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Abstract 

Every day, thousands of people around the world wait for a phone call that may never 

come — the call telling them that a compatible donor organ has been found. Others 

live tethered to machines that perform, hour by hour, the work a failed kidney or heart 

can no longer do. Artificial organs and, more recently, 3D bioprinting represent 

humanity's two great answers to this crisis: one mechanical, one biological. This article 

traces the story of both fields — from the first clunky dialysis machines and the 

parachute-silk artificial hearts of the 1980s to today's laboratories where living cells 

are printed into beating cardiac tissue. Along the way, it examines how bioprinting 

actually works, why blood vessels remain the stubborn bottleneck of the field, where 

the technology already saves lives, and what the coming decade may hold for patients, 

clinicians, and society. 

1. The Waiting List: Where Our Story Begins 

Imagine being told that your heart — the organ that has beaten without pause since 

before you were born — is failing, and that the only cure is a transplant. Now imagine 

being told that you are one of over one hundred thousand people waiting, that roughly 

seventeen of them will die each day waiting, and that your survival may depend on a 

stranger's tragedy. This is not a rare scenario. It is the quiet arithmetic of modern 

medicine, and it is the reason scientists began asking a radical question decades ago: 

what if we could simply build the organ instead? 

The answers that emerged split into two streams. The first stream is mechanical: 

devices made of titanium, polyurethane, and microelectronics that stand in for a failing 

organ, at least for a while. The second stream is biological: using a patient's own cells 

as raw material to grow, layer by layer, living replacement tissue. That second stream 

— 3D bioprinting — is young enough that many of its pioneers are still alive to watch 
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it mature, yet old enough that it has already changed lives. To understand where it is 

going, it helps to first appreciate how far the mechanical era carried us. 

2. Artificial Organs: The Mechanical Era 

An artificial organ, broadly defined, is any man-made device implanted or worn on the 

body that replaces or augments the function of a natural organ. Some are so familiar 

we barely think of them as artificial organs at all: the pacemaker that keeps a slow heart 

in rhythm, the cochlear implant that returns hearing, the mechanical heart valve that 

clicks softly inside a chest. Others are unmistakably extraordinary. The total artificial 

heart — a device that takes over for both failing ventricles — is essentially a small, 

precision-engineered pump that must move roughly five litres of blood every minute 

without damaging a single cell, clotting, or wearing out, all while sitting inside one of 

the harshest environments in engineering: the human chest. 

The modern artificial heart traces its lineage to 1982, when Barney Clark, a retired 

dentist from Seattle, lived 112 days with the Jarvik-7 device implanted in his chest. 

The newspapers of the day called it a miracle and a controversy in equal measure; 

ethicists debated whether a life dependent on an external air compressor was a life 

worth extending. Four decades later, the debate has largely settled: devices such as 

SynCardia's total artificial heart and CARMAT's bioprosthetic heart have kept patients 

alive for months and years as bridges to transplant, and in 2024 a new generation 

magnetically levitated total artificial heart was implanted in the United States for the 

first time at Duke University — a design with no mechanical bearings to wear down, 

because the rotor floats in a magnetic field like a miniature maglev train. 

Yet for all their brilliance, purely mechanical organs share three stubborn limitations. 

They are prone to clotting and infection where synthetic material meets blood. They 

need power — batteries, drivelines, or external compressors — which creates openings 

for bacteria and constant anxiety for patients. And they imitate only the pump function 

of an organ, never its hormonal, metabolic, or regenerative duties. A mechanical kidney 

filters blood, but it cannot produce vitamin D or erythropoietin; a mechanical heart 

pushes blood, but it cannot respond to adrenaline the way living muscle does. Biology, 

it turns out, is hard to fake with metal and plastic. That recognition pushed researchers 

toward a bolder idea: rather than imitating tissue, why not print it? 
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Figure 1. A next-generation total artificial heart being prepared for implantation — 

mechanical organ replacement at its most advanced (Duke University School of 

Medicine). 

3. 3D Bioprinting: Printing With Living Ink 

Traditional 3D printing builds objects layer by layer from plastics, metals, or ceramics. 

Bioprinting does the same thing, but its ink is alive. A typical bioink is a hydrogel — a 

water-rich gel such as alginate, gelatin, or hyaluronic acid — mixed with living cells 

and, often, growth factors that coax those cells toward their final identity. The printer 

deposits this mixture according to a digital blueprint, usually derived from a CT or MRI 

scan of the patient, so that the finished construct matches the patient's own anatomy 

down to the millimetre. 

The elegance of the approach lies in what happens after printing. The printed construct 

is transferred to a bioreactor — an incubator that mimics the warmth, oxygenation, and 

chemical environment of the body — where the cells do what cells have done for 

billions of years: they talk to each other, attach, reorganise, and mature. Over days and 

weeks, a shapeless printed lattice becomes functional tissue. The scaffold, if it was 

designed to be temporary, gradually dissolves, leaving only the patient's own living 

cells. Because the cells come from the patient in the first place — typically converted 

from a simple blood sample into induced pluripotent stem cells, then specialised into 

heart, liver, or kidney cells — the finished organ carries the patient's own DNA. 

Rejection, the scourge of transplant medicine, simply never enters the picture, and 

neither do decades of immunosuppressant drugs and their side effects. 
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Three printing technologies dominate the field, each with its own temperament. 

Extrusion bioprinting squeezes bioink through a nozzle like frosting from a piping bag; 

it is fast, versatile, and currently the workhorse of the industry. Inkjet bioprinting sprays 

tiny droplets with remarkable precision and speed, ideal for drug testing but limited by 

the viscosity of the inks it can handle. Laser-assisted bioprinting uses focused laser 

pulses to propel cell droplets onto a collector plate, offering exceptional resolution — 

thin enough to print a single cell layer — at the cost of slower speed and higher 

complexity. 

Technique How it works Strengths Main limitation 

Extrusion Bioink pushed 

through a nozzle 

by pressure or 

screw 

High cell density; 

many materials; 

scalable 

Lower resolution; 

shear stress can 

stress cells 

Inkjet Piezoelectric 

actuator ejects 

micro-droplets of 

bioink 

Fast; precise 

droplet 

placement; low 

cost per run 

Only low-

viscosity inks; 

droplets need 

substrates 

Laser-assisted Laser pulse 

propels cell-laden 

droplets from a 

ribbon 

Very high 

resolution; gentle 

on cell viability 

Slow; expensive; 

complex optics 

Table 1. The three principal bioprinting modalities compared. 

 

Figure 2. Schematic of the three dominant bioprinting approaches: extrusion, inkjet, 

and laser-assisted deposition (Frontiers in Materials). 
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4. A Short History of Engineered Organs 

Progress in this field rarely arrives as a single thunderclap; it accumulates in quiet 

laboratory breakthroughs, regulatory milestones, and the courage of first patients. Still, 

certain moments stand out as turning points where an entire research community — 

and sometimes the public — paused to take notice. The timeline below gathers some 

of the most consequential. 

Year Milestone Why it mattered 

1943–45 First successful dialysis 

treatments (Kolff) 

Proof that a machine 

could substitute for a 

failed organ 

1952 First mechanical heart 

valve (Hufnagel) 

The beginning of 

durable implantable 

organ components 

1967 First human heart 

transplant (Barnard) 

Established 

transplantation — and 

exposed the donor 

shortage 

1982 Jarvik-7 total artificial 

heart implanted in 

Barney Clark 

Showed a machine could 

fully replace the heart, if 

only for a time 

1999 First tissue-engineered 

bladder scaffold 

implanted (Wake Forest) 

Living tissue grown in a 

lab entered urological 

surgery 

2003 3D printing of a human 

ear-shaped scaffold (Van 

Cleynenbreugel / later 

Atala work) 

Demonstrated that 

complex anatomical 

shapes could be printed 

2011 First synthetic windpipe 

transplant (Macchiarini) 

A lab-made airway gave 

a patient a new trachea 

— and taught hard 

lessons too 
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2016 CARMAT artificial 

heart European trials; 

3D-printed organ-on-

chip adoption 

Bioprosthetic hearts and 

printed tissue models 

moved toward the clinic 

2019 3D bioprinting of 

vascularised tissue with 

perfusable channels 

Solved, in part, the 

blood-supply problem 

inside thick constructs 

2022–24 Bioprinted skin grafts in 

burn care; bioprinted ear 

cartilage clinical work 

Printed living products 

reached early human 

application 

2024 Magnetically levitated 

total artificial heart 

implanted at Duke (first 

in U.S.) 

Mechanical hearts took a 

leap in durability and 

biocompatibility 

2025–26 Wearable artificial 

kidney trials; 4D and 

ice-templated vascular 

printing 

Ambulatory organ 

support and printed 

vessels advanced in 

parallel 

Table 2. Selected milestones in artificial organs and bioprinting, 1943–2026. 

5. The Vascular Bottleneck 

Ask any bioprinting researcher to name the field's hardest problem and you will almost 

always hear the same answer: blood vessels. The logic is brutal and simple. Cells 

cannot survive more than roughly a millimetre or two from the nearest capillary, 

because oxygen and nutrients diffuse only so far through tissue. A printed ear or a patch 

of skin is thin enough that the body's own vessels can grow in after implantation. But 

a solid organ — a kidney, a liver, a heart — is several centimetres thick and contains 

billions of cells, every one of them hungry and oxygen-hungry. Without a built-in 

circulatory network, the inside of a thick printed organ simply dies. 

Nature builds this network with astonishing economy: in a human body, capillaries sit 

close enough that almost no cell is more than about a hair's width from a blood supply. 

Reproducing that geometry with a printer nozzle is a different matter entirely. 

Researchers have tried coaxing cells to self-assemble vessels (a strategy called vascular 

sprouting), printing sacrificial inks that are dissolved afterwards to leave hollow 

channels, and even 3D ice printing, in which ice templates are printed and then coated 
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with cells before being melted away — leaving behind vessel-like tubes. Each 

approach has won partial victories: perfusable channels, branching networks a few 

millimetres deep, even printed constructs that survive implantation in animals. Printing 

a full, human-scale vascular tree remains unsolved, but the gap is closing year by year, 

and many in the field quietly regard it as a when, not an if. 

 

Figure 3. A bioprinted ear scaffold in culture medium — an early, emblematic 

demonstration that complex anatomy can be fabricated layer by layer. 

6. Where the Technology Already Saves Lives 

For all the attention given to whole-organ printing, the quiet truth is that bioprinting 

and tissue engineering have already entered medicine through narrower doors — and 

have already changed outcomes. Three areas deserve special mention. 

First, engineered skin. Burns that once meant months of grafting and scarring can now 

be treated with bioprinted skin constructs that deliver both the upper and deeper layers 

of skin, sometimes printed directly onto the wound. Second, cartilage and bone. Printed 

ear and nose cartilage, built from a patient's own cells, is in early clinical use for 

children born with microtia, and printed scaffolds seeded with stem cells are being 

tested in jaw and skull reconstruction. Third, and perhaps most consequentially for 

ordinary patients, tissue models for drug testing. Pharmaceutical companies now use 

bioprinted liver and cardiac tissue to screen compounds for toxicity before human 

trials, replacing some animal testing and catching dangerous side effects earlier. 

Beyond these, the frontier keeps advancing. In 2024 and 2025, a wearable artificial 

kidney moved through human trials, freeing dialysis patients from clinic chairs for 
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hours at a time; bioprinted corneal tissue entered early clinical study; and researchers 

printed functional cardiac patches that, in animal studies, restored some contractile 

force to damaged hearts. The full printed heart for transplant remains on the horizon 

— most serious estimates place viable thick-organ printing at least a decade away — 

but the horizon is no longer a rhetorical device. It has a timetable. 

 

Figure 4. Artistic rendering of a bioprinter depositing living tissue layer by layer — 

the manufacturing paradigm at the heart of regenerative medicine. 

7. A Growing Industry With a Waiting-List Tailwind 

The commercial significance of these technologies follows the same curve as their 

medical one. Market analyses vary in scope and method — some count only 

implantable devices, others fold in bionics and prosthetics — but they agree on 

direction and roughly on scale. Estimates of the broader artificial organs and bionics 

market cluster in the mid-30 to mid-40 billion US dollar range for 2025, with forecasts 

generally exceeding 100 billion dollars by the mid-2030s and compound annual growth 

rates of roughly 8 to 10 percent. Artificial kidneys dominate revenue, reflecting the 

enormous dialysis population, while the fastest growth belongs to wearable, electronic, 

and bioprinted categories. 

Indicator (selected 

industry estimates) 

Value Source / year 

Artificial organs & 

bionics market, 2025 

≈ USD 34.5–46.5 billion Wissen Research; 

Fact.MR, 2025–26 

Projected market by 

2034–2036 

USD 91–117 billion GMI; Fact.MR, 2025–26 
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Typical forecast CAGR ≈ 8–10 % Multiple analysts, 2025–

26 

Artificial kidney share 

of organ segment 

≈ 56 % Mordor Intelligence, 

2025 

Fully implantable 

fixation share 

≈ 73 % Mordor Intelligence, 

2025 

North America regional 

share 

≈ 44–47 % Mordor; Precedence 

Research, 2025 

Wearable kidney / 

externally worn growth 

≈ 13–15 % CAGR Mordor Intelligence, 

2025 

Table 3. Market snapshot for artificial organs and bionics (figures vary by report 

scope and methodology). 

Two structural forces guarantee sustained demand. The first is demography: ageing 

populations in every major economy mean more heart failure, more chronic kidney 

disease, more diabetes — and therefore more organ failure. The second is arithmetic: 

donor supply is essentially flat while waiting lists grow, and no public campaign has 

ever closed the gap. Every statistic in Table 3 is, at bottom, a measure of unmet 

biological need. 

8. Challenges, Costs, and Hard Questions 

Scepticism has its place in this field, and honest advocates will name the obstacles 

before the promises. Scientifically, the vascular problem looms largest, followed 

closely by maturation — coaxing printed immature cells to behave like decade-old 

adult tissue — and by sterility, since a printed organ grown over weeks in a bioreactor 

must be utterly free of contamination. Economically, the price of a fully personalised 

printed organ will be formidable, at least initially; a single bioprinter run for one patient 

cannot borrow the economies of scale that make pills cheap. Regulatorily, agencies 

such as the FDA have frameworks for devices and for biologics, but a printed living 

organ is simultaneously both, and the approval pathway for such hybrids is still being 

written in practice. 

The ethics run deeper than cost. Who receives a printed heart first when supply is 

scarce? What happens to the economics of organ donation — one of the most generous 

institutions in modern medicine — if printed organs become available? And there is a 

cautionary tale the field itself tells: the synthetic trachea transplants of the early 2010s, 
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celebrated as triumphs, collapsed amid patient deaths and a research scandal, and are 

now studied in ethics courses as a warning about hype outpacing evidence. 

Bioprinting's advocates learned from that episode. Today's clinical claims are more 

modest, trials more rigorous, and the word “breakthrough” more carefully budgeted. 

None of these challenges negates the endeavour; they define its tempo. Progress will 

likely continue the pattern of the past two decades: thin tissues first, then patches and 

conduits, then hollow organs, and finally — last and hardest — solid organs with full 

vascular trees. 

9. Conclusion: The Machine and the Garden 

Artificial organs and 3D bioprinting are sometimes framed as rivals — the mechanical 

old guard versus the biological newcomers. The reality is more complementary, and 

more interesting. Mechanical devices rescue patients today and will keep doing so for 

decades; they are the bridges, quite literally, on which the bioprinting future drives. 

Bioprinting, in turn, promises something no titanium pump ever can: a replacement 

that is truly alive, that heals, that adapts, and that the body recognises as its own. 

The history of medicine offers a useful analogy. Prosthetic limbs did not end when 

transplants began; both simply found their proper places. In the same way, the waiting 

list that opens this article will probably not be abolished by any single invention. It will 

shrink the way such problems always do — through a portfolio of solutions, each 

improving on the last, each carrying a patient a little further from despair. Somewhere 

in a laboratory tonight, a printer is laying down a line of living cells with a precision 

no surgeon's hand can match. It is a small thing, a line of ink. But line by line, layer by 

layer, that is how the future of organ replacement is being written. 
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