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Abstract: This study aims to present a workflow concerning the retrieval of a human heart’s 3D model and its fabrication
with heart-like materials producing a 3D printed replica. In detail, the 3D model of the examined heart was obtained by
applying a 3D reconstruction methodology utilizing DICOM data derived from CT-scans. For the 3D printed heart-like
material, the Material Jetting AM technique was employed due to its ability to fabricate 3D printed composite parts with
variable properties. Several compositions for the print-out materials were examined, and the material with the appropriate
mechanical behavior compared to the actual heart, i.e. RWT-ENT A50 composite, was utilized. The 3D printing process of
the physical heart-like structure was performed with the highest accuracy. Finally, the 3D printed heart-like structure was
evaluated in terms of dimensional accuracy and surface roughness achieving sufficient accuracy with mean absolute error
of 1.05mm and mean surface roughness of 2.78um.
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1. INTRODUCTION

The extensive research and the rapid developments of Additive manufacturing (AM) technology in the recent
years have led to its utilization as a fabrication technique in a plethora of industrial sectors, such as medical,
biomechanical, automotive, etc. [1,2,3]. In particular, the employment of multi-material 3D printing techniques
provides the ability to construct 3D models with tissue-like materials. Furthermore, the development of advanced
3D imaging and reconstruction algorithms support new technological tools for a wide range of applications in the
medical sector. Some of these applications are innovative visualization techniques, educational purposes in
medicine, medical and surgical training and further experimentation in organ’s replicas [4].

In this context, in the last decade, numerous studies have investigated novel 3D imaging, reconstruction, and
segmentation techniques in order to produce accurate digital 3D models, especially in cardiology due to the
complexity and significance of the human heart and cardiovascular system [5,6]. More specifically, Byrne et al.
[5] conducted a comprehensive review of the 3D imaging and reconstruction for the cardiovascular system,
examining 136 published studies and concluding that there is a reliance on manual and semi-automated
reconstruction and segmentation methods which demand a high level of expertise and a sufficient time
commitment on the part of the user. It is worth mentioning studies like Jaros et al. [6], which developed an
algorithm for automatic reconstruction and segmentation for medical imaging mainly focused on the 3D
reconstruction of the heart and liver. Moreover, a patient-specific digital 3D model can be utilized for better
visualization of the examined case, but also could be used for further analysis, such as Computational Fluid
Mechanics (CFD) and Finite Element Analysis (FEA), in order to locate the system’s defect, understand its nature
and facilitate its resolve [7]. In detail, Schwarz et al. [7] published a review of modelling applications for a
cardiovascular system utilizing 3D realistic models. In addition, increased scientific interest has gained the
fabrication of 3D printed replicas for human organs in order to provide tangible patient-specific 3D models
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constructed with tissue-like materials or color contours for an enhanced perception and visualization [8,9]. Taking
into account these studies, it is derived that 3D printing with tissue-like materials can decrease the early-surgeon
learning curve, enhance the surgeon's preparation for complex surgical operations as well as highlight the existing
disease on the examined human tissue from further investigation.

In this context, the current article aims to present an automatic 3D reconstruction algorithm employed for heart
modelling coupled with a detailed workflow for the production of a patient-specific 3D printed heart model
constructed with heart-like materials. More specifically, the marching cubes methodology along with filtering
algorithms were utilized for the automatic 3D reconstruction process. In addition, the innovative AM technique
of multi-material jetting was applied in order to achieve a heart-like material in the produced 3D printed heart-
like structure. The rest of the paper is organized as follows: Subsection 2.1 describes the automatic 3D
reconstruction methodology of a human heart using the acquired data from CT-scans to accurately model the
investigated heart. Subsection 2.2 is focused on the utilized materials and the applied AM technology. Subsection
2.3 analyses the experimental testing methodology along with the employed process for dimensional accuracy
evaluation of the 3D printed component. Finally, Section 3 states the results for the available composite materials
highlighting the composite material with behavior similar to the heart tissue/muscle. Moreover, in this section,
the digital and the physical 3D models of the examined heart are presented coupled with an investigation of the
dimensional accuracy of the printed heart via their comparison considering Surface Distance Maps (SDMs) and
the 3D prints’ surface roughness. Figure 1 depicts a detailed flowchart of the current research.
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Fig. 1. Flowchart of the current research.
2. MATERIALS AND METHODS

2.1. 3D Reconstruction Methodology

The applied methodology of the present study is established with the automatic 3D reconstruction of a human’s
heart 3D model taking into account medical data. In particular, DICOM (Digital Imaging and Communications
in Medicine) data that are derived from the CT scanning process are used as input to the developed algorithm in
order to create the corresponding patient-specific heart’s digital model. DICOM protocol is structured and
standardized in a way that allows for interoperability between different medical imaging systems and equipment
from different manufacturers. In addition, this type of data contains information about the image acquisition
parameters, such as the number of slices, slice thickness, and slice spacing, which are essential for accurate image
reconstruction [10]. One of the most popular approaches for 3D reconstruction tasks is the Marching Cubes
algorithm which is a computer graphics technique utilized for creating 3D surfaces from a set of 3D data points,
such as medical imaging data [11]. As is showed in Figure 2a, the Marching Cubes algorithm is based on the
dividing a 3D space into a grid of cubes, where each of these cubes is analysed to determine which parts of the
surface belong to the reconstructed 3D model. This is accomplished via the examination of the intensity values of
the cube’s corner points compared to a predefined threshold, visualizing that way the desired area of interest.
Based on these values, the algorithm assigns a unique binary code to each cube, representing the location of the
surface relative to the cube. In the next step, the proposed methodology generates a surface that passes through
the appropriate edges of each examined cube, generating a complete 3D surface. Hereupon, the resulting surface
is @ mesh of triangles, which can be rendered using standard computer graphics techniques. In addition, several
filtering algorithms can also be applied in order to filter out the outliers as well as the noise of the scene. The
results of the employed method are demonstrated in Figure 2b, where the initial output of the marching cube
algorithm is displayed in the left part (1) of Figure 2b. In the next two phases (2, 3), filtering approaches are
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utilized to remove large (2) and small parts (3) of the scene that are not directly attached to the examined heart.
The final output of the employed methodology is illustrated in the right part (4) of Figure 2b, where smoothing of
the 3D mesh as well as the manually trimming procedures of the area of interest were conducted in order to isolate
the investigated heart.
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Fig. 2. a) Steps of the employed 3D reconstruction methodology, b) Results of the applied method on the examined human
heart.

2.2. Materials and Additive Manufacturing

Prior to the 3D printing of the heart’s model, it is essential to identify a construction material with properties
similar to the heart tissue. Therefore, Material Jetting AM technology was utilized via the ProJet MJP 5600 3D
Systems 3D™ printer. This process is based on the utilization of inkjet printing techniques in order to selectively
deposit droplets through the printhead’s jets and solidify them with UV lights creating that way a physical 3D
object [12]. The particular 3D printer can perform a multi-material 3D printing process meaning a simultaneous
3D printing of two or more materials in the same layer. Moreover, it mixes two base materials in order to print
composites with tailored properties. More specifically, for this study, ProJet MJP 5600™ utilized two base
materials, the polycarbonate-like material with the commercial name VisiJet CR-CL 200™ as rigid material and
the rubber-like material with the commercial name VisiJet CE-NT™ as elastomer material. The selection of these
two base materials can potentially produce twelve different material compositions employing each time different
fractions of each one. Taking into account that capability of the 3D printer, structures can be fabricated with a
wide range of elasticity, namely from 0.35MPa (rubber-like) to 1750MPa (polycarbonate-like). Hereupon, in the
context of this study, the properties of the heart tissue materials were investigated in the existing literature, and
the five composites with the closest mechanical performance, according to the manufacturer, were 3D printed and
tested in order to identify the one with the closest performance. The five selected composites have the following
commercial names: RWT-ENT A80 RWT-ENT A70 RWT-ENT A60 RWT-ENTAS50 and RWT-ENT A40, with
the last three characters highlighting the mean value of the Shore A hardness. It is worth noting that the exact
composition of each composite is not disclosed by the manufacturer. Regarding the 3D printing process, the XYZ
printing orientation was utilized, according to the ASTM standardization [13], and a layer height of 13um was
selected in order to produce components with the maximum quality and dimensional accuracy.

2.3. Mechanic Testing and Evaluation

In this section, the employed evaluation techniques are presented with the first one is used to calculate the
mechanical behavior of examined composites in order to choose the proper one. For this process, tensile and
compression specimens were designed, manufactured via the MJP 3D printer, and tested according to international
standardization [14,15], extracting that way the main mechanical properties, such as elastic modulus and ultimate
tensile strength, coupled with the corresponding stress-strain diagrams. In particular, a universal testing machine,
namely the Testometric M500-50AT, was employed equipped with a 500N load cell at room temperature. It is
worth mentioning that all tests were conducted with a strain rate of 5Smm/min [16]. Finally, each test was
performed at least three times in order to extract reliable and accurate results.

The dimensional accuracy inspection of the 3D printed heart-like structure compared to its digitally reconstructed
3D model was performed utilizing the Artec Eva™ 3D scanner. Artec Eva™ is a portable structured-light 3D
scanner with an accuracy of up to 0.1mm for small to medium size objects. In order to maximize the precision,
the high-definition data acquisition was selected with up to 18 million points per second and a capturing speed
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was set at 16 frames per second. In the next step, the captured geometry of the 3D printed heart-like structure was
compared with the heart’s 3D model by applying the SDM methodology and evaluating the Mean Absolute Error
(MAE). It is worth noting that this analysis was conducted on the Artec Studio™ software. In addition, surface
roughness evaluation were performed utilizing multi-focus imaging employing the digital microscope Leica DMS
1000 and the software of MountainsLab®. Leica DMS 1000 had a plan- apochromatic objective achieving
magnification up to 300x, capturing high- resolution images and conducting dimensional measurements. This
equipment combined with the MountainsLab® software, exploited the captured multi-focus images and evaluated
the 3D printed surface roughness with an accuracy of £1pum.

3. RESULTS AND DISCUSSION

3.1. Print-out Materials Evaluation

The objective of the experimental evaluation of the selected composites is to identify the composite with similar
mechanical performance to the actual heart muscle. Through the experimental tests that were previously
discussed, the corresponding stress-strain diagrams for each material were extracted, as it is depicted in Figure 3.
Moreover, the tensile stress-strain curves were magnified in the superimposed image for better understanding. As
it was expected, intense elastomeric behaviors were observed for all examined materials, especially regarding the
compression curves. Furthermore, the acquired tensile data shows that the stiffer materials had a better mechanical
performance. However, all of the examined composite materials withstood extensive plastic strains with 90% of
the strain derived from the plastic section both for compression and the tensile experiments. It is worth mentioning
that during compression testing, the received stresses monotonically increase with higher slopes for the composite
materials with stiffer behavior.
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Fig. 3. Stress-strain diagrams of the examined composites for tensile and compression loading.

Table 1. Main properties of the examined composites compared to the heart tissue material [17,18].

Materials Elastic modulus (MPa) UTS (MPa) Elongation at break (%)
Heart tissue 2.840 0.19 -
RWT-ENT A40 2.024 0.383 65.11%
RWT-ENT A50 3.562 0.539 54.31%
RWT-ENT A60 6.118 0.781 44.21%
RWT-ENT A70 10.51 1.552 43.20%
RWT-ENT A80 15.63 2.161 39.74%

Table 1 lists the main mechanical properties for each examined composite material, namely the elastic modulus,
the ultimate peak strength (UTS), and the elongation at break, coupled with the passive mechanical properties of
heart tissue/muscle. It is worth mentioning that the values of the mechanical properties for the heart tissue/muscle
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are different depending on the heart’s region and the operation condition (systolic and diastolic). Thus, in the table
below, indicative values are listed derived from passive testing on heart muscles from the existing literature
[17,18]. The attained results show that the examined composites experienced high plastic strain with elongation
at break from 39.74% to 65.1%. Moreover, the strength of the materials was proportional to their stiffness with
the highest strength observed for the stiffest material, i.e. RWT-ENT A80. On the other, RWT-ENT A40 revealed
the lowest elastic modulus with the lowest UTS at 0.383. Analyzing these results, the RWT-ENT A50 composite
material presented the closest mechanical response to the heart tissue material in terms of elasticity, which is the
most crucial property for material imitation in order to reveal similar elastic and plastic strains during the same
loads. Therefore, the RWT-ENT A50 composite material was utilized as construction material for the 3D printing
of the heart-like structure.

3.2. Digital and Physical 3D Model Evaluation

Considering the automatic 3D reconstruction process for the inspected human heart that was presented in the
previous section, a patient-specific digital 3D model is derived, as it is portrayed in Figure 4a. The digital model
was extracted in .STL mesh file format consisted of 1,490,572 facets and 4,471,716 vertices in order to accurately
depict the heart’s geometry. The external dimensions of the heart model were 109.38mm x 98.35mm x 143.06mm.
Moreover, Figure 4b illustrates the 3D printed model of the heart-like material constructed with the RWT-ENT
A50 composite material using the MJP 5600 3D printer. The 3D printed parts were additively manufactured
without any visible defect revealing sufficient structural integrity and extensive elasticity.
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Fig. 4. a) Digital 3D model of the examined heart, b) 3D printed heart-like structure constructed with the RWT-ENT A50
composite, ¢) Surface distance maps for the reconstructed and the 3D printed model.

Furthermore, the 3D printed heart-like structures possessed a matte amber-like color facilitating the 3D scanning
procedure. Concerning the 3D scanning process, five individual scanning procedures were conducted with an
average of 1.52 million polygons each. Registration, outlier removal, alignment, and fusion algorithms were
applied in order to combine these scans extracting that way a high-quality and accurate 3D model. In the next
step, the dimensional accuracy was conducted via the SDM of the reconstructed 3D model and the scanned heart,
as it is presented in Figure 4c. The outcome of the inspection process demonstrates that the 3D printed heart-like
structure was slightly smaller compared to the digital one, due to the shrinkage effect that occurred during the
photopolymerization process. The majority of the deviations ranged between - 1.66mm to - 0.415mm, some of
them caused by 3D printing and 3D scanning inaccuracies. In addition, the MAE was calculated at 1.05mm
showing a sufficient agreement between the 3D printed heart and the digital one, taking into account the
elastomeric nature (easily deformable) of the construction material. The final evaluation process was the
measurement of surface roughness on the 3D printed heart model. Surface roughness combined with the elasticity
of the structure determine the compatibility and assembly configuration of the potential heart valves and stents.
The 3D printed surfaces revealed low surface roughness with mean surface roughness (Sz) at 2.78um and root
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mean square of surface roughness (Sg) at 3.64um. Figure 5a shows an indicative surface map of a specific region
of the 3D printed model, as it is obvious the examined surface is sufficiently smooth without peaks and pits.
Furthermore, Figure 5b illustrates an indicative diagram of the surface roughness profile on a XY plane for the
highlighted line of Figure 5a. It is noteworthy that for the measurement of surface roughness, multiple random
regions of the 3D model heart model were examined in order to extract accurate and reliable results.
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Fig. 5. a) Indicative roughness surface map of the 3D printed model, b) Indicative roughness of the model in XY plane.

4. CONCLUSIONS

In the current study, a detailed workflow for the retrieval of a human heart’s 3D model and for the fabrication of
a patient-specific 3D printed replica with heart-like materials and high fidelity was presented. More specifically,
an automatic 3D reconstruction methodology was developed in order to generate a high-quality and accurate
digital 3D model. Then, a material characterization process was performed between five different composite
materials, compatible with the utilized multi-material AM equipment, identifying the composite material with the
closest mechanical behavior to the heart tissue/muscle, where the RWT-ENT A50 material presented the closest
mechanical performance in terms of elasticity. Therefore, the heart-like structure was fabricated utilizing this
composite material and the material jetting AM process via the ProJet MJP 5600 3D printer. The produced 3D
printed heart-like structure was manufactured without any visible defect and had sufficient structural integrity and
extensive elasticity. The next step was the investigation of the printed heart dimensional accuracy through the
employment of SDMs and the calculation of MAE between the reconstructed 3D digital model and the 3D printed
model along with the measurement of surface roughness for the 3D printed model. The results of the dimensional
accuracy analysis revealed that the 3D printed part was slightly smaller, mainly due to the shrinkage effect of the
photopolymerization process and the MAE was calculated at 1.05mm. This value is relatively low considering the
elastomeric nature of the construction material. Moreover, the 3D printed heart-like structure showed high surface
quality with a mean surface roughness of 2.87um. In future studies, further visualization processes, such as VR
and AR, can also be integrated by exploiting the 3D reconstruction algorithm and enhancing the existing
visualization experience. Finally, the developed 3D printed models can be combined with other tissue-like
structures in order to assemble a high-quality dummy for surgical training on patient-specific cases.
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