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ABSTRACT 

Heart disease remains a major cause of morbidity and mortality in the United States, accounting for roughly 20% of all deaths. 
Minimally invasive procedures have been used to treat cardiovascular diseases; however, the heart’s anatomical complexity and 
dynamics require proper hands-on training on patient-specific presurgical models to reduce procedural errors. Existing dynamic 
heart models often rely on animal cardiac tissues to support pumping mechanics, introducing ethical and policy concerns. Fully 
synthetic heart models offer an alternative by using actuation devices to reproduce cardiac circulation and contraction, yet 
accurately replicating the full dynamics of the heart remains challenging. This research presents a 3D-printed dynamic heart 
model representing left-side anatomy (atrium, ventricle, and mitral valve) to support minimally invasive procedures. Soft material 
3D-printing is employed to replicate key anatomical features. Sutures anchor the ventricle to the mitral valve, replicating chordae 
tendineae-like structures, adding physiological realism and structural complexity. McKibben actuators are embedded within the 
myocardial walls, mimicking ventricular contraction and realistic mitral valve motion. Customized flexible pressure sensors are 
designed and incorporated to monitor pressure changes inside the model. These novel features enable the model to function as a 
platform for hemodynamic studies and simulation of edge-to-edge repair to mitigate atrioventricular valve regurgitation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

The cardiac system is a vital element of the human body’s
operation [1, 2 ] as the heart controls the pumping of blood
throughout. Heart disease is the leading cause of death in the
US [ 3, 4 ]; the American Heart Association (AHA) reported that
over 82 million people are currently experiencing one or more
types of cardiovascular diseases [ 3 ]. Over 800 000 Americans
with severe heart diseases will undergo surgeries annually [ 5 ].
Similarly, morbidity caused by heart disease limits the ability
of patients to perform routine tasks, including general self-care
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and light physical activities, degrading their quality of life [ 6 ].
Rigorous training and observation have been the traditional ways
for a cardiac surgeon to become competent. Therefore, models
and simulations can help enhance procedural success, minimize 
medical errors, and reduce cognitive load [ 7 ]. Incorporating
both dynamic and anatomically accurate elements [ 8 ] allows a
more realistic model for an individualized rehearsal for cardiac
surgeries and interventions. Rehearsals with models are cur- 
rently performed in minimally invasive procedures on a beating
heart, such as mitral [ 9 ] or aortic [ 10 ] valve repair and device
implantation, where realistic motion and spatial fidelity are 
its use, distribution and reproduction in any medium, provided the original work is properly 
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FIGURE 1 Design of a 3D-printed heart model with left-side anatomy and the incorporation of EERD in the model for surgical practice, along 
with a fully circulatory system. (a) Design and 3D-printing of the heat model with left-side anatomy and all developed components. (b) Incorporation 
of embedded McKibben actuators for left ventricle contraction. (c) Ultrasound imaging is used to observe mitral valve performance, with observed flow 

and regurgitation measurements. (d) Implantation of a 3D-printed EERD in the mitral valve and customized pressure sensors in the left ventricle with 
an incorporated mock circulatory loop for surgical practice. 
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critical. Current model rehearsals, however, are not commonly
patient-specific models. 

To prepare surgeons for medical interventions in the heart,
different presurgical models have been developed [ 11–13 ]. These
models vary from computer-based, focusing on augmented or
virtual reality [ 14 ], or physical models (animal and cadaver hearts
[ 15 ], bioprinted heart models [ 16–19 ], and synthetic heart models).
All these approaches provide advantages, such as visualization of
intricate features in computer-based models and soft, tissue-like
features in physical models. However, they all present limitations.
Due to being strictly visual, computer-based models prevent
kinesthetic learning [ 20 ]. In physical models, the use of animal
and cadaver hearts lacks patient-specificity and reusability [ 15 ]
while also raising potential ethical [ 21 ] and policy [ 22 ] issues.
Regarding bioprinted heart models, two major techniques have
emerged for cardiac cell growth in heart models: freeform
embedding of suspended hydrogels (FRESH) for high fidelity
[ 16, 19 ] and sacrificial writing into functional tissue (SWIFT)
for creation of vesicles in a high cell density tissue [ 17 ]. These
methods introduce cardiomyocytes into the model/scaffold that
can contract spontaneously. Although promising, engineered
cardiac tissue produces much lower strain (2%) than the human
myocardium (30%) [ 23 ] and thus cannot exert enough pressure to
pump blood continuously. In addition, bioprinted heart models
suffer from multiple other issues [ 24–26 ], such as insufficient
vascularization, immature and scarce cardiomyocyte sources,
poor electrical and mechanical integration with host tissue, and
challenges in cell viability and scalability. 
2 of 12
The use of synthetic heart models can help overcome limitations
of computational and bioprinted systems by more accurately 
replicating cardiac dynamics and anatomy [ 27 ]. The heart con-
tains complex physiological features, causing some of these 
synthetic models to lean into either anatomical accuracy [ 28 ] or
dynamics [ 29 ], but not both. The heart’s contraction dynamics
are controlled by myocardial muscles; these contain different 
muscle fiber orientations (circumferential, radial, and longitu- 
dinal), making it difficult to accurately replicate their structure
and behavior simultaneously [ 30 ]. Through pneumatic actuation
[ 31, 32 ], the synthetic models have been able to mimic
myocardium dynamics. However, these models have relied on 
the assistance of animal organs to reproduce hemodynamics in a
mock circulatory loop [ 32–34 ]. Hydraulic actuation has emerged
as a promising alternative, where fibers are incorporated in the
model to enable contraction through hydraulic pressure [ 30 ].
The fiber orientation obtained in the developed cardiac sleeves
allows for accurate contraction dynamics without the need of
animal hearts [ 35 ]. However, in these models, the helical design
causes the actuators to elongate axially rather than contract,
whereas pneumatic actuators contract axially and expand radi- 
ally [ 36 ], with the latter having more physiologic contraction
dynamics. Additionally, the complex physiology of the heart has
led to simplified dynamics, focusing on certain chambers of the
heart (especially the left ventricle) [ 37–40 ], leading to a lack of
exploration of the interactions between the heart’s components. 

Even as current synthetic models present a promising approach to
replicate heart dynamics, they lack anatomical accuracy, creating 
Advanced Materials Technologies, 2026
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a tradeoff between fidelity and accurate dynamics. In the pre-
viously reported synthetic heart models, 3D-printed molds were
used to cast soft polymer-based materials to reproduce ventricular
structures [ 30–32 ]. Then, a robotic sleeve was wrapped around
the molded structure to achieve contraction, through pneumatic
or hydraulic actuation [ 31, 35 ]. While this approach permits
contraction in the model, many of the heart’s intricate features,
such as the curvature found in chambers, and the presence of
elements such as papillary muscle or chordae tendineae, are not
replicated. 3D-printing has been previously used to manufacture
anatomically accurate heart models for visualization due to its
layer-by-layer approach, enabling the development of intricate
features. Printing methods such as fused deposition modeling
(FDM), stereolithography (SLA), and digital light processing
(DLP) have been used for the fabrication of these models [ 41–
44 ]. While promising, these methods generally only develop rigid
structures; to replicate the heart muscle’s dynamics, softer mate-
rials that assimilate the myocardium’s mechanical properties are
necessary. Through direct ink writing (DIW), polymer-based inks
(silicone-based) used to 3D-print organ models have been demon-
strated [ 45, 46 ], even expanding into the 3D-printing of an aortic
root [ 10 ]. Silicone-based inks are widely used due to their trans-
parency, biocompatibility, elastomeric properties, and chemical
and thermal stability [ 47 ]. Even so, the simultaneous replication
of anatomical accuracy and dynamics remains difficult due to
the complexity of the myocardial architecture, compromising
the ability to provide physiological contraction. The ability to
fabricate precise sections through 3D-printing can be beneficial
to develop a more anatomically accurate heart model while
retaining the softness required to generate contraction [ 44–46 ]. 

The left ventricle generates the highest pressure in the heart
[ 48, 49 ]. Therefore, several disease etiologies can alter the left
ventricle’s functionality [ 50 ]. The left ventricle’s blood flow from
the left atrium is controlled by the opening and closing of the
mitral valve. During diastole, ventricular relaxation and atrial
contraction both allow mitral valve opening and left ventricle fill-
ing. During ventricular systole, pressure generated in ventricular
contraction maintains a closed mitral valve, and blood is ejected
through the aorta. Mitral valve regurgitation commonly occurs
due to altered coaptation pressure gradient between the left
atrium and left ventricle [ 51 ]. This can lead to enlargement of the
left atrium and eventual heart failure [ 52–54 ]. Mitral regurgitation
can be mitigated by currently developed edge-to-edge repairs
using minimally invasive surgical methods, allowing alternatives
to open-heart surgery. 

To address these concerns, this work demonstrates the develop-
ment of a novel soft, dynamic 3D-printed heart model focusing
on the left-side anatomy (ventricle, atrium, and mitral valve)
(Figure 1a ) with embedded McKibben actuators, enabling con-
traction dynamics in the model (Figure 1b ). Imaging techniques
(ultrasound and endoscope) are used to visualize the hemody-
namic behavior of the model (Figure 1c ), and its performance
is tracked before and after the insertion of a 3D-printed edge-
to-edge repair device (EERD) with the assistance of customized
flexible pressure sensors in a mock circulatory loop (Figure 1d ).
The novelty and rationale of our work include: (i) The use
of 3D-printing for the development of a soft dynamic heart
model, departing from traditional mold-casting methods that
require multiple fabrication stages [ 30–32 ], as well as from
Advanced Materials Technologies, 2026
conventional 3D-printed models that lack dynamic functionality. 
(ii) The incorporation of unique anatomical features in the heart
model in the form of the inclusion of chordae tendineae in
the mitral valve and left ventricle through suturing (the mitral
valve was sutured on top of the left ventricle). These sutures
were then placed through the ventricle, acting as the chordae
tendineae. This novel component regulates valve opening and 
closure through its contraction mechanism [ 55 ] and replicates
more realistic surgical conditions. (iii) Integration of McKibben 
pneumatic actuators directly within the myocardial wall [ 56 ],
to reproduce physiologically realistic left-ventricular contraction 
capable of driving naturalistic mitral valve opening and closure.
The integration of these actuators in the 3D-printed cardiac walls
contrasts with prior models [ 30–32, 37, 57 ] relying on cardiac
sleeves, creating a less intrusive approach for contraction, and
facilitating surgical practice. (iv) The fabrication of customized 
flexible piezoresistive sensors for strategic incorporation and 
accurate pressure measurements in the heart model. Together, 
this strategy yields a dynamic heart model with physiologically
accurate structures capable of generating realistic hemodynamic 
conditions for practicing surgical device implantation aimed 
at mitigating mitral valve regurgitation. It reduces reliance on
animal organs and offers a more anatomically faithful internal
architecture than what is typically achievable with casted models
[ 58–60 ], granting the ability to fabricate patient-specific heart
models for surgical simulation. 

2 Results and Discussion 

2.1 Development of Silicone-Based Ink 

To develop printing inks with mechanical properties of car-
diac tissue, silicone sealant (active agent) and silicone grease
(bulking agent) were initially mixed at different ratios to find
approximate values close to the myocardium’s Young’s modulus.
Silicone-based materials were selected due to their relatively high
3D-printing resolution, as well as their curing process elevating
their mechanical properties at a range approaching the one
found in heart tissue (as low as 8–10 kPa in diastolic phase [ 61 ],
with silicone inks as low as 10–20 kPa [ 45 ]). The vulcanization
process at room temperature of the active agent helps stabilize
the printed structures. Incorporation of the bulking agent inhibits
the curing rate, ensuring adequate printability while increasing 
softness in the material [ 62 ]. However, in large prints, the excess
of bulking agent can cause the layers in the print to collapse.
Modification of the component ratios enables controlled tuning 
of the mixture’s mechanical properties to approximate those in
the myocardium. The average Young’s modulus values for inks
formulated with different weight ratios of active and bulking
agents are presented in Figure 2a . As the proportion of bulking
agent increases (from 0 to 2:1 w/w bulking to active agent ratio),
the Young’s modulus correspondingly decreases. Specifically, 
with no presence of bulking agent, the Young’s modulus was
698 kPa, while observing a noticeable drop at the highest bulking
to active agent ratio (2:1, w/w), with a Young’s modulus of 52 kPa.
A report demonstrated that a fibrotic myocardium presented a
Young’s modulus of 55 kPa, and myocardial tissue over 100 kPa
in the systolic phase [ 63 ]. An approximate value was observed in
the 1:1 (w/w) ratio mixture of our printing ink (123 kPa). The 1:1
(w/w) ratio ink was selected in this work due to the printability
3 of 12
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FIGURE 2 Design and fabrication of a 3D-printed heart model with left-side anatomy. (a) Young’s modulus of printing inks with respect to different 
ratios (w/w) of the bulking to active agent. (b) Storage modulus of printing inks with distinct ratios of bulking to active agent with respect to oscillation 
frequency. (c) Loss modulus of printing inks with distinct ratios of bulking to active agent with respect to oscillation frequency. (d) Design and 3D-printing 
of a left atrium and ventricle with an incorporated mitral valve. (e) Images of the 3D-printed model (left) and the mitral valve (right), respectively. (f) 
3D-printed left ventricle before mitral valve incorporation (left) and incorporation of mitral valve in 3D-printed left ventricle, using sutures that act 
as chordae tendineae (right). (g) Design and functionality of embedded McKibben actuators, displaying a schematic (left) and images (middle) of the 
actuators before and after being pressurized, and their embedding in the left-side heart model (right). 
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advantage given by it. Other mixtures with a higher bulking-
agent ratio (such as a 2:1 w/w ratio) were evaluated; however, the
increased proportion of bulking agent slows crosslinking, and the
supporting material (Pluronic F127) trapped within the complex
structure printed further prolongs curing time, ultimately causing
the model’s layers to collapse. 

Different mixtures of the active and bulking agents were mechan-
ically tested to determine their Young’s modulus, allowing
identification of a formulation that approximates heart tissue
while retaining good printability. Once a good mixture candidate
(1:1 w/w ratio) was determined, its storage and loss moduli were
used to study the mixture’s viscoelastic behavior at different
oscillation frequencies. The 2:1 (w/w) ratio mixture was also
characterized to confirm viscoelastic behavior across inks with
comparable moduli to those observed in the myocardium. To
understand the dynamic properties of these materials, dynamic
mechanical analysis (DMA) was performed. Here, the materials
4 of 12
were oscillated at a frequency range from 0.5 to 5 Hz. This
frequency range was previously observed in human tissue mea-
surements [ 64 ], and the oscillation frequency test was chosen to
prove the silicone-based ink’s viscoelastic behavior, like that of
myocardium (cardiac tissue) [ 65 ]. An increase in both storage
and loss moduli was observed (Figure 2b,c ) as the oscillation
frequency increased. This is a common behavior on both moduli
for viscoelastic materials, proving their tissue-like properties [ 66 ].
At 1.5 Hz, approximating the frequency of the beating heart
[ 67 ], the 1:1 (w/w) ratio formulation shows a storage modulus of
110 kPa and a loss modulus of 82 kPa (Figure 2b ), values that
align with the myocardium’s systolic-phase Young’s modulus. 
Interestingly, the difference in loss modulus (Figure 2c ) between
the printed ink with a larger amount of bulking agent (2:1
w/w ratio) increased at a faster rate than that with less (1:1
w/w ratio). This is due to the dispersion of forces caused by
the softer material, allowing for polymer chains to move more
freely. 
Advanced Materials Technologies, 2026
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2.2 Design and Fabrication of the Heart Model 
With Left-Side Anatomy 

A fabrication process to develop a 3D-printed heart model with
left-side anatomy was put in place, as shown in Figure 2d . First,
the left ventricle was 3D-printed using the 1:1 (w/w) ratio mixture
of active and bulking agents selected, using DIW as a printing
technique. The mitral valve was printed separately with induced
defects in the posterior leaflet, then sutured in the annulus,
with additional sutures used to mimic chordae tendineae. Both
the 3D-printed model and the mitral valve were imported from
computer-aided design (CAD) by Solidworks and later sliced in
Slic3r software to fit the parameters of the DIW printer being
used. Images of the standard tessellation language (STL) files
for both the fully designed 3D-printed heart model with left-
side anatomy and its respective mitral valve are shown in Figure
S1 . After the mitral valve was inserted into the left ventricle,
the ventricle was repositioned precisely on the printing bed,
and the left atrium was subsequently printed, completing the
3D-printing process (Figure 2e left). In the 3D-printing process,
supporting material ink was used to hold the printed ventricle
in position. The ventricle is largely hollow with an incorporation
of a half-inch-diameter outlet, which improves flow through the
system. The model’s myocardium presents curvature in different
regions of the model. This was designed to assimilate the heart’s
curved features utilizing 3D-printing’s layer-by-layer approach
to create more complex structures. Wall thickness in the heart
model varies from 2.1 to 30.4 mm. After the printing of the left
ventricle was completed, the mitral valve was printed separately
(Figure 2e right). The valve was designed to fit the diameter of
the left ventricle’s chamber on its top section (Figure 2f left). The
posterior leaflet of the mitral valve was purposely designed to
be of a larger size than the anterior leaflet, generating defective
closure of the mitral valve when contracted. The posterior leaflet
was set at 6.18 mm in width, while the anterior leaflet was set
at 4.88 mm. The mitral valve’s thickness (from top to bottom)
was set at 7.65 mm to stabilize and properly place the mitral
valve in the annulus. Prior to inserting the mitral valve into
the chamber, sutures were placed on each of the leaflets of the
3D-printed valve. Here, a needle was used to insert the sutures
in both the anterior and posterior leaflet of the mitral valve.
The sutures were then threaded through the left ventricle, with
multiple passes made to generate tension between the sutures
and the ventricular walls. This configuration effectively created
a structure mimicking the chordae tendineae within the model
(Figure 2f right; Figure S2 ). It has been reported that one of the
major challenges in minimally invasive surgical practice is the
interference caused by the chordae tendineae emerging from the
mitral valve [ 68 ]. The incorporation of this structure provides
a more accurate representation of the left ventricle’s anatomy,
which is difficult to reproduce through 3D-printing due to the
thin geometry of the tendons and the constraints of layer-by-
layer fabrication. The addition of sutures did not present any
delamination effects on the mitral valve, as the tension generated
by these is not enough to cause delamination on the valve. 

After these components were incorporated, the model was repo-
sitioned at the same coordinates (marked on the printing bed) to
resume the printing process. The atrial section was then printed
[ 68 ]. Through this method, our 3D-printed heart model with left-
side anatomy was fabricated, with the inclusion of a ventricle, an
Advanced Materials Technologies, 2026
atrium, and a mitral valve, as well as the added sutures that can
act as chordae tendineae (Figure 2e,f ). 

In addition to the model fabrication, actuators were incorporated
into the system to aid in the contraction of the mitral valve.
Inspired by previous work [ 31, 32 ], McKibben actuators (Figure 2g
left and middle) were used to replicate myocardial contraction in
the left ventricle. Upon pneumatic pressurization, the actuators 
contracted axially and expanded radially inside the ventricular 
walls, effectively closing the mitral valve and reproducing the
systolic phase of the cardiac cycle. The manufactured McKibben
actuators (Figure 2g left) and their radial expansion when exposed
to pneumatic pressure (50 kPa) are shown in Figure 2g (middle).
Images displaying the construction of the McKibben actuators 
are presented (Figure S3 ), and their step-by-step fabrication is
discussed in the experimental section of this work. Following
fabrication, the actuators were integrated into the walls of the
3D-printed left ventricle (Figure 2g right) to generate ventricular
contraction and regulate mitral valve opening and closure within
the model. The design flexibility of 3D-printing enabled the incor-
poration of precisely dimensioned entryways within the walls of
the left-ventricle to accommodate the actuators, each sized to fit a
quarter-inch diameter. The sliced STL file reveals the circumfer-
ential direction of the two channels used to embed the actuators
into the ventricular walls (Figure S1d,e ). The orientation of
the channels around the left ventricle causes circumferential 
shortening as the actuators contract. The actuators controlled 
the induced heart rate in the model and operated at 70 beats
per minute (bpm), which approaches that of the human heart
(72 bpm). The myocardium contracts in three different directions,
circumferential, radial, and longitudinal [ 69 ], and achieving this
through pneumatic actuation has proven difficult [ 56 ]. This
work demonstrates circumferential and radial shortening, yet 
not longitudinal (Movie S1 ). In pneumatic actuation of synthetic
heart models, these contraction dynamics have been previously 
demonstrated, but only through simplified geometries or by 
integrating external cardiac sleeves to house the actuators. 

2.3 Imaging of 3D-Printed Mitral Valve in the 
Dynamic Heart Model 

To ensure proper performance of the 3D-printed heart model
and mitral valve, endoscopic and ultrasound imaging techniques 
were performed to observe the mitral valve’s functionality under
contraction. This was achieved by integrating the heart model
with left-side anatomy into a circulation loop system, using the
3D-printed inlet at the atrium and outlet at the ventricle to drive
a blood-mimicking glycerol-water fluid through the system. The 
fluid was pushed through using a peristaltic pump (Golander BT
101S Variable-Speed Peristaltic Pump) to assimilate the cardiac 
circulation dynamics. The geometry of the heart model and the
dynamics of mitral valve contraction governed the resulting flow
rates. First, we observed mitral valve opening and closure driven
solely by its contraction dynamics (in the absence of flow) in
Figure 3a,b . The opening and closure of the mitral valve were also
observed in Movie S2 . The images were taken without flow, as
the fluid makes the endoscopic imaging more challenging. Here,
we observed a mitral valve that can close as it is compressed by
the McKibben actuators embedded in the model. As discussed,
in the systolic phase of the heartbeat, the left ventricle contracts
5 of 12
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FIGURE 3 Endoscopic and ultrasound imaging of the mitral valve. (a) Opening and (b) closure of the mitral valve through endoscopic images. (c) 
Mitral valve with flow, observed after contraction. (d–f) Ultrasound images of the mitral valve (with a blue, downward arrow indicating regular flow and 
a red, upward arrow indicating regurgitation), (d) before, (e) during, and (f) after ventricular contraction, offered by the presence of McKibben actuators, 
with the respective cardiac cycle phases replicated in a corresponding schematic. 
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and the mitral valve closes, indicating our model accurately mim-
icked the cardiac dynamics. This was controlled by the applied
pressure of the actuators. To further understand the influence
of the actuators in contraction dynamics, contraction strain was
measured by taking still images during diastole and systole of
the upper region of the left ventricle (Figure S4 ). In the upper
region of the ventricle, the wall thickness measured at 23.4 mm.
The ventricular walls exhibited a displacement of approximately
4.1 mm from their relaxed state, giving a contraction strain of
17.5%. As the actuators were constrained by being embedded in
the ventricular walls, they were unable to operate at full capacity.
Typically, these actuators can contract between 25% and 35%,
consistent with what was observed in literature [ 70 ]. An image of
an open mitral valve with flow was observed in Figure 3c . In this
image, the red arrow indicates a bubble generated by regurgitant
flow during mitral valve closure. Regurgitation results from the
induced defects in the mitral valve and the use of a deliberately
non-pulsatile pumping system. Together, these reproduce the
hemodynamics observed in mitral valve disease, characterized by
incomplete contraction and reduced flow [ 71 ]. 

To further assess the flow dynamics within the model, ultrasound
imaging was employed to visualize both the motion of the
mitral valve and the movement of the blood-mimicking fluid.
6 of 12
Ultrasound imaging through silicone-based materials can prove 
difficult, as the presence of entrapped air bubbles in the cured
ink can act as “mirrors” in the system [ 72 ]. To mitigate this issue,
thinner walls ( ∼ 2 mm) were printed in areas of the atrium, and a
cutout was designed in the atrial chamber to allow the ultrasound
probe to enter the model and contact the fluid directly, helping
obtain clearer ultrasound imaging of the mitral valve [ 73 ]. To
obtain clear images, heart models are generally submerged in a
water bath for optimized ultrasound measurements. However, 
because mitral valve contraction is driven by the McKibben
actuators, the 3D-printed model could not be submerged, which
made ultrasound imaging more difficult. Due to the difficulty of
obtaining ultrasound images in the 3D-printed model, Doppler 
imaging was not obtained from ultrasound imaging, a limitation
in our study. Generally, Doppler imaging is measured through
sound waves and their interactions with red blood cells, which
are not included in our blood-mimicking fluid [ 74 ]. The effects
of the flow rate in the 3D-printed model were more pronounced
in Figure 3d–f , where ultrasound was used to observe regions of
regurgitation (red arrows) and regular flow (blue arrows) in the
atrial section of the model. This was done in the model during
systole contraction (Figure 3d ), right after contraction (Figure 3e ),
and in the diastole relaxation phase (Figure 3f ) of contraction in
the left ventricle of the model. As it can be seen in Figure 3d , as the
Advanced Materials Technologies, 2026
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valve contracted, flow partially started to regurgitate back into the
atrium. Due to the synthetic nature of the valve, it is not expected
to fully behave as a native valve, unless external assistance is
provided, such as animal organs or intricately designed pumps.
As the valve relaxed, forward flow began to re-establish with only
minor residual regurgitation (Figure 3e ), and normal flow fully
resumed once the ventricular chamber returned to its relaxed
state (Figure 3f ). A full loop of this process can be observed
in Movie S3 . These observations indicate that regurgitation in
the mitral valve is produced due to the induced defects in the
mitral valve and the generation of non-pulsatile inflow entering
the model. Such conditions are induced to replicate mitral valve
disease conditions. Even so, the valve was still able to function
normally, responding appropriately to left-ventricular contraction
and maintaining its expected opening-closure behavior. 

2.4 Replication of Defective Mitral Valve and 

Integration of 3D-Printed EERD for Partial 
Regurgitation Reduction 

The effects of regurgitation in the model, applied pressure
from the actuators, and the regurgitation of blood-mimicking
fluid were studied. First, the applied pressure required from
the actuators to achieve mitral valve closure was recorded.
Ultrasound imaging was then used to understand the effect of
the applied pressure in the model by observing its regurgitation
patterns through contraction in the ventricle. The increase in
actuator pressure caused more regurgitation, thus decreasing the
flow rate and pressure in the model. In Figure S5 , endoscopic
images revealed that the mitral valve only achieved full closure
through contraction when the actuators applied 200 kPa of
pressure. Pressures below this level (25, 100, and 180 kPa)
were insufficient to induce valve closure. The effects on the
regurgitation patterns on the heart model were then tracked in
Figure 4a . Here, ultrasound imaging was employed to monitor
atrial flow as the model completed two relaxation-contraction
cycles. Normal flow was observed before the first contraction
(Figure 4a1 ), and regurgitation with higher intensity was observed
as it contracted (Figure 4a2 ). As the model entered its second
relaxation phase (Figure 4a3 ), the flow remained unstable, and
during the subsequent contraction, the regurgitation became
more pronounced (Figure 4a4 ). A full cycle of this process
through ultrasound imaging is shown in Movie S4 . To prevent
major regurgitation, a 3D-printed EERD was then fabricated
using SLA. The EERD was designed to simulate commercial
MitraClip medical devices [ 75 ]. Its presence aids in the reduction
of regurgitation of blood in the heart, stabilizing its movement
and its pressure. The EERD was inserted in the mitral valve of
the model, as shown in Figure 4b . Typically, minimally invasive
edge-to-edge repair is delivered via a catheter through the left
atrium and positioned at the mitral valve to achieve a proper
fit [ 76 ]. Here, we implanted the 3D-printed EERD by guiding
it through the inlet into the model and positioning it on the
mitral valve, applying a small amount of silicone sealant to
secure it in place. This modification enabled full valve closure at
lower applied pressures (Figure S6 ). The substantial regurgitation
observed during mitral valve closure also influenced the flow rate
within the 3D-printed heart model. The correlation between flow
rate and applied pressure is shown in Figure 4c . At an applied
pressure of 200 kPa, the flow rate (437 mL/min) decreased by
Advanced Materials Technologies, 2026
15% relative to the baseline value (511 mL/min) measured when
the model was not contracting. The incorporation of this EERD
lowered the pressure required to fully contract the valve from 200
to 110 kPa (Figure 4c ), reducing regurgitation seen at the higher
applied pressures. The flow rate at this pressure increased to 479
from 437 mL/min, a 10% increase (Figure 4c ). As in flow rate,
the ejection fraction and stroke volume increased as the EERD
was inserted in the mitral valve. Here, we observed a change in
stroke volume from 6.43 to 7.04 mL, corresponding to an ejection
fraction increase from 48% to 53%. All comparative values of
the 3D-printed model’s hemodynamic performance before and 
after the insertion of the EERD are displayed in Table S1 . The
reported ejection fraction was consistent with values from other
synthetic heart models and, after incorporation of the EERD, fell
within the normal range observed in healthy human hearts (50%–
70%) [ 56, 77 ]. It is anticipated that the initial reduced flow rate
also influenced the model’s ventricular pressure; as the ventricle
contracts more forcefully, it stiffens, leading to a corresponding
drop in intraventricular pressure [ 78, 79 ]. With the aid of a
piezoresistive pressure sensor designed and fabricated in our lab
(Figure 4b ), the pressures in the left ventricle were recorded. The
sensor’s flexibility and water resistance allow it to be placed in any
region of the model without experiencing electrode interference 
and provide superior measurement adaptability compared to 
commercial sensors. The sensors are inserted through the heart
model’s outlet in the left ventricle, and then strategically placed
in the top section of the chamber for proximity to the contracting
areas in the model. Since synthetic models cannot faithfully
reproduce physiological behaviors like arterial strain during 
contraction, the use of integrated sensors becomes essential for
accurate measurement. The piezoresistive sensor is able to record
pressures in the systolic and diastolic phases of contraction
in the left ventricle. As the mitral valve opens and closes, it
generates pulsatile flow within the left ventricle and produces a
corresponding pressure change with each contraction. Pressures 
observed at the systolic phase of the model, recorded before and
after the incorporation of the EERD, are shown in Figure 4d .
After edge-to-edge repair, we observed an increase in the systolic
pressure from 45.2 to 67.4 mmHg, an expected behavior following
the reduction in mitral valve regurgitation. Normally, the left
ventricular systolic pressure of a healthy human heart can vary
between 100 and 120 mmHg. Because this model is fully synthetic
and does not rely on animal cadaver hearts or complex pump-
based systems, and because it lacks key physiological features
such as arterial and venous strain during ventricular contraction,
it is not currently able to generate the high pressures reported in
other studies [ 56, 77, 80 ]. Even so, the incorporation of the EERD
reduces mitral valve regurgitation during contraction (Figure 4e ).
Here, the ultrasound images demonstrate that the mitral valve
can progress through its contraction and relaxation phases of the
cardiac cycle without exhibiting major regurgitative flow (Movie 
S5 ). This reduction in regurgitation is likely due to the decreased
pressure required to achieve valve closure when the 3D-printed
EERD is in place. At these lower applied pressures (after edge-
to-edge repair), the pneumatic actuators cause the 3D-printed 
ventricular walls to contract less forcibly, limiting the frequency
of regurgitation observed in the model. Through hemodynamic 
testing, the 3D-printed model presented slight leakage and no
notable delamination. With the development of more complex 
iterations of these 3D-printed heart models, understanding the 
effects of fatigue will be valuable. With the simulated integration
7 of 12
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FIGURE 4 Mitral valve regurgitation and edge-to-edge repair using a 3D-printed EERD. (a) Ultrasound imaging of the mitral valve during two 
cycles of contraction, split into four images: (a1 ) before the first contraction, (a2 ) during the first contraction, (a3 ) before the second contraction, and (a4 ) 
during the second contraction. (b) Schematic demonstrating the implantation of the 3D-printed EERD into the heart model to reduce regurgitation and 
integration of the designed piezoresistive pressure sensor. (c) Flow rate recorded in the left-side heart model with respect to applied pressure in three 
major stages: weak valve contraction (constant flow, no regurgitation), full contraction with the assistance of a 3D-printed EERD, and full contraction 
without the assistance of an EERD. (d) Pressure waveforms recorded in the left ventricle before and after insertion of the EERD with respect to time. 
(e) Ultrasound imaging of the mitral valve during the contraction and relaxation phases of the cardiac cycle with an incorporated EERD, significantly 
reducing regurgitation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2365709x, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

t.70885 by K
aiyan Q

iu - W
ashington State U

niversity , W
iley O

nline L
ibrary on [26/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative
of the EERD, the 3D-printed heart model developed in this
work demonstrates its utility as a surgical training and rehearsal
platform, enabling surgeons to practice the EERD implantation
and compare outcomes between a regurgitant mitral valve and
one that is properly corrected. In addition, suturing the mitral
valve into the model enables its reuse across different patient-
specific heart models and allows for closer examination of the
valve both with and without the EERD. 

3 Conclusions 

This work presents the development of a 3D-printed model of the
left side of the heart, with both anatomical and physiologically
simulated features. This model is produced using a two-step
printing process that allows integration of a 3D-printed mitral
valve with built-in sutures functioning as chordae tendineae,
an element that has been difficult to replicate in previous
surgical models. In the heart model design, dedicated channels
were incorporated into the ventricular walls to house McKibben
actuators, enabling controlled chamber contraction and resulting
in functional mitral valve motion. In terms of hemodynamic per-
formance, regurgitation patterns were observed due to induced
defects in the mitral valve, and these were mitigated following
use of the 3D-printed EERD. Flexible, water-resistant pressure
sensors are also incorporated in the model’s left ventricle,
offering accurate readings in the systolic and diastolic phases
8 of 12
of contraction. The 3D-printed design allows for the simulation
of clinically relevant surgical procedures without the need for
animal organs. Building on this foundation, the future stage of
this work aims to extend these capabilities toward a full heart
model by creating an anatomically and physiologically accurate 
representation of the human heart. By examining valve-chamber 
interactions in this work, we establish a platform that can be
expanded to more advanced designs in the future, including a
fully dynamic four-chamber heart model. Fully soft heart models
with four dynamic chambers have yet to be realized, highlighting
the need for systems that can pair anatomical fidelity with
physiological dynamics. Such models, while currently valuable 
for surgical training, also provide a foundation for developing
total artificial hearts by leveraging the soft materials and fine
structural resolution enabled by additive manufacturing. 

4 Experimental Section 

4.1 Customized Polymeric and Supporting Ink 

Formulation for 3D-Printing 

The printing ink compound was formulated with a bulking
agent: silicone grease (#LP20, Trident) and an active agent:
silicone sealant (Loctite SI 595 CL with acetoxy-curing and room
temperature vulcanization). The weight ratio of the bulking agent
to active agent for the ink was 1:1 (w/w). These substances were
Advanced Materials Technologies, 2026
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mixed via a centrifugal mixer (ARE-310, Thinky) at 2000 rpm
for 2 min. The supporting ink consisted of Pluronic 127 (Sigma–
Aldrich) dispersed in a glycerol/deionized water solution (1:9
v/v) with a 2:5 (w/v) ratio and provided temporary structural
assistance for overhanging and complex model features. 

4.2 Mechanical Properties of the Customized Ink

Following ASTM guidelines, we fabricated a series of cylinders
(10 mm diameter, 15 mm height) using various bulking-to-active-
agent ratios (0:1, 0.33:1, 0.5:1, 1:1, 1.5:1, and 2:1 w/w). To evaluate
their mechanical properties, we subjected these cylinders to
a static compression test using specialized mechanical testing
equipment (Instron 600DX). During the test, a load cell with a
capacity of 50 lbs was utilized and traveled a distance of 9.5 mm
downward at a controlled rate of 0.5 mm/s. Data collection was
performed on the initial stress deformation behavior at the strain
range between 0.00 and 0.30, which corresponds to a stress range
of 0–100 kPa. To gather dynamic mechanical behavior informa-
tion, these cylinders were subject to an oscillation frequency test.
Here, the cylinders were compressed 5 mm at varying oscillation
rates, ranging from 0.5 to 5 Hz, following the ranges of the human
body’s muscle frequency, and that of the heartbeat (1.5 Hz).
Storage and loss moduli of different inks were then recorded and
used to determine the optimal customized ink to be used in the
development of the 3D-printed heart model. 

4.3 3D-Printing of the Heart Model 

The human heart’s STL model was designed based on the organ’s
anatomy and simplified to have space for the incorporation
of the mitral valve and McKibben actuators. Here, curvature
was minimized in the regions close to the mitral valve to
provide sturdiness as it was sutured. Thickness in the walls was
significantly increased to 28 from 2 mm in the regions where
the McKibben actuators were incorporated. The heart model’s
volume was the following: 75.65 (L) × 70.42 (W) × 105.23 (H) mm3 .
To optimize ultrasound imaging and to prevent major leakage,
the model was printed at a 70% infill. The STL models were
sliced into horizontal layers via Slic3r, an open-source software,
to produce a 3D-printing programming language (G-code), which
determined the printing pathways. The G-code was entered into a
customized 3D-printing system (AGS1000, Aerotech), fitted with
two independent z -axis heads, which held two ink syringe barrels
(Optimum, Nordson EFD) individually containing the supporting
and polymeric ink. The rate of deposition was dictated by two
high-accuracy dispensers (Ultimus V, Nordson EFD). Precision
nozzles (Nordson EFD) with inner diameters of 0.84 mm (18 GA
GP.013X.25) and 0.41 mm (22 GA GP.016X.25) were used to print
layers with heights ranging from 0.7 to 0.3 mm, respectively. After
the printed model has been fully cured at room temperature, the
supporting ink was removed from the model via water flushing at
4◦C. 

4.4 Fabrication of McKibben Actuators 

A thermoplastic elastomer (TPE) bladder, polyurethane tubing,
and a PET expandable braided mesh were used to fabricate
Advanced Materials Technologies, 2026
the actuators. The TPE bladder was obtained from Fibre Glast
Developments Corporation. Polyurethane tubing was acquired 
from McMaster-Carr. A 0.25 inch PET mesh was purchased
from TechFlex. Two equal sections of TPE were first heat-sealed,
leaving a small opening for inserting the tubing. After the tubing
was positioned, the seal was carefully formed around it to prevent
leakage within the actuator. The bladder was then wrapped with
PET mesh, and the ends of the assembled actuator were sealed.
Finally, the actuators were tested at various pressures to identify
any major leaks. These devices were prepared at different lengths
according to the size of the gap present in the heart model. The
actuators are embedded around the left ventricle (inside of the
ventricle wall), being placed in designed inlets that wrap around
the 3D-printed model. High-accuracy digital dispensers (Ultimus 
V, Nordson EFD) were used to apply pressure on the actuators,
enabling them to axially contract and radially expand. 

4.5 Pressure Measurements 

The customized pressure sensor with a piezoresistive layer and
water resistance was designed to record pressures in the diastolic
and systolic phases in the left ventricle of the heart model through
the outlet, localized in the top section of the ventricle, where con-
traction is more prevalent. Here, the electrode (DuPont Pyralux
AC 352500), composed of polyimide and copper, was overlaid with
a piezoresistive material (Velostat), whose resistance changes 
under mechanical strain and can be interpreted as pressure. Then,
polyimide tape was used to cover the region of the sensor that
is exposed to blood-mimicking fluid, including the piezoresistive 
layer. This protective layer was added because the sensor is
exposed to a blood-mimicking fluid that could otherwise cause
a short circuit. Finally, to enable electrical interfacing, a section
of the sensor layer remained uncovered, serving as the contact
area for the voltmeter. Laser cutting was used to produce a highly
precise sensor, reducing disruption to the heart model’s flow
and contraction dynamics when placed within the chambers for
pressure recording. Following fabrication, the sensor underwent 
calibration by applying varying pressures using weights, and the
resulting resistance changes were used to derive pressure values
representative of cardiac conditions. This aided in reproducing 
pressure values in the heart model. Due to the dimensions of
the model (5 × 5 mm2 ), 40 g of weight was applied to replicate
16 kPa of pressure ( ∼ 120 mmHg) in the calibration process. Prior
to pressure measurements, the ultrasound access cut-out was 
sealed to minimize pressure leakage (as a closed system), and a
small incision was introduced in the atrium to serve as an inlet.
Intraventricular pressure waveforms were subsequently recorded 
from the left ventricle. 

4.6 Imaging and Hemodynamic Measurements 

Ultrasound imaging was provided by a Philips CX50 portable
ultrasound. A Phillips S12-4 Transducer recorded the images from
the atrium of the model, used to visualize the mitral valve during
contraction. Endoscopic imaging was recorded using a Hijoy S20
Articulating Borescope. This endoscope device was run through
the inlet of the heart model located on the atrium to visualize
the mitral valve from above. A Golander BT 101S Variable-Speed
Peristaltic Pump was used to input a flow of 511 mL/min into the
9 of 12
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heart model. Stroke volume and ejection fraction were quantified
using volumetric measurements of the left ventricle. The ventricle
was first filled at maximum capacity, and the obtained volume
was defined as the end-diastolic volume. During actuation, the
volume of fluid expelled from the ventricle was collected and
measured, corresponding to the stroke volume. The ejection
fraction was then calculated as the ratio of stroke volume to
end-diastolic volume. 
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