
From Human Populations to Cells:
Using Advanced Systems Dynamics to
Improve Human Health and Safety

At first glance, infectious disease epidemics,        
neurodegenerative diseases, airplane engines, 

battery health, and military fleet logistics may seem 
quite unrelated. But Mechanical Engineering Professor 
Bogdan Epureanu at the University of Michigan sees a 
vigorous common thread: all represent complex multi-
scale nonlinear systems. Epureanu, who heads the 
Applied Nonlinear Dynamics of Multi-Scale Systems 
Laboratory in the College 
of Engineering, points out 
that discovering new ways 
to use the principles of 
these nonlinear systems 
“helps us create transfor-
mative technologies and 
better understand and predict complex system behav-
ior.” Understanding that behavior lies at the forefront 
of new frontiers in improving human health, safety, 
and welfare. 

Infectious Disease Dynamics –
Unlocking the Secrets of Outbreaks
“If we look at the dynamics of infectious diseases, for 
example,” said Epureanu, “forecasting how such diseas-
es reach a ‘tipping point’ and move through a popula-
tion continues to challenge public health officials.” 

Outbreaks may appear to be unpredictable and ran-
dom, but, according to Epureanu, in fact the dynam-
ics of the disease – and the way infectious diseases 

respond to perturbations – “leave us clues that tell us 
how close they are to a dramatic change such as an 
outbreak or an epidemic.” 

As part of the National Institute of General Medical 
Sciences Models of Infectious Disease Agent Study 
(MIDAS), Epureanu is creating new models, a theo-
ry, and unique statistical methods, all to forecast the 
behaviors of infectious diseases before they reach a 

critical point. A recent review 
paper, “Anticipating Critical 
Transitions,” published in Sci-
ence and citing Epureanu’s work, 
highlights the strategic impor-
tance of early warning methods 

for the U.S. Centers for Disease Control and the World 
Health Organization. 

Cellular Dynamics – 
Signaling Neurodegenerative Diseases
Scaling down from populations to cellular systems, 
Epureanu is exploring essential intracellular transport 
processes contributing to the burgeoning field of com-
putational neuroscience. His approaches treat deterio-
ration in communication among neurons as dynamic 
phenomena, which evolve with dramatic consequences 
in most neurodegenerative diseases. For example, cur-
rent biomarkers for Alzheimer’s disease detection lack 
sensitivity and can predict only advanced stages of the 
rate of the disease, where the rate of successful 
treatment is only 50 percent.

“Forecasting how such diseases 
reach a ‘tipping point’ and move 

through a population continues to 
challenge public health officials.”



 Recent breakthroughs in this field have shown that 
the excessive phosphorylation of tau protein on mi-
crotubules – the “tracks” used for transport inside cells 
– mechano-chemically impedes transport of cellular 
cargoes along axons. A crucial emerging question is: 
What signs can reveal that tau has started to be an 
obstacle for nanotransport?

Epureanu’s answer lies in key nonlinear dynamics 
inside axons, where motor proteins – tiny molecular 
carriers – start to exhibit changes in their journey 
along axons. 

“Through an innovative dynamic interrogation, we 

conduct advanced computations and experiments to 
characterize nanotransport activities along axons to 
‘see’ these modifications as they occur,” said Epureanu. 
“This is a breakthrough, since it is difficult or even im-
possible to monitor this kind of cell activity in vivo.” 

Epureanu’s models aim to speed detection of neuro-
degenerative diseases, so that drug treatment may still 
offer hope. “The new models we are proposing can im-
prove the time to diagnosis, which can have a signifi-
cant impact on disability, quality of life, and mortality,” 
he said. 

With graduate student Woochul Nam (PhD ME ‘15), 
who earned the prestigious “Distinguished Disserta-
tion” award from the U-M Rackham Graduate School, 
Epureanu recently published the findings in PLOS 
Computational Biology, Physica D and Physical 
Review E journals.

Aeromechanic Dynamics – 
A Detective with Unique Models and Data
Complex dynamics occur both in natural systems 
and also in engineered ones. “Think of transportation 
systems, whether on air, land, or sea,” said Epureanu. 
“They involve multi-scale processes and systems, from 
one individual airplane or automobile engine, to an 
entire fleet of vehicles or ships, to the worldwide trans-
portation system. Understanding and managing the 
dynamics of such systems is a key challenge for engi-
neers, managers, and governments.” 

Epureanu’s passion for fundamental nonlinear dynam-
ics applied in aeroelastic systems and turbomachinery 
precedes his arrival at U-M in 2002. His reduced-order 

models allow unprecedented speeds in computational 
dynamics and enable structural health monitoring of 
fluid-structural systems such as wings and airplane 
engines. 

Take, for example, airplane engines. Tiny material 
defects in their essential components called integrally 
bladed rotors (IBRs) can be dramatically amplified 
when rotating tens of thousands of times per minute. 
This can lead to extreme failures, so they are repaired 
by altering blade geometry or “blending,” which is pos-
sible without removing the IBR from the aircraft via a 
boroscope, a tool akin to a surgical endoscope. 

“Sensor placement, enhanced sensitivity, and data 
interpretation are key to structural health monitoring 
of complex systems,” said Epureanu, who ingeniously 
tackles these challenges through nonlinear dynamics 
and unique system interrogation. His work in this area 
has been published in several journals, including AIAA 
Journal and the Journal of Sound and Vibration. 

“The new models we are proposing can speed time to diagnosis, which can 
have a significant impact on disability, quality of life, and mortality.”



“We are creating high-performance computational 
tools capable of statistically predicting the response of 
blended IBRs equipped with complex damping sys-
tems,” said Epureanu. His methods may define a solid 
road map for designing the engines of the future. 

The advanced computational tools are able to effective-
ly analyze the effects of damping systems and blend re-
pairs on IBR and engine performance and operability. 
This work is supported by the leading turbomachinery 
manufacturers in the world – General Electric, Pratt & 
Whitney, Siemens – and by the GUIde Consortium, a 
collaboration of industry, university, and government 
partners focused on aeromechanics. Epureanu’s results 
have been awarded the Strickland Prize, a Petro-Can-
ada Young Innovator Award, and multiple journal 
citations. 

Transportation System Dynamics – 
Efficient, Modular, Adaptive Vehicle Fleets 
“Available technologies and demands placed on fleets 
of ground vehicles change over time, and new environ-
ments pose new requirements with respect to logistics, 
cost, deployment speed, safety, and performance,” said 
Epureanu. “This results in a need for ever larger fleets. 
To address this challenge we explore innovative mod-
ular fleet concepts.” With support from the U.S. Army 
and the Office of Naval Research, Epureanu creates a 
unique fleet evaluation tool and dynamic operation 
and logistics simulator for decision makers, policy-
makers, and technology developers. 

Future vehicles will use novel hybridization also. With 
collaborators from Ford Motor Company, Epureanu 
is creating an original new hybrid electric powertrain. 
“We have a very aggressive plan which culminates in 
the creation of a demonstration vehicle,” said Epurea-
nu. “Models have revealed that our innovative archi-
tecture promises to reduce costs, enhance reliability, 
and improve fuel economy.” 

Epureanu is also engaged in the creation of novel 

health monitoring methods for the batteries. “Battery 
health can be affected by structural vibrations, by 
cyclic swelling due to charge-discharge, and by thermal 
cycling,” he explained. “The way batteries are assem-
bled in packs plays a major role in their vibration.” 

In work with the U.S. Army, he has created unique 
models for enabling robust battery pack designs. These 
cutting-edge models provide new insights into the 
effects of cyclic Lithium-ion intercalation or tempera-
ture-induced swelling. 

Integrative Thinking – 
Sharing a Passion for Research and Teaching 
Epureanu, who won a Pi Tau Sigma Professor of the 
Term distinction and several other teaching awards, 
is quick to share his love of integrating research and 
teaching. And like most of his work, his focus with 
students is often on systems thinking. “I am passionate 
about teaching our students the newest discoveries and 
most advanced knowledge. To do so, we have to engage 
our students in integrative, multi-scale, systems think-
ing. It is not news that today’s technology initiatives are 
defined by challenges in energy, environment, human 
and natural threats, and health – highly complex prob-
lems which require skills in integrative system thinking 
and design.” 

To that end, Epureanu spearheaded the creation of a 
new Master’s program in Systems Engineering and 
Design, offered through the division of Integrative 
Systems + Design. “Through this new program, our 
students will learn to pose and answer complex ques-
tions, deal with uncertainty, and appreciate the social 
and human aspects of complex engineered systems 
design,” said Epureanu.  The design component makes 
this program particularly unique, ensuring that pro-
gram graduates will have the experience, curiosity, 
and innovation necessary to tackle projects on many 
integrative systems from epidemic outbreaks to hybrid 
electric powertrains—just like their program director. 


