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Abstract. Heart disease or Advanced/Congestive Heart Failure (CHF) is one of the serious
causes of death. Due to availability of low volumes of donor hearts, there has been an ongoing
development of Mechanical Circulatory Support (MCS): Ventricular Assist Devices (VADS)
and total heart replacement by Total Artificial Hearts (TAHs) for over 60 years. MCS systems
had seen three phases of advancement. The first generation were largely mechanical devices
and had pulsatility in their action, but were highly cumbersome, unreliable due to fatigue
cracks and required an external pneumatic power and control. Smaller and continuous flow
devices are the second generation MCS devices. Because of compact sizing they were suitable
for implantations and were more durable than the first generation devices. Problems like pump
thrombosis drove the development of motors with levitating or hydrodynamic rotors, leading to
the development of third generation devices. Manufacturing of these electromagnetic devices
for implantation has to adhere to the constraints of compatibility, space and weight. With the
advent of new biomaterials, additive manufacturing is reportedly playing a significant role.
Additive manufacturing reported for electromagnetic and electronic components had yielded
considerably good performance. This paper reviews materials in electrical and electronics and
also in bio medical sector suitable for Additive Manufacturing. An attempt is made to identify
the materials that may be suitable for VADs and TAHs and the challenges to use AM
techniques that complement each other to create next generation integrated-VADs and
integrated-TAHs.

1. Introduction

Due to the less availability of donor hearts [1], there has been an on-going development of Mechanical
Circulatory Support (MCS) as VADs and as total heart replacements by TAHs for over 60 years as bridge to
transplant or as a destination therapy [2-6]. Natural myocardial performance when replaced by MCS in pre-
transplant patients was shown to improve post-transplant rates of mortality [7-9].

Mechanical circulatory frameworks had seen three phases of advancement. The first generation mechanical
circulatory support devices were largely mechanical devices, which were highly cumbersome, unreliable due to
small fatigue cracks and required an external pneumatic power and control. These devices had Pulsatility in
blood flow. Smaller and continuous flow devices are the second generation MCS devices, which were electro-
mechanical. They were more reliable and compact than the first generation. The lifetime was limited to 1-2
years, but failed to get pulsatility in flow. Diminished nature of pulsatility increased the pressure gradients on the
aortic valve; left ventricular recovery rate got slower [10]. Problems like pump thrombosis prompted the
development of non-bearing type of devices leading to the development of third generation devices, where the
rotors/pumps magnetically/hydrodynamically levitate, thereby providing better hemocompatibility [11] .
Manufacturing of these electromagnetic devices for implantation has to adhere to the constraints of space and
weight apart from being bio-compatible. Researchers are trying to understand why the blood interacts with the
artificial surfaces of the pumps to cause clotting and inflammation and thereby develop surfaces that avoid the
same [13].

Longevity, hemocompatibility issues combined with predicted increasing demand for heart valve
replacements has evoked the search for alternative fabrication methods of heart valve replacements [14],
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Similarly, intricate design and implementation of VADs and TAHs have to search for alternative fabrication
methods. The authors of this paper mathematically implemented an algorithm to introduce pulsatility in
continuous flow devices and reviewed the electrical motor and pump assemblies in VADs and TAHSs [12]. This
work not only reviews alternative manufacturing technique viz., additive manufacturing for the electric motors
and pumps for VADs and TAHSs, but also study the materials in electrical, electronics and biomedical industry
for additive manufacturing.

2. Additive Manufacturing and materials in Electronics and Electrical Industry.

Researchers involved in AM have long focused on creating exteriors of a product namely, thermoplastics, metals
and ceramics. However, of late, the focus is now turning towards working with/on materials that are required for
a product’s internal circuitry. These materials include conducting inks: toners loaded with charged particles that
build live circuitry [13]. Conductive inks in combination with base materials, printers can 3D-print electronic
objects as a single, continuous part, effectively creating fully functional electronics that require little or no
assembly, offering the following advantages.

e Printability on Non-flat surfaces.

e  Customization, for not only mechanical parts but also electronic and electromechanical parts
Lower material wastage and also lower part weight.

Absence of harmful chemicals for “etching”

Simplified process in the assembly line

Probable reduction in the size

Modular approach - in building products.

All of the benefits listed above are reportedly taking 3D-printed electronics to different sectors and pushing
the frontiers in several industrial domains such as sensors and prototypes for aerospace and defence, mobile
antennae for telecom, touch screen displays and transistors for consumer electronics, and solar cells for energy
and utilities [14].

The technologies available to 3D print electronics are classified — based on the process of manufacturing
electronics, into two broad categories viz., 3D printing the electronics separately from part production process
while the other one being - integrating the 3D printing of electronics with the part production process as reported
in [15]. Aerosol jet manufacturing reported in [16] could define a whole new way to create dense electronic
board assemblies and potentially improve the performance and consistency of electronic assemblies.

2.1. AM in Electrical and Electronics Industry

Several types of motors and pump assemblies for VADs and TAHs were reviewed in [12]. Linear tubular
switched reluctance motor for LVAD application was proposed in [17]. Line-start Synchronous Reluctance
Motors, although solve low starting torque problem, needs complex rotor structure that is difficult to
manufacture. Po-Wei et al [18] reported a Synchronous Reluctance motor with a squirrel cage rotor
manufactured using 3D printing technology. Soft Magnetic Composites compliment the Selective Laser Melting
(SLM) 3D printing approach resulting in a motor with low vibration and low rotor copper loss along with lower
motor weight and volume [19-22].

2.2. Materials in Electrical and Electronics Industry

AM technologies also vary by the type of materials they can use for electronics. Fine aerosol of metal particles,
including silver, gold, platinum, or aluminium were reportedly used to deposit onto a surface. Aerosol jet
printers reported in [16] can deposit polymers or other insulators and can even print carbon nanotubes,
cylindrically shaped carbon molecules that have novel properties useful in nanotechnology, electronics, and
optics. Although the list of materials for 3D printing of electronics is limited, it is seemingly growing. Graphene,
with its high electric and thermal conductivity is offering applications in integrated circuitry [15]. Nanoparticles
of silver, copper and carbon nanotubes were reportedly used to build thin film transistors and RF antennas for
cell phones [14, 23].
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3. Additive manufacturing and materials in Biomedical Sector

Cardiac-aberrations, either congenital or non-congenital in the medical care/diagnosis are commonly being
visualized using medical images obtained through computed tomography (CT), magnetic resonance (MR)
imaging, and echocardiography (echo). Medical image post processing techniques are providing an attractive
route for pre- and peri-procedural planning. However, 3D printing of patient-specific anatomical replicas, in
true-to-life models are helping to reduce morbidity, mortality and financial burdens on the clinical environment
[24]. These 3D printed models that morphologically represent and have tactile interaction are perceived to better
prepare a clinician for a procedure. Surgeons and interventionalists were reported to benefit by knowing the
shape, size and location of the defect [25-27]. Studies reported in [28-29] suggest a reduction in fluoroscopic
exposure and cardiopulmonary bypass time which correspond to lower exposure to potentially harmful radiation
as well as cardiac and cerebral events and overall medical costs [30]. A 3D printing technique using the
personalized hydrogel as a bioink, when combined with the patient’s own cells, the hydrogel reportedly was used
to print thick, vascularized, and perfusable cardiac patches that fully match the immunological, biochemical and
anatomical properties of a patient [33]. With these advantages, 3D printing is affecting significant advances in
clinical care [24, 31]. However, 3D printed electrical machines or pumps for VADs or TAHs are not reported in
literature.

3.1 Materials and AM methods in Biomedical Sector

Various biomaterials and their applications in biomedical engineering as reported in [34] are reproduced here in
Table 1. Several AM technologies reported in the literature in the biomedical sector are Metal on Metal (MOM)
[35], Electron beam melting (EBM) [36], Selective laser melting (SLM) [37-38], Fused Deposition Modelling
[39-40], Stereo-lithography [41], Ink — Jet Printing and Bio-printing [32-33]

Table 1: US FDA Approved 3D printed biomedical material [34]

Material Application

CP-Ti Screw and abutment

Ti-6A1-4V Artificial valve, Stent, Bone fixation

Ti-6Al-7Nb Crowns, Knee joint, Hip joint

Ti-5Al-2.5Fe Spinal implant

Ti-15 Zr-4Nb-2Ta-0.2Pd Crown, Bridges, Dentures, Implants

Ti-29Nb-13Ta-4.6Zr Crown, Bridges, Dentures, Implants

83%-87%Ti-13%-17%Zr  Crown, Bridges, Dentures

(Roxolid)

316L Knee joint, Hip joint, Surgical tools, Screw

Co-Cr-Mo, Co-Ni-Cr-Mo  Atrtificial valve, Plates, Bolts, Crowns, Knee joint, Hip joint,

NiTi Catheters, stents,

PMMA, PE, PEEK Dental bridges, articular cartilage, Hip joint femoral surface,
Knee, Joint bearing surface, Scaffolds

Si02/Ca0O/Na20/P205 Bones, Dental implants, orthopedic implants

Zirconia Porous implants, Dental implants

Al203 Dental implants

Ca5(PO4)3(0OH) Implant coating material

It may be observed from the table above that materials Ti-6A1-4V, Co-Cr-Mo, Co-Ni-Cr-Mo are suitable for
applications related to heart.

4. Challenges in integration of AM techniques with fabrication of VADs & TAHSs

Freedom of design, mass customization, multi-material fabrication and the ability to produce even complex
geometries are the possibilities that AM techniques had helped the researchers and all the stake holders. While
Yu et al. [32] opines that 3D bioprinting will eventually become one of the most efficient, reliable, and
convenient methods to biofabricate tissue constructs in the near future when combined/integrated with the stem
cell technologies and advanced materials engineering approaches featuring stimuli-responsiveness. Maria et. al.
[43] opines that maturation of 3D bioprinted tissue or organ depends on nutrients delivery, gas exchanges, and
waste removal with the most critical challenge in bioprinting being vascularization of created thick tissue. AM
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techniques reported in [16] for making dense electronic board assemblies, if coated with biocompatible materials
reported in [34, 42-43] and integrating with electrical motors created with AM techniques reported in [17-22] to
pump the blood could, potentially address the challenge of vasculaization of 3D printed organs. Hence use of
several AM techniques to ‘part produce’ individual components and integrating them would probably
compliment electromechanical circulatory systems with bioengineered tissues and eventually become long-
sought ‘holy grail’ in the form of, probably next-generation ‘integrated-VADs’ and ‘integrated-TAHs’.

Acknowledgments

The authors gratefully acknowledge the funding for this work by Jawharlal Nehru Technological
University Hyderabad under TEQIP — 11l scheme and also thank Geethanjali College of Engineering
and Technology Hyderabad and CVR College of Engineering, Hyderabad for their support.

5. References

[1] Salim Y, Sonia A, Srinath R and Stephanie O 2001 Global Burden of Cardiovascular Diseases
Part I. General Considerations, the Epidemiologic Transition, Risk Factors, and Impact of
Urbanization. Circulation. 104 22 pp 2746-53. doi.org/10.1161/hc4601.099487.

[2] Deborah J K and Mark D P 2011 Mechanical circulatory support Organogenesis 7 1, 50
(Landes Bioscience).

[3] Benedikt A P, Yvonne M B, Patrick C, Gonzalo A, Felix L, Marco L, Thomas F, and Ulrich S
2016 Novel Optical Position Sensing for Miniaturized Applications and Validation in a Total
Acrtificial Heart IEEE transaction on biomedical engineering, 63, 3.

[4] J D Schmitto, D Burkhoff, Murat A, Oliver F, Petra Z, Gwen B, Axel H, and Martin S 2012
Two axial-flow Synergy Micro-Pumps as a biventricular assist device in a ovine animal model.
The J. of Heart and Lung Transplantation 31, 11

[5] Leslie M 2012. From artificial kidneys to artificial heart and beyond. 14 IEEE Pulse.

[6] Sean P P. 2015 Left Ventricular Assist Devices: The Adolescence of a Disruptive Technology.
J. of Cardiac Failure 21. 10.

[7] Frazier OH, Rose EA, McCarthy P, Burton NA, Tector A, Levin H, Kayne HL, Poirier VL, and
Dasse KA 1995 Improved mortality and rehabilitation of transplant candidates treated with a
long-term implantable left ventricular assist system. Ann Surg; 222: pp 337-8.

[8] Dang N C, Topkara V K, Kim B T, Mercando M L, Kay J and Naka Y 2005 Clinical outcomes
in patients with chronic congestive heart failure who undergo left ventricular assist device
implantation. J Thorac Cardiovasc Surg; 130 pp 1302-9.

[9] Bank A J, Mir S H, Nguyen D Q, Bolman R M, Shumway S J and Miller L W 2000 Effects of
left ventricular assist devices on outcomes in patients undergoing heart transplantation. Ann
Thorac Surg; 69 pp 1369-74

[10] Allen C, Christine A, Williamitis and Mark S S 2014 Comparison of continuous-flow and
pulsatile-flow left ventricular assist devices: is there an advantage to pulsatility Ann
Cardiothorac Surg. 3 6 pp 573-81. doi: 10.3978/j.issn.2225-319X.2014.08.24

[11] Roland G, Sascha GH 2017 Mechanical Circulatory and Respiratory Support. ed Shaun G,
Michael C S and J F Fraser Academic Press (Elsevier Inc.)

[12] R Basanth and A K Puppala 2018 Review on Electrical Motor and Pump Assemblies in
Ventricular Assist Devices & Total Artificial Hearts Helix Scientific elxplorer 8 2 pp 3180-
3187.

[13] Eric M, Rudy S, David E, Mireya P, Efrain A, Dan M and Ryan B W 2014 3D printing for the
rapid prototyping  of  structural electronics. IEEE  Access, 235, doi:
10.1109/ACCESS.2014.2311810.

[14] Monika M and B Sniderman 2017. 3D opportunity for electronics Additive manufacturing
powers up. Deloitte University Press.

[15] David S 2014 The possibilities of graphene in printed electronics Printed Electronics Now



International Conference on Multifunctional Materials ICMM-2019) IOP Publishing

Journal of Physics: Conference Series 1495 (2020) 012021  doi:10.1088/1742-6596/1495/1/012021

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Lori K. 2016 NASA investigates 3-D printing for building densely populated electronic
assemblies NASA, https://www.nasa.gov/feature/goddard/2016/nasa-investigates-3-d-printing-
for-building-densely-populated-electronic-assemblies.

J-F Llibre, N Martinez, B Nogaréde and P Leprince 2011 Linear tubular switched reluctance
motor for heart assistance circulatory: Analytical and finite element modeling 10" IEEE
International Workshop on Electronics, Control, Measurement and Signals. DOI:
10.1109/IWECMS.2011.5952367

Po-Wei H, Mi-Ching T, I-Hua J 2018. 3-D Structure Line-Start Synchronous Reluctance Motor
Design Based on Selective Laser Melting of 3-D Printing. IEEE Transactions on Magnetics 54
11. doi: 10.1109/TMAG.2018.2849710

Zhi-Yong Z, Mi-Ching T, Po-Wei H, Chung-Wei C and Jian-Mi H 2015 Characterisitc
comparison of Transversally laminated Anisotropic Synchronous Reluctance Motor Fabrication
based on 2D lamination and 3D printing 18th IEEE International conf. on Electrical Machines
and Systems.

Anton R, Ants K, Toomas V and Hans T 2019 Control Challenges of 3D Printed Switched
Reluctance Motor 26th International Workshop on Electric Drives: Improvement in Efficiency
of Electric Drives (IWED), (Moscow, Russia. Jan 30 — Feb 02, 2019)

Nikolaus U, Alexander M, Moritz J, Michael L and Jorg F 2018 Additive Manufacturing of an
Electric Drive - A Feasability Study IEEE - International Symposium on Power Electronics,
Electrical Drives, Automation and Motion. DOI: 10.1109/SPEEDAM.2018.8445258

Hans T, Ants K, Anton R and Toomas V 2019 Challenges of Additive Manufacturing of
Electrical Machines 12" IEEE International Symposium on Diagnostics for Electric Machines,
Power Electronics and Drives - SDEMPED, France. doi: 10.1109/DEMPED.2019.8864850

E A Bengio, D Senic, Lauren W, Taylor, Robert J. Headrick, Michael K, Peiyu C, Charles A L,
John L, Christian J L, Christopher L H, Aydin B, James C, Booth, Nathan D and Matteo P 2019
Carbon nanotube thin film patch antennas for wireless communications. Appl. Phys. Lett. 114,
203102 https://doi.org/10.1063/1.5093327

Justin R, Chelsea G, David F, and Stephen P 2017 Three-dimensional printing: changing
clinical care or just a passing fad? Current opinion in cardiology www.co-cardiology.com 32 1
2016 (Wolters Kluwer Health, Inc)

Chaowu Y, Hua L, Xin S. 2016 Three-dimensional printing as an aid in transcatheter closure of
secundum atrial septal defect with rim deficiency. Circulation; 133 pp 608-610.

Vodiskar J, Kutting M, Steinseifer U, Vazquez-Jimenez JF and Sonntag SJ 2016 Using 3D
physical modelling to plan surgical corrections of complex congenital heart defects. Thorac
Cardiovasc Surg. 65 1 pp 31-35. doi: 10.1055/5-0036-1584136

Costello JP, Olivieri LJ, Krieger A, Thabit O and Marshall MB. 2014. Utilizing three-
dimensional printing technology to assess the feasibility of high-fidelity synthetic ventricular
septal defect models for simulation in medical education. World J Pediatr Congenit Heart Surg;
5 pp 421-426.

Ryan JR, Moe TG, Richardson R, Frakes DH, Nigro JJ and Pophal S 2015 A novel approach to
neonatal management of tetralogy of Fallot, with pulmonary atresia, and multiple
aortopulmonary collaterals. JACC Cardiovasc Imaging. 8 1 pp 103-104. doi:
10.1016/j.jcmg.2014.04.030.

Wypij D, Newburger JW, Rappaport LA, duPlessis AJ, Jonas RA, Wernovsky G, Lin M and
Bellinger DC. 2003 The effect of duration of deep hypothermic circulatory arrest in infant heart
surgery on late neurodevelopment: The Boston Circulatory Arrest Trial. J Thorac Cardiovasc
Surg; 126 pp 1397-1403.

Gelijns AC, Moskowitz AJ, Acker MA, Argenziano M, Geller NL, Puskas JD, Perrault LP,
Smith PK, Kron IL, Michler RE, Miller MA, Gardner TJ, Ascheim DD, Ailawadi G, Lackner P,



International Conference on Multifunctional Materials ICMM-2019) IOP Publishing

Journal of Physics: Conference Series 1495 (2020) 012021  doi:10.1088/1742-6596/1495/1/012021

[31]

[32]

[33]
[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Goldsmith LA, Robichaud S, Miller RA, Rose EA, Ferguson TB J, Horvath KA, Moquete EG,
Parides MK, Bagiella E, O'Gara PT and Blackstone EH 2014. Management practices and major
infections after cardiac surgery. J Am Coll Cardio; 64 pp 372-381.

Flaviana C, Manuela G, Luca I, and Paolo M 2019 Design of Additively Manufactured
Structures for Biomedical Applications: A Review of the Additive Manufacturing Processes
Applied to the Biomedical Sector. J. of Healthcare Engineering. Hindawi Article ID 9748212,
https://doi.org/10.1155/2019/9748212

Yu S Z, Kan Y, Julio A, Kamyar M-M, Syeda M B, Jingzhou Y, Weitao J, Valeria D E,
Pribpandao A, S R S, Mehmet R D, Rahmi O and A Khademhosseini 2017 3D Bioprinting for
Tissue and Organ Fabrication Annals of Biomedical Engineering, 45, 1, 148-163 doi:
10.1007/s10439-016-1612-8

Nadav N, Assaf S, Reuven E, Idan G, Lior W, and Tal D 2019 3D Printing of Personalized
Thick and Perfusable Cardiac Patches and Hearts Adv. Sci. 6, 1900344

Sunpreet S and Seeram R. 2017 Biomedical applications of additive manufacturing: Present and
future. Current Opinion in Biomedical Engineering, 2 pp 105-115.

J Ni, H Ling, S Zhang, Z Wang, Z Peng, C Benyshek, R Zan, A K Miri, Z Li, X Zhang, J Lee,
K J Lee, H J. Kim, P Tebon, T Hoffman, M R Dokmeci, N Ashammakhi, X Li, and A
Khademhosseini 2019 Three-dimensional printing of metals for biomedical applications.
Materials Today Bio 3 100024

Edwards P, O’Conner A and Ramulu M 2013 Electron beam additive manufacturing of titanium
components: properties and performance. J Manuf Sci Eng, 135 6 061016.

Brandl E, Palm F, Michailov V, Viehweger B, Leyens C 2011 Mechanical properties of additive
manufactured titanium (Ti—6 Al-4V) blocks deposited by a solid-state laser and wire. Materials
& Design, 32 10 pp 4665-4675. https://doi.org/10.1016/j.matdes.2011.06.062

Prashanth K G, Scudino S, Klauss H J, Surreddi K B, Lober L, Wang Z, Chaubey A K, Kiihn U,
and Eckert J 2014 Microstructure and mechanical properties of Al-12Si produced by selective
laser melting: effect of heat treatment. Mater Sci Eng A, 590 pp 153-160.

Singh R, Singh S, Kapoor P 2016 Investigating the surface roughness of implant prepared by
combining fused deposition modelling and investment casting. J Process Mech Eng. 230 5 pp
403-410 http://dx.doi.org/10.1177/0954408914557374.

Sreedhar P, Mathikumar M C and Jothi G 2012 Experimental investigation of surface roughness
for fused deposition modelled part with different angular orientation. Adv Des Manuf Technol
J, 5 pp 21-28.

Zhou J G, Herscovici D, Chen C C 2000 Parametric process optimization to improve the
accuracy of rapid prototyped stereolithography parts. Int J Mach Tools Manuf , 40 3: pp 363-
379.

Elia A G and Mark W T 2019 Additive Manufacturing of Precision Biomaterials 2019 Adv.
Mater., 1901994 https://doi.org/10.1002/adma.201901994

Maria T, Fatemeh K, Mahdi S, Seeram R, and Masoud M 2019 Additive Manufacturing of
Biomaterials-The Evolution of Rapid Prototyping Adv. Eng. Mater. 21, 1800511 DOI:
10.1002/adem.201800511



