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Abstract 

 

Additive manufacturing (AM) which is commonly known as 3D printing is evolving quickly 

during the last decades. It has been utilized in various areas including biomedical applications, 

such as tissue engineering, therapeutic delivery, surgical planning and implant designs. The 

possibility to fabricate complex geometries allows us to solve many problems that cannot be done 

using traditional methods. In this thesis, we explored possible applications of 3D printing in 

biomedical engineering. The first application was using 3D printing to address challenges in 

treatments for congenital heart diseases (CHD). 1.35 million infants are born with CHD each year 

in the world, reconstruction of right ventricle–to–pulmonary artery (RVPA) continuity is an 

integral part of various surgical procedures commonly performed in neonates and young infants to 

treat CHD. However, these conduits need multiple open-chest replacement surgeries because the 

size of the conduits cannot grow as infants grow. We addressed the lack of growth potential of 

RV-PA conduits using novel 3D-printed conduits that can change their shape in response to the 

physiological changes during pediatric growth. We utilized thermoplastic polycarbonate-based 

polyurethane as a filament material in a fused filament fabrication printing process. We 
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characterized the material to determine the suitable printing parameters, then developed a 

customized bench-top fluidic set up to study the in-vitro functionalities of the 3D-printed conduits. 

The conduits can increase the effective diameters as the RV pressure increases during growth to 

accommodate increased blood flow rate. The second application was utilizing the same material 

to address the technique difficulties in vascular and microvascular anastomosis. Traditional suture 

method requires surgeons to have a long-time training before they can perform vascular 

anastomosis, and the surgeries usually last for hours, the sewing material may cause further 

damage to blood vessels after the surgery. To address these issues, we developed a 3D-printed 

device that can connect blood vessels together and allow a broader access of vascular and 

microvascular anastomosis by making the process simpler, faster, and safer. We believe that using 

3D printing technology, we can provide new aspects in designing patient specific biomedical 

devices and develop experience of both patients and surgeons. 
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1. Introduction 

Additive manufacturing (commonly known as 3D-printing) technologies have been developed 

in the past few decades as a cost-effective, on-demand modality and has been used widely in 

biomedical engineering because of the capability to enable intricate and complex geometries1 

without expensive and time-consuming tooling. With 3D-printing, it is possible to design 

personalized devices and structures to address different needs and challenges in medical aspects. 

This thesis will provide studies on using 3D-printing technologies to produce medical devices for 

addressing two current challenges in biomedical engineering. One is the growth of children makes 

it impossible for them to use implant designed for a full-grown adult, the other one is the long 

learning curve, surgery time and high risks for surgeons to perform vascular and microvascular 

anastomosis. These studies will include the design, fabrication, and performance evaluation for 

both problems. In this chapter, basic concepts associated with the devices will be introduced. 

1.1. Additive manufacturing and its applications 

ISO/ASTM 52900 defines additive manufacturing (AM) as process of joining materials to 

make parts from 3D model data, usually layer upon layer2. AM is commonly known as 3D printing. 

Compared to conventional fabrication methods such as molding that are related to industrial mass 

production, AM enables faster design and manufacturing of customized objects to meet demands 

of specific applications. Commonly used AM techniques include fused filament fabrication (FFF), 

stereolithography (SLA), powder bed fusion, Direct ink writing.3,4 Using these methods, a wide 

range of material can be utilized, including polymers, metals, bio-inks and ceramics.  

We chose thermoplastic materials as our main component and the reasons for this choice are 

explained in chapter 2. Consequentially, fused filament fabrication was chosen as the 3D printing 

technology.  
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1.1.1. Fused Filament Fabrication 

Fused filament fabrication (FFF) is one of the most widely used 3D printing technologies 

because of its simplicity. As shown in Figure 1, a thermoplastic filament is fed through an extruder 

which can melt the filament using heat. The nozzle moves along three axis (x-y-z) and put on the 

desired shape layer by layer, thus reproducing the designed model. There can be multiple nozzles 

in the FFF process. For example, one extrudes the building material while the other one extrudes 

supporting material which can support the over-hanging building structure and can be removed 

later, leaving the built model.  

 

Figure 1: An illustration of fused filament fabrication processi 

 

Materials commonly used in the FFF process are polycarbonate (PC), acrylonitrile butadiene 

styrene (ABS) and polylactic acid (PLA). The main advantages of FFF are 1) it is a relatively 

simple process, 2) generally no chemical post-processing required, and 3) most importantly, the 

materials that can be used in the process are versatile while they must be thermoplastics, which is 

 
i Copyright © 2012 Kaufui V. Wong and Aldo Hernandez 
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also the reason that we chose FFF as our main fabrication method. However, it is also limited in 

the resolution (usually around 0.3mm) compared to other additive manufacturing process. The 

resolution of this method is not ideal for relatively small structures.  

We used the FFF process to fabricate soft biomedical devices, more specifically, right 

ventricle-to-pulmonary artery (RV-PA) conduits and sutureless couplers. The usage and current 

development of the devices will be introduced in the following sections. 

1.2. Applications of 3D printing  

As AM techniques are developing rapidly, there has been an abundance of potential 

applications in biomedical engineering. In addition, 3D-printing is especially important for 

pediatric implants since many of the devices and implants that are needed are either based on adult 

applications or non-existent due to the high development costs and small markets. 

1.2.1. 3D printing in biomedical engineering 

3D printing technology has been used widely in biomedical engineering because of its ability 

to incorporate intricate complex structure into designs. These applications include: 

• Tissue engineering 

3D printing technology is often used to print a customized scaffold to culture cells for 

in situ tissue regeneration. For example, Ma et al. 3D printed a biodegradable polymeric 

scaffold to enhance osteogenesis for bone regeneration5 (Figure 2).  
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Figure 2: 3D printing technology utilized in bone regeneration.ii 

 

• Therapeutic delivery 

Recently, 3D printing has gained traction in pharmaceutical manufacturing. Because a 

drug product’s structure can affect drug release, complex 3D structures may create new 

possibilities for drug delivery6. Also, while conventional drug products are manufactured 

in a large quantity, 3D printing technology gives us more control of the structures and 

dosing of the drug for different patients.7 

• Surgical planning and implant designs 

Some human structures are very complicated, and fractures may be difficult to fix. 

For example, the unique anatomy of the orbit makes it difficult and time consuming to fit 

 
ii Reprinted with permission from Ma, Y.; Hu, N.; Liu, J.; Zhai, X.; Wu, M.; Hu, C.; Li, L.; Lai, Y.; Pan, H.; Lu, W. 

W.; et al. Three-Dimensional Printing of Biodegradable Piperazine-Based Polyurethane-Urea Scaffolds with 

Enhanced Osteogenesis for Bone Regeneration. ACS Appl. Mater. Interfaces 2019, 11 (9), 9415–9424. Copyright 

2019 American Chemical Society. 
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and align implants after the fractures happened8. Using 3D printing, it is possible to plan 

the surgery (Figure 3a&b) and 3D print patient-specific implants before the surgery. 

 

Figure 3: (a) Computer Assisted Designing of implant for 3D reconstruction of damaged part 

(pink in the picture). (b) Stereolithographic model showing fracture for treatment planning.iii 

 

1.2.2. 3D printing for pediatric applications 

Although 3D printing has been widely used in customized biomedical implants, pediatrics is 

an underserved market for implantable medical devices.9 The most significantly challenge in 

pediatric biomedical implants is the need for devices to accommodate tissue growth.9 Thus, 

producing 3D-printed devices that adapt to growing tissues is important for pediatric applications. 

For example, Morrison et al. reported a 3D printed patient-specific archetype device that allows 

radial expansion of the affected airway over the critical growth period while resisting external 

compression and intrinsic collapse to treat tracheobronchomalacia (Figure 4).10 The implanted 

device will expand with the airway’s growth due to the degradation of the material and decreased 

stiffness.  

 
iii Reprinted from Journal of Oral Biology and Craniofacial Research, Volume 7, Vignesh et al., Three dimensional 

reconstruction of late post traumatic orbital wall defects by customized implants using CAD-CAM, 3D 

stereolithographic models: A case report, Pages 212-218, Copyright (2017), with permission from Elsevier 
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Figure 4: illustration of fit of patient-specific 3D printed PCL tracheobronchial splint over three 

different patients’ airway.iv 

 

Currently, the most commonly used method to make growth-accommodating implants is 

utilizing biodegradable materials,11 which will limit the material choice, especially for 3D 

printing. Thus, there is rapid need to explore more options to make biomedical implants that can 

grow with human body.  

1.2.3. 4D printing 

Incorporated with multi-material prints which have the capability to transform over time, or 

a customized material system that can change from one shape to another, the concept of four-

dimensional (4D) printing was developed recently. The technique that adds time as an additional 

 
iv From Morrison, R. J.; Hollister, S. J.; Niedner, M. F.; Mahani, M. G.; Park, A. H.; Mehta, D. K.; Ohye, R. G.; Green, 

G. E. Mitigation of Tracheobronchomalacia with 3D-Printed Personalized Medical Devices in Pediatric Patients 

(Science Translational Medicine (2015) 7 (287er4)). Sci. Transl. Med. 2015, 7 (287), 1–12. Reprinted with permission 

from AAAS. 
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dimension to common 3D printing processes is defined as 4D printing. It usually needs external 

stimuli to trigger the change of the shape, such as light, heat and temperature. For example, 

Zarek et al. reported a 4D printed personalized tracheal stent which can deform into its 

temporary shape after printing, and be inserted in the body followed by deploying back into its 

permanent shape with a local increase in temperature (Figure 5).12 

 

Figure 5: Photoseries of macroscopic shape memory behavior of a personalized airway stent. The 

images show the transition between the temporary state (for deployment) and the permanent 

shape (for performance)v 

 

The stent was printed using shape-memory-polymer (SMP), which is a semicrystalline 

methacrylated poly-caprolactone (PCL) in this study. This device is also potential to accommodate 

growth, which is found much interest for pediatric applications. In this thesis, we will show a type 

of 4D printing biomedical device which can be used to treat congenital heart diseases.  

1.3. Current state of art for RV-PA conduits 

 
v  Reprinted from Macromolecular Rapid Communications, Volume 38, M. Zarek et al., 4D Printing of Shape 

Memory‐Based Personalized Endoluminal Medical Devices, Copyright (2016), with permission from John Wiley and 

sons. 
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Birth defects account for nearly 20% of infant deaths in the U.S.13, and congenital heart disease 

(CHD) is the most common type of birth defect, for an overall prevalence of 81 per 10,000 births, 

worldwide, 1.35 million infants are born with CHD each year. Congenital heart disease impact 

cardiac embryogenesis both structurally and functionally. Common CHDs include pulmonary 

stenosis, tricuspid atresia, tetralogy of fallot and so on.14,15 Tetralogy of fallot is one of the most 

common cyanotic congenital heart disease.16 It includes 4 distinct morphologic abnormalities: a 

ventricular septal defect, rightward shifting of the aorta, right ventricular outflow obstruction, and 

right ventricular hypertrophy.16 Right ventricle to pulmonary artery (RV-PA) conduits to 

reconstruct the RV-PA continuity are commonly used to treat CHDs (Figure 6).17  

 

Figure 6: Reconstruction of the right ventricular outflow to the pulmonary arteries using an RV-

PA conduit (the transparent tube)vi 

 

Currently, commonly used conduit types include homografts, xenografts and polymeric 

implants.18 However, the sizes of these conduits are fixed so that most of these implants eventually 

require replacement after years. The conduit durability is usually 5-6 years in younger stage19–21 

because the size of the conduit needs to be small due to the limited space in neonate’s chest.  Hence, 

 
vi Reprinted from Ozan Erol et al. 3D-Printed Shape-Changing Cardiovascular Conduits to Accommodate Growth of 

Pediatric Patients, in preparation. 
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the dominant issue in the patients’ long-term course becomes subsequent open-chest surgeries 

during their lifetimes. 

1.3.1. Engineering of current conduits  

In order to overcome the limitations of static conduits, several studies have tried to engineer 

the current cardiovascular conduits used for CHDs in order to give growth potential. The 

engineered conduits can be divided into two categories: vascular tissue engineering22–25 and 

synthetic implant26–28.  

Vascular tissue engineering is governed by the tissue engineering triad, which consists of the 

scaffold, cells and signals. Tissue engineered vascular grafts (TEVG) are based on either 

decellularized extracellular matrix (ECM)25 or biodegradable scaffolds.22–24 The cells seeded in 

the scaffold are expected to proliferate and differentiate after implantation, and after the scaffolds 

degraded, the differentiated cells are expected to form neovessels that can repair, remodel, and 

even grow with the patient (Figure 7).29 It has been proved that tissue-engineered cardiovascular 

substitutes had evidence of growth in lambs,23 and in the clinical trial performed in Japan showed 

that the TEVG grown with time without thrombosis, stenosis or obstruction.30 However, the 

cellular and molecular mechanisms of TEVG neotissue formation in the human trial remained 

unidentified and unexplained which have large influence on the choice of scaffold and seeding 

cells,31 and further studies are needed. 
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Figure 7: Schematic illustration of TEVG manufacturing process. (A, B) Cells are isolated from 

tissues obtained from patients and expanded in vitro. (C) Fabrication techniques. (D) The TEVG 

undergoes cellularization with the expanded cells before moving to dynamic conditioning. (E) 

The manufactured TEVF is implanted into the patient.vii 

 

Synthetic conduits are made of biocompatible materials, such as expanded 

polytetrafluoroethylene (ePTFE) are alternatives to homografts and showed growth ability, 

however it has been challenging due to limited fabrication ability to make small conduits that can 

fit infants.27 Other techniques that have been use to delay the need for reoperation including 

different kinds of cardiovascular stents (balloon expandable32 or self-expandable33), however, the 

fracture of cardiovascular stents remains a large concern34 and there have not been any Food and 

Drug Authority (FDA) approved intravascular stents for use in CHD.35  

1.3.2. Shape-changing biomedical devices 

Recently the shape-changing biomedical devices have become an active and important 

research area. Stimuli-responsive materials that are capable of controlled shape transformations 

 
vii © 2018 Carrabba and Madeddu 
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have been choices for making shape-changing biomedical devices and other biomedical 

applications.36,37 The shape-changing mechanism is realized by external stimulus such as heat, 

light, and PH.38,39 It has been reported that stents, which are made of shape-memory polymer 

(SMP), can maintain shape storage at room temperature. When stents are implanted into human 

body, the body temperature can fully activate them, providing a new way to treat cardiovascular 

diseases (Figure 8).40 In this study, SMP can be transferred into a soft rubbery state after heating 

above its glass transition temperature (Tg). The polymer is then deformed and cooled under 

constraint to set the material into a temporary packaged state. Shape-memory activation occurs 

when the polymer is reheated to Tg and returns to its original permanent shape. By utilizing this 

mechanism, the SMP stent is heated to deform before it is inserted into a glass tube and when the 

temperature is cooled down to body temperature, the stent goes back to its original shape and can 

act as a stent (Figure 8).  

 

Figure 8: Recovery of a SMP stent with Tg=52 °C delivered via a catheter into a glass tube 

containing body temperature water at 37 °C. Black rings were drawn to facilitate deployment 

visualization.viii 

 

 
viii Reprinted from Biomaterials, Vol 28, Yakacki et al., Unconstrained recovery characterization of shape-memory 

polymer networks for cardiovascular applications, Pages 2255-2263, Copyright (2007), with permission from Elsevier. 
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Although the shape-changing biomedical devices have shown their great potential in tissue 

engineering, drug delivery, wound healing, microsurgeries41–43, they need continuous stimulations 

to remain in the changed shapes, which makes them unsuitable for long term biomedical devices 

that need progressive changes. There is currently no good solution to address the challenge of 

growth potential in RV-PA conduits. 

1.4. Current state of art for sutureless couplers 

Vascular and microvascular anastomosis is a procedure commonly performed by a broad 

range of surgeons including vascular, transplant and plastic surgeons. The anastomosis focuses on 

connecting blood vessels (arteries and veins) to restore blood flow. Reconstructing vessels with an 

outer diameter between 1mm and 3mm is considered as microvascular anastomosis.44 The 

common procedure to connect the two ends of vessels together requires precise placement of 

sutures through the blood vessel wall (Figure 9) and it has been a great challenge for surgeons for 

over 100 years.45 One of the big challenges is that surgeons need to be trained for years to be 

proficient in doing anastomosis, especially for small vessels (diameter <3.0 mm), which results in 

a short supply of skilled surgeons for highly demanded procedures.45,46 On the other hand, even 

with skilled surgeons, the traditional method can lead to long-term failure from intimal hyperplasia 

and foreign-body reaction to the suture material.47 The procedure is also resource intensive, often 

requiring high grade surgical microscopes, and specially trained staff to handle microsurgery 

equipment. 
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Figure 9: Diagram of the traditional vascular anastomosis procedureix  

 

A number of methods have been developed to overcome the technical difficulties of sutures, 

including using vascular connectors48, shape-memory alloy stent49 and poloxamer gels50. As 

shown in Figure 10, vascular connectors are composed with 3 parts, including the inner tube to 

support blood vessels, two outer rings to secure the position of the connectors on the blood vessels. 

Shape-memory alloy stent expands after deploying in the blood vessels while it needs glue to 

stabilize the connecting spots. The poloxamer gels are heated to be solid and act as temporary stent, 

when the adhesive solution is solidified outside the junction site, the poloxamer gels will melt at 

body temperature.  

However, all these methods still need several steps to fully deploy the devices, they either 

need to wait for the temperature changes or have several pieces to finish the procedure. Also, they 

haven’t been tested in large animal models to show their efficacy when compared with traditional 

methods. Consequently, there is a need to produce a robust, simplified, and faster method for 

vascular and microvascular anastomosis with comparable surgical outcomes. 

 
ix Reprinted by permission from SPRINGER NATURE, Vascular anastomosis using controlled phase transitions in 

poloxamer gels, Chang et al. © 2011 
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Figure 10: Schematic representations of different approaches to realize sutureless microvascular 

anastomosis (a) The new vascular connector: 1. The inner tube with conical ends, 2. Male ring, 

3. Female ring.x (b) The Microstent system to perform sutureless microvascular anastomosis.xi 

(c) The poloxamer nanogel formulation as a temporary intraluminal stent to facilitate a stable, 

sutureless end-to-end microvascular anastomosis.xii 

 

1.5. Thesis outline 

To address aforementioned issues, we investigated 3D-printed cardiovascular conduits that can 

change their shapes in response to physiological changes to address the limitation in growth 

potential in current methods. The conduits were designed to have folds that can unfold with the 

physiological changes and increase their diameters. We also 3D-printed one-piece sutureless 

couplers that can hold two separate blood vessels together without suture to address the limitations 

associated with technical difficulties of anastomosis. The couplers had anchors on two ends that 

can hold the blood vessels and stay in site.  

 
x © 2014, Springer Nature 
xi Reprinted by permission from SPRINGER NATURE, Vascular anastomosis using controlled phase transitions in 

poloxamer gels, Chang et al. © 2011 
xii © 2017 Saegusa et al. 
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The conduits and couplers were fabricated using fused filament fabrication (FFF)-based 3D 

printing with a biocompatible thermoplastic elastomer. The growing ability of the 3D-printed 

conduits were measured in our in-vitro flow test setup that can generate pulsatile flow and mimic 

pulmonary circulation at different ages. The feasibility of the 3D-printed sutureless couplers were 

tested using pig blood vessels and the preliminary ability of the couplers to sustain flow was 

measured. 

This thesis is structured as follows: 

• Chapter 2 will describe the material that we used in the studies to 3D print RV-PA conduits 

and sutureless couplers. We evaluated the thermal properties of the material and the 

printability of the material. These tests were conducted to define the printing parameters of 

this material using FFF method. 

• Chapter 3 will describe the design details of RV-PA conduits and sutureless couplers 

including the inspiration and adjustable parameters in the designs. 

• Chapter 4 will describe a customized in-vitro blood-flow simulation test set up which was 

used to evaluate the conduit’s performance. A number of tests including the calibration of 

the test units and the performance of the conduits are described.  

• Chapter 5 will describe the ex-vivo tests to explore the feasibility of the 3D-printed 

sutureless couplers. The preliminary data of the ability to sustain flow in the connected 

blood vessels are also described. 

• Chapter 6 will discuss conclusions and future directions for the studies. 

  



16 
 

2. 3D-printing soft biocompatible materials  

The printing material that we use should be soft and biocompatible so that it can accommodate 

with surrounding tissues without causing any compliance mismatches between the implants and 

tissues, as well as safe for human tissues so that there will not be infections after implantation. 

Considering these conditions, we think a polymer, especially soft elastomer is the best choice for 

our applications. Polymers are commonly used for vascular grafts.29,51 They can provide high 

fatigue life and high compliance,52 which are two properties that are important for cardiovascular 

applications. Polymers are also highly processable, which makes them suitable for a wide variety 

of manufacturing approaches. Thus, we chose the commercially available thermoplastic 

polycarbonate-based polyurethane silicone (Chronosil, AdvanceSource Biomaterials Corp) as the 

material for our studies. In the following sections, rationale to use this material and several tests 

to determine the printing parameters will be described. 

2.1. Thermoplastic polycarbonate-based polyurethane silicone 

TPU is a block copolymer that has hard segments and soft segments (Figure 11). The hard 

segments are joined to the soft segment through urethane linkage.53 The regional heterogeneity 

and hard-soft interactions provide TPU both high elasticity and thermoplastic nature.53  

 

Figure 11: Structure of a thermoplastic polyurethane elastomer E685xiii 

 

 
xiii Reprinted from European Polymer Journal, Vol 48, Françoise Fenouillot et al. Coarsening of nanodomains by 

reorganization of polysiloxane segments at high temperature in polyurethane/α,ω-aminopropyl polydimethylsiloxane 

blends, Pages 284-295., Copyright (2012), with permission from Elsevier. 
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These properties make TPU an ideal material for the FFF process. Thermoplastic 

polycarbonate-based polyurethane silicone (Chronosil) is a class of thermoplastic polyurethane 

mad by co-polymerizing silicone with polycarbonate-urethane. Pure silicones lack the mechanical 

integrity that are usually required for medical devices, but with polycarbonate-urethane co-

polymerized, the mechanical properties are improved while the thermoplastic properties will not 

change. Recently, a study utilizing the similar copolymer thermoplastic silicone-polycarbonate-

urethane (TSPCU) to 3D print heart valve ring showed great promise of using this material for 

medical applications.54 The TSPCU that we used in this study was Chronosil 80A-5%-Q 

(AdvanceSource Biomaterials Corp) which was purchased in pellet form, 5% indicating silicone 

content by weight and 80A indicating shore hardness. We explored the thermal properties to 

determine the suitable printing parameters. The detailed printing process will be discussed in the 

following sections.  

2.2. Characterization of thermal properties for 3D printing  

As described in the introduction, FFF-based 3D printing melts the thermoplastic material, 

extrudes through a nozzle and deposits onto a substrate. Hence, the thermal and temperature-

dependent rheological properties were characterized to guide the printing process. Micro-CT was 

used to visualize the printing quality of samples printed using different printing parameters.  

2.2.1. Differential scanning calorimetry and thermogravimetric analysis 

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were 

conducted to characterize the thermal properties of Chronosil. DSC is a technique that measures 

the difference in the amount of heat required to increase the temperature of a sample and reference, 

while TGA can determine the thermal stability of our material. Both pellet and filament samples 

had a glass transition temperature around -30 ℃, which is common with polycarbonate-urethane 
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(PCU) based polymers. The first-order transition at around 160 ℃ corresponds to a typical melting 

temperature of PCUs (Figure 12a)53. Significant weight loss was observed at temperatures higher 

than 300 ℃  (Figure 12b)53. The start of the thermal degradation of Chronosil is important as the 

material is melted and extruded during FFF process. 

 

Figure 12: (a) Representative DSC curves for Chronosil pellet and filament. An exothermic 

reaction is in the upward direction. The temperature at which the sample goes through enthalpic 

relaxation is marked as T1 and melting endotherm region is marked as Tmh (b) A representative 

TGA thermogram of Chronosil pellet and filament.xiv 

 

2.2.2. Rheology properties of Chronosil 

The temperature-dependent rheological properties of Chronosil needs to be conducted to guide 

the printing process. Rheology studies the flow of matter and can measure the complex viscosity. 

The viscosity of the material in around the certain angular frequency at different temperatures can 

guide us to choose the suitable printing temperature.  

 
xiv Reprinted from Journal of the Mechanical Behavior of Biomedical Materials, Vol 104, Bachtiar et al., 3D printing 

and characterization of a soft and biostable elastomer with high flexibility and strength for biomedical applications, 

Copyright (2020), with permission from Elsevier. 
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The filaments were cut into several segments (~ 2cm, Figure 13a) to fit the rotational rheometer 

(MCR-9, Anton-Paar Instruments). We used a parallel plate-to-plate setup capable of varying 

environment temperature with a 1mm gap to place the filament segments (Figure 13b).  

 

Figure 13: (a) Schematic illustration of upper view of cut filament segments lining on the plate. 

(b) Schematic illustration of rheometer set up. 

 

The measurements were conducted at temperatures between 160 ℃ and 260 ℃ with 20 ℃ 

increments. The lower limit of the temperature was chosen as 160 ℃ , which is suggested as the 

melting temperature from DSC results, and the upper limit of the temperature was chosen as 260 

℃ as Chronosil starts exhibiting significant thermal degradation above this temperature.53 For each 

temperature level, the frequency sweep was from 1 rad/s to 100 rad/s as the highest frequency 

sweep that the rheometer can reach is 100 rad/s, and the shear strain was 0.5% constantly.  

The complex viscosity of the filaments was measured at different temperatures as a function 

of angular frequency (Figure 14). The viscosity of Chronosil filaments decreased as the 

temperature increased. 
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Figure 14: Theology properties of Chronosil at different temperatures 

 

The range of angular frequencies that Chronosil experiences during printing with printing 

speeds ranging from 1mm/s to 50mm/s with a 0.35mm nozzle diameter was calculated to range 

between 20 s−1  to 1100 s−1  in the study by Bachtiar et al.53 Because the oscillatory shear 

rheometer cannot reach angular frequencies above 100 rad/s, temperature-time superposition (TTS) 

was used to estimate the complex viscosity55 at different temperatures (Figure 15). The viscosity 

of chronosil melts decreased as the temperature increased, suggesting shear-thinning properties 

that are commonly seen in polymer melts. 
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Figure 15: Rheological properties of Chronosil filaments determined by TTS at different 

temperatures 

 

2.2.3. Determination of optimal printing parameters 

To determine optimal printing parameters, single-walled hollow cubes were 3D printed under 

different temperatures, printing speed and layer height, and then scanned using micro-CT for 

reconstructing 3D models. Figure 16 shows the 2D cross-sections obtained from micro-CT scans 

under different printing conditions.53 Distinct differences in porosity and geometric dimensions 

were observed. The green border indicates the best printing parameters that we chose, as it shows 

lowest porosity and finest geometric dimension among all the printed samples. The green border 

in the figure indicates the printing parameter that we chose, with the lowest porosity and finest 

geometric dimension among all the printed samples. 
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Figure 16: 2D cross-section images of 3D-printed objects using different printing parameters. a) 

Objects with 0.3 mm layer height, b) objects with 0.15 mm layer height, c) objects with 0.10 mm 

layer height. (Red dotted borders indicate the intended structure thickness of 0.35 mm. Scale bar 

represents 0.5 mm. The absence of any image indicates that objects were not printable).xv 

 

 
xv Reprinted from Journal of the Mechanical Behavior of Biomedical Materials, Vol 104, Bachtiar et al., 3D printing 

and characterization of a soft and biostable elastomer with high flexibility and strength for biomedical applications, 

Copyright (2020), with permission from Elsevier. 
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2.3. Details of 3D printing 

The architecture design of the conduits and couplers were generated using SOLIDWORKS™ 

3D computer-aided-design (CAD) design software, then, the slicing software Cura Lulzbot® was 

used to generate gcode files for printing. In order to prevent any change in the properties of the 

material, the commercially available Chronosil pellets (Figure 17a) were dried in a vacuum oven 

(Lindberg/Blue M Vacuum Oven, Thermo Scientific) at 80 ℃ for at least 3 days to remove any 

possible moisture inside the pellets. After the pellets are dried, they were made into filaments 

(Figure 17b) a single-stage single-screw extruder (Filabot EX2, Triex LLC.) at 210 ℃ (Figure 17c).  

 

Figure 17: (a) Commercially available Chronosil pellets (scale bar is 1.5cm). (b) Filaments made 

from pellets ready for printing (scale bar is 1.5cm). (c) single-stage single-screw extruder to 

make filaments from pellets. 
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The structures were printed using Lulzbot TAZ 6 (Lulzbot) with a 0.35 mm nozzle head 

(LulzBot Flexystruder Tool Head v2, Lulzbot) at 260 ℃ (Figure 18), the printing speed was 9 

mm/s, the layer thickness was 0.15 mm and the bed temperature was 50 ℃.  

 

Figure 18: Photograph of Lulzbot TAZ 6 3D printer with LulzBot Flexystruder Tool Head v2. 

 

2.4. Summary 

In this chapter, we discussed the rationale of choosing thermoplastic polycarbonate-based 

polyurethane as our main 3D printing material and the thermal and rheological properties of 

chronosil were characterized. The resulting data were used as a guideline to process the material 

in FFF 3D printing.  

Thermal and rheological properties are two important aspects in FFF process. Thermal 

measurements showed important thermal transition points and thermal stability of the chronosil. 

The first-order transition of chronosil was at around 160 ℃, and significant weight loss was 

observed at temperatures higher than 300 ℃ . These results helped us determine the suitable 

printing parameters. Rheological properties showed the viscosity of chronosil was dependent on 
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the angular frequency and decreased as the angular frequency increased. The micro-CT scanning 

results further guided us choosing specific printing temperature, layer height and printing speed. 

In the following chapter, we will discuss the design for RV-PA conduits and sutureless 

couplers respectively. 
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3. Design and 3D-printing cardiovascular devices 

Our novel RV-PA conduits were designed to have folds that enabled the conduits to change 

shapes during the growth process, and the sutureless couplers were designed to have anchors on 

the two ends to enable sutureless vascular anastomosis. In the following sections, design details of 

shape-changing conduits and sutureless couplers will be described.  

3.1. Shape-changing RV-PA conduits 

Human body increases the body surface area progressively during growth especially during 

the growing from infant to young adult, and in order to provide enough nutrients and oxygen in 

the blood, the blood flow rates need to increase as well.56 To accommodate the increase of blood 

flow rates, the systemic and pulmonary pressure levels will also increase in infants during growth 

(Figure 19a).56 Here we focus specifically on the conduits used to treat defects in the pulmonary 

circulation caused by CHDs. The primary role of the right ventricle (RV) is to deliver all the blood 

it receives into the pulmonary circulation without causing right arterial pressure to rise,57 if a 

conduit with a fixed size is used to treat CHDs in the pulmonary circulation, it eventually limits 

flow as the infant grows. With progressive mismatch in size and relative obstruction, RV pressure 

increases to abnormal levels. Hence, the ideal conduit should be designed to accommodate the 

changes in the blood flow and pressure levels during the growth by increasing its radial dimension 

as a function of age (Figure 19b). 58  
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Figure 19: (a) Changes observed in the average blood flow rate and pressure levels in systemic 

circulation (b) Desired conduit effective diameter at different agesxvi 

 

Inspired by the folded morphology in the human body such in the esophagus (Figure 20) in 

human body,59 we designed folded patterns along the radial direction of the conduit to actualize 

the “growth” of the conduits (Figure 21a).  

 

Figure 20: Specimen opened along the greater curve side shows the entire mucosal lumen of the 

esophagogastric junction.xvii 

 
xvi Reprinted from Ozan Erol et al. 3D-Printed Shape-Changing Cardiovascular Conduits to Accommodate Growth of 

Pediatric Patients, in preparation. 
xvii  Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Barrett’s 

Esophagus, Anatomy and Embryology of the Esophagus, D. Liebermann — Meffert, Copyright (2001) 
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Fold geometries were designed such that all folds had the same radius of curvature to simplify 

the conduit design while the locations of folds were chosen as free design parameters. The conduits 

with radial folds can unfold as the blood flow rate and the pressure increase as a result of the 

growth of a pediatric patient (Figure 21b). The final diameters and unfolding behavior of the 

conduits can be adjusted by tuning the number of folds. The number of folds was kept even 

numbers to make the conduit cross sections always symmetric. The designed conduits were printed 

using Chronosil with the parameters described in section 2.2.3. layer by layer (Figure 21c) and 

further tested in-vitro. 

 

Figure 21: (a) Schematic showing the basic design concept of the conduits with radially 

distributed folds. (b) Schematic showing the progressive radial conduit expansion. (c) printed 

conduits with different number of folds (Scale bars are 10 mm).xviii 

 

3.2. Sutureless coupler 

Vascular and microvascular anastomosis is a technique used by surgeons and microsurgeons 

to connect two blood vessels end-to-end or side-to-end together with sutures. This must be done 

 
xviii Reprinted from Ozan Erol et al. 3D-Printed Shape-Changing Cardiovascular Conduits to Accommodate Growth 

of Pediatric Patients, in preparation. 
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safely and quickly to limit ischemia time to downstream tissues and restore blood flow. In order 

to improve the efficacy of traditional suture method, we sought to design a one-piece biomedical 

device that can connect two blood vessels together without any suture or adhesives. Inspired by 

the wing‐locking device in beetles,60 we utilized a similar “hook” structure in our device, which 

we have termed “anchors”. As shown in Figure 22, the curved anchors in the wings maximize 

lateral shear friction while minimizing vertical friction.  

 

Figure 22: (a) Photograph of the wing‐locking device of the beetle.(b,c) SEM images of 

microtrichia on the cuticular surface with two different magnifications.xix 

 

The coupler was designed to have a flexible cylinder shape, and the peripheral surface of the 

two ends of the coupler are covered with unidirectional anchors (Figure 23a). When the coupler 

is inserted into a vessel, the direction of insertion is oriented to the direction of the anchors, 

which results in guarding (Figure 23b). If the coupler is pulled out in the opposite direction, the 

force will engage the anchors, thus disabling the coupler from being removed from the vessel. 

The couplers were designed to have 3 mm or 5 mm outer diameters to adapt different sizes of 

blood vessels, the ability to hold blood vessels together can be adjusted by varying the angles 

and numbers of the anchors. 

 
xix Reprinted from Advanced materials, Pang et al., Bioinspired Reversible Interlocker Using Regularly Arrayed High 

Aspect‐Ratio Polymer Fibers, Copyright © 2012 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim 



30 
 

 

Figure 23: (a) Schematic illustration of designed sutureless coupler. (b) An illustration of coupler 

deployed in a blood vessel. (c) Printed sutureless coupler with anchors on one end and (d) two 

ends 

 

The designed couplers were printed using Chronosil with the same parameters as the RV-PA 

conduits layer by layer without any supporting materials, so we were only able to print anchors 

on one end instead of two ends (Figure 23c). In order to get the fully printed device, we used 

glue to stick two prints together (Figure 23d). 

3.3. Summary of design and 3D printing cardiovascular devices 

The inspiration of designs for shape-changing RV-PA conduits and sutureless couplers are 

discussed in this chapter. Inspired by esophagus, the RV-PA conduits were designed to have folded 

structure that can expand as the blood flow rate increase, thus giving “growth” potential to 3D-

printed conduits. The design of the sutureless couplers was inspired by the wing-locking device in 

beetles, the hooked anchors on two ends hold two blood vessels together without any sutures or 

adhesives.  

In the following chapter, a bench-top circulatory loop will be described, and a couple of in-

vitro tests of the shape-changing RV-PA conduits will be discussed. 
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4. In-vitro testing of RV-PA conduits 

In order to demonstrate the changes of the conduits during growth, we developed an in-vitro 

bench-top circulatory loop to mimic the hemodynamic flow conditions. The designed experimental 

set up is based on a lumped parameter model, which simulates the blood circulation by introducing 

two building blocks in the electrical circuits.61 One is a resistor, which represents resistance to 

flow in the circulation, the other one is capacitor, which represents the compliance of the system. 

These two blocks represent the whole body’s total impedance. Resistance is defined as the pressure 

gradient per flow rate through the circulation, while compliance is defined as the change in blood 

volume due to a given change in blood pressure.  

We did calibration to relate the experimental units in our setup to the physiological vascular 

resistances and compliances62–64 before we did tests of RV-PA conduits. After calibration, several 

in-vitro tests were done to evaluate the performance of the conduits. 

4.1. Overall In-vitro fluidics test setup 

The bench-top circulatory loop consists of (1) adjustable compliance chambers, (2) variable 

flow resistances, (3) reservoir, (4) external conduit visualization setup (camera), (5) pressure 

sensors, and (6) digital flow meter. The loop was driven by a pulsatile positive displacement pump 

(Harvard Apparatus, Holliston, MA, USA) with adjustable stroke volume (SV) (15-100 mL), heart 

rate (0-100 beats per minute) (BPM) and output phase ratio (Figure 24). 
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Figure 24: (a) In-vitro fluidics test setup capable of mimicking pediatric pulmonary circulation. 
xx(b) Schematic of the components of the in-vitro fluidics test setup 

 

The flow resistances were adjusted by custom made adjustable pinch clamps (Figure 25a). The 

compliance chambers were comprised of cylindrical columns with inlet and outlet ports, and an 

inflatable plug allowing the air to be trapped (Figure 26a). The external conduit visualization setup 

was used to capture the shape changes of the conduits with a digital camera (Canon EOS 80D, 

Canon Inc.). Pressure waveforms were recorded at the inlet and outlet locations of the conduits 

using pressure sensors (Omega Engineering, Norwalk, CT, USA). An ultrasonic flowmeter 

(Cynergy3, Wimborne, Unitied Kingdom) was used to measure the flow rate within the circulatory 

loop. Data from the pressure and flow sensors was collected with a dedicated 16-bit acquisition 

board NI USB-6210 (National Instruments Inc., Austin, RX, USA).  

 
xx Reprinted from Ozan Erol et al. 3D-Printed Shape-Changing Cardiovascular Conduits to Accommodate Growth of 

Pediatric Patients, in preparation. 
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Figure 25: (a) The pinch clamp in the circulation system. (b) Schematic illustration of the pinch 

clamp and measurement of resistance distance 

 

 

Figure 26: (a) The compliance chamber in the circulation system. (b) Schematic illustration of 

the compliance chamber and the height measurement, the height is defined as the distance 

between the third line from the bottom of the ball and the water before the ball is inflated. 

 

In order to relate the physiological vascular resistances and compliances to the units in our 

developed circulatory loop, we calibrate the resistance units and compliance units separately. The 

flow rates used during the calibrations were 1.2, 2.4, 3.2 and 4.0 L/min. In all experiments, DI 

water was used as the fluid within the loop. The customized circulatory loop was used to mimic 
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the hemodynamic flow conditions at different ages for in-vitro tests of our printed conduits which 

will be discussed later.  

4.1.1. Calibration of resistance units 

The calibration of the flow resistances (pinch clamps) was conducted by measuring the 

pressure drop across the units at different pinch distances under different flow rates (Figure 27). 

The compliance level (H, as illustrated in Figure 26b) was 5 cm and the resistance distance (h, as 

illustrated in Figure 25b) varied between 28 mm and 32 mm with 1 mm increments.  

 

Figure 27: Schematic of the components of the resistance unit calibration setup.  
 

 

The calibration curve (Figure 28) relating the pinch distance (𝐷𝑅) to the flow resistance (𝐹𝑅) 

was determined as (𝑅2 = 0.97):  

log (𝐹𝑅)=21.21log (𝐷𝑅)-31.37 
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Figure 28: Calibration of the variable flow resistance in the developed in-vitro fluidics test setup 

(Error bars are average ± one standard deviation) 

 

4.1.2. Calibration of the compliance units 

The compliance chambers were also calibrated in a similar manner to the resistance unit 

where the amount of air trapped in the cylindrical columns were correlated by measuring the inlet 

and outlet pressures as well as the flow rate across the columns (Figure 29). The resistance distance 

was set to 30 mm. The air trapped varied between 5 cm and 15 cm with 2.5 cm increments, together 

with the minimum trapped air with was 3 cm. 

 

Figure 29: Schematic of the components of the resistance unit calibration setup 
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The calibration curve (Figure 30) relating the time-averaged compliance value (𝐹𝐶) to the air 

trapped within the column (𝐷𝐶) was obtained as (𝑅2 = 0.93): 

𝐹𝐶=0.02345𝐷𝐶  + 1.578 

 

Figure 30: Time-averaged compliance values for the compliance chambers.   

 

 

4.2. In-vitro characterization of 3D printed conduits 

We used the customized in-vitro fluidics setup to study the burst pressure of the 3D printed 

conduits as well as their dynamic compliance and shape changing effect at different ages.  

4.2.1. Burst pressure 

The 3D-printed conduits should be able to reach the healthy adult blood pressure levels without 

bursting, hence, the burst pressure of the 3D-printed conduits was studied by injection of measured 

volumes of water to pressurize the conduits and measuring the pressure levels with the in-vitro 

fluidics setup (Figure 31).  

𝑅2 = 0.93 
y=0.02345x+1.578 
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The conduits were attached to the conduit compartment and filled with water until there were 

no bubbles within the conduits and attached tubes. The valves connecting the conduits from other 

parts in the setup were closed and the internal pressure of the conduits was equalized at the 

atmospheric pressure for further testing. After the pressure was equalized, the conduits were 

pressurized by injecting water in increments of 20 mL with a syringe.  

 

Figure 31: The burst pressure test set up (scale bar is 1cm).  

 

The hydrostatic pressures within the conduits were recorded at 100 Hz by the pressure sensors. 

The 3D-printed conduits were able to withstand internal hydrostatic pressures of up to ~1000 

mmHg without bursting which is much higher than the physiological pressure levels (<120 mmHg). 

4.2.2. Dynamic compliance 

Mismatch in the compliance properties of prosthetic graft and native artery have been a major 

cause of prosthetic graft failure because of distal anastomotic myointimal hyperplasia.65,66 Hence, 

it is important that the conduits exhibit dynamic compliance as close as to the native tissues. 
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The dynamic compliances of the conduits were determined with in-vitro test setup at different 

dynamic pressure ranges. The total compliance of the fluidics setup was kept constant while the 

flow resistances were adjusted to achieve the targeted pressure levels during all the experiments. 

The compliance values were determined at pressure levels between 5-20 mmHg and 95-110 mmHg 

with 15 mmHg increments. The flow rate was also kept constant at 2.4 L/min (40 mL SV and 60 

BPM). The change in the effective diameters of the conduits were recorded with a camera and 

processed with code written in MATLAB R2017B later.  

We 3D printed conduits with 12, 16 and 20 folds to determine the effect of the number of folds 

while the radius of curvature (ROC) was kept constant at 2mm (Figure 32a). In addition, two 

different conduit designs were 3D-printed with 2 mm and 3 mm ROCs to study the ROC effect. 

Both conduits had 16 folds (Figure 32 b and c). 

 

Figure 32: Photographs of 3D-printed conduits having (a) different numbers of folds. left: 12 

folds, middle: 16 folds, right: 20 folds. Scale bar is 5mm. (b) different radius of curvature from 

upside view. Left: 2mm, right: 3mm. Scale bar is 3mm. (c) different radius of curvature. Left: 

2mm, right: 3mm. Scale bar is 5mm. 
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The percent dynamic compliances (C) per 15 mmHg were determined using the following 

equation:66 

%C = 100

𝐷𝑠 − 𝐷𝑑
𝐷𝑑
⁄

𝑃𝑠 − 𝑃𝑑
 

where 𝐷𝑠  and 𝐷𝑑  are systolic and diastolic diameter, and 𝑃𝑠  and 𝑃𝑑  are systolic and diastolic 

pressure respectively.  

Figure 33a shows the effect of the number of folds on the dynamic compliance of the conduits. 

Figure 33b shows the effect of ROC on the dynamic compliance of the conduits. We observed that 

the increased number of folds resulted in higher dynamic compliances. We also observed that the 

dynamic compliance values were reduced as the pressure levels increased, similar changes were 

also observed when radius of curvature of the conduits was increased. This was mainly due to the 

expansion of conduits and reaching their targeted final diameters as the pressure increased.  

 

Figure 33: Dynamic compliance values of 3D-printed conduits with (a) different numbers of 

folds, (b) different radius of curvaturexxi 

 

 
xxi Reprinted from Ozan Erol et al. 3D-Printed Shape-Changing Cardiovascular Conduits to Accommodate Growth of 

Pediatric Patients, in preparation. 
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4.2.3. Functionality tests 

As mentioned in section 3.1, the RV-PA conduit should be able to expand in order to 

compensate higher blood flow during growth, if the conduit is fixed in size, it becomes a fixed 

resistor and the systolic pressure will increase as the blood flow rate increases.67 Thus, our shape 

changing conduit should maintain lower systolic pressures as flow rates rise, as compared with the 

conduits with fixed diameter. 

In order to test the growth potential of the 3D-printed conduits, the compliance chambers and 

variable resistance units were set to have a certain impedance values (defined as multiplication of 

resistance and set compliance values). Table 1 shows the potential compliance and resistance 

values considered during the functionality experiments with 5 mL/mmHg compliance and 0.8 

mmHg-min/mL resistance, corresponding to healthy six-year-old impedance value.62,64 The 

conduits were tested at different impedance values in Table 1 by varying resistance units and 

compliance chambers based on the calibration curves developed in 4.1.  

 

Table 1: Compliance and resistance values considered for the functionality experiments (Red box 

indicates the values used for 6-year-old conditions)xxii 

 

 
xxii Reprinted from Ozan Erol et al. 3D-Printed Shape-Changing Cardiovascular Conduits to Accommodate Growth of 

Pediatric Patients, in preparation. 
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We mimicked the hemodynamic conditions determined from clinical data for ages of 6, 10, 14, 

18 and 2256,68,69 using our fluidic setup (Table 2). The stroke volume and beats per minute were 

changed while the impedance of the system was kept constant. 

 

Table 2: Hemodynamic conditions at different ages employed for functionality experiments of 

the shape-changing conduits 

 

The flow rate and the inlet and outlet pressure waveforms were recorded during the 

experiments through sensors at 100 Hz while the cardiac output was monitored with the ultrasonic 

flowmeter. A digital camera was used to record the changes in the effective diameter of the 

conduits as the hemodynamic conditions changed at the rate of 25 frames per second (fps). The 

system was run for three minutes to ensure steady-state conditions for each age condition and the 

data was collected over 1 minute. A custom image processing code was used to extract the effective 

diameter values and the collected data was time-averaged to correlate the age-based hemodynamic 

conditions to the shape-changing functionality of the 3D-printed conduits. In order to compare the 

pressure gradients across conduits between the shape-changing conduits and conduits with a fixed 

diameter, we tested 10 mm diameter conduits with different number of folds (12, 16 and 20), 

together with a 3D-printed conduit with a fixed 16 mm diameter with the same hemodynamic 

conditions (Figure 34).  
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Figure 34: Photograph of (a) 3D-printed conduit of fixed 16 mm diameter (b) 3D printed conduit 

having 16 folds, radius of curvature is 2mm. (scale bar is 5 mm) 

 

We observed that the effective diameters of the conduits increase as the flow rates increased 

in a pattern expected for a growing child (Figure 35a), the conduits can expand and reach up to 

about 17.5 mm of effective diameter (Figure 35b) at flow rates anticipated at the age of 20 years. 

The systolic pressure measured for the control conduits were higher compared to shape-changing 

conduits for the ages of 12, 16 and 20 as the blood rate increased (Figure 35c). 
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Figure 35: (a) Radial expansion of the conduit with 16 folds (Scale bar is 10 mm). (b) In-vitro 

effective conduit diameter change as a function of age. (c) Systolic pressure difference between 

the baseline conduit and shape changing conduits where baseline conduits had higher systolic 

pressure levels.xxiii 

 

4.3. Summary 

In this chapter, a customized bench-top circulatory loop system was described. The circulation 

system has two main adjustable units which can adjust the resistance and compliance in the system. 

We did calibration tests to relate the resistors and capacitors to the flow resistance and system 

compliance respectively.   

The burst pressure test was done and the 3D-printed conduits showed the capacity to reach 

much higher blood pressure level (1000 mmHg) than the healthy adult blood pressure levels (120 

mmHg) without bursting. The dynamic compliance of the 3D-printed conduits was also 

characterized, different pressure ranges (5-20 mmHg and 95-110 mmHg with 15 mmHg 

increments) were selected and compliance at every pressure range was calculated. We varied the 

number of folds of the conduits while the radius of curvature (ROV) was fixed at 2 mm, the 

dynamic compliance of the conduits increases as the number of folds increases. We also varied the 

ROC while the number of the folds was fixed at 16, similar changes in compliance was observed, 

 
xxiii Reprinted from Ozan Erol et al. 3D-Printed Shape-Changing Cardiovascular Conduits to Accommodate Growth of 

Pediatric Patients, in preparation. 
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showing that the compliance can be tuned by adjusting the geometric parameters. Finally, we 

adjusted the stroke volume (SV, mL) and beats per minute (BPM) to mimic the hemodynamic 

conditions at age 6, 10, 14, 18 and 22. The SV was set to 16, 28, 38, 47, 50 and the BPM was set 

to 94, 83, 77, 71, 70, respectively. The effective diameters of the conduits were recorded using a 

camera and we observed that the effective diameter increases as the age increases, the effective 

diameter of conduits can reach up to 17.5mm at age of 20, while the original diameter of the 

conduits is 10mm. Pressure waveforms at the inlet and outlet locations of the conduits were 

recorded with pressure sensors while the cardiac output was monitored with an ultrasonic 

flowmeter. The systolic pressure difference between the shape-changing conduits and the fixed 

size conduits were obtained. In the next chapter, several ex-vivo tests of the 3D-printed sutureless 

couplers will be described.  
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5. Ex-vivo testing of sutureless couplers 

The two most important functions of the 3D-printed sutureless couplers are the simplicity to 

deploy and the ability to restore blood flow after the device is deployed. In this chapter, the 

feasibility of our 3D-printed sutureless couplers will be described, as well as the preliminary test 

results of leakage under different volumes of flow. 

5.1. Feasibility  

The 3D-printed sutureless coupler (Figure 22d) was deployed into ligated porcine carotid 

artery segments within 30 seconds, which is significantly faster than 2 hours when using traditional 

method. As shown in Figure 36a, the two separate blood vessels were fixed on a foam covered by 

surgical cloth using pins. Tweezers were used to insert the coupler into the ends of blood vessels. 

After the two blood vessels were connected, the anchors can remain in the intima of the blood 

vessels when it is stretched (Figure 36b) at forces beyond physiologic forces normally faced by 

anastomosed blood vessels. These tests show the feasibility of 3D-printed one-piece sutureless 

couplers. 

 

Figure 36: (a) Process of inserting 3D-printed coupler into blood vessels. (b) Stretching the 

connected blood vessels. (Scale bars are 3cm) 

 

5.2. Flow tests 
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In order to test the ability of our device to restore blood flow after connecting two blood vessels 

together, we used similar settings as Elliott et al. used in their study of immediate perfusion of 

small-diameter vascular grafts (sdVGs)70. As shown in Figure 37 a and b, the connected blood 

vessels using 3D-printed sutureless coupler was encased in a single-chamber bioreactor. 

Phosphate-buffered saline (PBS) which is a buffer solution commonly used in biological research 

was used as the liquid in the system. Red dye was added to visualize the leakage in the bioreactor, 

and can be quantified via Ultraviolet–visible spectroscopy. Several safety stiches were set at the 

connections between needles and blood vessels. A safety stich was also set at the connection 

between two blood vessels.  

 

Figure 37: Sutureless coupler connected blood vessels under flow rates at (a) 30 mL/min (b) 40 

mL/min. Traditional sutured blood vessels under flow rates at (c) 60 mL/min (d) 160 mL/min. 

 

In order to compare the ability of the blood vessels connected with sutureless couplers to 

endure flow to that of traditional sutured blood vessels, we did the same tests with sutured ones. 

The blood flow rate in arteries with diameters ranging from 0.8 mm to 1.8mm is 3.0-26 ml/min.71  
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As shown in Figure 37 c and d, O rings were used to secure the connections of the needle and 

blood vessels. The sutureless coupler experienced significantly leakage from a branch artery that 

was still patent from the carotid artery when the flow rate went to 40 mL/min, which is a much 

higher than a physiological condition, while the traditional sutured ones was able to endure flow 

rate until 160 mL/min when the leakage started. Although we were not able to reach the highest 

flow rate that the sutureless coupler connected site can sustain because of leakage from other sites, 

it is still promising that our 3D-printed sutureless couplers can work and stay in place at certain 

blood flow rate. 

5.3. Summary 

In this chapter, we discussed the feasibility and the ability to restore blood flow using our 3D-

printed sutureless couplers. Preliminary data shows that the sutureless coupler can be deployed 

more rapidly than traditional suture methods which take around two hours to finish. In addition, 

the blood vessels connected with sutureless couplers can restore blood flow with flow rate up to 

40 mL/min which is higher than normal arterial blood flow rate. However, there is still much work 

that can be done to better understand the behavior of connected blood vessels using sutureless 

coupler, and this will be discussed in the following chapter.  
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6. Conclusion and future directions 

The two main sections of this thesis are as follows: 1) Design and testing of RV-PA conduits; 

and 2) Design and preliminary test of sutureless couplers. 

6.1. RV-PA conduits 

6.1.1. Conclusion 

We utilized bioinspired folding morphologies to design novel RV-PA conduits for the 

treatment of CHDs, the conduits were fabricated using 3D printing with a biostable, biocompatible 

and soft elastomers. The printing parameters was decided as 260 ℃ printing temperature, 0.15mm 

layer height and 9mm/s speed based on the study done by Bachtiar et al.53.  

The shape-changing conduit design that we tested has radial folds. The folds are opened by 

blood pressure increment in growing pediatric patients. As the radial folds open, the luminal cross 

section increases in size, reducing flow resistance. We studied the capability of the printed conduits 

to hold pressures. The 3D-printed conduits were able to withstand high pressures up to 1000 mmHg 

without bursting. The dynamic compliance in the pulmonary circulation system was studied with 

different conduits. The conduits showed the ability to adjust the compliance by tuning number of 

folds and radius of curvature of the conduits. We also observed that the dynamic compliance values 

were reduced as the pressure levels increased, this is due to the expansion of the conduits and 

reaching the final diameters as the pressure level increases. Then we demonstrated the growth 

potential of the conduits under different hemodynamic conditions, corresponding to those of 

different ages. The shape-changing conduits showed superior performance compared to fixed size 

conduits as there was a decrease of up to 5 mmHg in systolic pressure when the conduits had 20 

folds. The effective diameter of conduits can reach up to 17.5mm at age of 20, while the original 

effective diameter is 10mm. 
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More work can be done as a follow-up on this study, the following section will discuss about 

future work. 

6.1.2. Future directions 

As our 3D-printed conduits are for applications as a cardiovascular implant, fatigue life is a 

very important property as the human heart beats a hundred thousand times a day. Conducting a 

fatigue test and mimicking the physiological environment, e.g. immersing in PBS at 37 ℃ will be 

very beneficial. Besides the fatigue tests, surface modification of the conduits can be another topic 

to study. Although Chronosil has been proved to be biocompatible53, blood coagulation and 

thrombosis resulting from blood–material interactions remain a challenge. Possibility of 

absorption of protein by the material will cause platelet adhesion and thrombus formation on 

surfaces.72 Hence, it is important to control the surface properties including surface chemistry, and 

surface topology after we 3D-printed conduits. For example, strategies to create slippery liquid-

infused porous surfaces (SLIPS) that can repel liquids have been developed recently.73 It repels 

blood better than usual hydrophobic Teflon surfaces (Figure 38). Utilizing SLIPS strategy, the 

surface property of the 3D-printed conduits can be improved and decrease the possibility of 

thrombosis after implantation. 

 

Figure 38: Comparison of the ability to repel blood by a SLIPS, a superhydrophobic Teflon 

porous membrane, and a flat hydrophilic glass surface.xxiv 

 
xxiv  Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature, 

Bioinspired self-repairing slippery surfaces with pressure-stable omniphobicity, Tak-Sing Wong et al. Copyright 

(2011) 
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During the in-vitro tests, we only mimicked the hemodynamic conditions at age 6, 10, 14, 18 

and 22, however, the flow rate changes rapidly during young age state, and we did not have the 

clinical data of the children with CHDs. More clinical data is needed to mimic the hemodynamic 

conditions especially from age 1 to age 10. In addition, we can further improve the in-vitro testing 

by using blood instead of water. As discussed before, thrombosis is one possible problem that can 

cause failure of the device. More in-vitro tests need to be done after surface treatment, e.g. SLIPS. 

In addition, we have not yet done ex-vivo or in-vivo experiments to test the behavior of the 

conduits in animals, and applicability of the 3D-printed conduits for patients is still not clear. 

Further study to employ the 3D-printed conduits into animal models with long-time monitoring is 

necessary. 

6.2. Sutureless couplers 

6.2.1. Conclusion 

Besides the RV-PA conduits, we were able to prototype the sutureless couplers that can 

significantly help vascular and microvascular anastomosis surgeries by shortening the learning 

curve and surgery time, and decrease the possibility of failure and complications. Preliminary data 

have shown the feasibility of replacing traditional suture method with our sutureless couplers, 

which can be deployed faster and easier. In addition, the capability of sutureless couplers to restore 

blood flow was evaluated. The evaluation results showed the couplers could endure flow rate up 

to 40 mL/min which is higher than regular blood flow rate in small diameter (0.8-1.0 mm) arteries. 

However, there is still much work to do which will be discussed in the following section. 

6.2.2. Future directions 

As discussed in section 3.2, we used FFF 3D printing technology to print the sutureless 

couplers, the resolution of the printing process is not high enough (0.15 mm layer height), which 
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is not very ideal for our final goal to prototype sutureless couplers for microvascular anastomosis. 

Also, we didn’t use any supporting material to support the over-hanging anchors and we had to 

use glue to stick two separate half-couplers together to fabricate the final structure. Other 

possibilities of additive manufacturing method should be discovered. For example, we can use 

stereolithography, which generally has a higher resolution (for example 50 𝜇𝑚 layer height and 

25 𝜇𝑚 x-y axis resolution in the case of Formlab 3B) to prototype our sutureless couplers. It also 

enables supporting structures using the same material that can be removed after post processing, 

which provides us capability to print the whole couplers in one print. However, the material 

choices are limited, where we cannot use chronosil as printing material in stereolithography, more 

additive manufacturing methods need to be explored. Blood vessels can grow and heal after around 

6 months, biodegradable materials should be considered as the device can be removed after the 

blood vessels are healed.  

The leakage tests were very simple and they were not conducted using a “one-piece” sutureless 

coupler, more leakage tests should be done using “one-piece” couplers. The geometric parameters 

including the angle of the anchors and the number of the anchors need to be further studied to 

finalize the design. In addition, the strength of the sutureless coupler when holding two blood 

vessels together need to be quantified using tensile testing machine. 

The bench-top circulatory loop that we customized for in-vitro tests of RV-PA conduits can be 

developed to mimic human physiological situation, and utilized to evaluate the performance of 

sutureless couplers connecting blood vessels, including the burst pressure, the pressure gradient 

and be compared with traditional sutured blood vessels. In-vivo tests including deploying 

sutureless couplers into large animal models need to be done and this will require survival surgery 

and postoperative observation.  
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