford those prototypes. The materials used in this technology have 
industrial property, and therefore, are expensive.  

Regarding the mold design, the inner embedded parts were manufactured using 
Polyamide (PA) 12 in SLS (Selective Laser Sintering) (Figure 3b). The 3D printer 
used was a Ricoh AM S5500P, since it is the SLS technology 3D Printer used at 
our facilities (CIM UPC), which has a layer thickness of 0.08-0.1 mm. PA 12 was 
used since the research team agreed it was the best option in order to get rigid 
parts like the inner embedded parts (veins, tumor, biliary tract) inside the mold 
when the material is cast.  

On the other hand, the outer mold was manufactured using a poly lactic acid (PLA) 
filament in FFF. The 3D printer used was a Sigma model (BCN3D Technologies, 
Barcelona) (Figure 3b), which offers a dimensional precision of ± 0.2 mm and can 
achieve a layer thickness of 25 µm.  

Due to these aforementioned parameters aforementioned and the expertise of our 
technological center in these additive manufacturing technologies, both SLS and 
FFF technologies were used.  

2.5.3. Molding of the Phantom 
 

There are several steps that must be followed to mold the phantom. First of all, the 
inner embedded parts were placed in the correct position by studying the image 
segmentation (Figure 3b). See Figure 3c. Then, outer molds are joined together 
and fixed with clamps for a few hours, applying pressure in order to achieve a good 
attachment between both halves of the mold for the casting. Finally, the 1% 
agarose was synthesized as mentioned in section 2.2. When the material was 
ready it was cast into the mold. 24 hours after casting, the molds are separated and 
the surgical planning prototype is obtained (Figure 3c). 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)  

CT data 

Inner embedded parts design 
and 3D Printing (SLS) 

Image Segmentation 

Outer mold design and 
3D Printing (FFF) 

(b) 

Injection Point 

(c) 

Figure 3. (a) CT image of a liver with the different parts pointed out: (1) Liver is circled with blue
color; (2) Portal system is circled with red color; (3) Dilated intrahepatic biliary tract -tumor- is 
circled in brown color; and (4) the rest of the tumor, which origin is the biliary tract, is circled in
green color.  (Left) Coronal or frontal plane. (Right) Axial plane. (b) Workflow for the design of
the model. (c) The two outer molds and one with the inner embedded parts placed inside. The
1%wt agarose 3D manufactured surgical planning prototype.  



2.5.4. CT Imaging and Validation of the Phantom 
 

The surgical planning prototype was scanned using the aforementioned CT 
scanner (Figure 10a). From the obtained CT images (Figures 10b-c), the different 
anatomical structures of the 3D physical model were reconstructed by segmenting 
them. Then, a detailed quantitative analysis was carried out, in order to determine 
the differences between the CT scan of the patient organ and the 3D-printed 
phantom manufactured, using a point-based registration of the meshes. A 3D 
triangular mesh editing software (CloudCompare V2.11) was used for this [5]. Both 
STL (Standard Triangle Language) files were manually aligned by selecting 
different referential points in each mesh. Then, the distance between the meshes 
was computed using the cloud-to-cloud distance (Hausdorff distance algorithm), 
which is a measurement for comparing image segmentations between two set 
points [23]. This can be seen in section 3.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

3. Results 

3.1. Dynamic Mechanical Analysis 

The values of the materials that differ greatly from the liver were not taken into 
consideration in Figures 4-8. For example, in most of the figures, the results for 
Dragon Skin® with Slacker® or 2%wt agarose were not plotted. On the one hand, 
the values of the Dragon Skin® with Slacker®  at 50 µm were: (1) storage modulus is 
38.4±5.8 kPa; (2) loss modulus is 12.4±1.8 kPa; (3) stiffness is 1276±199 N/m; and 
(4) dynamic viscosity is 0.68±0.09 kPa*s.  On the one hand, the values of the 2%wt 
agarose at 50 µm were: (1) storage modulus is 21.2±12 kPa; (2) loss modulus is 
3.5±2.5 kPa; (3) stiffness is 1232±325N/m; and (4) dynamic viscosity is 0.19±0.1 
kPa*s.   

3.1.1. Storage Modulus (E’) 
 

Amongst all the materials characterized, 6%wt PVA/1%wt PHY-1FT has the closest 
value with the liver values in terms of storage modulus (E’) (Figure 4), although the 
values of the 1%wt agarose are not far from the liver. At 50 µm the values of the 
1%wt agarose and liver are: 6.7±2.5 kPa and 1.27±0.46 kPa, respectively. The 
storage modulus represents the amount of energy stored in the elastic structure of 
the sample.  

Figure 4. Storage modulus (E’) of the liver and different materials. Data was represented
as mean±SEM values. N=6 liver/group, N=6 6%wt PVA/1%wt PHY-1FT/group, N=6 6%wt 
PVA/1%wt PHY-2FT/group, N=6 4%wt GelMA/group, N=6 Dragon Skin® with 
Slacker®/group, N=6 1%wt Agarose/group, N=6 2%wt Agarose/group. 



3.1.2. Loss Modulus (E’’) 
 

If the storage elastic modulus is close to complex modulus (E*), the material is 
considered to be more elastic than viscous [34]. This means that a low value of loss 
modulus (E’’) corresponds to elastic samples, while a high value corresponds to a 
viscous behavior. As seen in Figure 5, the liver is more elastic than viscous. 
Regarding the mimicking, both 1%wt agarose and 4%wt GelMA have the closest 
loss modulus values. At 50 µm the values of the 1%wt agarose and liver are:  
0.65±0.31 kPa and 0.28±0.15 kPa, respectively. 

 

 

 

 

 

 

 

Figure 5. Loss modulus (E’’) of the liver and different materials. Data was represented as
mean±SEM values. N=6 liver/group, N=6 6%wt PVA/1%wt PHY-1FT/group, N=6 6%wt
PVA/1%wt PHY-2FT/group, N=6 4%wt GelMA/group, N=6 Dragon Skin® with
Slacker®/group, N=6 1%wt Agarose/group, N=6 2%wt Agarose/group. 



 
 

3.1.3. Stiffness  
 

Regarding the stiffness, the stiffer the sample is, the less flexible it is. Therefore, as 
can be seen in Figure 6, the 6%wt PVA/1%wt PHY-1FT is the most flexible material 
and has the closest value to the liver, although the values of the 1%wt agarose are 
not far from the liver. At 50 µm the values of the 1%wt agarose and liver are:  
347±110 N/m and 67±38 N/m, respectively. On the other hand, both Dragon Skin® 
with Slacker® and 2%wt agarose are stiff materials, and consequently, not flexible 
enough to mimic the liver tissue.  

 

 

 

 

 

 

 

Figure 6. Stiffness of the liver and different materials. Data was represented as
mean±SEM values. N=6 liver/group, N=6 6%wt PVA/1%wt PHY-1FT/group, N=6 6%wt
PVA/1%wt PHY-2FT/group, N=6 4%wt GelMA/group, N=6 Dragon Skin® with
Slacker®/group, N=6 1%wt Agarose/group, N=6 2%wt Agarose/group. 



3.1.4. Dynamic Viscosity  
 

A relationship can be seen between the values of dynamic viscosity with loss 
modulus. The higher the values of dynamic viscosity, the more viscous the 
samples. Therefore, it can be concluded that the liver is not a viscous tissue, 
and the materials with the closest values are 1%wt agarose and 4%wt GelMA. 
See  
Figure 7. At 50 µm the values of the 1%wt agarose and liver are:  

0.036±0.017 kPa*s and 0.016±0.008 kPa*s, respectively. 

 

 

 

 

 

 

 

Figure 7. Dynamic viscosity of the liver and different materials. Data was represented as
mean±SEM values. N=6 liver/group, N=6 6%wt PVA/1%wt PHY-1FT/group, N=6 6%wt
PVA/1%wt PHY-2FT/group, N=6 4%wt GelMA/group, N=6 Dragon Skin® with
Slacker®/group, N=6 1%wt Agarose/group, N=6 2%wt Agarose/group. 



 
 

 

3.1.5. Stress-Strain Curves 
 

By applying the Equation 2 to the results obtained in the stress-strain curves  
(Figure 8), the Young’s Modulus of the samples can be obtained. As it can be seen, 
the 6%wt PVA/1%wt PHY-1FT has a value of 3.6±1.5 kPa which is the closest 
value to the liver tissue Young’s Modulus, which is 1.4±0.8 kPa, although the 

values of the 1%wt agarose are not far from the liver: 5.5±3.1 kPa. See Table 2. 

 

 

 

 

 

 

Figure 8. Stress-strain of the liver and different materials. Data was represented as
mean±SEM values. N=6 liver/group, N=6 6%wt PVA/1%wt PHY-1FT/group, N=6 6%wt
PVA/1%wt PHY-2FT/group, N=6 4%wt GelMA/group, N=6 Dragon Skin® with Slacker®/group,
N=6 1%wt Agarose/group, N=6 2%wt Agarose/group. 



 

 

Table 2. Young’s Modulus (kPa) of the liver and different materials. 
Samples Young’s Modulus (kPa) 

Liver 1.4±0.8 

1%wt Agarose  5.5±3.1 

2%wt Agarose 22.11±11.3 

Platinum Cure Silicon Rubber (Dragon Skin®) 
with Slacker® 

38.8±18.7 

4%wt GelMA 18.1±9.5 

6%wt PVA/1%wt PHY-1FT 3.6±1.5 

6%wt PVA/1%wt PHY-2FT 6.4±3.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

3.2. Shore Hardness 
 

The average Shore hardness of the liver is 18 Shore 00 or 47 Shore 000. This 
value is very similar to the Shore hardness obtained with 1%wt Agarose (Table 3). 
The rest of the materials are either harder or softer than the liver, and 
consequently, do not mimic the hardness of the liver perfectly.  

Table 3. Shore hardness values of samples. 
Samples Shore 00 Shore 000 

Lamb liver 18 47 

1%wt Agarose 17 46 

2%wt Agarose 38 63 

Platinum Cure Silicon Rubber 
(Dragon Skin®) with Slacker® 

4 37 

4%wt GelMA 32 58 

6%wt PVA/ 1%wt PHY – 1FT (too soft, out of range) 10 

6%wt PVA/ 1%wt PHY – 2FT (too soft, out of range) 20 

 

 

 

 

 

 

 

 

 

 

 

 



3.3. Qualitative Summary 
 

Overall, according to the previous results, some of the materials offer better results 
for mimicking the liver than others. This can be seen in Table 4. The most 
recommendable materials for mimicking the liver are 6%wt PVA/ 1%wt PHY – 1FT 
and 1%wt Agarose. In terms of viscoelasticity, the most suitable materials are 
6%wt PVA/ 1%wt PHY – 1FT, 1%wt Agarose and 4%wt GelMA; and regarding the 
hardness, 1%wt Agarose.  

Table 4. Qualitative summary of the materials compared to the liver values. E’: storage 
elastic modulus; E’’: loss elastic modulus; K:stiffness; : dynamic viscosity; E: Young’s 
modulus; SH: shore hardness.  

Materials E’ E’’ K  E SH 

1%wt Agarose  ✔  ✔  ✔ 

2%wt Agarose       

Platinum Cure Silicon Rubber 
(Dragon Skin®) with Slacker® 

      

4%wt GelMA  ✔  ✔   

6%wt PVA/ 1%wt PHY – 1FT ✔  ✔  ✔  

6%wt PVA/ 1%wt PHY – 2FT       

 

All in all, as mentioned before, the prototype was manufactured using a 1%wt 
agarose. So, in Table 5,  the values at 50 µm of the 1%wt agarose and liver are 
summarised.  

 

 

 

 

 



 
 

Table 5. Qualitative summary of the 1%wt agarose values compared to the liver values at 
50 µm. E’: storage elastic modulus; E’’: loss elastic modulus; K: stiffness; 
: dynamic viscosity; E: Young’s modulus; SH: shore hardness.  

Sample E’ (kPa) E’’ (kPa) K (N/m)  (kPa*s) E (kPa) 
SH 
[00] 

Liver tissue 1.27±0.46 0.28±0.15 67±38 0.016±0.008 1.4±0.8 18 

1%wt Agarose 6.7±2.5 0.65±0.31 347±110 0.036±0.017 5.5±3.1 17 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3.4. CT Validation of the Surgical Planning Prototype 
 

As shown in Figure 9c, the liver phantom closely matches the patient organ. 
However, there is a significant error in the hepatic artery, because that part was not 
scanned as can be seen in the red color model in Figure 9b. On the other hand, the 
rest of the phantom is mainly blue, which represents a low dimensional error (<3.35 
mm), around 1%, in the manufacture of the surgical planning prototype (Figure 9d). 
This dimensional error might be due to the varnish layer applied to the interior part 
of the mold in order to improve the transparency of the agarose. The segmentation 
of the DICOMs is another marging error that needs to be taken into consideration: 
some parts of the blood vessels were not well scanned. Despite all these minor 
issues, it can be concluded that the molding technique successfully reproduced the 
morphology of the real organ. 
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Figure 9. (a) The surgical planning prototype in a CT scanner. (b) Qualitative comparison of the two
3D-reconstructions. The green one corresponds to the patient organ scan; while the red one corresponds
to the phantom scan. (c) The quantitative analysis of the surgical planning prototype. The reference of the
comparison was the real organ scan. The surface color of the phantom model represents the distance
error. (d) Blue represents less error (less than 3.35mm); while red represents more error. 



 
 

3.5. Cost of the Surgical Planning Prototype 
 

The cost estimations in the manufacturing of 3D physical models is important since 
the idea is to produce cost-effective 3D prototypes. That is why, in Figure 10, the 
different percentage costs of both materials and labor can be seen.  

The total cost of the surgical planning prototype in terms of materials is as follows: 
(1) the outer mold manufactured using PLA filament in FFF had a cost of €16; (2) 
the inner embedded parts were manufactured using PA12 in SLS and colored, at a 
cost of €112; and (3) the 1%wt agarose casting had a cost of €1 (Figure 10a).  

Regarding the labor cost: (1) the manufacturing process of outer mold had a cost of 
€133; (2) the manufacturing and coloring process of the inner embedded parts cost 
€138; and (3) the agarose casting had a cost of €113 (Figure 10b). 

Therefore, the final cost of the surgical planning prototype was €513.  
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(b) 

Figure 10. (a) Cost of the Materials for Manufacturig the Surgical Planning Prototype.
(b) Labor costs for Manufacturing the Surgical Planning Prototype.  



4. Discussion 
 

This study demonstrates a match between the properties of liver and three of the 
different materials mentioned above: 6%wt PVA/ 1%wt PHY – 1FT, 1%wt Agarose 
and 4%wt GelMA. Nevertheless, this mimicking does not automatically mean that 
the surgical planning prototypes can be manufactured using these materials.  

Regarding the liver viscoelasticity, the values of storage and loss modulus are 1.16-
1.48 kPa and 248-339 Pa, respectively. These values are very similar to the values 
obtained in Chatelin et al. [38]: 0.3–1.303 kPa and 74.1–190.7 Pa, respectively. 
Additionally, the results obtained were also similar to those obtained by Zhang et al 
[39], where values of E’ and E” were measured in the range of 0 to 40 Hz. At 1 Hz, 
the E’ measured was around 0.8 kPa and the E’’ was 0.2 kPa. 

If the storage modulus (E’) is significanty higher than the loss modulus (E’’), the 
material can be regarded as mainly elastic. All the samples characterized have 
higher values regarding the E’ than E’’. Therefore, all the samples are more elastic 
than viscous.  

In addition, the Young’s modulus value of the liver is around 1.4±0.8 kPa. This 
value is similar to those obtained in Colombo et al. [40], which ranged between 0.6 
and 2 kPa. Additionally, Qiu et al. [41] stated that the liver Young’s modulus ranged 
between 0.6 and 1.5 kPa. In the above-mentioned study [39], the Young’s Modulus 
was also determined and a value of 1.12 ± 0.36 kPa was measured, which is 
comparable to the results achieved in this research. 

Regarding the Shore hardness of the liver, the value obtained in this study (18 
Shore 00 or 47 Shore 000) is in accordance with Yoon et al. [42], which obtained a 
15.06±2.64 Shore 00 in a healthy liver. Additionally, in Estermann et al. [43]  
measured a 30.52±1.52 Shore 00 for a porcine liver, whereas for a bovine liver was 
25.67±2.61 Shore 00. Higher numbers on the scale indicate a greater resistance to 
indentation and, hence, harder materials. Lower numbers, on the other hand, 
indicate less resistance and softer materials. Additionally, according to different 
studies [40], [44], [45], the average stiffness of a healthy liver has been set around 
5.5 kPa. This value can be interpreted on a Shore scale, giving an approximate 
value of 52 Shore 000 and/or 25 Shore 00 for an average healthy liver.  

A value of 17 Shore 00 was measured for 1%wt agarose gel, which is the closest to 
that of the liver tissue. As mentioned before, this value is similar to the liver tissue 
Shore hardness. In another study by Oflaz et al. [46], a value of 27.25 ± 2.72 Shore 
00 for 1%wt agarose gel was obtained.  



 
 

Finally, according to the summary of properties presented in Table 4, the best 
compositions to mimic the liver are 1:1 of 6%wt PVA and 1%wt PHY that 
undergoes a freeze-thaw (FT) cycle and 1%wt agarose. In other studies of the liver, 
different amounts of PVA and PHY were used [16],  [17] to mimic it. These 
differences might depend on the method or the strains used, the number of freeze-
thaw cycles for obtaining the composite hydrogel, etc.  

However, this matching does not guarantee that the surgical planning prototypes 
can be 3D printed directly using the materials that mimic the liver tissue due to 
some drawbacks of these materials. For instance, agarose suffers from limited 
lifetime due to the evaporation of the water content [47]. On the other hand, the 
PVA and PHY hydrogel needs to undergo several freeze-thaw cycles in order to 
achieve the desired mechanical properties [16]. Additionally, the gelatin is brittle 
and, hence, it can be easily damaged [48]. And finally, another major problem is 
that some hydrogels are translucent but not fully transparent.  

Therefore, in the present study a surgical planning prototype was manufactured 
using a 1%wt agarose for the liver tissue. It was seen that at higher Shore 
hardness the material is more consistent and easier to manufacture, which is why 
agarose was chosen instead of the composite hydrogel.  

The surgical planning prototype, which was manufactured by printing a mold in PLA 
using FFF, agarose casting and manufacturing PA12 using SLS, had a total cost of 
€513 (being €129 the cost of the materials). For instance, in Madurska et al. [49], in 
which only the different anatomical parts of the liver were manufactured using 
TangoPlus® and TangoBlack® and there was no casting or molding, the cost 
ranged between $500-600. This price is higher than our prototype if the materials 
costs are only taken into account. On the other hand, in Witowski et al. [50], a 
surgical planning prototype was manufactured using silicone and FFF. In this case, 
the total cost was around $130, which represents a similar cost to our prototype in 
terms of materials.  

The manufacturing of the prototypes can be reduced if it was direct 3D printing, 
without the need of manufacturing PLA molds. Additionally, achieving multicolor 
printed parts will also reduce the labor costs, as it will not be needed to be painted 
by an employee. That is why, this prototype is costly competetive with 3D physical 
models printed by material jetting for one reason: better mimicking, and hence, 
better for rehearsal. 

Therefore, the total cost of the surgical planning prototypes varies depending on 
the AM technology. In Witowski et al. [31] was summarized that FFF is cheaper 
than SLS and material jetting, giving examples of different studies.  



Finally, regarding the validation of the phantom, other medical imaging techniques 
can be used for the validation apart from the CT scanning [51]: positron emission 
tomography (PET), single-photon emission computed tomography (SPECT), 
magnetic resonance imaging (MRI), ultrasound (US), and mammography. For 
instance, in Bücking et al. [52], the error was around 1.3% between the liver 
phantom and the liver of the patient. Additionally, in Witowski et al. [53] the average 
error was around 2 mm, which is in concordance with the results achieved in the 
present paper (a low dimensional error of less than 3.35 mm, which represents 
around a 1% error). 

5. Conclusions 
 

In conclusion, in the present paper the mimicking of a liver tissue is presented 
along with manufacturing a surgical planning prototype. Since the Additive 
Manufacturing (AM) field is starting to bloom in the manufacturing of surgical 
planning prototypes, materials that not only mimic the tissue, but are also 
compatible with different AM technologies (durability, printable…) need to be 
considered. 

Mimicking of liver tissue was achieved with some materials in terms of 
viscoelasticity and hardness. As mentioned, the composite hydrogel (CH) of 6%wt 
PVA and 1%wt PHY that undergoes a freeze-thaw (FT) cycle and 1%wt agarose 
are the best for mimicking the liver tissue in terms of viscoelasticity. On the other 
hand, regarding the hardness, 1%wt Agarose offer the best results for mimicking. 
However, nowadays, these materials do not offer the consistency to be directly 3D 
printed. Therefore, it is necessary to use other materials for the manufacture of 
these 3D physical models using indirect 3D printing. For instance, softer silicones 
and hydrogels cured with UV light appear as a possible solution. 

The molding technique, along with direct 3D-printed parts, allows the different 
anatomical structures to be replicated and also the liver tissue by using 1%wt 
agarose. This prototype was validated using a CT scanner. Additionally, a surgeon 
was able to rehearse with it and concluded the benefits of its use for preoperative 
surgical planning. Besides, on the other hand, the costs of the prototype were not 
as high as in other technologies, such as material jetting. Finally, this liver phantom, 
apart from being used in preoperative surgical planning, can also be used in 
Medical Schools and patient education.  

In the future, the surgical planning prototypes could well be multi-material because 
hybrid multi-material 3D printers (a combination of two technique like FFF and 
Direct Ink Writing –DIW-) are going to be used in manufacturing the 3D physical 
models. Additionally, virtual planning and computer simulations could be used for 
simple tumor cases, while in complex surgeries it would still be necessary to 



 
 

manufacture 3D physical models for a correct and complete rehearsal and 
visualization. 

The more the costs of the prototype are cut off, the more they are going to be used, 
as the feeling of the touch and interact with a real feel is always better than an 
image. In fact, this has happened in other oreas as industrial product development, 
in which complex CAD visualizations are the previous steps of prototypes for real 
validations.  
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