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manufacturing 

As IEs, we may never replace biologists and doctors  

in developing biomedical technologies, but  

we can use those tools to transform healthcare 

BY ROHAN A. SHIRWAIKER, ZHUO (GEORGE) TAN,   

AND PAUL H. COHEN 
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As science fction writer and  

inventor Sir Arthur C.  Clarke said,  

any sufciently advanced technology  

is indistinguishable from magic. By  

this defnition, advances in biomedical  

technology, which broadly refers to the  

application of engineering and technol-

ogy principles to the domain of living  

or biological systems,  have been creat-

ing magic over the past two decades. Life  

sciences-based innovations such as the  

�earmouse� created at the end of the last  

millennium and the international, collab-

orative human genome project have been  

nothing short of miracles.  

Today, advances in biomedical

technology remain central to diagno-

sis, prevention and treatment of  human  

diseases and conditions once considered  

untreatable. This is evident by the extent  

of investments venture capitalists have  

been making in the biomedical sector  

in this millennium. Since 2003 in the  

United States, medical device firm invest-

ment has grown by 59 percent adjusted  

for inflation, followed by biotechnology  

 

firms (41 percent) and pharmaceuti-

cal companies (15 percent). Today, U.S. 

biomedical technologies and allied 

research total a $100 billion enterprise, 

with approximately 65 percent of that 

supported by industry. Figure 1 tracks 

the investments made in this sector since 

1980. Good reasons to continue invest-

ing in new biomedical technologies and 

research abound, including an aging 

population and soaring healthcare costs. 

Biomedical manufacturing 
and industrial engineering 
Just as good apples do not necessarily 

make a great pie, nascent technological 

innovations are of no benefit unless they 

can be translated into reliable and afford-

able applications. Solving the challenge of 

the increasing costs of healthcare-related 

biomedical technologies requires a 

multidisciplinary approach, and biomed-

ical manufacturing is a critical part of the 

solution. Transforming novel ideas into 

cost-effective practical solutions is the 

core of the lab-to-factory translation in 

biomedical technology. 

As the parent research technologies 

have advanced (e.g., smart biomaterials), 

the original biomedical manufacturing 

concept has been expanding to encom-

pass these evolutions. Biomedical 

manufacturing today applies to a broad 

spectrum of technological advances in 

pharmaceuticals (e.g., drugs, vaccines), 

standard medical devices (e.g., syringes, 

pacemakers), customized implants 

(e.g., orthopedic and dental prostheses), 

tissue-engineered organs (e.g., artifi-

cial skin and blood vessels), and other 

healthcare-assistive applications. It 

includes processes such as fermentation, 

cell culturing, molecular cloning, live cell 

printing and direct digital material fabri-

cation. 

It is worth noting that the scope of 

biomedical manufacturing is not limited 

to the physical fabrication of the final 

product, as it encompasses research and 

improvements in allied aspects such 

as quality and sensing, automation, 

economics and logistics. 

INVESTMENT  TARGETS 
Figure 1. Investments in biotechnology and medical devices outpaced investments in healthcare services from 1980 to 2009.   

Source: Data from the National Venture Capital Association © Scott Shane 
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regenerative medicine manufacturing 

Many concepts and tools from tradi-

tional manufacturing are, to some degree,  

applicable to biomedical manufacturing,  

even if the motivation and methods for  

the research are significantly different. As  

Hank Grant and his colleagues pointed  

out in IIE Transactions in 2009, the

uniqueness of biomedical manufacturing  

is due to factors such as the prototype-to-

production scalability issues. These are  

compounded by the extensive integration  

of biological and engineering technology,  

high development risk,  strict and evolv-

ing regulations, and ethical issues.  

Since the ultimate objective of

biomedical and other high-tech indus-

tries is to develop cost-effective and

reproducible production processes, effec-

tively developing and applying industrial,  

manufacturing and systems engineering  

tools can play a key role in translating and  

scaling these ideas to where they can have  

an impact.  

Some technologies in the biomedical  

domain have a status quo analogous to  

the semiconductor industry of  the 1970s  

– their success could yield notable scien-

tific and socioeconomic promise, but the  

low yield of these processes makes such  

technologies expensive. As semiconduc-

tor manufacturing processes and systems  

became more reliable and repeatable,

their increased productivity led to

dramatic cost reductions, opening the

market for affordable high-tech gadgets.  

Making products faster, better and

cheaper always has been the mantra of  

IEs, and it is possible to adapt our profes-

sion’s versatile perspectives to solve

problems in such nontraditional and

emerging areas.  

In one example, North Carolina State  

University’s Edward P. Fitts Department  

of Industrial and Systems Engineering 

is working with the Wake Forest Insti-

tute for Regenerative Medicine to resolve  

some of  the pressing lab-to-clinic trans-

lation issues in regenerative medicine. 

PATIENT  PRODUCTION 
Figure 2. This schematic shows the process flow in a regenerative medicine system for  

producing autologous cartilage (chondrocyte cells). 

What is  
regenerative medicine? 
Regenerative medicine, or RM,  is a  

biomedical technology at the intersec-

tion of life sciences and engineering  

that emphasizes rejuvenating previously  

irreparable cells,  tissues and organs or  

creating their biological substitutes.  

The repaired cells or substitutes can  

re-establish biological functions lost  

or compromised due to age, disease,  

congenital defects or trauma.  It holds  

great promise for improving many lives  

and could reduce the cost of healthcare  

for those with chronic diseases or organ  

failures. Achieving this by using the  

patient’s own cells (“autologous” RM)  

also circumvents the problem associ-

ated with allogeneic transplant rejection.  

Unlike contemporary treatments, RM  

focuses on addressing the underlying  

clinical problem rather than just pallia-

tive care. 

An often highlighted aspect of regen-

erative medicine is the drive to fabricate  

functional substitutes – tissue engineer-

ing scaffolds seeded with cells – in the  

laboratory to replace damaged organs.  

Industrial Engineer covered this with the  

article “Manufacturing Living Things”  

by Ibrahim Tarik Ozbolat and Howard  

Chen in January. While this certainly is a  

critical application, RM also encompasses  

diverse cellular therapeutic approaches  

in wound care, cardiology, oncology,  

diabetes treatment and others that are  

closer to FDA-approved clinical use.  

Examples include artificial skin for burn  

victims, cartilage for knee-replacement  

procedures, bladder replacement and cell  

therapies for urinary incontinence and  

spinal cord injury treatment.  

Figure 2 shows the schematic process  

flow in autologous RM using cartilage  

tissue as an example. Autologous RM  

treatments start with a small biopsy  

taken from the patient’s parent tissue or  

organ. The pertinent cells are extracted  

and isolated from the tissue matrix and  

proliferated into significantly higher  

numbers (at least four to five orders of  

magnitude higher) in a bioreactor – an in  
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vitro simulated environment conducive 

to cell growth. What is critical here is not 

only the final number of cells (yield) but 

also their quality (phenotype). These cells 

can be implanted back into the affected 

organ to rejuvenate its function, or seeded 

or printed into a scaffold as a functional 

replacement for transplantation. 

The fundamental concepts of RM are 

not very new, even if it wasn’t until the 

late 20th century that the technology 

became realizable. In 1938, Nobel laure-

ate Dr. Alexis Carrel and aviator Charles 

Lindbergh described an artificial heart 

decades before its production in their 

book The Culture of Organs. In the 1950s, 

Dr. George Gey and Dr. Harry Eagle 

explored culturing and the growth of 

cells outside the body, demonstrating 

for the first time that cells could be kept 

healthy and alive in synthetic nutrient 

media for a period of time. Fast forward 

to 1995, when Dr. Charles Vacanti and his 

team created the earmouse, a mouse with 

ear-shaped cartilage seeded with chon-

drocyte cells and implanted on its back. 

The iconic earmouse photo published in 

Time magazine caused great interest, both 

scientifically and ethically, in the field of 

regenerative medicine. 

According to the most recent global 

statistics, in 2011 an estimated 300 

cell- and tissue-based therapeutics were 

commercially available or in clinical 

development in countries with a formal 

regulatory framework, with 55 of them 

described and marketed as RM products. 

However, the market is still in its infancy 

because the parent technologies are a few 

years away from maturity. 

The challenges from 
an IE perspective  
So where does industrial engineering 

come into the picture? Take this state-

ment about the earmouse from Dr. 

Joachim Kohn, director of the New Jersey 

Center for Biomaterials: “Time maga-

Aspect Traditional manufacturing
(Typical consumer product) 

Autologous regenerative
medicine manufacturing 

Manufacturing approach Top down Bottom up 

Production strategy Made-to-stock Made-to-order 

Production location Factory shop floor GTP/GMP* classified cleanroom 

Production environment Clean (expected) Sterile (regulated) 

Production system Continuous flow production Customized batch of one 
(patient specific) 

Production methods Highly automated Highly manual (status quo) 

Raw materials Metals, polymers, ceramics, etc. Cells, proteins, peptides, etc. 

Manufacturing processes Machining, casting, molding Biopsy, cell culturing, 3-D printing 

Manufacturing instructions Process plans and SOPs 
(based on time and work studies and 

simulation analyses) 

Rigid operating protocols and 
guidelines (based on empirical 

evidence and operator experience) 

Inspection strategy Statistical sampling 100 percent inspection 

Inventory location Warehouse Bioreactor 

Point of customer delivery Retailer Hospital 

New product evaluation Rapid prototyping and analysis (few 
weeks to months) 

Animal and human clinical trials 
(several years) 

Primary regulator Market, industry standards FDA (U.S.), EMA (EU) 

Consequences of a bad part Customer dissatisfaction (effect: $) Patient morbidity or mortality 
(effect: $n) 

Continuous process
improvement 

Yes Extremely difficult 
(strict regulations) 

Primary IE focus Improve production efficiency and reduce cost 

lenges. Figure 3 shows a comparative 

analogy between typical characteristics 

of traditional manufacturing and RM 

manufacturing. Note that the character-

istics indicate the general trends and can 

vary across specific products. 

Despite the differences, industrial 

engineering methods in process model-

ing, system design and automation, 

quality control, and supply chain logistics 

can address some of the critical character-

istics and considerations in regenerative 

medicine, particularly in the following: 

Variability. Unlike traditional product 

design and manufacturing, each patient 

is unique; no two subjects have the exact 

same anatomical and biological char-

acteristics. Factors such as age, gender, 

DIFFERENT  SECTORS, 
SAME  IE  GOAL 
Figure 3. This comparison examines the differences between typical consumer product and 

autologous regenerative medicine manufacturing. 

* GTP: Good tissue practice GMP: Good manufacturing practice 

zine showed the mouse with the nicely 

shaped ear, but they didn’t show the 10 

other mice where the ear was all screwed 

up.” If the semiconductor industry oper-

ated at that same process reliability rate, 

smartphones today could cost more 

than $25,000. For RM technology to be 

commercially feasible, it must be possible 

to produce or rejuvenate cells, tissues 

and organs repeatably, reliably and at a 

reasonable cost. 

Fundamentally, the same industrial 

engineering principles that design and 

improve manufacturing processes and 

systems for smartphones and auto-

mobiles can apply to the manufacture 

of biologics, even though strict FDA 

regulation does pose significant chal-
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regenerative medicine manufacturing 

disease state, cell density within the 

tissue and general health can all impact 

the outcomes of regenerative medicine. 

Other process variables contribute to 

uneven RM outcomes. For example, 

the biopsy process, where everything 

in autologous RM begins, generally is 

manual without specific process controls. 

Its outcome highly depends on the skill of 

the surgeon in addition to the biological 

condition of the patient. As with tradi-

tional manufacturing, variable inputs will 

affect the variability of the entire system. 

It is even more critical to identify the 

right input variables to control. For a 

biopsy, the diameter of the biopsy punch 

is a current way to standardize the process. 

Despite this, the number of cells a biopsy 

yields can vary significantly. The standard 

only ensures a constant diameter of the 

tissue, not necessarily the mass, which is a 

more critical process variable. 

The bottom line is that systematic 

process modeling and analysis is miss-

ing, and these are as critical to scaling up 

RM as the basic technology itself. What 

some may consider a basic process of 

obtaining a biopsy becomes complex and 

highly variable when broken down into 

its many processing steps. By formaliz-

ing the process using tools such as IDEF 

modeling and analyzing it using statisti-

cally sound empirical characterization 

studies (not one factor at a time experi-

ments), variability can be minimized and 

controlled. 

Mass customization in produc-

tion. Autologous RM is a wonderful 

example of mass customization with 

lot size since one’s own cells are used to 

grow replacement cells, tissue or organs. 

But the manufacturing system must be 

highly flexible and automated if manual 

procedures are to be replaced, drasti-

cally reducing costs and producing a 

more consistent product. Lean manu-

facturing, cellular manufacturing and 

modular “cell within cell” approaches 

Collaboration between industrial engineering and biomedical professionals 

PUTTING IE AND MEDICAL 

HEADS TOGETHER 

has yielded solid results, including one recent study involving Wake Forest 

and North Carolina State universities. 

N.C. State�s Edward P. Fitts Department of Industrial and Systems 

Engineering and the Wake Forest Institute for Regenerative Medicine put 

together a multidisciplinary team to improve the methods and system to 

produce chondrocyte cells for the seeding of 3-D-printed auricle con-

structs. The seeding procedure required the production of at least 200 

million cells for implantation. But from the beginning biopsy to the end of 

the proliferation process, the existing protocols and system yielded only a 

50 percent success rate. In addition, the procedures that worked took an 

average processing time of 41 days, and variability was high. 

The study was designed to see if and how IE models and methods could 

improve the system�s reliability and effciency. Tools such as IDEF model-

ing, simulation and statistical empirical design analyzed and optimized 

the process and system design. At the end of the study, the optimized 

processes and systems increased the percentage of successful procedures 

from 50 percent to 100 percent. In addition, the average processing time 

decreased to 35 days, and variability was reduced drastically. 

These improvements translated to a net savings of a few thousand dol-

lars in direct and indirect costs, just one example of how an industrial 

engineering approach can beneft RM technologies. 

are expected to help design and optimize 

RM manufacturing systems. Functional, 

informational and dynamic models are 

going to be useful tools when document-

ing and mapping medical protocols as 

manufacturing operations. 

Regulatory compliance. Strict FDA 

regulations necessitate high standards 

for cleanliness and strict adherence to 

approved procedures. Preparing materi-

als for the FDA can take 10 man-years 

of effort, and any change requires 

recertification. This makes continuous 

improvement expensive, a significant 

difference from manufacturing tradi-

tional consumer products. Involving IEs 

early in the product development process 

will help devise solid procedures or manu-

facturing plans early in the research and 

development process. Moreover, there is 

a need to develop “design for biomedical 

production” similar to “design for manu-

facturing and assembly” to promote 

efficient design, development and opti-

mization of RM products, processes 

and production systems prior to FDA 

submission. 

Supply chain. FDA regulations 

require stringent tracking and documen-

tation of materials and processes for all 

medical product systems. In regenera-

tive medicine, the primary raw material 

consists of living human tissue and cells, 

which makes the supply chain even more 

sensitive and critical. 

Take the scenario of biopsies that have 

been frozen and shipped to a centrally 

located production facility for processing. 

In this case, the tissue needs to be tracked 

continuously because its correct cells 
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must be isolated, processed using the 

intended SOPs, and returned to the same 

patient. Factors such as storage media, 

time, temperature and transportation 

method can introduce non-value-added 

variability capable of affecting tissue qual-

ity. All should be considered an integral 

part of the RM system during its design. 

Additionally, the processing time for cells 

to expand as needed may be weeks, and a 

patient may die if the production system 

and logistics for distribution are not 

designed well. All of this necessitates the 

minimization of storage and shipping 

times in lieu of minimizing direct costs. 

State transition graphs, Markov chains, 

SCOR and other logistics engineering 

models all will be required for designing 

RM supply chains. 

Preparing for the future 
Many emerging applications of indus-

trial, manufacturing and systems 

engineering require the acquisition of 

significant domain knowledge, and 

regenerative medicine is no exception. 

This “multidisciplinarity” poses a chal-

lenge. Background in diverse subjects 

such as anatomy and physiology, bioma-

terial science, sensing and quality control, 

and regulatory and legal compliance is 

required to design, monitor and evaluate 

zero-error and just-in-time production 

systems typical to biomedical technolo-

gies such as RM. 

Unfortunately, IEs usually do not 

possess the basic training and knowledge 

in all these areas, which makes it difficult 

to interact effectively with researchers in 

the biological and medical disciplines. As 

the job market for biomedical technologies 

continues to surge, it is becoming impor-

tant for IEs to learn and understand the 

working fundamentals of this emerging 

domain to succeed in such roles. 

National Hockey League hall of famer 

Wayne Gretzky once said that a good 

hockey player plays where the puck is, 

while a great hockey player plays where 

the puck is going to be. A similar thought 

should be applied to biomedical technol-

ogy education in industrial engineering. 

While IEs never will replace biologists 

or medical doctors in developing emerg-

ing biomedical technologies, we have a 

significant role in transforming their util-

ity and applications. 

Today, a few IE students get a chance 

to acquaint themselves with the world 

of biomedical technologies during the 

course of their college education. With 

an eye toward the future, it is critical for 

industrial engineering programs to take 

the initiative and incorporate fundamen-

tal concepts of biomedical design and 

manufacturing into their curriculum. 

North Carolina State’s Edward P. Fitts 

Department of Industrial and Systems 

Engineering has begun to incorpo-

rate various aspects of the biomedical 

domain such as biomaterials, biomodel-

ing, bio-additive manufacturing and RM 

manufacturing into our undergraduate 

and graduate syllabi. 

In addition to courses and lab sections, 

the move is being made to involve under-

graduate students in such research. 

For example, the department’s Medical 

Implants and Tissue Engineering Lab 

and the Laboratory for Additive Manu-

facturing and Logistics conduct training 

sessions and projects for undergraduate 

students. Department faculty members 

actively promote these emerging indus-

trial engineering foci in K-12 education 

by including such topics in seminars and 

summer workshops. One eventual objec-

tive is to set up a pedagogical model for 

biomedical technology education that 

can be adapted by other industrial engi-

neering programs and institutions. 

In summary, biomedical technologies 

such as RM have significant potential to 

transform the socioeconomics of health-

care, and IEs are an integral part of the 

larger global effort to translate them from 

research labs to clinics. Ultimately, being 

able to manufacture affordable biologics 

consistently will help save thousands of 

lives, and designing and managing such 

biologics production systems will be a 

role for future IEs. d 
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