


2



3

The Undergraduate Research Journal

of

The Illinois Institute of Technology

 
SPRING 2015



4

Dear IIT Community,

We are thrilled to present to you the 4th issue of Undergraduate Research Journal at IIT (URJiit), an 
annual publication highlighting the extraordinary research completed by undergraduates at the 
university. The URJiit team has been working hard to engage undergraduates in the numerous 
research opportunities here at IIT while encouraging communication and discussion with faculty 
ever since our founding in Spring 2010.

It is our hope that this journal continues our mission of publishing undergraduate research on 
thought-provoking and experience-based submissions from all disciplines at IIT, Shimer College, 
and VanderCook College of Music while displaying the vibrant intellectuality and curiosity found 
in undergraduates throughout the IIT community. The outstanding work of the undergraduate 
researchers in this issue will no doubt make a positive impact on the IIT community and the scien-
tific community at large. Fall 2014 marks the first time URJiit collaborated with Program for Under-
graduate Research Education (PURE) under Armour College of Engineering, with this issue fea-
turing research articles from three Engineering Themes: Energy, Health and Security, where PURE 
participants provide solutions of global impact that advance society. 

While URJiit does provide a platform for students to publish and showcase their work, we also 
give students the opportunity to learn about the publication process from start to finish through 
positions as editors, designers and executive officers. We are truly committed to enhancing the 
undergraduate experience, and we continually seek to engage as many undergraduate students in 
our organization as possible.

The dedication and support of a wide variety of individuals is reflected in every issue to ensure a 
high quality journal. We would like to thank all of the student researchers, authors, editors and 
designers for their tireless contribution. We would also like to thank you for your valuable reader-
ship. We hope you enjoy this issue, and find elucidation and inspiration in its pages.

Sincerely,

 

Sijia Wu
 
Sijia Wu

Editor-in-Chief
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Abstract
Flow control is a rapidly developing key techno-
logical area which is subject to extensive research 
as it offers the potential to enhance aircraft aero-
dynamic performance, control, and maneuver-
ability. The current paper details the methods 
and the results of a research which envisions 
assisting the newly formed NATO Task Group 
STO-AVT-239, with assessing the ability of mod-
ern active flow control actuators to improve the 
performance of Unmanned Combat Air Vehicles 
(UCAV). The project was supported by the ACE 
Undergraduate Research Topics Program at IIT 
and investigated the feasibility of the Coanda 
effect in achieving Circulation Control (CC) in 
order to produce rolling motion in cruise.

Understanding of the performance of the SAC-
CON airframe design and the complex vortex 
dominated flow field around was achieved 
through research papers and previous work 
of NATO Task Groups. It was discovered that 
a mid-span vortex influences and disturbs the 
flow above the control surfaces diminishing their 
effectiveness. A simple freeware computer code 
was used to predict the behavior of the airframe 
and the results were compared to experiment. 
The predictive abilities of the code were assessed 
to be good given the limitations of the software. 
Along with the airframe, CC was researched in 
order to predict its maneuver control capabilities. 
The experimental data and the computational 
predictions were then used in combination with 
a semi-empirical aileron control model to pre-
dict the aileron effectiveness and compare it to 
the CC results. In order to be able to apply for 
research funding from appropriate institutions, 
a windtunnel experiment was designed and 
planned to be conducted to validate the devel-
oped model.

 
Introduction

Flow control implements the ability of small-
scale devices to produce large-scale changes in 
aerodynamic flows. Research activities in the area 
include the fluid mechanics analysis of synthetic 
jet actuators, pneumatic blowing, active dimples, 

plasma actuators, circulation control, etc. and 
their application to existing and novel vehicle 
configurations aiming to reduce skin friction and 
pressure drag, delay boundary layer separation, 
and enhance lift. 

In this report we focus on Circulation Control 
and its application to the investigated airframe. 
Circulation Control technologies have been 
around since the early 1930s and have been suc-
cessfully demonstrated to produce lift threefold 
over airfoils with flaps. Extensive research has 
been done in the area with main focus on increas-
ing the lifting force at times when large lifting 
forces at slow speeds are required, such as take-
off and landing [Ref. 1]. In recent years, circula-
tion control has been used as a maneuver perfor-
mance enhancement method aiming to replace 
conventional control surfaces because of disad-
vantages such as high mechanical complexity 
due to the necessity to withstand heavy mechan-
ical loads and hinge moments, reduced volume 
available for fuel storage, increased structural 
weight, and increased radar signature. A work 
by Manchester University led to the FLAVIIR 
Demon UAV project in collaboration with Cran-
field University and BAE Systems [Ref. 1]. This 
was the first UAV to employ circulation control 
techniques and to successfully achieve control 
in cruise. This project proved that the circulation 
control can replace conventional control surfaces 
and motivated further research in the field.

The current research project intended to assist a 
newly formed NATO Task Group STO-AVT-239, 
with assessing the ability of modern active flow 
control actuators to improve the performance of 
Unmanned Combat Air Vehicles (UCAV). The 
project intended to acquire, analyze, and process 
data relevant to the control and maneuverabili-
ty of UCAV aircraft for the duration of the ACE 
Undergraduate Research Topics Program as part 
of the “Security” topic of the IIT Engineering 
Themes.

The airframe under investigation was a generic 
UCAV called SACCON (Fig. 1) which is an ac-
ronym for Stability And Control Configuration. 

Innovative Control Effectors for Maneuvering of Air Vehicles

AUTHOR   Georgi Hristov 
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Figure 1.  SACCON airframe rendering [Ref. 2].

It was designed by NATO STO-AVT-161 and 
NATO STO-AVT-201 task groups to explore the 
stability and control characteristics of medium 
sweep delta wing UAVs. Extensive experimental 
data was obtained in wind tunnels in Germany, 
France, and the U.S.  At the same time state-of-
the-art computer simulations were done at the 
U.S. Air Force Academy and several other loca-
tions in England, France, and Germany.

The objectives of the current research were to:

1) Obtain an understanding of the performance 
and control issues of the SACCON design. In 
particular, at high angles of attack, there is 
strange lift and moment coefficient behavior that 
is associated with a mid-span longitudinal vor-
tex.

2) Investigate the extent that the simple freeware 
code XFLR5 can predict SACCON performance. 

3) Predict if conventional ailerons can be re-
placed by circulation control (Coanda effect) 
actuators. Conventional aileron control surfaces 
lose effectiveness in some angle of attack range, 
because of cross flow effects from the mid-span 
vortex.  A solution to the problem would also 
require knowledge on how much power (or 
flow) from the aircraft engine would be needed 
to produce a roll moment that is equivalent to the 
conventional ailerons.

4) Design an experiment that will test the validity 
of the predicted performance of circulation con-
trol actuators.

The approaches taken to find solutions to these 
objectives are described in the following section.

Methods

A. Review of Research Papers and Journals

The research was founded on previous investiga-
tions, and created a model for predicting the pa-
rameters necessary for SACCON to achieve roll 
motion equivalent to ailerons with circulation 
control wing. 

SACCON – the airframe used in the project (Fig. 
2) – is a delta wing planform with medium 
sweep leading edges – 53˚. SACCON has been 
investigated by several successive NATO Task 
Groups, and thus there is extensive informa-

Figure 2. SACCON geometry [Ref. 3].

Figure 3. Control surfaces on SACCON [Ref. 4]. 
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tion on its performance from windtunnel tests. 
The findings from the NATO STO-AVT-161 and 
NATO STO-AVT-201 were used to model the 
airframe and collect the necessary information 
for its roll behavior due to ailerons. Information 
from static windtunnel tests was collected for 
SACCON with and without ailerons. Several 
configurations with ailerons were designed. 
The ailerons spanned most of the main wing (as 
seen in Fig. 3), and was split in half to inboard 
and outboard aileron. For convenience purposes 
the left and right inboard control surfaces were 
called LIB and RIB ailerons respectively; the left 
and right outboard control surfaces were called 
LOB and ROB ailerons respectively and the full 
left and full right control surfaces were called 
LIBLOB and RIBROB ailerons.  This notation was 
used throughout the paper to indicate the control 
surface in question.

B. Computational Model

Aerodynamic data for roll performance was 
needed for the investigation. Simple and fast 
aerodynamic computational software called 
XFLR5 was used to numerically simulate the air-
frame and obtain performance data of the SAC-
CON airframe. XFLR5 is a free analysis tool for 
airfoils, wings and planes operating at low Reyn-
olds numbers, which was chosen for the initial 
airframe analysis due to its simplicity and ability 
to produce good results. The software is based 
on the inviscid and incompressible potential flow 
theory, so it cannot predict the mid-span vortex 
which is characteristic of the flow around SAC-
CON at high angles of attack. However, this was 
not considered critical for the goals of the project. 
For investigating compressible flows, a compress-
ibility correction is included; viscous drag can 
optionally be considered. XFLR5 included wing 
design capabilities based on the Lifting Line The-

ory, on the Vortex Lattice Method (VLM), and on 
3D Panel Method. 

3D Panel Method and VLM were used to numeri-
cally simulate the airframe. The 3D Panel Meth-
od models the wing as a thick surface, whereas 
VLM is based on a simplified skeleton theory 
(also called camberline theory). In this method, 
the 3D surface is reduced to a set of infinitely thin 
sheet of vortices on the mean camber line, hence 
neglecting all effects coming from thickness, to 
compute lift and induced drag. Further simplifi-
cations of the methods include limitation to low 
Reynolds numbers and inability to predict stall.

Due to the guidelines of the XFLR5 software and 
the specific limitations (described in the Results 
section) related to each method, a 3D Panel Meth-
od was used for Cp predictions and VLM was 
preferred for moment calculations. 

The accuracy of the results was a consideration 
while modeling SACCON’s medium sweep 
configuration. It is obvious that the simple theory 
behind these methods is not able to model the 
complex vortex systems occurring for such air-
craft, especially at higher angles of attack. How-
ever, the use of XFLR5 is justified because the 
prime interest of the research is in control during 
cruise conditions at low angles of attack where 
there is no separation, and little vortex effects. On 
the other hand, the simple potential flow theory 
is known to behave conservatively in most cases, 

Figure 4. SACCON XFLR5 image.

Figure 5. Wind tunnel model geometry (Top) vs. XFLR5 geometry 
(Bottom) . Images: [Ref. 2].
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meaning that the calculated loads are expected 
to be typically larger than what really will ap-
pear at the aircraft, and the actual control surface 
efficiencies are expected to be much lower than 
predicted. Thus, the range of flight parameters 
for which XFLR5 is useful was determined. 

The control surface definition used for XFLR5 is 
not able to model the geometry from the 
windtunnel exactly. The simplification which was 
used even led to slightly bigger control surfaces 
and was expected to produce a small over-pre-
diction of control surface effects (Fig. 5).

C. Circulation Control

Circulation control is one of the most promising 
flow control techniques to provide direct control 
of lift. It employs the Coanda effect and involves 
virtual aerodynamic shape change as opposed 
to a real mechanical shape change. The Coanda 
effect is the tendency of a moving fluid to attach 
itself to a surface (called Coanda surface) and 
flow along with it (Fig 6). The phenomenon is ex-
plained as the result of entrainment of stationary 
ambient fluid around the moving fluid jet. In one 
application, the Coanda effect is used for circu-
lation control in order to influence lift especially 
at high angles of attack when the flow would 
otherwise separate (stall). When the jet sheet of 
air with a higher velocity than the free stream is 
blown over the upper surface of an airfoil, the jet 
remains attached to the Coanda surface, because 
of the balance between the sub-ambient pressure 
within the jet flow and the centrifugal force felt 
on the curved surface . As an effect of the increas-
ing jet velocity, the rear stagnation point moves 
forward on the lower trialing edge inducing an 
effective camber, thereby increasing circulation 
around the wing and lift.

The first phase of the design process of a circula-
tion control wing requires sizing of the span, slot 

area and jet momentum blowing coefficient. The 
aerodynamic performance of a circulation control 
device is closely related to the momentum blow-
ing coefficient (Equation 1) which characterizes 
the energy introduced to the flow by the Coanda 
jet.

 
      Eq. 1

where mj is the jet mass flow rate, Vj is the jet exit 
velocity, Sw is the wing area, and q=0.5ρ∞V∞2 is 
the dynamic pressure. The dynamic pressure is a 
function of the free stream air density ρ∞, and the 
free stream velocity V∞.

Circulation Control (CC) effectors’ scaling was 
based on an empirical control response model 
described in reference [7]. Equation 2 is a curve 
fit to experimental data from Englar [Ref. 5]. This 
relationship presents the change of lift due to 
blowing as a function of the velocity ratio Vj/V∞. 
At a constant slot height to chord ratio h/c, the 
lift augmentation increases linearly with Vj/V∞..

  
      Eq. 2

The CC effector’s efficiency is characterized by 
the incremental lift coefficient increase with 
increment in blowing coefficient. This value is 
known as lift augmentation and its magnitude is 
typically in the region of 15 to 60 [Ref. 8].

  
      Eq. 3

Besides the sizing of the slot, the slot geometry at 
the trailing edge in terms of slot height and trail-
ing edge radius also has a significant impact on 
achieved performance. The proposed range of 
geometric parameters where CC is most effective 
is shown in Figure 7.

D. CC Actuator and Aileron Modelling

The deflection of the conventional control surfac-
es on aircraft, such as ailerons, generates change 
in lift on the wing and in turn produces a rolling 
moment. Thus a method for determining the 
rolling moment induced by an aileron is to model 
roll response as a function of change of lift on the 
wing. Similarly, the rolling moment induced by 
a circulation control system can be determined 
using the increment in lift over the wing as a 
function of the blowing coefficient [Ref. 8].

The non-dimensional control derivative              

Figure 6. Coanda effect image [Ref. 5 and 6].
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             Eq. 5

where τ is the aileron effectiveness parameter 
and is obtained from Figure 8, given the ratio 
between aileron-chord and wing-chord. 

The CC actuator modelling closely followed the 
method used in the Demon UAV [Ref. 1]. The De-
mon model used an analogous strip integration 
method:

        
      Eq. 6

where the derivative   is the rate of change of lift 
coefficient due to actuator deflection for full span 
trailing edge actuator. A part-span correction 
was applied to account for the actuator’s limited 
extent along the wing:

  
      Eq. 7

where Seff is the fraction of wing area ahead of 
the part span trailing edge slot.

For symmetric aircraft with no sideslip and no 
rudder deflection, the roll moment coefficient is 
linearly modelled as:

      Eq. 8

This allows Equation 6 to be rewritten as:

 
       Eq. 9

Since the current project employed a different 
type of actuator than the one used in Demon 
UAV, equation 6 had to be modified to match the 
main goal of the project – to determine the rela-
tionship between roll moment coefficient and the 

Figure 9. SACCON lift, pitching moment, and rolling moment exper-
imental results (no ailerons) [Ref. 12].

Clδ = dC1/dδ , where δ is aileron deflection angle, 
is a measure of the roll control authority of the 
aileron. It represents the change in rolling mo-
ment per unit change of aileron deflection. The 
larger the Clδ, the more effective the aileron is 
at creating a rolling moment. An estimate of the 
roll control power can be obtained by applying a 
simple ‘strip integration method’ [Ref. 11]:

        
Eq. 4

where the parameters y0 and y1 represent the 
inboard and the outboard positions of the aileron 
with respect to the fuselage centerline. The pa-
rameter c(y) is the chord length as a function of 
the y-coordinate which goes along the span of the 
wing. In the case of SACCON, c(y) is a constant 
as the chord of the wing is constant in the region 
where the control surfaces are positioned. CL is 
the section lift coefficient, which is assumed to 
be constant over the wing span, on the section 
containing the aileron. It is defined as:

Figure 8. Aileron effectiveness parameter τ [Ref. 11].

Figure 7. Region of most effective CC operation [Ref. 9 and 10].



11

the NATO AVT-161 and AVT-201 task groups. 

SACCON was originally designed without con-
trol surfaces. However, removable control surfac-
es were later designed for further investigation. 
The various control surfaces can be seen in Figure 
3. The aileron deflection angle was decided to be 
δ=20˚ because significant changes in roll moment 
needed to be observed. Furthermore, 20˚ is prob-
ably the largest useful deflection angle beyond 
which the aileron loses effectiveness. The hinge 
line of the ailerons was placed at 75% of the refer-
ence chord length cref.

The static aerodynamic results for lift, pitching 
moment, and rolling moment were presented in 
Figure 9.

The static aerodynamic data exhibits non-lineari-
ty in the moment graph because of the vortex 

corresponding momentum blowing coefficient  . 
Thus the derivative  , which is the rate of change 
of lift coefficient due to momentum blowing coef-
ficient, was used to determine the roll moment as 
a function of the momentum blowing coefficient.

  
      Eq. 10 

Results

A. NATO AVT-161 and NATO AVT-201 Experi-
mental Data

The experimental data from the SACCON aileron 
roll control tests will be presented in this section 
for a series of control surface deflections. The 
data was comprised of different tests of different 
models in different windtunnels  for the goals of 

Figure 10. XFLR5 computational results for lift coefficient versus 
angle of attack for SACCON.

Figure 11.  XFLR5 computational results for pitching moment 
coefficient versus angle of attack for SACCON.

Figure 12. XFLR5 computational results for the roll control authority 
of SACCON’s full right aileron. Red lines are the XFLR5 predictions; 
Black dashed line is the experimental data.

Figure 13. XFLR5 computational results for the roll control 
authority of SACCON’s full right aileron.  Blue lines are the 
XFLR5 predictions; Black dashed line is the experimental data.
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structure that exists around SACCON. Attached 
flow exists along most of the span at low angles 
of attack. Small vortex separations form near the 
wing-tip and the nose of the vehicle along the 
sides of the body. As the angle of attack increas-
es, the wing-tip vortex strengthens and moves 
further up the span of the wing. The flow from 
the nose, and around the body, also separates 
and rolls up into a secondary vortex. [Ref. 4]

The roll control authority of the ailerons was con-
sidered afterwards. Rolling moment data for 
aileron deflections was obtained from the NATO 
STO-AVT-201 Task Group. The experimental 
data for 20˚ LIBLOB and RIBROB aileron deflec-
tions was presented along with the computation-
al results in Figures 12 and 13.

B. XFLR5 Computational Results

XFLR5 software was used to computationally 
estimate the performance of the SACCON air-
frame. The lift and pitching moment curves were 
used to compare the accuracy of the software 
against the experimental results. The Reynolds 
number (Re) and Mach number for the experi-
mental data were 1.6 million and 0.149 respec-
tively; the same numbers used in the XFLR5 
simulation. Considering that 1.6 million is a 
relatively low Re, XFLR5 did not encounter any 
problems with the calculations. Both VLM and 
3D Panel Method were used to model the flow 
field in the -1˚ to 10˚ angle of attack, and the re-
sults were presented in Figure 10 and Figure 11.

Both methods, when compared to each other, 
yielded similar to identical lift predictions, how-
ever, significant differences were observed in the 
pitching moment prediction. The XFLR5 results 
were then compared to the experimental data 
and CFD results from NATO STO-AVT-161. 
Discrete data points were taken from available 
experimental curves and plotted along with the 
computational results. The predicted lift curves 
from both methods were able to closely track the 
actual lift curve (Fig. 10). However, the pitching 
moment results were not satisfactory as they 
significantly differed from the windtunnel data 
(Fig. 11). Although noticeably different, VLM’s 
predictions matched the experimental data better 
than the 3D Panel Method, and closely tracked 
some of the CFD results of the NATO task group. 
Therefore this method was chosen to be used in 
further moment calculations.

Rolling moment predictions at different aileron 

deflection angles were made using the VLM. The 
aileron deflections were chosen so that a nega-
tive rolling moment is produced; left aileron was 
deflected upwards and right aileron downwards. 
The computational predictions were made for 
full ailerons deflected at angles of 0˚ to 5˚, and 20˚ 
(top to bottom). Data points for 20˚ aileron angle 
of deflection were extracted from experimental 
data [Ref. 13] and then plotted along with the 
XFLR5 predictions (Fig. 12 and Fig. 13).

C. Roll equation validation

The experimental results and the XFLR5 predic-
tions were used in Equation 4 to analytically 
predict the roll moment due to ailerons. The 
analytical predictions were then compared to the 
experimental data and the XFLR5 results for roll 
moment coefficient (Table I).

The error in the computational and the analytical 
predictions was calculated with respect to the 
experimental data results (Table II).

Figure 14 shows a graph that compares experi-
mental data for simultaneous deflection of 
LIBLOB and RIBROB ailerons to advanced CFD 
software roll moment predictions. Both ailerons 
were deflected by 20˚ such that a negative rolling 
moment is produced.

The comparison between the experiment and the 
CFD code shows that in the region 0˚-10˚ angle 
of attack, the error in the CFD prediction varies 

Table 1. Roll Moments Comparison from Experimental Data, Com-
putational Data, and Semi-Empirical Model
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Figure 16. Cl vs. Cµ for various slot heights (hj) based on XFLR5 
results.

Figure 15. Cl vs. Cµ for various slot heights (hj) based on experimen-
tal results.

between 60% and 40%.

D. Circulation Control Roll Control Authority

The main considerations in the design of the Cir-
culation Control slot were to minimize the pres-
sure drag and maximize the momentum blowing 
coefficient. To achieve maximum momentum 
blowing coefficient, the jet mass flow rate has to 
be maximized; thus maximizing the jet exit veloc-
ity and the blowing slot size. However, a higher 
slot size would result in a thicker trailing edge 
which in turn would result in a higher pressure 
drag penalty. Decreasing, the slot size would 
require increasing the jet exit velocity in order to 
maintain a constant momentum blowing coeffi-
cient. However, a velocity limit of Mach 1 exists, 
since subsonic flow is desired in order to avoid 
shocks. Also, although a supersonic wall jet can 
achieve circulation control, a significant portion 
of its momentum would be lost to wall shear 
[Ref. 7]. These conditions impose some restric-
tions in the design in terms of manufacturability 
of the slot, and limitations in the jet exit velocity. 

Calculations of the momentum blowing coeffi-
cient necessary to achieve given rolling moment 
for various slot sizes were made (Fig. 15). It was 
established that the smaller the slots achieve 
higher roll moments compared to the bigger slots 
for a fixed momentum blowing coefficient. Based 
on this, the slot size was decided to be 0.003m. 
This slot size gives flow at Mach 0.95. The Coan-
da surface radius was chosen to be 0.06m so that 
the slot size is 5% of the radius. This was based 

Table 2. Error in Roll Moments Calculations with Respect to 
Experimental Data

Figure 14. Roll moment coefficient comparison between experimental 
data and advanced CFD code for LIBLOB and RIBROB ailerons 
simultaneously deflected by 20˚ [Ref. 4].
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on the circulation control effectiveness plot in 
Figure 7. Although based on the effectiveness 
plot, the Coanda surface geometry does not cor-
respond to the region of maximum effectiveness 
due to compromise that had to be made to keep 
the jet flow subsonic.

The calculations were then carried out for a slot 
of 0.003m. All calculations used the experimental 
data or the XFLR5 predictions in combination 
with the semi-empirical model for roll control au-
thority of the ailerons. The circulation control roll 
predictions were plotted against the aileron roll 
control data. The momentum blowing coefficient 
and aileron deflection angle were compared on 
the same graph versus the rolling moment that 
they produce. The predictions based on experi-
mental data were placed in the same plots as the 
predictions based on XFLR5 to evaluate XFLR5’s 
predictive abilities. The data for LIBLOB, 
RIBROB, LIB, and RIB ailerons is presented in 
figures 17-20.

Figure 19. Comparison between different rolling moments achieved 
with CC blowing and different rolling moments achieved with aileron 
deflection based on experimental results for inboard left wing actua-
tor.

Figure 20. Comparison between different rolling moments achieved 
with CC blowing and different rolling moments achieved with aileron 
deflection based on experimental results for inboard right wing 
actuator.

E. Circulation Control Flow Requirements

The power requirements necessary to achieve CC 
were presented in terms of the maximum mass 
flow rate that is necessary to achieve a maneuver 
equivalent to 20˚ aileron deflection. The neces-
sary momentum blowing coefficients and the cor-
responding mass flow rates for the ailerons were 
presented in Table III. Jett Exit Velocity values 
were calculated from the semi-empirical model 
using the experimental data. The air necessary 
for CC can be supplied from a separate compres-
sor designed to feed the CC system or bled from 
the engine.

In the case of Demon, there was a 10% bleed 
mass flow requirement during cruise [Ref. 1] 
which could be met with 12% loss in thrust. This 
is a significant thrust penalty and thus a separate 
compressor for CC control was decided prefer-
able. Demon has roughly twice the wing span 
of the SACCON wind tunnel model and uses 
AMT TITAN engine with sea level static thrust of 

Figure 17. Comparison between different rolling moments achieved 
with CC blowing and different rolling moments achieved with aileron 
deflection based on experimental results for full left wing actuator.

Figure 18. Comparison between different rolling moments achieved 
with CC blowing and different rolling moments achieved with aileron 
deflection based on experimental results for full right wing actuator.
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392N, thus it is believed that SACCON designs 
which employ CC and have similar size and en-
gine should use a separate compressor.

Discussion

A. Comparison of Experimental and Computational 
Results

The results show that the experimental data from 
the different tests is repeatable and reproducible 
with the exception of some minor differences in 
the region from 16˚ angle of attack onward. This 
is explained by the complex flow field around the 
geometry dominated by strong vortex-to-vortex 
and vortex-to-surface interactions . The linear 
portion of the lift curve where there is no separa-
tion can be closely reproduced by XFLR5. How-
ever, the pitching moment curve cannot be cap-
tured. State-of-the-art CFD codes used in NATO 
Task Groups also failed to reproduce the pitching 
moment behavior of SACCON. The reason is 
believed to be the vortex structures that form 
around the airframe. XFLR5, as expected, over 
predicted the rolling moment due to ailerons. 
The values had maximum of 57% error relative 
to the experimental results. The higher values for 
roll were due to the specifics of the potential flow 
theory which results in higher force estimates, 
the slightly bigger control surfaces modelled 
in XFLR5, and the software’s lack of potential 
to capture separation which decreases the con-
trol surface effectiveness. In comparison, more 
advanced CFD codes also achieved significant 
errors for roll moment in the same flight enve-
lope, which comes to show that even state-of-the 
art software has problems modelling the complex 
vortex flow (Fig. 14). Another thing that XFLR5 
did not capture was the decreased effectiveness 
of the outboard ailerons. The NATO task groups 

Table 3. Mass Flow Rate Requirements for CC Equivalent to 20˚ 
Aileron Deflection

found that, contrary to expectation, the inboard 
ailerons have higher influence on roll than the 
outboard ailerons. This was also explained with 
the vortex disturbed flow over the wing. The 
overall predictive ability of XFLR5 was consid-
ered good, given that it is a freeware, for lift and 
roll in the regions of small angles of attack, where 
the flow is undisturbed. The pitching moment 
predictions were not good but they closely 
matched some of the CFD software predictions. 
Thus, XFLR5 was concluded to be a good starting 
tool.

The semi-empirical equation gave about 20% 
over prediction for the full aileron roll moment 
control authority relative to the experimental 
data. However, the roll control authority for the 
inboard ailerons was under predicted. The effec-
tiveness of the outboard aileron was over predict-
ed due to inability of the equation to account for 
the vortex formation. Thus, the overall effect was 
a slight over prediction of the control effective-
ness of the full ailerons.

B. Comparison of Circulation Control and Ailerons

The semi-empirical aileron roll control authority 
model was used to model both the aileron and 
the circulation control effectiveness (Eq. 4 and Eq. 
10). Experimental data and XFLR5 predictions for 
the lift were used in the equations to obtain pre-
dictions for the roll moment due to aileron (blue 
lines in Fig. 17 through 20). The actual aileron 
response that was experimentally obtained by the 
NATO STO-AVT-201 task group was compared 
against the aileron model (red dashed line in Fig. 
17 through 20). The maximum error between the 
semi-empirical model and the experimental data 
was found to be 32% for RIB aileron. However, 
the error for the other cases is on the order of 
20%. This is not a small error, but is acceptable 
given that this is a first model which does not 
directly account for the possible disturbances 
created by the complex flow structures around 
SACCON. Furthermore, this model is able to 
directly compare the roll moment due to ailerons 
and due to circulation control. Thus, it was con-
sidered reasonable to apply the model. 

Both the empirical model in combination with 
experimental data and the empirical model in 
combination with XFLR5 computations over pre-
dict the aileron control authority for LIBLOB and 
RIBROB ailerons, in the sense that according to 
the model, the same rolling moment is achieved 
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with a smaller aileron deflection angle compared 
to experimental data. The opposite is observed 
for the inboard ailerons – their performance is 
under predicted by the empirical model in both 
cases when experimental data and XFLR5 calcu-
lations were used. The model predicts that for 
the same roll moment a higher deflection angle is 
needed compared to the experiment. This result 
means that the effectiveness of the full aileron is 
lower than the one predicted by the model, and 
the effectiveness of the inboard ailerons is higher 
than the one predicted by the model. Calcula-
tions for the outboard aileron were not made due 
to the lack of experimental data for comparison. 
Assuming that the inboard and outboard aileron 
effects can be superimposed, meaning that the 
effect of the inboard can be added to the effect 
of the outboard aileron to obtain the effect of the 
full aileron, it was estimated that the actual ef-
fectiveness of the outboard aileron will be lower 
than the one that the model would predict. This 
is in agreement with the NATO STO-AVT-201 
task group results that the outboard aileron has a 
decreased effectiveness.

The same model was used for the CC calcula-
tions, meaning that the error in the predictions 
would be on the same order as the error for 
aileron effectiveness. Thus, the expectation is 
that the effectiveness of the full span CC effectors 
would be over predicted by about 20%. In reality, 
this would result in a higher momentum blowing 
coefficient necessary to achieve the required roll 
moment.

C. Comparison to Demon

The FLAVIIR Demon UAV project was the first 
UAV to employ circulation control techniques 
to successfully achieve control in cruise. The CC 
model predictions developed and described in 
this paper were compared against the Demon 
UAV results. Figure 21 shows that the aileron de-
flection angle and momentum blowing coefficient 
necessary to achieve a rolling moment Cl=0.014 
are 10˚ and 0.001, respectively. The predicted 
aileron deflection and momentum blowing co-
efficient values for SACCON to achieve rolling 
moment Cl=0.014 were 13˚ and 0.003. A compari-
son between the values for SACCON and Demon 
shows that the numbers are similar and of the 
same order of magnitude, which implies that the 
predictions for SACCON are realistic.

F. Future work

The semi-empirical model has no means of ac-
counting for the vortex formations which affect 
the flow above the maneuver actuators. It is 
unclear what the influence of these vortices will 
have on the circulation control effectiveness. 
Therefore the error expectations discussed in the 
previous section need to be confirmed experi-
mentally.

In order to confirm and correct, if needed, the 
circulation control model, a windtunnel exper-
iment is being considered. The experiment is 
planned to be conducted in a transonic windtun-
nel, with the possibility of using the IIT super-
sonic windtunnel operated at subsonic regime. 
An airfoil with a Coanda surface has to be built 
and tested at cruise conditions. The experiment 
would investigate the validity of equations 2, 
3, and 10, and figures 17 and 18. The hope is to 
obtain research funding from an appropriate 
funding agency to further explore the feasibility 
of Circulation Control as means of maneuver 
control for the SACCON airframe.

Considering that the IIT supersonic windtunnel 
will be available, a 4” by 2” airfoil fitted to the 
size of the test chamber of the tunnel will be 
used. The airfoil will be attached to a force trans-
ducer and placed in flow with Mach number 

Figure 21. Comparison of the differential rolling moment at different 
blowing setting with differential rolling moment achievable with 
mechanical aileron deflection for Demon UAV [Ref. 1].
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ranging from 0.5 to 0.8 in order to simulate cruise 
conditions. The sensitivity of the force balance 
can be obtained from ideal gas and isentropic 
flow relations:

        
Eq. 11

 
Eq. 12

                
Eq. 13

where R is the individual ideal gas constant, ρ is 
density, T is temperature, P is pressure, M is 
Mach number, γ is the heat capacity ratio, and 
the subscript 0 indicates stagnation condition. 
The stagnation conditions in the pressure cham-
ber of the wind tunnel are P0=25psia=170.2kPa 
and T0=300K. Using these relations, the test sec-
tion conditions can be calculated to be P=170kPa, 
T=266K, and ρ=1.45kg/m3.

A symmetrical airfoil with lift coefficient CL=1.1 
is going to produce a lift force L:

       Eq. 14

where the ρ is the density of the free stream air, 
V∞ is the free stream jet velocity, and Sw is 
the projected area. Given that the maximum 
Mach number in the test section will be 0.8, 
V∞=261.5m/s. A symmetrical airfoil with dimen-
sions 4” by 2” will exert a force F=L=282.3N on 
the force transducer. Adding a factor of safety 
of 2 would mean that a force transducer that can 
withstand 600N will be needed. With a moment 
arm of 2”, the maximum torque requirement will 
be 30Nm.

 
Conclusion

The goal of replacing mechanical control surfaces 
of airplanes with fluidic controls was investigat-
ed in this research. Circulation Control (CC) and 
its application to the SACCON airframe in order 
to produce rolling motion was the main objective. 
First, understanding the flow features around 
the airframe was achieved which was critical for 
developing understanding of the airframe perfor-
mance issues. Software (XFLR5) based on poten-
tial flow theory was used to predict SACCON’s 
performance and calculate the roll moments due 
to aileron deflections. The computational pre-
dictions were compared to experimental data. 

XFLR5 was incapable of adequately simulating 
the vortex structures and separation at high an-
gles of attack, but this was not crucial for the ap-
plications of the project. Thus, it was concluded 
that the software had good predictive abilities as 
a first approximation of the real airframe. Circu-
lation Control model was developed and applied 
to SACCON to show that it is possible to replace 
mechanical control surfaces with fluidic actua-
tors. The results were used to predict the mass 
flow rate of air required to be supplied to achieve 
CC. Although experimentally unconfirmed, the 
model predictions were promising because they 
were in agreement with the results from the 
FLAVIIR project. Future work is necessary to 
validate the findings of the research. In order to 
confirm the predictive abilities of the model and 
make adjustments, a windtunnel experiment was 
designed and planned.  
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Abstract

Epilepsy, a neural disorder marked by seizures, 
affects millions of people and is a tremendous 
reason for distress in the lives of epileptic pa-
tients and their loved ones.  There are many 
ways to treat epilepsy such as antiepileptic drugs 
(AEDs), surgery, and devices like the Vagus 
Nerve Stimulator. Regardless, the aforemen-
tioned methods of treatment are not efficient 
enough because they do not target the main 
source of the disorder. In order to target the main 
source, the natural dynamics of the brain that 
are effected by seizures need to be understood 
and this can be done by stimulating seizures in 
Sprague Dawley rats and analyzing their local 
field potentials during seizures and comparing 
the extracted data to real-time videos of the rats 
while having seizures for verification. Also, histo-
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logical analysis will enhance this understanding. 
By doing this, the most effective frequency for the 
therapeutic stimulation can be found and this can 
be used to mitigate and, ideally, terminate sei-
zures. This verification will be necessary to move 
on to the future steps which entail the integration 
of the edited videos with electroencephalogram 
(EEG). The extracted data and real-time videos 
should correspond with the EEG. This will aid in 
the preparation for the next group of rat subjects. 

 
Introduction

Epilepsy, a disorder which is categorized by ab-
normal electrical activity in the brain, was coined 
the ‘falling sickness’ in the play “Julius Caesar” 
by Shakespeare because it elicits seizures. Inter-
estingly enough, the ancient Romans used to tie 



19

the falling sickness to supernatural forces. Sei-
zures can result when there is an increased 
amount of excitatory neurotransmitter activity 
or when there is a decreased amount of inhibi 
tory neurotransmitter activity (Incidence and 
Prevalence). In the United States alone, about 3 
million people are affected by epilepsy in some 
way whether it is relatively infrequent where a 
seizure is experienced once a month or it may 
be a dangerous state where seizures occur once 
every day or even every hour. A cure for epilepsy 
has not been found as it is not clear what triggers 
the abnormal brain activity and it is also unclear 
how the natural dynamics of the brain function to 
produce a seizure. For this reason, it is crucial to 
research the electrophysiological aspect of epilep-
sy in order to develop more efficient treatment 
for epileptic patients. 

The current state of technology is treatment for 
epilepsy through numerous methods which 
include medicine, surgery, and the use of devic-
es that can control, more or less, seizures. The 
medicine that is often used is called antiepileptic 
drugs (AEDs) and this medicine exists in many 
forms, some more efficient than others. Nonethe-
less, AEDs are the most widely used method of 
treatment because AED medicines are generally 
effective. Additionally, surgery is another option 
that is used to treat epilepsy but surgical treat-
ment is still undergoing evaluation. On the other 
hand, there are devices that are used to mitigate 
the effects of seizures, prevent them from hap-
pening, and/or stop them completely. The most 
prevalent of these devices is called the Vagus 
Nerve Stimulator (VNS) which is named after the 
nerve that it sends electrical impulses to: the va-
gus nerve. This nerve is located in the back of the 
neck and when it receives an electrical impulse, 
it blocks other impulses in the brain that may 
cause a seizure (Current Epilepsy Treatment and 
New Medications). In regards to the mechanical 
aspect of the VNS device, this device is similar 
to a pacemaker in the sense that it sends a signal 
to an organ in order to inhibit that organ from 
reacting to irregularities, i.e. increased/decreased 
neurotransmitter activity. The future direction of 
research on epilepsy includes new devices that 
may be able to stop epileptic seizures before they 
start. All in all, the current state of technology 
needs to be improved. 

 Some organizations, such as the Epilepsy Foun-
dation of America, and researchers, such as 

David Mogul, PhD, are currently working to-
wards enhanced treatments by approaching the 
issue from different angles and utilizing different 
methods of research (Faculty Research Program). 

 Epileptic research is relevant to the Health 
aspect of IIT Engineering Themes project because 
the research that is to be conducted furthers 
the endeavors that have been made so far in an 
effort to better understand epilepsy. Although 
the cause of aberrant excitatory electrical brain 
activity is not entirely known, it is clear that there 
is synchrony in different sites (parts of the brain) 
during epileptic seizures. In fact, synchronies 
in different sites are a natural part of epileptic 
seizure terminations. For this reason, the research 
project entails the integration of the edited videos 
of rat seizures from the previous research project 
with an electroencephalogram (EEG), which is 
a device used to record electrical activity in the 
brain. This is to be done so that the EEG can be 
analyzed in real-time while watching the videos. 
The EEG should correspond with the videos be-
cause, after being integrated into real-time data, 
the EEG will reflect the data values that were 
extracted from the real-time videos. This is one 
of the final steps of the research project. Before 
reaching this step, the videos need to be edited 
to suit the purposes of the research project. The 
edited videos of the experimental rat seizures 
will also be compared with the videos of the con-
trol groups so that the effect of the frequencies 
of the therapeutic stimulations can be analyzed. 
Also, brain slices will be stained and histological 
methods will be implemented to better study the 
brains of former rat subjects. Moreover, addition-
al rat subjects will be operated on and electrodes 
will be installed in their brains. Through an initial 
chemical induction, the subjects will be made 
susceptible to having seizures and will become 
epileptic. This will help prepare the next group of 
subjects for data collection and analysis. 

Thus, this research project is a continuation of the 
previous PURE R&D research project which was 
comprised of the analysis of the local field po-
tentials in the brains of Sprague Dawley rats at 
different times and sites. These measurements 
were analyzed to see when synchronizations oc-
cur. Also, stimulated seizures, along with sponta-
neous seizures, were utilized (and will continue 
to be utilized) to better understand the natural 
dynamics of the rat brain. 
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The real-time video data extraction was done to 
verify that the data collected from the LFPs was 
accurate  and corresponds to the real-time 
videos. The actual induction start time from the 
videos was recorded and the therapeutic start 
time was calculated. The therapeutic start time 
was then used to calculate the segment start time 
and segment end time for the video (calcula-
tions demonstrated in figure 2). The video was 
shortened to the segment start/end times and 
captioned to clearly illustrate the “Induction On” 
and “Stimulation On” periods. The video editing 
was completed by using MovieMaker. All data 
that was collected was stored in an Excel spread-
sheet. 

Additionally, there were supplementary histolog-
ical methods that were implemented after the rat 
brains were extracted. The extracted brains were 

Methods

There were two main experimental techniques 
that were used for this research project: local field 
potential (LFP) data extraction and real-time vid-
eo data extraction. 

For the local field potential data extraction, data 
was extracted from the LFPs in the hippocam-
pi and the thalamus while the rat subjects were 
having seizures to calculate the duration of the 
seizure induction and the therapeutic induction 
at a certain frequency. Then, induction start time 
was calculated from the extracted data. Later, 
the data that was collected from the LFPs was 
used to collect additional data from the real time 
videos of the rat subjects while having seizures. 
NeuroControl and Matlab were used to collect 
the brain signals and analyze them, respectively.

Figure 1. This figure displays a rat brain with marks that represent 
where electrodes are placed. 

Figure 2. This figure displays the calculations used to find the thera-
peutic start, segment start, and segment end.

Figure 4. This figure displays the corresponding real-time video of the 
rat during the seizure.
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Based on the LFP plot, the brain activity is much 
less active after the therapeutic stimulation is sent 
to the right hippocampus.  

Discussion

Determining which frequency is most effective in 
the termination of seizures is significant because 
it leads to a better understanding of the dynam-
ics in the rat brain. This is supported in A Study 
of Multi-Site Brain Dynamics during Limbic 
Seizures as Sobayo expressed “Understanding 
the nature of this synchrony and the dynamics 
of neuronal oscillators in the brain is a critical 
component towards decoding such complex 
behaviors” (Sobayo, et al). Based on the results 
for the experiment shown above, it was found 
that 15 Hertz is the most effective frequency that 
was utilized in the experiment shown. As is seen 
in figure 3, the seizure, which was represented 
by the induction stimulation, was followed by a 

Figure 3. This figure displays the plot of the LFP from the right hippo-
campus during seizure. The frequency used in the therapeutic stimula-
tion was 15 Hertz .

sectioned using a Vibratome and then stained 
with a cresyl violet dye to highlight the hippo-
campus and the thalamus. This was done to ver-
ify that the electrodes were placed in the correct 
area. After completing the cresyl violet staining, 
the brain sections were placed on microscope 
slides and cover slipped in order to be analyzed 
under a confocal microscope. Spaces or tears in 
the hippocampi and the thalamus were searched 
for while using the microscope. 

 
Results 

Electrodes were placed in the hippocampi and 
the thalamus in order to collect data. The follow-
ing results represent the data that was collected 
from the right hippocampus.

Figure 5. This figure is a table of the behavior observations of the rat 
during an experimental and controlled seizure (NA=Not Applicable). 

Figure 6. This bar graph compares the duration of the seizure for the 
animals who have no therapeutic stimulation (control) or 10 seconds 
of the frequency (experimental) for two different rats, EJ6 and EJ2. 
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therapeutic stimulation with a frequency of 15 
Hertz. Shortly after the therapeutic stimulation 
ended, the hyperactivity in the local field poten-
tial ended. This marked the end of the seizure in 
the right hippocampus. Moreover, the real-time 
video in figure 4 corresponded with the local 
field potential and this was made clear by the 
rat’s epileptic behavior. In the real-time video 
which is displayed in figure 4 (a screen shot of 
the video is shown), the rat’s head began to rear 
at 10:59:20 AM. This marked the beginning of 
the seizure. In the screen shot, the therapeutic 
stimulation was being sent at 10:59:56 AM. The 
rat was still experiencing the epileptic seizure 
but, according to the Racine scale (a scale used 
to measure the severity of rat seizures based on 
the rat’s movements and posture) the seizure had 
decreased in severity because the head was no 
longer rearing (D’Ambrosio, R., et al). Then, the 
rat returned to normal behavior and its back was 
no longer arched abnormally. This occurred after 
the therapeutic stimulation is sent. This indicated 
the end of the rat seizure and was supported by 
the Racine scale because normal behavior and 
normal back arching are signs that there is no 
seizure occurring (D’Ambrosio, R., et al). 

As is seen in figure 5, the behavioral observations 
that were recorded indicate the severity of the 
seizure. There are five levels of severity which 
can be used to categorize epileptic seizures. As 
the level of the seizure increases, the severity of 
the seizure worsens (D’Ambrosio, R., et al). Most 
of the observable behaviors which pertain to the 
different levels of severity are summarized in 
figure 5. The observable behaviors are listed in 
the order of increasing severity in figure 5. It is 
important to note that the durations of the ob-

servable behaviors for the experimental seizure 
are significantly less than the durations of the ob-
servable behaviors for the control seizure. Addi-
tionally, in figure 6, a specific observable behav-
ior is used for comparison: forelimb clonus-the 
loss of control of the arms. In both rats, rats EJ2 
and EJ6, it is made clear that the observed behav-
ior, forelimb clonus, lasted longer in the control 
seizures. Forelimb clonus, which indicates a level 
3 seizure, was experienced for 12 seconds in the 
experimental seizure for rat EJ2 and 46 seconds in 
the control seizure. Similarly, for rat EJ6, forelimb 
clonus was experienced for 18 seconds in the 
experimental seizure and 37 seconds in the con-
trol seizure. This is a clear indication that control 
seizures last longer and are more severe than the 
experimental seizures. In turn, the experimental 
frequencies that were tested were effective in the 
termination of the experimental seizures. 

Moreover, the histological methods that were 
conducted verified that the electrodes were, 
in fact, placed correctly in the subjects’ brains. 
Verifying that the electrodes were placed in the 
correct areas reassures that the lab team is con-
ducting the experiment correctly. This is better 
illustrated in figures 7 and 8. 

As is seen in these figures, the white space/open-
ing in the brain sections are the holes that were 
made by the electrodes. It is important to note 
that the procedure that was used was not exactly 
the same as the procedure that was suggested for 
cresyl violet staining in The Rat Brain atlas (Pax-
inos, et al). For instance, the suggested procedure 
called for the immersion of the slides in xylene 
for at least 10 minutes. However, after trying this, 
the lab team found that this was not efficient be-

Figure 7. This image displays the hippocampi and the space at the top 
is where the electrode 

Figure 8. This image displays the thalamus and the space at the top is 
where the electrode was placed. 
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cause the sticky consistency of xylene caused the 
brain sections to stick to the bottom of the petri 
dishes. After experimenting with the suggested 
procedure, the lab team found the most efficient 
histological methods and stained the brain sec-
tions according to the newly found methods. 

In order to extract data from the local field poten-
tials, it was necessary to approximate when the 
induction stimulation and therapeutic stimu-
lation started and ended. However, this was 
manually determined. For this reason, there was 
a higher chance of making errors while manual-
ly extracting data from the local field potential. 
Similarly, the actual induction start time was 
determined by watching the real-time videos and 
watching for a sudden change in the rat’s behav-
ior to determine when the induction stimula-
tion’s effect began. In the process of determining 
the actual induction start time, the seizure begin-
ning was being approximated. This was also a 
potential source of error. In order to decrease the 
potential for error, the local field potential data 
was compared with the real-time video data to 
verify the accuracy of the data that was being col-
lected. Additionally, the real-time video capture 
was not optimal because there was a glare that 
is apparent in the recordings and this increased 
the difficulty of extracting data from the real-time 
videos and even made some videos inefficient 
for data extraction. This problem was dealt with 
by choosing the right videos for data extraction. 
For instance, some videos captured the rat while 
having a seizure where the glare of the camera 
is located. These types of videos were not used 
for data extraction because it is unclear when the 
seizure starts and ends. 

Initial results have been very promising but more 
animal subjects will need to be tested to verify 
the efficacy of this protocol. The next step is to 
integrate the edited videos into electroenceph-
alogram (EEG) so that the EEG can be analyzed 
in real-time while watching the videos. The EEG 
should correspond with the videos because, after 
being integrated into real-time data, the EEG will 
reflect the data values that were extracted from 
the real-time videos. Also, histological methods 
will continue to be implemented in order to ac-
quire additional verification. 

Additional rat subjects will be operated on and 
electrodes will be installed in their brains. This 
will help prepare the next group of subjects for 
data collection and analysis.  

Conclusion 

Based on the data that was collected from the 
hippocampi, it can be concluded that there are 
certain frequencies of stimulation that have a 
greater effect on the termination or disruption 
of epileptic seizures than others. For this reason, 
seizures can be mitigated or terminated if an 
effective frequency is utilized. In this experiment, 
15 Hertz was the frequency that was found most 
effective for the therapeutic stimulation and this 
is supported by the seizure duration. The thera-
peutic induction was sent at 10:59:50 and the rat 
returned to normal behavior at around 11:00:07. 
The seizure ended approximately 17 seconds 
after the therapeutic induction was sent. This is 
supported by the LFP plot which shows a de-
crease in electrical activity after the therapeutic 
induction was sent. It can also be concluded that 
the control seizures are more severe than the ex-
perimental seizures. This is due to the therapeu-
tic stimulation that is used in the experimental 
seizures. Verification of accurate electrode inser-
tion procedures was also acquired based on the 
microscope images. Additional results are nec-
essary to verify the efficacy of this protocol and 
the results that have been acquired so far which 
indicates the necessity for this procedure to be 
repeated.  
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Abstract

This research focuses on the utilization of Finite 
Element Analysis (FEA) for the modeling of an 
interior permanent magnet synchronous machine 
(IPMSM). The long term goal of the project is to 
model the given motor and simulate its operat-
ing conditions using the Finite Element Method 
(FEM). The FEM solutions will also be used to 
extract important motor operating conditions and 
parameters. 

Introduction

The focus of this research is to develop and refine 
accurate electromagnetic finite element models 
for the interior permanent magnet synchronous 
motors (IPMSM) that are currently utilized in the 
Electric Machines Laboratory at the Illinois Insti-
tute of Technology. 

This project may be categorized in the Energy 
portfolio of the Engineering Themes as motors of 
various structures are one of the largest consum-
ers of electrical power in the world. Thus, devel-
oping efficient motors is a key aspect in being 
able to make manufacturing processes cleaner 
and more sustainable, thereby reducing the en-
vironmental impact of the ever growing energy 
usage of the world. [1] They are also very similar 
in design to generators, which are the workhors-
es of the power generation industry as we know 
it today. As such, gaining a better understanding 
of motors will help us develop methods to opti-
mize the efficiency of generators as well. 

IPMSMs are a relatively recent innovation in the 
electric machines industry. With the advent of 
ultra-strong rare earth magnets with high energy 
products, it has become possible to make electric 
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motors more efficient. Stronger magnets can pro-
vide a higher flux density, which directly trans-
lates to higher power densities, allowing more 
power to be packed in smaller volumes. Perma-
nent Magnet (PM) electric motors, today, also 
have much higher efficiencies and, consequently, 
see a lot of use in traction applications for hybrid 
and all-electric drives for vehicles; applications 
where a wide speed range is desired. [2]

Significant resources are currently being devoted 
to support research in this area. There is a sig-
nificant amount of literature in the IEEE Trans-
actions database that is devoted to developing 
models to obtain accurate simulations for the flux 
distribution inside PM machines. 

This project will be analyzing a specific motor 
with a unique rotor geometry that includes 
non-magnetic flux barrier regions in the lami-
nation. These regions are designed to allow the 
magnetic flux to be focused on to the stator slots 
and minimize the leakage fluxes. This also helps 
to reduce the ripple torque of the machine.

The goal for this semester’s research was to learn 
the operation of the Finite Element Analysis 
(FEA) package JMAG Designer to obtain an 
understanding of how Finite Element Method 
(FEM) can be utilized in electromagnetic simula-
tions. The geometry of the motor was set up, ma-
terials were selected and some basic simulations 
were run for the flux density distribution. 

It is the author’s hope to continue this research in 
the coming semester to obtain the motor’s other 
operating characteristics to better understanding 
its behavior under rated operating conditions.
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Methods

The specific motor being analyzed is a 3-phase 
Interior Permanent Machine with 6 poles and 9 
slots. The windings are concentrated. The struc-
ture of the rotor is shown below.

As may be seen in the geometry of the rotor, the 
magnet slots are of an unusual shape. Since the 
magnet is rectangular in cross section, it is in-
tended to fill only the central space which is of 
uniform cross-section. The remaining slot space 
is filled with non-magnetic epoxy resin that holds 
the magnet in place. The concept behind this 
slot design is that since steel has a much higher 
magnetic permeability than epoxy resin, the flux 
will preferentially pass through the steel regions 
and very little of it would attempt to cross the 
resin-filled region. This ends up acting as a flux 
barrier to help direct the magnetic flux. [3]

The figure below is the structure of the stator. 
The windings are made of copper and the coil 
windings are concentrated. The space between 
adjacent coils in a single slot is filled with air and 
insulation lining. Thus, in terms of the magnet-
ic property of the slot, the permeability of the 
whole slot area is essentially the same as that of 
free space.

These geometries were then replicated in the 
JMAG geometry editor. Manufacturing data such 
as the type of magnetic steel, the grade of per-
manent magnets and wiring diagrams was used 
to model the material properties as accurately as 
possible. On completion of the geometry, a static 

study was set up with only one energized magnet 
pole to observe the flux density distribution. The 
analysis was run and the results were obtained. 

Results

A close-up of the energized magnetic pole and 
the slot lying closest to it is shown in the adjoin-
ing column. The magnetic flux is observed to be 
mostly contained in the rotor steel and is directed 
into the stator tooth effectively, with very little 
of the flux leaking into the air gap of the slot. 
The grade of steel used here is seen to saturate at 
approximately 1.44 T. Certain areas of the rotor 
attain very high magnetic flux densities, with the 
maximum of 2.4 T, located in the narrow regions 
between the non-magnetic epoxy regions. 

Discussion

Upon analysis of the flux distribution inside the 
machine, it can be seen that the capability of the 
non-magnetic regions to channel the magnetic 
flux is quite pronounced. The flux emerging from 
the magnet is directed along the direct axis and 
traverses the air gap to link with the stator tooth.  
The experimental slot shape is thus justified as 
fulfilling its role. 

Also note the high magnetic flux density provid-
ed by the rare-earth magnet. Generating the same 
amount of flux in a wound rotor synchronous 
machine would involve supplying a significant 
amount of current to the field windings, which 

Figure 1. Rotor Geometry of the 6 pole machine. The experimental 
‘flux lensing’ structures of the slots are visible here. Figure 2. The 9 Slot structure of the stator.
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are a source of ohmic losses. Thus, the use of ra-
re-earth magnets allows motors to run at higher 
efficiencies.

Proposed future work in this project is to expand 
the simulation to the whole machine geometry 
and obtain various other operating characteristics 
such as cogging torque, radial and tangential air 
gap flux densities, open circuit phase voltages, 
electromagnetic torque production, and Max-
imum Torque Per Ampere (MTPA) angles for 
different current values. To better understand 
the power conversion process in the motor, the 
air gap flux quantities will be of importance. The 
electromagnetic torque production will be useful 
in obtaining the values of current phase angles 
when average torque generation is maximized. 
Harmonic analysis of the various quantities will 
also be conducted to understand which of the 

primary harmonics are responsible for the power 
conversion process. 

Based on a set of simulations run as part of the 
graduate coursework for ECE 539, some exam-
ples of the above characteristics – simulated for a 
different motor - are shown below.

The induced voltages are a useful measure of 
which harmonic order is most prevalent to pow-
er conversion and which ones may contribute to 
losses. 

The MTPA angles are useful in understanding 
how the phase angle of the 3-phase input cur-
rent affects the average torque production of the 
machine. 

The future scope of the project is to extract these 
data from the FEM simulation to better under-
stand this specific motor’s capabilities.

 

Figure 3. Magnetic flux density distribution around one pole of the 
machine.

Figure 4. Plot of cogging torque for the motor as a function of time. Figure 5. Plot of the 3-phase open circuit induced voltage of the 
motor.

Figure 6. Average torque generated by the machine as a function of 
phase angle of the current. Plotted for different values of operating 
current.
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Conclusion 

An FEA model of a particular motor with an ex-
perimental rotor magnet slot structure was cre-
ated and simulated. The magnetic flux density 
distribution of the machine was obtained and 
the expected behavior of the slot structure was 
validated by the simulation. The advantage of 
rare-earth magnet usage in IPM machines was 
also explored. 

Tasks for future scope of the project have also 
been laid out. These include extraction and har-
monic analysis of various quantities in interest 
with regards to the power conversion process in 
the electric motor.
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Abstract 

The use of higher efficiency particulate air filters 
in central heating, ventilating, and air-condi-
tioning (HVAC) systems to improve indoor air 
quality (IAQ) in homes is continuing to increase. 
However, as filters are loaded with collected 
particulate matter and dust, the pressure drop 
will increase and lead to a variety of direct and 
indirect energy impacts. The magnitude of ener-
gy impacts on fouled, or dirty, filters is not yet 
known. Therefore, this paper explores the energy 
impacts of fouled filters on new energy-efficiency 
homes in multiple climates around the United 
States by performing whole building energy sim-
ulations using BEopt and EnergyPlus. Relevant 
inputs include filter pressure drop, total pressure 
drop, HVAC airflow rate, fan efficiency, heating 
and cooling nominal capacity, and rated airflow 
rate. The results indicate that annual energy con-

sumption generally increases for permanent split 
capacitor (PSC) and electronically commutated 
motor (ECM) fans as the filter gets loaded or 
dirty over time, although the energy impacts are 
smaller for ECMs. 

Introduction

Central heating and air-conditioning systems 
account for a significant amount of energy con-
sumption in the United States. Approximately 
65% of American households now have a cen-
tral heating, ventilating, and air-conditioning 
(HVAC) systems (Sullivan 2010), and the use of 
higher efficiency particle air filters to improve 
indoor air quality (IAQ) is continuing to increase. 
The filter plays an important role in HVAC sys-
tems as it prevents the particles and dust from 
accumulating on the fans and heat exchanger 
coils that can negatively affect heat transfer (Yang 
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et al. 2007a, b; Siegel and Nazaroff 2003). With a 
PSC blower installed in HVAC systems, when the 
pressure increases, the airflow rate drops, which 
can lead to higher system runtime, thus increas-
ing the energy consumption. On the contrary, 
an ECM blower tends to increase the fan speed 
in order to maintain the same airflow rate and 
meet the space sensible load requirements when 
the pressure increases, thus consuming more 
fan energy for the same amount of runtime. This 
relationship between energy consumption and 
filter pressure drop is generally true for smaller 
residential air-conditioning systems. This study 
considers a new energy-efficiency home for each 
climate zone in the United States and explores 
the energy impacts under various static pressure 
conditions in residential buildings by perform-
ing whole building simulation using BEopt and 
EnergyPlus. 

Methods

Home Selection 

 Each home represents a climate region 
shown in Figure 1. All home plans are 2025 sq. ft. 
and one-story single-family home. Every home is 
assumed to have a tight building envelope with 
low infiltration and supplemental mechanical 

ventilation to increase the ventilation rate. The 
thermostat setting is 294.8 K (71 oF) in the winter 
and 297.6 K (76 oF) in the summer. The building 
characteristics used, which varied among the cit-
ies shown in Table 1, were designed to meet the 
2009 IECC requirements. Table 1 summarizes the 
relevant building characteristics in each city.

Identifying pressure drop, airflow rate, fan efficiency, 
heating and cooling nominal capacities 

This paper selected 50 Pa as the baseline static 
pressure drop where the filter was new and 
clean. This assumption was made based on the 
previous work where 62 Pa was introduced by 
the combination of coils (40 Pa), and registers, 
grilles, and dampers (22 Pa) (Stephens 2014). 
From 50 Pa, the increment of 25 Pa was made for 
each case until 350 Pa where the filter was very 
dirty. The static pressure drops were used to 
determine their impacts on fan airflow rates, fan 
efficiency, and fan power draws using Eq.1 (DOE 
2005).

      
    (Eq. 1)  
    

Figure 1. Climate Zone Map (Figure taken directly from DOE, 2010)
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Table 1. 2009 IECC compliant home characteristics for each city
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Table 1. 2009 IECC compliant home characteristics for each city (cont’d)
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Table 1. 2009 IECC compliant home characteristics for each city (cont’d)
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blowers (DOE 2011). Figure 2 and 3 show the fan 
curves from DOE for PSCs and ECMs blowers 
respectively. Plotted average fan curves for PSCs 
and ECMs blowers were shown in Figure 4 and 
5 respectively. The plotted graphs were extrapo-
lated to 350 Pa for the sole purpose of this study. 
The airflow rate and fan efficiency for PSCs and 
ECMs corresponding to the external static pres-
sures were obtained from the equation of the 
plotted average fan curve while the fan power 
draw was the result of multiplication of airflow 
rate and fan efficiency.  The overall efficiency was 
then calculated using Eq. 1. The relative airflow 
rate was calculated in order to correlate between 
airflows and cooling capacities.   

 The default values for cooling and heating 
capacities generated by BEopt in IDF were dis-
carded and changed to the cooling and heating 
capacities commonly found in the United States 

Where the variables are defined as follows:

 Wfan = fan power draw (W);  
 Psystem = external static pressures (Pa); 
 Qfan = airflow rate (m3s-1);  
 ηfan = efficiency of the fan;  
 ηmotor = efficiency of the fan motor. 

With different types of blowers installed in the 
HVAC equipment, the airflow rate (Qfan ) and 
overall efficiency (ηfan, ηmotor) will change cor-
respondingly and thus have different effects on 
fan power draw (Wfan). 

Representative fan curves (airflow vs pressure 
and fan efficiency vs pressure) for single-stage 
virtual model furnaces for PSCs and two-stage 
virtual model furnaces for ECMs from the US De-
partment of Energy were referred to find the gen-
eral average fan curves for both PSCs and ECMs 

Figure 2. Fan airflow and fan efficiency curves for PSC blower with four different sizes (Figure taken directly from DOE, 2011)

Figure 3. Fan airflow and fan efficiency curves for ECM blower with four different sizes (Figure taken directly from DOE, 2011)
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Figure 4. Average fan airflow and fan efficiency curves for PSC blower

Figure 5. Average fan airflow and fan efficiency curves for ECM blower

for each city. The rated airflow rate for each city 
was estimated by multiplying the nominal cool-
ing capacity (tons) and cooling flow (400 CFM/
tons). 

Energy simulation procedures

 The modeling tools used in this study 
were BEopt and EnergyPlus. In this project, 
fifteen US cities were selected to represent each 
climate region recognized by ASHRAE (DOE 
2010). A total of 390 (13*15*2) simulations were 
run using thirteen different static pressures, fif-
teen cities and two types of fan blowers. Once all 
available inputs were selected in BEopt, a single 

simulation for each city was run in order to gen-
erate the IDF file for EnergyPlus simulations. The 
IDF was extracted and edited using IDF editor to 
modify input parameters according to different 
pressures. Rated airflow rate for HVAC equip-
ment was kept at the maximum value for each 
case while the designed airflow rate were altered 
in each case according to different pressures. 
Airflow rates were changed under Fan:OnOff, 
Branch, AirLoopHVAC:UnitaryHeatCool, and 
AirTerminal:SingleDuct:Uncontrolled sections 
of the IDF. Airflow rates were assumed to be the 
same for cooling and heating for the ease of use. 
Fan pressure and efficiency were also changed 
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under Fan:OnOff section of the IDF. Nominal 
cooling and heating capacities were adjusted un-
der Coil:Cooling:DX:SingleSpeed and Coil:Heat-
ing:Gas sections respectively. Finally, timestep 
for each simulation case was changed to 6 under 
Timestep and Sizing:Parameters sections. Signifi-
cant outputs obtained from EnergyPlus were an-
nual energy consumption, annual HVAC energy, 
annual heating energy, and annual fan energy. 
These annual outputs were used to examine the 
impacts of pressure drops on total HVAC energy 
use. 

Results

PSC Blowers 

In this project, “HVAC energy” refers to the com-
bination of fan, compressor and furnace energy 
use; “heating energy” refers to the furnace en-
ergy use; “fan energy” refers to the energy used 
by HVAC fan during either cooling or heating 
modes. 

Figure 6 shows the difference of annual energy 
consumption vs. external static pressure; Figure 7 
shows the difference of HVAC energy vs external 
static pressure; Figure 8 shows the difference of 
heating energy vs. external static pressure, and 
Figure 9 shows the difference of fan energy vs. 
external static pressure.   

Figure 4 and Figure 8 share a similar trend line, 
where the cities that are located in colder cli-
mate consume more energy than those in hotter 
climates. For example, the difference of annual 
energy consumption in Aspen and Helena when 
pressure increases from 50 Pa to 350 Pa is about 
3250 kWh and 2900 kWh respectively; Houston 
shows only 750 kWh difference in annual energy 
consumption. Aspen and Helena also consume 
more energy in heating due to the cold climate in 
the region. However, hotter climates are general-
ly believed to consume HVAC energy faster than 
the colder and milder climates as shown in Fig-
ure 7. For instance, when pressure increases from 
50 Pa to 350 Pa, Miami consumes around 820 

Figure 6. Difference of annual energy consumption (kWh) vs exter-
nal static pressure (Pa) for a PSC blower

Figure 7. Difference of annual HVAC energy (kWh) vs. external 
static pressure (Pa) for a PSC blower

Figure 8. Difference of annual heating energy (kWh) vs. external 
static pressure (Pa) for a PSC blower

Figure 9. Difference of annual fan energy (kWh) vs. external static 
pressure for a PSC blower
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kWh more energy in HVAC, this is likely due to 
the reject heat produced by the fan when the sys-
tem is in cooling mode. Figure 9 shows that Mi-
ami, Houston, Phoenix, and Dallas actually save 
up fan energy within the pressures while places 
like Chicago, Denver, and Minneapolis consume 
around 150 kWh, 160 kWh, and 250 kWh more 
fan energy when the filter is extremely dirty.

ECM Blowers

Figure 10 shows the difference of annual energy 
consumption vs external static pressure; Figure 
11 shows the difference of HVAC energy vs ex-
ternal static pressure; Figure 12 shows the differ-
ence of heating energy vs external static pressure, 
and Figure 13 shows the difference of fan energy 
vs. external static pressure.

HVAC system with ECM blowers installed 
shows very different results as the hotter cli-
mates such as Miami, Phoenix, and Dallas tend 
to increase their annual energy consumption 
by 750 kWh, 680 kWh and 380 kWh respective-

ly. However, cities such as Aspen, Helena, San 
Francisco, and Seattle save some energy when the 
pressure increases. Besides, annual HVAC and 
fan energy consumption share similar trend line 
where places with hot climates such as Miami 
use up more energy, so this may likely be due to 
the heat produced by the fan which prevents the 
ECM blower from working efficiently. However, 
the increment is small if compared to those that 
install PSC blowers in their HVAC system. ECM 
blowers help to decrease the heating energy con-
sumption in cold climates such as Aspen, Fargo, 
and Helena by 370 kWh, 360 kWh and 350 kWh 
respectively; while for hot climates, heating is not 
commonly used, and thus the line does not vary 
much along the pressures. 

Discussion

A dirty filter, a fouled coil, or many other reasons 
can cause the increase of pressure drop in HVAC 
system. In this project, the assumption of dirty 

Figure 10. Difference of annual energy consumption (kWh) vs. exter-
nal static pressure for an ECM blower

Figure 11. Difference of annual HVAC energy (kWh) vs. external 
static pressure for an ECM blower

Figure 12. Difference of annual heating energy (kWh) vs. external 
static pressure for an ECM blower

Figure 13. Difference of annual fan energy (kWh) vs. external static 
pressure for an ECM blower
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filter was assumed and thus the increase of 
pressure drops. From Figure 6 to Figure 13, it is 
shown that ECM blowers generally save more 
energy when compared to PSC blowers in a long 
run. When external static pressure increases, 
ECM blowers tend to maintain the same airflow 
rate by increasing the power draw in order to 
provide the space sensible load requirements; 
however, the negative effect on energy consump-
tion is considered smaller if compared to a PSC 
blower that needs to run longer in order to meet 
the sensible load requirements. Therefore, ECMs 
blowers are more energy efficient.

PSC blowers are considered in Figure 6, 7, 8, and 
9. From Figure 7, some unsteady trends are 
noticed between the pressure of 50 Pa and 125 
Pa, but it generally increases after 125 Pa, all the 
way up to 350 Pa. Cities that are observed to have 
larger increments in annual HVAC energy con-
sumptions are Miami, Phoenix, Houston and Dal-
las, because in a hot and moist climate, the heat is 
rejected from the fan thus resulting in longer sys-
tem runtime if compared to those cities that are 
in a milder and dry climates. In Figure 8, heating 
energy increases in cities that are located in cold 
climates such as Aspen and Helena while places 
like Miami, Houston, and Phoenix do not show 
any significant trend as the weather itself pro-
vides enough heat to the buildings. In Figure 9, 
the difference of annual energy consumption for 
fan typically decreases from 50 Pa to 175 Pa and 
increases back until 350 Pa for all cities. Although 
PSC blower usually runs longer in order to meet 
the space sensible load requirements, the pow-
er drawn is so much lesser than the extra time 
that it has to work when the pressure increases 
from 50 Pa to 175 Pa, which eventually results in 
energy-saving. However, when the pressure is 
more than 175 Pa, PSC draws more power to run 
longer in order to meet the space sensible load 
requirements. Besides that, the first and third 
graphs in Figure 4 show a downward trend in 
cities like Minneapolis, New York and Chicago 
but the reasons are unknown. Also, severe errors 
were detected while simulating the IDF for Fargo 
after 250 Pa, however, the reason still remains 
unknown.

ECM blowers are considered in Figure 10, 11, 12, 
and 13. As no significant change is observed in 
airflow rate for HVAC system that uses ECM 
blower, the change in HVAC energy, heating en-
ergy and fan energy is considerably small. Figure 
11 and 12 share similar trend line for each loca-

tion, therefore, this increase in energy can be like-
ly due to the elevation in heat rejected into the 
airstream by the ECM blowers using more power 
as cities located in hotter climates are observed 
to have greater increment. The reduction shown 
in heating energy along the pressures for ECM 
blowers is greater in colder climates while places 
in hotter climates show almost no difference. It is 
likely because the house gains heat from the fan 
when it draws more power in order to maintain 
the same airflow rate when the pressure increas-
es. 
 

Conclusion

BEopt and EnergyPlus were used for whole 
building simulation in this project to investigate 
how fouled filter in HVAC system affects annual 
energy consumption. This project involved two 
types of fan blowers, fifteen cities, and various 
static pressures. The results showed that annual 
energy consumption increased for both PSC and 
ECM blowers installed in HVAC system when 
the filter was loaded (pressure increases) over 
time. However, HVAC system with ECM blower 
installed appeared to have lesser energy impacts 
if compared to PSC. For a PSC-fan HVAC sys-
tem, annual HVAC and heating energy increased 
along with pressures because the fan ran longer 
in order to accommodate the space sensible load 
requirements. The fan energy consumption de-
creased from 50 Pa to 175 Pa and increased all the 
way up after 175 Pa. For an ECM-fan HVAC sys-
tem, HVAC energy and fan energy consumption 
increased with a little increment each time along 
the pressure. On the contrary, heating energy use 
decreased over time which results in energy sav-
ing. These results proved that filter fouling could 
be an important cause for high household energy 
consumption.  
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Introduction

The objective of this research project is to utilize a 
multi-modal biosensor platform incorporating 
multiple MEMS sensors for continuous vital 
signs monitoring, and integrate it with a smart-
phone unit for cellular network connectivity and 
communication.

Using Bluetooth interface, sensor data is trans-
ferred to smartphone devices equipped with 
Android operating system. This enables real time 
data analysis with smartphone devices. Smart-
phones are used for displaying incoming sensor 
data and performing signal processing. With the 
use of internet enabled smartphones, patients 
and doctors can be more in touch, and doctors 
can monitor/keep track of their patients’ health 
status. The miniature size of the sensors allows 
them to be practical and convenient to be carried 
around in everyday activities. Since most patients 
already carry personal smartphones, health mon-
itoring technology can be deemed affordable, 
requiring only Bluetooth enabled sensors and an 
application software.

Although several patient health monitoring ap-
plications exist, these solutions typically have a 
separate device to process the data and send it 
wirelessly. The goal of this research is to replace 
this extra hardware device with the patient’s per-
sonal phone to do the processing and the sharing 
of the data. The proposed solution makes it easier 
for the patients to carry the device around, since 
it is comprised of only the sensors and an appli-
cation software running on the host smartphone 
platform that we all carry in our daily lives. 

Personal Health Monitoring with Bluetooth Sensors and Android Smart-
phones
AUTHORS   Tareq Alhamwi & Erdal Oruklu

Figure 1. Shimmer Bluetooth Medical Sensors [1]
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For the initial prototype, we will be using Shim-
mer starter kit [1]. As shown in figure 1, the kit 
comes with a flash drive that has all the programs 
and the manuals, programming dock for the sen-
sors, a Bluetooth hub, and multiple sensors (ECG, 
EMG, Accelerometer, and Strain gauge), as well 
as a mini USB cable, and four electrodes.

 
Methods

The first task was getting familiar with the sensor 
kit. In order to connect the Shimmer sensors to 
the desktop computer and acquire sensor data, 
‘ShimmerConnect’ software was used. ‘Shim-
merConnect’ plots the data from the sensor. The 
software can connect to more than one sensor 
simultaneously, and saves the data in a CSV 
database file to allow processing on the data, or 
use of different plotting software. Figure 2 shows 
the screenshot with X-axis (top), Y-axis (middle), 
and Z-axis (bottom) of an accelerometer. In the 
screenshot, the sensor is being moved along the 
X-axis only, which explains the signals shown in 
the graphs.

In order to activate the Bluetooth connectivity on 
the sensor, a specific software package needs to 
be executed. Using the dock and the cable, the 
sensor is connected to the computer and initially 
‘bsl430’ software is run. This software enables 
multiple packages to be downloaded to the 
sensor. In particular, choosing ‘Boilerplate_shim-
mer2r’ will enable the Bluetooth connectivity of 
the sensor.

The Shimmer kit uses an operating system called 

‘TinyOS’, an open-source operating system de-
signed for wireless devices [2], written in ‘nesC’ 
language (a dialect of C) [3]. Although nesC is 
derived from C, software development proved 
to be difficult due to lack of sufficient support. 
Therefore, all the development was done on the 
smartphone hardware running Android oper-
ating system. Working on the phone side was 
much easier, due vast support for Android app 
development.

The main obstacle of the software development 
phase has been establishing the Bluetooth con-
nection between the phone and the sensor. Shim-
mer sensors are using the RFCOMM Protocol, 
which is very widespread and supported. In 
addition, it is a publicly available API. In Figure 
3, two connection codes are shown, the first is 
RFCOMM, and the other is Insecure RFCOMM 
connection code. 

The difference is that the first one is secure, 
meaning it prompts the user when establishing a 
communications channel, while the other (Inse-
cure) establishes the connection without prompt-
ing the user to any security procedure, which 
makes them a threat to the “man in the middle”.

Both connection types take the same parameters 
(String Name, UUID), the string is just a name 
of the service, and can be set to any valid string. 
UUID which stands for (Universally Unique 
Identifier), is a 32 hexadecimal digits, grouped 
in five groups, this number is unique for every 
application with Bluetooth service. Both the host 
and the client device have to use the same UUID 
code, otherwise the connection won’t be possible.

On the other device, the following lines of code 
should be executed:

Figure 2. Accelerometer sensor data acquired with Bluetooth connec-
tion 

Figure 3. RFCOMM connection example

Figure 4. RFCOMM connection example
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 This command initiates the connection between 
the two devices, using the given UUID. The 
device that is providing the server socket is the 
server, while the device that is initiating the con-
nection is the client. 

The second part of the software application de-
velopment involves the use of ‘ShimmerConnect’ 
functions by Shimmer that feature the ability to 
store the data in a file. This application acquires 
the data, preprocesses it and displays it for the 
user on the smartphone screen. Furthermore, 
application can be written for streaming it to a 
pre-defined IP address (i.e. care-provider or doc-
tor). 

Results

Some preliminary results have been obtained 
with respect to both parts of the software devel-
oped. The first screenshot in Figure 5 is from the 
Bluetooth connection application. It has a simple 
layout, and it shows patient’s device’s Bluetooth 
name and MAC address as well as a list of the 
devices paired to the phone.

Listing contains only the paired devices since 
Android OS requires the devices to be paired 
before exchanging data; i.e. data cannot be sent 
or received unless the devices are paired.

Once the search button is clicked, the application 
first checks whether Bluetooth is turned on or 
not. If it’s on, it goes on to the next step. Oth-
erwise, it asks the user to turn it on in order to 
continue. After making sure that Bluetooth is on, 
a list of the paired devices is displayed. Next, 
the smartphone device is connected to the sen-
sor once the user selects it from the list. Here, 
the user has the option to display or stream their 

Figure 5. Bluetooth connection screen

medical data to their doctor/care-provider. 

The second application we developed shows the 
data in its raw form. So far, the application ac-
quires the data and displays it. The screenshot in 
Figure 6 shows the raw data. 

The following screenshot in Figure 7 is from an 
Excel file. The first row shows the data from the 
LA-LL and RA-LL electrodes, (LA stands for Left 
Arm. LL for Left Leg. RA for Right Arm). The 
second row says CAL which stands for calibrat-
ed, this is a feature in the application to calibrate 
the results for plotting. The results in the third 
column are simply the time, as time changes the 
results in both the first column and the second 
column change.

Figure 6. Raw ECG sensor data displayed on smartphone

Figure 7. Raw ECG data displayed on Excel
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Results as shown from the table, vary between 
positive and negative, which can be simply ex-
plained by looking at the graph in Figure 8. 

The graph shows normal heart beats, and it’s 
going between negative and positive values, 
depending on the magnitude value of the data 
from the sensor. After streaming the data to the 
doctor’s computer, data can be plotted again. For 
demonstration purposes, we used MATLAB.  

Conclusion

While working on this research, several difficul-
ties were encountered; a big challenge was to 
program the sensor directly. The fact that the 
sensor uses ‘nesC’ language makes it harder to 
understand the right Bluetooth protocol for the 
sensor for establishing the connection. Overall, 
the sensor data acquired from the medical sensor 
have been verified to be valid and our custom 
Android application is capable of displaying the 
raw signals on the smartphone screen. For the 
next phase of the research, we will be emphasiz-
ing smart signal processing of the medical data 
with the smartphones prior to streaming to care 

Figure 8. ECG plot acquired with a smartphone

provider. Smartphone based personal health 
monitoring applications provide the patients 
with the utmost convenience to constantly mon-
itor their health as well as sharing it with their 
doctors instantly.  
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