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 A
n electric field can be applied to 
muscle to yield a contraction, 
generally termed neuromuscular 
electrical stimulation (NMES). 
When applied to yield functional 
tasks, it is more specifically 

termed functional electrical stimulation 
(FES). FES is commonly prescribed as a 
treatment for various neurological disorders 
(e.g., stroke, spinal cord injury, traumatic 
brain injury, Parkinson’s disease, etc.). Such 
disorders affect millions of Americans, resulting 
in costs that exceed $100 billion per year. 
Common impairments caused by neurological 
disorders lead to limited physical activity due 
to muscle weakness, paralysis, and/or loss 
of limb coordination. In turn, limited physical 
activity increases the risk of negative secondary 
health effects such as obesity, poor self-image, 
diabetes, cardiovascular disease, and other 
chronic conditions. While current clinical practice 
typically uses open-loop FES, many researchers 
are currently focused on closed-loop, computer-
controlled FES. In the development of such 
closed-loop FES algorithms, the musculoskeletal 
system is modeled as a mechanism comprising 
links and actuators that are activated by controls 
and robotics methods executed by a computer 
interface to the person (i.e., a cybernetic system).

Automated FES methods hold the potential to 
maximize therapeutic outcomes by self-adjusting 
to the particular individual, facilitating at-home 
therapy and enabling effective therapy from less 
experienced clinicians. Yet, the development of 
automated FES devices is complicated by the 
uncertain nonlinear musculoskeletal response to 
stimulation, including disturbances such as fatigue
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muscles of the left and right legs according 
to a switching signal dictated by the stimu-
lation pattern, which depends on the crank 
angular position. Hence, FES-induced 
cycling is a switched control system with 
autonomous, state-dependent switching. 
As illustrated in Figure 1 there are regions 
of the crank cycle where it is kinematically 
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or by FES). In these regions, stimulation 
is not applied, because this can lead to 
increased muscle fatigue. When muscle 
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region and no stimulation is applied, the 
cadence error system can become unstable. 
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in a region where it cannot escape, leading 
to unbounded cadence tracking error. This 
problem is exacerbated by the fact that the 
dynamics of the FES-cycling system are 
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the ability of the rider’s hip and knee joints 
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then used to show that the cadence tracking 
error is exponentially stable in the con-

tion methods) are the mainstream focus in general FES literature. 
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FES-CYCLING AS A SWITCHED SYSTEM
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FIGURE 1   Example stimulation pattern as a function of the crank position for 
the gluteal, quadriceps, and hamstring muscle groups on a single leg. Grey 
shaded regions indicate sections of the crank cycle where it is inefficient for a 
selected muscle group to produce torque. Electrical stimulation is turned on and 
delivered to respective muscles in specified regions and turned off in regions 
where it is inefficient to produce torque.
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FIGURE 3  Stimulation pulse width for each muscle group as 
a function of the crank cycle for an individual with decreased 
strength in the right side due to Parkinson’s disease.

FIGURE 2   Stimulation pulse width for each muscle 
group for a healthy normal person as a function of the 
crank cycle.
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trolled (unshaded) regions of the crank cycle and could be upper bounded 
by exponential growth in the uncontrolled (shaded) regions. By develop-
ing a ratio between the rate of decrease and rate of increase of the cadence 
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MOTORIZED FES-
CYCLING AS A SWITCHED SYSTEM

Given the existence of regions in the 
���3��������������
������������
�
��

��������
��A��&����
������'�����������
as another torque source. See the Sidebar 
���
���4���������*�1��
'�������
���
�����
	���	��
������
����������������������
��
9
'�� ���������������	��������������
�����
����������������
�&�
��������	����
���
��



Matthew Bellman has 
been a member of the 
Nonlinear Controls and 
Robotics Group since 
May 2009, and has since 
received both his bach-

elor’s and master’s degrees, magna cum 
laude, in mechanical engineering with a 
minor in biomechanics from the Univer-
sity of Florida. Matthew recently com-
pleted his doctoral degree in mechanical 
engineering as a National Defense Sci-
ence and Engineering (NDSEG) Fellow, 
with a focus on the theoretical develop-
ment of robust, adaptive control systems 
for applications involving functional 
electrical stimulation, specifically those 
involving rehabilitation and mobility of 
the lower extremities. His work has been 
recognized by the 2015 American Auto-
matic Control Council (AACC) O. Hugo 
Schuck (Best Paper) Award

Prof. Warren Dixon 

received his Ph.D. in 
2000 in the Department 
of Electrical and Com-
puter Engineering from 
Clemson University. 
He was selected as an Eugene P. Wigner 
Fellow at Oak Ridge National Laboratory 
(ORNL). In 2004, he joined the University 
of Florida in the Mechanical and Aero-
space Engineering Department. His main 
research interest has been the develop-
ment and application of Lyapunov-based 

control techniques for uncertain nonlin-
ear systems. He has published 3 books, an 
edited collection, 12 chapters, and over 
120 journal and 220 conference papers. 
His work has been recognized by the 
2015 & 2009 American Automatic Control 
Council (AACC) O. Hugo Schuck (Best Pa-
per) Award, the 2013 Fred Ellersick Award 
for Best Overall MILCOM Paper, a 2012-
2013 University of Florida College of Engi-
neering Doctoral Dissertation Mentoring 
Award, the 2011 American Society of Me-
chanical Engineers (ASME) Dynamics Sys-
tems and Control Division Outstanding 
Young Investigator Award, the 2006 IEEE 
Robotics and Automation Society (RAS) 
Early Academic Career Award, an NSF 
CAREER Award (2006-2011), the 2004 De-
partment of Energy Outstanding Mentor 
Award, and the 2001 ORNL Early Career 
Award for Engineering Achievement. He 
is an ASME and IEEE Fellow, an IEEE Con-
trol Systems Society (CSS) Distinguished 
Lecturer, and served as the Director of 
Operations for the Executive Committee 
of the IEEE CSS Board of Governors (2012-
2015). He currently serves as a member of 
the U.S. Air Force Science Advisory Board. 
He is currently or was formerly an associ-
ate editor for ASME Journal of Journal 
of Dynamic Systems, Measurement and 
Control, Automatica, IEEE Control Systems 
Magazine, IEEE Transactions on Systems 
Man and Cybernetics: Part B Cybernetics, 
and the International Journal of Robust 
and Nonlinear Control. 

ABOUT THE AUTHORS REFERENCES

6  SEPTEMBER 2016  

ability to produce torque. From a control systems perspective, the advantage 
of using a motor is that it eliminates the uncontrolled regions, simplifying 
control design and analysis strategies. That is, compared to results such as 
[1], switching with a motor in the loop only involves switching between stable 
subsystems. FES control of the muscles yields cadence tracking in torque 
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���*�����������
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�����������������
��3��*�������
������������
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for the limbs to produce torque. A sliding mode controller is developed in 
[4] for the muscle control inputs and the motor. Since each closed-loop er-
ror system is stable, a single Lyapunov function can be established to show 
global exponential tracking for the overall switched system, without the need 
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augment FES cycling is common, but when 
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��A���������
���������������
�����2��
���
�������5�|� � &�
�����������*��������
Figure 1). From a rehabilitation perspec-

���&����������*�
�����
������
�����������
�
��*����������4���
����5��
���A������'��
���
�������|������
��
�
���
��������*���������
the motor continuously provides assistance) 
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depending on a person’s physiology and 
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date, only robust control tools have been used to develop a stability analysis 
for the switched system. However, motivation exists to develop and analyze 
adaptive and learning controllers which may exhibit lower frequency content 
and/or lower magnitude control intensities. Such developments may lead to 
reduced muscle fatigue, thereby extending the rehabilitative treatment, and 

��'�

������������	�
������
�����
������'��������	����
�������
�;�-
tion strategies. When switching between stable and unstable regions (i.e., 
��
���
����
������
�������}&���*��;��
�������*���������������������*�
�������
������9
���������
�����
����������
'���
��	�����
�������
�����
���
��� ������;����&���������
�������
����
������������������
�
���
convergence, the development of dwell-time conditions is an open challenge. 
The inclusion of a motor enables switching between stable systems and 
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Hence, the development of adaptive switched controllers for motorized 
FES-cycling systems may have a closer horizon. The inclusion of a motor also 
expands the possible control objectives that can be pursued. For example, 
physical therapists would like to prescribe both a desired power output and 
cadence for individuals participating in cycling therapies. Based on results 
such as [7,8], the motor could be tasked with maintaining cadence control, 
allowing the FES inputs to yield desired torques. Such development is still in 
the early stages, and various adaptive and learning tools can potentially be 
developed to advance such goals. � 
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a desired cadence of 50 RPM was 0.00±2.91 
RPM. The stimulation/motor control input 
for one cycle by an example individual is 
depicted in Figure 4. 

CONCLUSIONS AND ONGOING WORK

FES plays an important role in the reha-
bilitation of individuals with neurologi-

cal disorders that exhibit muscle dysfunc-
tion. The potential impact to society and 
the daily lives of individuals with certain 
�������*�������������������������*��;-
cant motivation to examine the challenges 
associated with FES-induced activities. In 
particular, FES-induced cycling is a com-
mon activity-based rehabilitation therapy 
because it is a safe, repetitive, and low 
impact exercise. However, as illustrated 
by the aforementioned studies, there exist 
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FES controllers for the uncertain, switched, 
nonlinear dynamic system. 

While some success has been achieved by 
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opments to emerge from the control and 
robotics communities, where constructive 

methods could be developed and analyzed 
for the problems with FES-induced activi-
ties. In particular, the control systems and 
robotics communities have the potential 
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where relatively few constructive closed-
loop controllers have been published. To 

MOTORIZED CYCLING TESTBED CONSTRUCTION

The latest motorized FES cycle used at the University of Florida Nonlinear 
Control and Robotics Laboratory is a modified, commercially available re-

cumbent tricycle (TerraTrike Rover) depicted in Figure 5. A 250 Watt, brushed, 
24 VDC electric motor was mounted to the frame and coupled to the drive 
chain. Orthotic boots incorporated with custom pedals are used to fix the 
rider’s feet to the pedals, prevent dorsiflexion and plantarflexion of the an-
kles and maintain sagittal alignment of the lower legs. An optical encoder is 
coupled to the cycle crank via spur gears to measure the crank position. Cur-
rent control of the cycle’s motor was enabled by a linear amplifier interfacing 
with data acquisition hardware (Quanser Q8-USB), which also measured the 
encoder signal. To ensure safe operation, an emergency stop is included and, 
when people are seated on the tricycle, the tricycle’s seat position is adjusted 
for each subject’s comfort while ensuring that full extension of the knees is 
not possible (to prevent hyperextension). Electric stimulation is provided 
by a commercial, current-controlled, eight-channel stimulator (RehaStim, 
Hasomed) interfaced with a personal computer and cutaneous electrodes 
(Axelgaard Manufacturing Co. Ltd.). One pedal is attached to a cycling power 
meter (SRM) that wirelessly transmits the torque produced at the crank for 
experiments that involve power tracking control objectives. 

FIGURE 4  Stimulation pulse width (denoted by 
um in microseconds) and motor control (denoted 
by ue in amps) inputs for the quadriceps and 
hamstring muscle groups and an electric motor 
for an example healthy normal individual. 

FIGURE 5  
Stationary 

motorized FES 
cycle testbed.




