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CASCADED PID CONTROLLER DESIGN FOR A MODULAR QUADROTOR VEHICLE 

 

Gregory S. Grebe, Botao Hu, Sandipan Mishra 

Intelligent Systems Automation and Control Lab 

Rensselaer Polytechnic Institute 

 

In this experiment, a two level, cascaded PID 

controller was created to fly a rigidly connected 

group of flying modules arranged as a quadcopter. 

The PID controller was tuned using standard 

methods until it was able to achieve stable hovering 

about a given point. The system is capable of 

hovering at a given point with less than 100mm of 

oscillation or drift. 

 

I. INTRODUCTION 

 

The Distributed Flight Array [1] is a modular 

Vertical Take-Off and Landing (VTOL) vehicle first 

proposed by researchers at ETH Zurich. The concept 

is to create many modular flying units that, once 

docked together in a feasible configuration, are 

capable of stable hovering flight. The ETH Zurich 

implementation uses a model based control strategy. 

In this experiment, we attempt to replicate their 

results and achieve stable hovering flight using a 

PID controller and four modules. Section II will 

briefly introduce the system. Section III will 

introduce the dynamics model and section IV will 

introduce the PID controller design. Section V will 

detail the experimental results.  

 

II. SYSTEM DESCRIPTION 

 

The quadrotor system is composed of four 

identical hexagonal modules, each containing a 

motor and propeller, an Electronic Speed Controller, 

and a battery (Figure 1). A single central Arduino 

Mini microcontroller sends the appropriate Pulse 

Width Modulated (PWM) signal to each of the four 

speed controllers. These speed controllers are hard-

wired to the motors, each of which has a three-blade 

fixed-pitch propeller attached. The red propellers 

(numbered 1 and 2) rotate clockwise, while the black 

propellers (numbered 3 and 4) rotate 

counterclockwise. An equal number of counter-

rotating propellers are required to cancel out the 

rotor’s reaction torques during flight. An off-board 

3D Motion-Capture Camera system is the only 

sensor used in the system. The sensor uses IR 

reflecting markers attached to the vehicle in order to 

localize it in space with less than 1mm of error. In 

the future, this system will be replaced with sensors 

placed locally on the modules to expand the vehicles 

range. 

 

III. DYNAMICS MODEL 

  

The system is modeled as a rigid body that is 

capable of producing four independently controlled 

positive thrust vectors, located at the center of each 

propeller, and directed upwards perpendicular to the 

plane of the vehicle.  The body frame is fixed at the 

vehicle’s center of mass, which is assumed the 

geometric center of the vehicle. The axes in Figure 1 

show the alignment of the body frame (denoted 𝑩) 

with respect to the vehicle. 

The 3D Motion-Capture system provides the 

location and orientation of the vehicle-fixed body 

frame with respect to the global inertial frame 

(denoted as 𝑰). The location is given as a (𝒙, 𝒚, 𝒛) 

coordinate in the 𝑰 frame. For simplicity, the origin 

of the inertial frame is assumed coincident with the 

origin of the body frame while the vehicle is at rest 

before takeoff.  The orientation of the body frame is 

described by the ZYX-Euler angles, which are used 

to represent the roll 𝜶 , pitch 𝜷 and yaw 𝜸  acting 

around the 𝒙, 𝒚 and 𝒛 axes respectively. The 

orientation of the body frame with respect to the 

inertial frame can therefore be expressed as a single 

rotation matrix: 

 

𝑹𝐵
𝐼

𝑥𝑦𝑧 = 𝑹𝑥(𝛼)𝑹𝑦(𝛽)𝑹𝑧(𝛾) .  (1) 

 

Figure 1: Quadrotor System. 
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The system is actuated by altering the speed of 

the rotors, which is proportional to the upward thrust 

vector, as well as the reaction torque produced. The 

speed controller allows us to control the rotor’s 

angular velocity 𝝎𝒊 . The thrust produced is 

quadratically proportional to the angular velocity, so 

we therefore assume that the thrust is also 

proportional to the PWM commands 

(𝒖𝟏, 𝒖𝟐, 𝒖𝟑, 𝒖𝟒) . The steady-state thrust generated 

by rotor 𝒊 is given by  

 

𝑓𝑖 = 𝑘𝑓𝑢𝑖.    (2) 

Similarly, the reaction torque 𝜏𝑖 acting on the body 

of the vehicle that is generated by rotor 𝑖 is given by 

 

𝜏𝑖 = 𝑘𝜏𝑢𝑖.    (3) 

The coefficients 𝑘𝑓  and 𝑘𝜏  are both constants, and 

are a function of several rotor parameters as well as 

air density. These parameters are usually determined 

using static thrust tests. The torque 𝜏𝑖  can be 

approximated as a linear function of thrust by 

 

𝜏𝑖 = 𝑐𝑖𝑓𝑖,    (4) 

where 𝑐𝑖 is a constant with the same magnitude for 

all 𝑖, and its sign depends on the handedness of the 

propeller. 

As a rigid body, standard rigid body dynamics 

apply here. The entire system is assumed to have 

mass 𝑚, and moment of inertia 𝐽 that is subjected to 

the forces 𝒇 = [0,0, ∑ 𝑓𝑖]4
𝑖 , and torques 𝝉 =

[0,0, ∑ 𝜏𝑖]4
𝑖  produced by the rotors. The equations of 

motion are given by  

 

𝒑̇ = 𝒗    (5) 

𝑚𝒗̇ =  𝑹𝐵
𝐼

𝑥𝑦𝑧𝒇   (6) 

𝑹̇𝐵
𝐼

𝑥𝑦𝑧 =  𝑹𝐵
𝐼

𝑥𝑦𝑧𝝎×   (7) 

𝑱𝝎̇ = −𝝎 × 𝑱𝝎 + 𝝉 .  (8) 

The vectors 𝒑 = [𝑥, 𝑦, 𝑧] and 𝒗 = [𝑥̇, 𝑦̇, 𝑧̇], represent 

the position and velocity respectively of the body in 

the inertial frame. The vector 𝝎 = [𝑝, 𝑞, 𝑟] denotes 

the angular velocities in the body frame. The 

superscript × denotes the skew symmetric matrix of 

that vector.  

The equations of motion in their full form are 

nonlinear. They can however be linearized about the 

hover point, which is considered an equilibrium 

point for the vehicle. The simplified linearized 

equations of motion are expressed as follows 

 

𝑥̈ = 𝛽𝑔    (9) 

𝑦̈ = −𝛼𝑔    (10) 

𝑴 [𝑧̈ 𝛼̈ 𝛽̈ 𝛾̈ ]𝑇 = 𝑷𝑘𝑓𝒖 , (11) 

where 𝑴 is a matrix and 𝒖 is the system input 

defined as 

 

𝑴 = diag(𝑚, 𝐼𝑥 , 𝐼𝑦, 𝐼𝑧)  (12) 

𝒖 = [𝑢1, 𝑢2, 𝑢3, 𝑢4]𝑇  (13) 

and the matrix P is a 4 × 4 matrix that encodes the 

location and handedness of each of the rotors 

  

𝑷 =  [

1 𝑦1 −𝑥1 𝑐1

1 𝑦2 −𝑥2 𝑐2

1 𝑦3 −𝑥3 𝑐3

1 𝑦4 −𝑥4 𝑐4

].   (14) 

 

IV. CASCADED PID CONTROLLER DESIGN 

 

To control a quadrotor, many researchers have 

proposed different controllers, including linear 

controllers such as the PID controller [2], the 

Iterative Learning Controller [3] and nonlinear 

controllers such as the adaptive controller [4] and the 

back stepping controller [5]. A comprehensive 

review can be found in [6].  

In this paper, a cascaded PID controller is 

designed. Given the dynamics in the previous 

section, the purpose of the PID controller is to derive 

the control input 𝒖  to stabilize the quadrotor at a 

given position (𝑥𝑑 , 𝑦𝑑 , 𝑧𝑑) . While simplistic, and 

useful only for a standard configuration of four 

modules, the PID controller designed is useful for 

benchmarking future controller designs. It also 

provides a working flying testbed to experiment with 

vehicle and controller design.  

From (11), the quadrotor position (𝑥, 𝑦) is not 

directly controllable, but the three angular 

accelerations are directly controllable. The idea is to 

first get the desired angles (𝛼𝑑 , 𝛽𝑑 , 𝛾𝑑)  from 
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(𝑥𝑑 , 𝑦𝑑) and then design a controller that stabilizes 

the quadrotor angle (𝛼, 𝛽, 𝛾)  to (𝛼𝑑 , 𝛽𝑑 , 𝛾𝑑) . The 

overall controller is designed in a cascaded 

architecture (Figure 2). It consists of an inner loop 

and an outer loop. The outer level seeks to control 

the global (𝑥, 𝑦)  position and output the desired 

angles (𝛼𝑑 , 𝛽𝑑 , 𝛾𝑑), while the inner level determines 

the required values for the control output 𝐮 to track 

(𝛼𝑑 , 𝛽𝑑 , 𝛾𝑑 , 𝑧𝑑) and achieve that position. The inner 

control loop is run at 100Hz while the outer control 

loop is run at half of that value, 50Hz. In this paper, 

to simplify the problem, we set 𝛾𝑑 to always be zero. 

 

IV.A. The outer loop controller design 

 

The outer controller takes desired position 
(𝒙𝒅, 𝒚𝒅)  and current position (𝒙, 𝒚) as input, and 

outputs (𝜶𝒅, 𝜷𝒅). 

 

𝑥̈𝑑 = 𝑘𝑝𝑥(𝑥𝑑 − 𝑥) + 𝑘𝑖𝑥∫ (𝑥𝑑 − 𝑥)𝑑𝑡 + 𝑘𝑑𝑥(𝑥𝑑̇ − 𝑥̇) 

(15) 

𝑦̈𝑑 = 𝑘𝑝𝑦(𝑦𝑑 − 𝑦) + 𝑘𝑖𝑦∫ (𝑦𝑑 − 𝑦)𝑑𝑡 + 𝑘𝑑𝑦(𝑦𝑑̇ − 𝑦̇) 

(16) 

𝛼𝑑 = −
𝑦̈𝑑

𝑔
    (17) 

𝛽𝑑 =
𝑥̈𝑑

𝑔
.    (18) 

(𝛼𝑑 , 𝛽𝑑)  are bounded to within ±0.2  radians to 

ensure that the quadcopter does not roll or pitch too 

extremely. These values, as well as the desired 

height 𝑧𝑑 are then passed to the inner controller.  

 

IV.A. The inner loop controller design 

 

The inner controller is again a PID controller. It 

maps (𝛼𝑑 , 𝛽𝑑 , 𝑧𝑑) to 𝒖 = (𝑓1, 𝑓2, 𝑓3, 𝑓4) as follows: 

𝛼̈𝑟 = 𝑘𝑝𝛼(𝛼𝑑 − 𝛼) + 𝑘𝑖𝛼∫ (𝛼𝑑 − 𝛼)𝑑𝑡 + 𝑘𝑑𝛼(𝛼𝑑̇ −

𝛼̇) (19) 

𝛽̈𝑟 = 𝑘𝑝𝛽(𝛽𝑑 − 𝛽) + 𝑘𝑖𝛽∫ (𝛽𝑑 − 𝛽)𝑑𝑡 + 𝑘𝑑𝛽(𝛽𝑑̇ −

𝛽̇) (20) 

𝑧̈𝑟 = 𝑘𝑝𝑧(𝑧𝑑 − 𝑧) + 𝑘𝑖𝑧∫ (𝑧𝑑 − 𝑧)𝑑𝑡 + 𝑘𝑑𝑧(𝑧𝑑̇ − 𝑧̇)  

(21) 

𝛾̈𝑟 = 𝑘𝑝𝛾(−𝛾) + 𝑘𝑖𝛾∫ (−𝛾)𝑑𝑡 + 𝑘𝑑𝛾(−𝛾̇) 

 (22) 

u =
1

𝑘𝑓
𝐏−T𝑴[𝑧̈𝑟 𝛼̈𝑟 𝛽̈𝑟 𝛾̈r ]𝑇 

 (23) 

 This effort is then distributed amongst the 

various rotors by multiplying the output vector by 

the following distribution matrix: 

 

𝑷−𝑇 = [

0.25 0 0.5 −0.25
0.25 0 −0.5 −0.25
0.25 0.5 0 0.25
0.25 −0.5 0 0.25

]   (24) 

IV.C. Tuning 

 

The system was first tuned systematically by 

attempting to isolate the various parameters and tune 

them individually. The system was hung on wires to 

isolate a single parameter, and all gains except for 

the parameter of interest were set to zero. The four 

directly controllable parameters were tuned first. 

Once the individual parameters had all been tuned, a 

series of hover tests, in which the system was 

released while already hovering, were conducted to 

further tune these parameters to achieve a stable 

hovering configuration. Once suitable controller 

gains were found for these parameters the 𝒙 and 𝒚 

position controller gains were tuned until the system 

was capable of hovering at a given location with less 

than 100mm of drift or oscillation. The final PID 

gains are listed in Table 1. 

 

 

 

Figure 2. Proposed Cascaded Controller Architecture. 
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Table 1: PID Gains. 

Parameter Kp Ki Kd 

𝛼 150 40 30 

𝛽 80 30 30 

𝛾 500 120 60 

𝑧 0.2 0.2 0.1 

𝑥 0.001 0.001 0.00008 

𝑦 0.0015 0.001 0.00002 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Experimental setup. 

 

V. EXPERIMENTAL VALIDATION 

 

In order to validate the effectiveness of the 

cascaded PID Controller, an experiment is 

performed. Four IR markers are fixed to the 

quadrotor and these markers are captured by the 

motion capture system. The system sends accurate 

position and Euler angle measurement to the 

computer at 100 Hz. The computer then sends the 

measurement wirelessly to the quadrotor through an 

XBee serial connection. All of the controller 

computation is carried out with an Arduino 

controller onboard the quadrotor.  

With the given PID controller, the system is 

found to be capable of stable hovering. It is also able 

to takeoff from the ground and settle to hovering at a 

given location within a reasonable response time. 

While running the experiment, the controller was set 

to hold a constant position and yaw angle, 250mm 

directly above its starting ground position. Figure 3 

shows the position of the system throughout the 

flight with data obtained from the motion capture 

sensor. The system takes off and quickly climbs to 

the appropriate height. There is some initial 

overshoot in the 𝒛  control, however it eventually 

settles to the correct level. While the settling time 

and steady state error of the response could be 

improved, it was not deemed significant to the 

overall experiment and further tuning was not done. 

Once hovering, the 𝒙  and 𝒚  position show some 

slight oscillations about the set point, however these 

oscillations are never more than 100mm in 

amplitude, and are barely perceptible to the human 

eye. Our system is not required to have pinpoint 

accuracy and response, so the controller was deemed 

an appropriate and acceptable benchmark for future 

experiments.  

 

VI. CONCLUSIONS 

 

      Through this experiment it was shown that it is 

possible to create a simple PID controller for a 

nontraditional, module based quadrotor. This 

experiment examined the most basic test case, in 

which the modules were arranged much like any 

quadcopter would be. However, it has provided a 

very useful benchmark for creating new controllers 

that make use of additional modules or more 

advanced control strategies. Overall, the experiment 

showed that the PID controller is effective for the 

system to hover at a given point with little 

fluctuation in position.  
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Figure 3. Position of System in Flight. 
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Attitude Estimation with Inertia/ Magnetic Sensors 

 

Yaser A. Khalil, Botao Hu, and Sandipan Mishra 

Rensselaer Polytechnic Institute 

Department of Mechanical, Aerospace, and Nuclear Engineering 

khaliy@rpi.edu 

 

In this paper, an estimation algorithm is 

designed for determining the orientation of a rigid 

body based on the measurements from an integrated 

inertial measurement sensor: a gyroscope sensor, an 

accelerometer and a magnetometer. An Extended 

Kalman Filter is used to estimate the attitude. 

Experimental comparison with a high accuracy 

motion caption system demonstrates the 

effectiveness of the attitude estimation method.  

 

 

I. INTRODUCTION 

 

With the proliferation of sensing capability 

embedded in smart devices, an accurate estimation 

of the attitude of a rigid body is becoming 

increasingly important. Attitude estimation a rigid is 

the estimation of the orientation or angular position 

of a rigid body. It can enable an intuitive interaction 

with such devices. This interaction, for example, can 

be seen when a smart phone rotates the screen after 

detecting changes in orientation. Attitude estimation 

can usually be achieved with low cost inertia 

measurement sensors such as a gyroscope sensor, an 

accelerometer sensor, and a magnetic sensor. 

However, these sensors usually have a biased output 

and they are affected by measurement noise. This 

paper provides an efficient estimator which 

accurately estimates the attitude based on the 

measurements of these sensors.  

In state-of-the-art inertia measurement sensor 

packages, the gyroscopic sensor measures angular 

velocity and can therefore be used to obtain attitude 

by integration. However, the slow time varying bias 

in the measurement leads to unbounded drift after 

integration. The accelerometer can obtain drift free 

inclination estimates while the magnetometer can 

obtain drift-free heading estimates [1]. These 

estimates, however, are sensitive to high frequency 

noise in the measurement. In summary, a single 

sensor is incapable of obtaining accurate attitude 

estimation, but by fusing the measurements from 

these three sensors, it is possible to obtain high 

accuracy estimates.  

Sensor fusion for attitude estimation has been 

explored by many researchers. Some of the widely 

used methods are: the complementary filter [2], the 

Extended Kalman Filter (EKF) [1][3][4], the 

Unscented Kalman Filter (UKF) [5], and the Particle 

Filter (PF) [6]. A comprehensive survey for attitude 

estimation can be found in [4]. In this paper, a six-

axis motion sensor that integrates a gyroscope ,an 

accelerometer (MPU-6050, InvenSense Inc), and a 

tri-axis magnetometer (HMC5883L, Honeywell Inc) 

are used for attitude estimation. As shown in Fig. 1, 

the estimator takes in measurements from the 

accelerometer, magnetometer and the gyroscope and 

outputs unit quaternions, which is a representation 

for rotation [7]. The estimator designed in this paper 

is based on the Extended Kalman Filter and it is 

similar to the estimator presented in [1]. The main 

difference is that in this study, the biases of the 

magnetometer and accelerometer are calibrated 

before sensor fusion instead of using the biases as 

states of the system. This helps reduce the number of 

state variables and decrease computational 

requirement.  

The paper is organized as follows. Section II 

introduces the process and measurement model of 

the estimator. Section III then introduces the 

implementation of the Extended Kalman Filter. 

Finally, Section IV shows the experimental result 

while section V concludes the paper. 

 

II. MODEL DESCRIPTION 

 

In this paper, the attitude is represented by a unit 

quaternion vector. Compared to commonly used 

Figure 1: The proposed attitude estimator. 



8 

 

Euler angles, the unit quaternion representation does 

not have singularities and is used by [1,3,4] as the 

representation for rotation. This section will 

introduce the unit quaternion representation, 

followed by the sensor reading model. The process 

model and measurement model will be described 

last.  

The attitude estimator is built based on the 

following assumptions: 

1. The accelerometer is only affected by the 

gravitational acceleration. The magnetic 

field around the magnetometer is time 

invariant. 

2. The bias of the gyroscope measurement is 

slowly time varying or time invariant.  

3. The systematic error of the accelerometer 

and magnetometer are carefully calibrated.  

 

II.A. The unit quaternion representation 

 

A rotation can be described as a result of 

sequential rotations. The Euler angles include the 

roll angle, pitch angle, and yaw angle. They are 

defined as the rotations about x, y, and z-axis 

respectively.  

A rotation can also be described as a result of a 

single rotation of angle θ about a unit axis 𝑘⃗ =
[𝑘1, 𝑘2, 𝑘3] . This is called the axis angle 

representation. Fig. 2 shows the definition of Euler 

angles and the axis angle representation. The unit 

quaternion is then defined based on the axis angle 

representation. The unit quaternion vector 𝑞  has four 

elements 𝑞1, 𝑞2, 𝑞3, and 𝑞4 which are defined as  

𝑞1 = 𝑘1 sin (
𝜃

2
)   (1) 

𝑞2 = 𝑘2 sin (
𝜃

2
)   (2) 

𝑞3 = 𝑘3 sin (
𝜃

2
)   (3) 

 𝑞4 = cos (
𝜃

2
)    (4) 

The elements in the unit quaternion vector 

satisfy the constraints  

𝑞1
2 + 𝑞2

2 + 𝑞3
2 + 𝑞4

2 = 1 (5) 

 

II.B. Sensor reading model 

 

For this experiment, the inertia frame is denoted 

as O frame and the direction is defined as North-

East-Down (NED). The body-fixed frame is denoted 

as B  frame with three right-handed orthonormal 

bases as shown in Fig 3. The gyroscope measures 

the angular velocities around the body axes, denoted 

as 𝜔 = [𝜔1, 𝜔2, 𝜔3].  The gravitational acceleration 

is denoted as g. The accelerometer and the 

magnetometer measure the gravitational vector, and 

the magnetic field in the body frame respectively. 

By denoting the measurements in the inertia frame 

as 𝑎𝑂 = [0, 0, 𝑔] ’ and 𝑐𝑂 , the measurements in B 

frame can be represented as:  

𝑎𝐵 = 𝑅𝐵𝑂𝑎𝑂    (6) 

𝑐𝐵 = 𝑅𝐵𝑂𝑐𝑂,   (7) 

 𝑅𝐵𝑂  is the representation of the rotation of the O 

frame with respect to the B frame. It can be 

presented by the unit quaternion vector [7]. 

 

𝑅 = [

𝑟11 𝑟12 𝑟13

𝑟21 𝑟22 𝑟23

𝑟31 𝑟32 𝑟33

]  (8) 

𝑟11 = 2𝑞1
2 + 2𝑞4

2 − 1  (9) 

𝑟12 = 2(𝑞1𝑞2 − 𝑞3𝑞4)  (10) 

𝑟13 = 2(𝑞1𝑞3 + 𝑞2𝑞4)  (11) 

𝑟21 = 2(𝑞1𝑞2 + 𝑞3𝑞4)  (12) 

𝑟22 = 2𝑞2
2 + 2𝑞4

2 − 1  (13) 

𝑟23 = 2(𝑞2𝑞3 − 𝑞1𝑞4)  (14) 

𝑟31 = 2(𝑞1𝑞3 − 𝑞2𝑞4)  (15) 

𝑟32 = 2(𝑞2𝑞3 + 𝑞1𝑞4)  (16) 

𝑟33 = 2𝑞3
2 + 2𝑞4

2 − 1  (17) 

 

Figure 3: Coordinate axis definition. 
Figure 2: Euler angles and the axis angle 

representation. 



9 

 

The measurements from all three sensors are 

ideal except the bias error in the gyroscope 

measurement. However, in reality, the measurements 

are usually affected by systematic errors and non-

systematic errors. The systematic errors include the 

scalar error and the bias error. The calibration 

method for the systematic errors of the 

accelerometer and gyroscope can be found at [8]. In 

this paper, it is assumed that the systematic errors 

are calibrated.  

 

II.C. Process model 

 

For the chosen model, the elements of the unit 

quaternions and biases of the gyroscope sensor are 

used as the states of the estimator. Denote the state 

vector as 𝑥 = [𝑥1, 𝑥2, 𝑥3, 𝑥4, 𝑥5, 𝑥6, 𝑥7] , where 

𝑞 = [𝑥1, 𝑥2, 𝑥3, 𝑥4] is the unit quaternion vector and 

𝜔𝑏 = [𝑥5, 𝑥6, 𝑥7] is the bias vector consists of biases 

in the measurement of the gyroscope. The equations 

that govern the evolution of the unit quaternion 

vector and the bias vector are defined as 

𝑞̇ =
1

2
𝑞⨂(𝜔 − 𝜔𝑑)  (18) 

𝜔̇𝑑 = 0.   (19) 

 

II.D. System measurement model 

 

The outputs of the system are the accelerometer 

and the magnetometer readings in the body frame.  

𝑧     = [
𝑎𝐵

𝑐𝐵
] = ℎ(𝑥, 𝑎𝑜, 𝑐𝑜) 

= [
𝑅𝐵𝑂 0
0 𝑅𝐵𝑂

] [
𝑎𝑂

𝑐𝑂
]  (20) 

The rotation matrix 𝑅𝐵𝑂  is a function of the 

quaternions as shown in (8). Notice that the 

measurements are nonlinear functions of the states. 

 

III. IMPLEMENTATION OF THE EKF 

 

This part is a brief introduction to the 

implementation of the Extended Kalman Filter. 

Detailed implementations can be found in [1,3,4].   

The implementation of the EKF includes 

initialization, state prediction, and measurement 

update as shown in Fig. 5.    

 

III.A. Initialization 

 

The first step for the EKF is initialization. 

Define the initial body frame B to be coincident with 

the inertia frame O, so the initial state is defined as 

𝑥𝑜 = [0 0 0 1 0 0 0].  (21) 

The initial value for the covariance matrix 𝑃𝑜 is 

defined as the identity matrix. The covariance matrix 

Q that describes the process model and covariance 

matrix R that describes the measurement error can be 

initialized as diagonal matrices.  

 

III.B. State prediction 

 

The second step is state prediction. It is 

governed by the equations in Fig. 5. The 𝑥𝑘−1|𝑘−1 is 

the previous state estimate, and 𝑥𝑘|𝑘−1  is the 

predicted state. The prediction is based on the first 

order linearization of the process model (18) and 

(19). 𝑡𝑠 is the sampling time, F is the linearized state 

evolution dynamics, and 𝑄𝑘  is the process noise 

covariance matrix. 

 

III.C. Measurement update 

 

The third step is the measurement update. This 

step uses the measurement 𝒛𝒌 with predicted states 

𝒙𝒌|𝒌−𝟏 and covariance matrix 𝑷𝒌|𝒌−𝟏 to update the 

estimated states 𝒙𝒌|𝒌 and the covariance matrix 𝑷𝒌|𝒌. 

This step is summarized in the Fig.5, where 𝑹𝒌  is 

the measurement noise covariance matrix. After the 

update, a new iteration can be started with the 

Figure 4: The process model. 

Figure 5: Implementation of the EKF. 
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updated state estimate and the updated covariance 

matrix.  

 

IV. EXPERIMENTAL VALIDATION 

 

To verify the effectiveness of the attitude 

estimator, an experiment comparison is 

implemented. The experimental setup is shown in 

Figure 6. The sensor is fixed to a rigid platform 

where markers are attached. The markers are 

captured by several motion capture cameras. These 

motion capture cameras are able to provide accurate 

Euler angle measurements 𝛼, 𝛽, 𝛾 to the computer at 

100 Hz. The sensor measurements 𝜔, 𝑎𝐵, 𝑐𝐵 are also 

obtained at 100 Hz. The EKF is performed in Matlab 

and the estimation results 𝑞  are transformed into 

Euler angles for comparison with the ground truth 

values from the motion capture system.   

 Simple rotations about the x, y, and z axes are 

performed. The roll, pitch, and yaw angles from the 

EKF are compared with the ground truth from the 

motion capture camera. The comparison results are 

shown in Fig. 7, 8 and 9. From all figures, it is clear 

that this attitude estimation scheme works well.  

 

V. CONCLUSION 

 

This paper presents an estimator based on the 

Extended Kalman Filter to estimate the attitude with 

an accelerometer, a gyroscope, and a magnetometer 

sensor. The experimental result shows that the 

attitude estimation works well. In this test, the 

motion of the movement is slow, and future work 

could focus on implementing the estimator onto a 

quadrotor during flight to test the performance.  
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For a typical passenger aircraft the vertical 

tail is larger than required for standard flight. It 

is sized to provide the yaw needed to 

compensate for a worst case scenario of 

asymmetric engine failure in a heavy crosswind 

during takeoff. With active flow control, this yaw 

produced by the tail may be increased enough so 

that the entire vertical tail could be downsized, 

thus decreasing weight, drag, and fuel costs. 
Previous research on scaled models has 

shown that the side force increased when 

synthetic jets were active, but the spacing 

between the jets was an area where further 

research was needed [1]. To study the effects of 

jet spacing, a model was designed that could be 

tested at various sideslip, sweep, and control 

surface deflection angles and with several 

different jet configurations.  
This paper discusses the application of 

synthetic jet technology, the previous results 

obtained, the particle image velocimetry (PIV) 

and pressure tests performed, and the direction 

the research is heading. 
 

I. INTRODUCTION 

 

The active flow control used in this study is 

based on synthetic jet actuators, which are 

devices that add momentum to the flow using 

vortices that are generated near the surface with 

no additional mass. These jets, shown in Figure 

1, are created from alternating suction and 

blowing from the time-periodic deformations of 

piezoelectric discs [1].  

  

 
Figure 1: Diagram of Synthetic Jet [2]. 

 

Synthetic jets have a wide range of 

applications in the aerospace industry and 

beyond. They have been shown to be beneficial 

in controlling separation on wind turbines 

unmanned aerial vehicles and in inlet ducts 

[3,4]. By controlling the flow separation, it is 

possible to reduce drag on an airfoil, which 

ultimately reduce the fuel costs of an aircraft and 

increase its performance. 

Previous work done by Rathay et al. found 

that by using synthetic jet actuators on vertical 

tail models, a non-dimensional side force could 

be increased by as much as 34% [1]. It was also 

found that the spacing between synthetic jets on 

a vertical tail model was an important parameter 

affecting the side force coefficient. On a smaller, 

1/19
th
 scale model, it was found that increased 

spacing resulted in lower side force 

enhancement. On a larger model, 1/9
th
 scale 

model, the spacing had unexpected effects that 

partially agreed with the smaller model at certain 

side slip angles, while at others it had a reversed 

effect.  

The focus of this study is to look more 

closely into jet spacing on a vertical tail model. 

A model based on a vertical tail geometry with 

multiple configurations can vary the separation 

severity and the spanwise flow component to 

study the spacing effect in these conditions. The 

separation severity can be changed by changing 

the angle of attack or the rudder deflection, 

whereas the spanwise flow component can be 

varied by changing the sweep of the model.  

 

II. EXPERIMENTAL SETUP  

 

In order to test the effectiveness of the 

synthetic jets, a new wind tunnel model was 

designed and fabricated. It was made using 

computer-aided design software and then 3D 

printed and fabricated out of a combination of 

Stereolithography plastic (SLA) and aluminum. 

The model, shown in Figure 2, was tested in 

Rensselaer Polytechnic Institute’s Subsonic 

Wind Tunnel, with a blockage of 17.2%. The 
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approximate location of the jets is shown also. 

There is no sweep and no taper in this 

configuration. The model was designed to 

enable measurements of surface pressure around 

the airfoil using pressure ports that are organized 

in chordwise rows in seven locations along the 

span, with 30 pressure ports each. There are 

extra pressure ports on the jets themselves.  

 
Figure 2: Model in RPI Subsonic Wind 

Tunnel
 
[5]. 

 

The model had a modified NACA 0012 

airfoil cross-section, a chord of 0.538 m, and a 

rudder chord of 33% of the total chord. Tests 

were run at a chord Reynolds number, Rec = 

720,000, with a sideslip angle of 0 and 5 

degrees. The synthetic jets were placed upstream 

of the rudder hinge line just before the 

separation point where the effect of the jets 

would be greatest. Baseline data were acquired 

without the jets being actuated and then the 

effect of the jets was tested in different 

configurations, varying the spacing of the 

actuated jets. Particle image velocimetry (PIV) 

was obtained for the baseline case and pressure 

data was taken for each configuration. 

  

III. RESULTS  

 

PIV was performed on the baseline 

unactuated model and provided detailed 

information about the behavior of the flow over 

the suction side of the model, showing the point 

of separation. The results are shown in Figure 3, 

which depicts a portion of the rudder on the 

model with a side sweep angle of 5 degrees, 

denoted by β. Free-stream velocity, denoted by 

U∞, is from left to right. The arrows in the figure 

show the velocity vectors at that point in the 

flow, and the scale on the right shows the 

streamwise velocity of the flow at that point, the 

warmer colors showing higher velocity positive 

direction flow and dark blue indicating negative 

flow, representing separated flow. The large area 

of dark blue indicates the large separation that 

occurs over the rudder. These results show the 

severity of the separation over the control 

surface and solidified the need for actuation 

because of the loss of momentum caused by this 

separation.   

 

Figure 3: PIV Results on the Model [5]. 

 

The pressure data for the center spanwise 

row are shown in Figure 4 for both the baseline 

(unactuated) case, represented with black dots, 

and the actuated case, represented with the red 

triangles. Coefficient of pressure (Cp) is shown 

on the flipped vertical axis in the figure, and the 

normalized location along the chord is shown on 

the horizontal axis, each point corresponds to a 

pressure reading that was acquired through 

pressure ports along the model. As shown by the 

figure, actuating the jets yields an increase in the 

magnitude of Cp at certain chordwise locations, 

which corresponds to an increase in the 

integrated side force. An increase in side force 

due to synthetic jet actuation was shown to be as 

much as 17% under certain conditions, 

demonstrating the effectiveness of the jets. 

Approximate 

location of Jets 
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Figure 4: Pressure Data Results [5]. 

 

Once the positive effects of the jets were 

established, the spacing between jets was 

investigated more closely. Several 

configurations were tested, with every jet, every 

other, every third, every fourth, and only the 

center jet being actuated. Figure 5 presents the 

pressure distributions at the center pressure row 

for each of these spacings, showing the 

coefficient of pressure vs. normalized chordwise 

location. As seen in the graph, the case with all 

jets active has the highest suction peak, and the 

lowest is the baseline case with no jets active. 

This trend continues as an increased suction or 

magnitude of Cp is correlated with the decrease 

in spacing. These results were similar to those 

seen in Rathay et al. [1]. 

 
Figure 5: Pressure data with various jet 

configurations
 
[5]. 

 

To look at the effects of the jets on the side 

force, the pressure coefficient distributions were 

integrated to obtain the side force coefficient. 

This integration was performed for each spacing 

case and is shown in Figure 6, which is the 

average side force coefficient from all of the six 

pressure port rows versus the number of active 

jets. As the number of active jets increases (as 

the spacing decreases), the average side force 

coefficient increases. This is what would be 

expected to be seen since more momentum is 

being added to the flow. With all the jets active, 

an increase of side force of up to 17% was seen. 

 

Figure 6: The variation of the side force 

coefficient with number of active jets
 
[5]. 

 

IV. FUTURE WORK 

 

The future work for this project is composed 

of two parts: model designing and fabrication 

and wind tunnel experiments. 

Currently, most of the designing is focused 

on the control surface, with numerous 

configurations to be tested. The rudder will be 

deflected at two different angles, 20° and 30°, 

and the rudder length will be varied for different 

percentages of the chord. One current model is 

being designed for a control surface at 20% of 

the chord. It focuses on changing the control 

surface assembly and incorporating a support for 

the synthetic jets that allows them to move along 

the chord. Allowing for motion of the synthetic 

jets along the chord assists with finding the best 

streamwise location for the synthetic jets to be 

placed, which is another focus of the overall 

project. The control surface length will be varied 

in order to allow for the testing of the synthetic 

jets in different flows. An important aspect of 

the design is incorporating more SLA parts into 

the model to decrease the overall weight and 

make the project more cost efficient.   

Future wind tunnel tests will be 

incorporating pressure measurements, stereo 

particle image velocimetry (SPIV), surface oil 

flow visualization, and tuft flow visualization to 

aid in understanding the effects of jet spacing on 

the aerodynamic performance of the model. 

Tests will be conducted on a model with a sweep 

angle of 20°, which will change the spanwise 
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flow over the rudder, with a control surface 

deflection of 20° and then the same sweep angle 

with a 30° control surface deflection to compare 

the results in separated flows with different 

severity levels.   

 

V. CONCLUSIONS  

 

Experiments were conducted to help study 

the effects that altering the spacing of synthetic 

jet actuators and the sideslip angle had on a 

simplified model. First, the jets were shown to 

be effective using pressure taps along the model, 

which showed an increase of up to 17% with all 

the jets active in side force when jets were 

turned on. Next, the spacing was investigated 

and was found to have similar results as 

previous studies, in that the number of active jets 

positively correlated with the side force 

enhancement. 

For future study, the designs currently being 

worked on, namely the model with a 20° control 

surface deflection and a 20% chord, will 

eventually be used to understand the effects that 

varying the parameters of the control surface 

with respect to the chord, will have on the side 

force. More tests will be conducted at various 

sweep angles with different rudder 

configurations to continue to develop an 

understanding of the relationship between the 

spacing of the synthetic jets and the side force 

enhancement.   
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A new dynamic model for 𝑘 , the filtered fine-

scale kinetic energy, is introduced in the context of 

the Residual-Based Variational Multiscale method 

(RBVMS) for Large Eddy Simulation (LES).  The 

strong form of the equation for 𝑘 is transformed into 

its stabilized finite element form.  With this result, 

strides are taken toward implementing this model 

into PHASTA, an open source code for solving 

compressible and incompressible flows.  Three test 

cases are conducted to verify the proper 

implementation of various components of the model.  

The results of these tests provide evidence to suggest 

that the current implementation of this new model 

into PHASTA is correct thus far. 

 

 

I. INTRODUCTION 

 

Turbulence is currently one of the biggest 

challenges in fluid mechanics.  This is due to the 

fluctuations in pressure, velocity, and temperature 

associated with turbulent flow along with many 

other characteristics
 [1]

.  One method for turbulence 

modeling is Large Eddy Simulation (LES)
 [2]

.  In 

2007, Bazilevs et al. applied the Residual-Based 

Variational Multi-Scale method (RBVMS) to LES
 

[3]
.  In 2016, Oberai and Hughes proposed an 

adaptation to the RBVMS method for LES
 [4]

.  This 

proposed adaptation is the basis for this research.  

 

II. THEORY 

 

In the RBVMS method for LES, the flow field is 

divided into a coarse- and fine-scale (𝒖 = 𝒖̅ + 𝒖′).  
The coarse-scale is solved for numerically, and the 

fine scale is approximated mathematically and 

inserted back into the equations for the coarse-

scales.  In the model by Oberai and Hughes the fine-

scale flow field is approximated as 

𝒖′ = −√2𝑘
ℛ𝑚(𝑼̅)

|ℛ𝑚(𝑼̅)|
, 

where 𝑘 is the filtered fine-scale kinetic energy and 

ℛ𝑚(𝑈̅)  is the momentum residual of the coarse-

scales.  The scalar equation for turbulent kinetic 

energy, 𝑘, is shown below. 

𝑘,𝑡+ 𝒖̅ ∙ ∇𝑘 − 𝐶1|∇
𝑠𝒖|𝐹𝑘 − ∇ ⋅ (

𝜈𝑇

𝜎𝑘

∇𝑘) + 𝐶2

𝑘
3
2 

Δ̅

= |ℛ𝑚(𝑼)|
2
. 

 

(1) 

Equation (1) is the strong form of the equation for 𝑘 

and it will be manipulated into a form that can be 

implemented into PHASTA.  A number of test cases 

will be conducted to test its implementation. 

 

 

III. EQUATION MANIPULATION 

 

The equation must be transformed from the strong 

form to the weak form and discretized using the 

Galerkin method before being implemented in 

PHASTA.  The finite element form of the equation 

for 𝑘ℎ (to be implemented into PHASTA) is, 

∑ {∫ [𝑁𝑎𝑁𝑏𝑘̇𝑏 + 𝑁𝑎[𝒖̅ ⋅ (∇𝑁𝑏𝑘𝐵)]
Ω𝑒

𝑛𝑒𝑙

𝑒=1

− 𝐶1𝑁𝑎|∇
𝑠𝒖̅|𝐹𝑁𝑏𝑘𝑏

+ 𝐶2𝑁𝑎

(𝑁𝑏𝑘𝑏)
3
2

Δ̅
− 𝑁𝑎√2𝑁𝑏𝑘𝑏|ℛ

𝑚(𝑼̅)|2 + ∇𝑁𝑎

⋅ (
𝜈𝑇

𝜎𝑘
∇𝑁𝑏𝑘𝑏 )

+ (𝒖̅ ⋅ ∇𝑁𝑎)𝜏𝑅(𝑘ℎ)]𝑑Ω𝑒}

− ∫ 𝑁𝑎 (
𝜈𝑇

𝜎𝑘
∇𝑁𝑏𝑘𝑏) ⋅ 𝑛⃑ 

Γℎ

𝑑Γℎ

= 0 

(2) 
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IV. RESULTS 

 

      After the finite element form is implemented into 

PHASTA, three test cases are conducted to verify 

that the implementation was done correctly.  The 

idea behind these tests was to implement parts of the 

equation for 𝑘  separately to simplify the problem.  

The results of these tests are shown below. 

 

 
Figure 1: Results from Time Derivative, 

Advection, Diffusion Case after 10 Time Steps. 

 

 
Figure 2: Results from Time Derivative, 

Advection, Diffusion Case after 30 Time Steps. 

 

 
Figure 3: Results from Time Derivative, 

Advection, Diffusion Case after 90 Time Steps. 

 

 
Figure 4: Plot of 𝒌𝒉 from Analytic and PHASTA 

Solutions for Time, Production Case. 

 

 
Figure 5: Plot of 𝒌𝒉  from MATLAB and 

PHASTA Solutions for Time, Destruction Case. 

 

Figures 1 through 3 are from the first test, Figure 

4 from the second, and Figure 5 from the third.  

Figures 1 through 5 provide evidence to suggest that 

the finite element form of the equation for 𝒌𝒉  has 

been implemented correctly.  Figures 1 through 3 

show results that align well with expectations.   

Figures 4 and 5 clearly show the agreement between 

the expected solution and the PHASTA solution. 

 

V. CONCLUSIONS 

 

A new dynamic turbulence model has been 

introduced for use with the RBVMS method for 

LES.  This new model was manipulated into an 

appropriate form and implemented into PHASTA.  

Three tests were conducted to verify correct 
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implementation and the results of these tests do just 

that. 

 

The next step for this new model is feeding it 

back into the coarse-scale equations so its effects can 

influence the flow field.  With this in place, a 

turbulent flow simulation will be performed to shed 

light on the ability of this new model to accurately 

model turbulence. 
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        Evaluating the neutron capture cross sections 

of materials commonly used in nuclear engineering 

is essential for design and operation of nuclear 

technologies. It is important to understand how a 

material may interact with radiation before 

implementing it into a system. Cobalt is a sample of 

particular interest because of the large differences 

in cross sections (an 89.61% difference) between 

JEFF and the other libraries at around 10 keV. A 

measurement of the neutron capture cross sections 

for cobalt would yield more accurate nuclear data. 

Measurements for cobalt, as well as other samples, 

were made using a Lead Slowing-Down 

Spectrometer at the Rensselaer Polytechnic 

Institute’s Gaerttner Linear Accelerator Center. 

YAP:Ce scintillators were used to record the capture 

rate of neutrons as a function of time, which could 

then be converted to a function of incident neutron 

energy. The spectra for the cobalt measurements 

agreed with the current evaluations, with the 

exception of a small range from 400 eV to 1 keV. 

 

I. INTRODUCTION 

 

It is necessary to experimentally validate the 

neutron capture cross sections (the probability of 

neutron capture) of commonly used materials in 

nuclear engineering. For example, a reactor consists 

of fuel, fission products, coolants, and various 

structural materials, whose properties must all be 

analyzed before operation. One project at the RPI 

Gaerttner Linear Accelerator Center (LINAC) 

involves using a Lead Slowing-Down Spectrometer 

(LSDS) to measure neutron capture cross sections. 

The pulse height spectra for various samples were 

compared to outputs from Monte Carlo N-Particle 

(MCNP) simulations that modeled the experimental 

setup. The purpose of comparing the measurements 

to the MCNP calculations is to validate nuclear data 

libraries; for this work, we focused on ENDF/B-

VII.1, JEFF-3.2, and JENDL-4.0. 

 

 

II. PHYSICS OF THE LEAD-SLOWING-

DOWN SPECTROMETER 

 

When the LINAC accelerates electrons to the 

target in the LSDS, the high energy electrons 

interact with the target and part of their energy is 

converted into electromagnetic radiation known as 

Bremsstrahlung radiation
1
. High energy x-rays that 

are emitted from this process interact with the target, 

supplying enough excitation energy to target nuclei 

to emit photoneutrons. These neutrons scatter in the 

lead and lose energy over time. By placing a sample 

and a set of scintillators in the LSDS, neutrons are 

captured by the sample and some of the resulting 

gamma ray emissions are detected. Detector signals 

are recorded as a function of time and it can be 

converted into a function of incident neutron energy. 

Equation 1 shows the relationship between time and 

the incident neutron energy used for this conversion,  

  

 2
3.0

165000
)(




t
eVE   (1) 

 

where the time, t, is in microseconds. The capture 

rate of the neutrons by the sample as a function of 

neutron energy can be used to determine the neutron 

capture cross section of the material.  

All of the samples measured are frequently used 

in nuclear applications. Some samples such as 

tantalum were selected because databases generally 

agreed on the cross sections of that material, and it 

could be used to verify the accuracy of the 

measurements at the LINAC.  

Other samples of particular interest were 

selected due to differences in cross section peaks 

between the different databases. Consider the 

evaluations in Figure 1 for the neutron capture cross 

sections of cobalt from 5 keV to 10 keV. At 9.7 keV, 

there is a significant 
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Figure 1: ENDF/B-VII.1, JEFF-3.2, and JENDL-

4.0 evaluations of (n,γ) cross sections for cobalt-

59 (
59

Co) from 5 keV to 10 keV. Note, ENDF/B-

VII.1 and JEFF-3.2 are identical in this region. 

 

difference of approximately 5.25 barns (an 89.61% 

difference) between the JENDL-4.0 evaluation and 

the ENDF/B-VII.1 evaluation. Measurements for 
59

Co using the LSDS can be used to better determine 

the correct cross section at 9.7 keV. 

 

III. EXPERIMENTAL SETUP 

 

The LSDS was configured with two different 

measurement ports; a sample and a detector were 

placed in each port. The detectors used during these 

measurements were Yttrium Aluminum Perovskite 

scintillators doped with Cerium (YAP:Ce). These 

detectors are high density inorganic scintillators with 

properties that yield a fast decay time and high light 

output
2
. This makes these scintillators useful for 

high count rates and experiments that require precise 

timing. The samples placed in the LSDS were very 

small, with the largest sample being a 15.875 mm x 

15.875 mm square that was 2 mm thick. The cobalt 

sample was cut into a 5/8” x 5/8” square sample that 

was 0.6 mm thick. An MCNP model of the LSDS is 

shown in Figure 2, and a detailed view of the sample 

and detector is shown in Figure 3. 

 

 
Figure 2: A diagram of the experimental setup of 

the LSDS. 

 

 
Figure 3: A detailed view of the MCNP modeled 

cobalt sample and detector. 

 

In addition to the sample measurements, three 

background measurements were taken for each 

detector in their respective locations in the LSDS. 

For some of the samples, a 
235

U flux monitor were 

placed in one port in the LSDS while a sample for 

neutron capture cross section measurements was 

placed in the other port. The data gathered from the 
235

U flux monitor during these sets of measurements 

could be used to compare the different neutron 

fluxes of each measurement. 
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IV. RESULTS 

 

IV.A. Background and Decay Correction 

 

Three sets of measurements with no samples in 

the LSDS were made for the background counts, and 

this data was averaged to determine the background 

count rate of the system. The output of the detection 

system consisted of raw counts as a function of time, 

which could then be converted into a count rate as a 

function of incident neutron energy using Eq. 1. 

Figure 4 shows the background counts as a function 

 

 
Figure 4: The background counts of detector 1 

and detector 2. 

 

of incident neutron energy for detectors 1 and 2. All 

of the raw sample data must be subtracted by a 

multiple of the background counts. The background 

counts may be multiplied by a scaling factor to 

correct for changes in neutron production from 

changing LINAC beam conditions. This scaling 

factor is computed by analyzing the data recorded by 

the 
235

U flux monitor.  

The detection system began recording data 2.46 

μs before the measurements began. This data 

collected before the LINAC pulse was used to 

correct for radioactive decay in the sample count 

rate. The difference of the sums of the sample count 

rate and the background count rate before the 

LINAC pulse equals a constant that can be used for 

decay correction. The sample count rate must be 

subtracted by this count rate to correct for 

radioactive decay. 

 

 

IV.B. Data 

 

After the data from the cobalt measurements was 

decay corrected and the background was subtracted, 

the experimental spectrum of count rate as a function 

of energy was plotted against three different MCNP 

calculations. Each MCNP simulation contained the 

neutron capture cross sections of ENDF, JEFF, or 

JENDL, and an F4 card with an FM card was used 

to tally the number of particle-track lengths per unit 

volume in the cobalt sample
3
, multiplied by the 

capture cross section of that material. The relative 

errors of the tallies are presented in the MCNP 

output files as well, and this data was used to 

generate error bars for their corresponding curves.  

Figure 5 shows the plot of the experimental data 

plotted with the simulated responses. With the 

exception of the counts from 400eV to 1 keV and at 

lower energies, the data from the LSDS agrees with 

the current evaluations. The most probable cause of 

disagreements in this region is that there may still be 

background effects that were not taken into 

consideration. Work must be done to properly 

propagate error for the experimental data. This 

requires a better understanding of the neutron flux 

that is being measured to determine which aspects of 

the LSDS and data acquisition system have 

uncertainties. 

 

 
 

Figure 5: Experimental and simulated count 

rates as a function of incident neutron energy. 
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V. CONCLUSIONS 

 

Measurements of the neutron capture cross 

sections of various samples have been made using 

the LSDS. The capture rate of neutrons in cobalt 

could be measured accurately with the LSDS, with 

the exception of a small range from 400eV to 1 keV. 

However, more work could be done to develop a 

pulse height weighting factor to minimize the error 

between the experimental data and the MCNP 

calculations, and improve detector response of the 

YAP:Ce scintillators. Additional research can be 

done to minimize the background effects in the 

system, which is a large cause of disagreement at 

low energies under 0.1 eV. With further data 

analysis, this measurement can assist in evaluating 

the cross sections of cobalt, which is widely used as 

a structural material in nuclear applications. 
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Directional neutron detectors are useful 

instruments for nuclear security and nuclear 

safeguards.  These detection systems can be used to 

locate hidden special nuclear material (i.e. fissile 

uranium and plutonium) at national points of 

interest where materials are scanned for neutron 

radioactivity, such as border crossings, airports, 

shipyards, etc.  While previous directional detection 

arrays have been designed with scintillating fiber 

neutron detectors, 
3
He proportional counters, and 

planar solid-state neutron detectors (SSNDs), this 

research outlines the design, construction, and 

testing of a modular directional neutron detector 

which uses high-efficiency and gamma-insensitive 

microstructed SSNDs developed at RPI [1, 2].  

These microstructured solid-state neutron detectors 

were implemented into a cylindrical geometry of 

high density polyethylene (HDPE) as two rings of 

detectors with an angular spacing of 22.5 degrees in 

order to construct the modular directional neutron 

detector [3, 4]. 

 

I. INTRODUCTION & THEORY 

 

Neutron detection is crucial in the fields of 

nuclear security and counterterrorism.  The detection 

of neutron radiation is an indication of the presence 

of SNM, which is defined as plutonium or uranium 

enriched in isotopes 
233

U and 
235

U and is the fissile 

material used in nuclear weapons [5].  Once the 

presence of SNM has been identified, it is important 

to locate the source.  Hand-held survey monitors can 

be used to search for the source, but an automated 

system which locates an unidentified neutron source 

can expedite the process. 

Microstructured SSNDs have been developed by 

multiple groups [3, 4, 5].  These solid state detectors 

are a promising replacement to expensive and bulky 

gas-filled neutron proportional counters (e.g. 
3
He 

and BF3).  These devices consist of a semiconductor 

substrate, i.e. silicon, which is etched in a repeated 

microstructure.  The microscopic holes are filled 

with a neutron converting material, e.g. 
10

B, which 

readily absorbs thermal neutrons and produces 

energetic, charged particles.  

The microstructured solid-state neutron 

detectors developed at Rensselaer Polytechnic 

Institute utilize an etched honeycomb microstructure 

that is filled with 96% 
10

B.  The thermal neutron 

absorption reaction of 
10

B can be seen in the 

equation below.   

 

𝐵5
10 + 𝑛0

1 →

{
94%: 𝐿𝑖3

7 (0.84 𝑀𝑒𝑉) + 𝛼2
4 (1.47𝑀𝑒𝑉)

6%: 𝐿𝑖3
7 (1.015 𝑀𝑒𝑉) + 𝛼2

4 (1.777𝑀𝑒𝑉)
 (1) 

 

Neutron detection occurs when a neutron is 

incident on the boron-filled microstructure and is 

absorbed by 
10

B.  The resulting charged particles can 

escape the neutron-converting region, reaching the 

semiconductor region with a fraction of their 

original energy. This results in the production of 

electron-hole pairs, which can cross the depletion 

region and produce a signal that can be amplified 

and registered as a neutron event.  A picture 

demonstrating the hexagonal pattern of the 

aforementioned solid-state detectors developed at 

RPI can be seen in Figure 1; the diameter of the 

hexagonal holes is on the order of a few 

micrometers. These honeycomb detectors have 

demonstrated an intrinsic thermal neutron efficiency 

of ~28% with a gamma sensitivity below 10
-6

 

corresponding to a 10 mR/hr 
137

Cs source (Eγ=661.7 

keV) [4].  Additionally, these devices show promise 

as an inexpensive neutron detector with low gamma 

sensitivity, zero bias requirement, and a flat and 

compact geometry. 

 

 

mailto:blaketorres09@gmail.com


 

24 
 

 
Figure 1: The design of the hexagonal lattice used 

in RPI's solid state detectors [6]. 
 

II. MCNP SIMULATIONS 

 

The first step in creating a directional detection 

system with the aforementioned SSNDs was 

designing the moderator geometry for the array. A 

cylindrical geometry was chosen due to its 

symmetry, and HDPE was chosen as the moderator 

due to its large hydrogen content and machinability.  

Additionally, the cylindrical construction allows for 

a modular design; additional detector rings can be 

stacked in order to improve the system sensitivity 

and angular resolution.  

Monte Carlo n-Particle transport code 

(MCNP6.1) was used to find the appropriate height 

and radius of the cylinder, along with the optimal 

depth of the detection array.  First, the optimal 

detector depth was determined.  One of the 

microstructured detectors was simulated within the 

cylindrical moderator (r=25 cm), and the response of 

the detector (to an external 
252

Cf neutron source) was 

simulated for incremental distances from the 

cylindrical surface. The external 
252

Cf source was 

simulated five centimeters away from the edge of the 

cylinder, and 
10

B absorption was tallied at various 

depths with intervals of 0.5 centimeters.  The depth-

dependent interaction rate was plotted (see Figure 2), 

and the optimal depth was found to be 3.5 cm.  Next, 

the appropriate radius was determined by varying 

the radius of the cylindrical array, while keeping a 

constant detector depth and distance from the source.  

The results for this did not have a clear maximum, 

however it was found that a 15 cm radius provided 

enough moderation, achieving a detector response 

>95% of that associated with an infinitely-wide 

cylinder.  Finally, the desired height was determined 

by varying the height of the cylinder while keeping 

the other parameters constant.  The cylindrical 

height which results in a detector response >99% of 

that associated with an exceedingly tall cylinder 

(100 cm) is 27.5 centimeters (or 5 slabs of HDPE).  

Thus, the optimal geometry for the detector array 

was determined [7]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Detector response vs. depth of the 

detectors in the HDPE cylinder with a peak 

between 3 and 4cm. 
 

While the part was milled, MCNP simulations 

were run in order to determine the relationship 

between the position of the 
252

Cf source and the 

detection system.  In the simulations, the source was 

kept at a constant 5 cm from the surface of the 

cylinder, while the angular position was changed by 

5 degree intervals.  One simulation with the source 

positioned at 22.5 degrees was performed in order to 

simulate the midpoint between two detectors.  After 

these simulations were performed, the data was 

tabulated, and the counts in each simulation were 

normalized to the highest detector response.  The 

difference between the 0° and 45° detectors in each 

simulation was then found and plotted with respect 

to the source angle (see Figure 3).  As one can see 

from the graph, the relationship between these points 

is roughly linear.    Knowing the relationship 

between the count difference and the change in angle 

proved to be crucial in writing a directional detection 

program. 
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Figure 3: Difference in the largest normalized 

counts with respect to source angle. 

 

III. EXPERIMENTAL PROCEDURE 

 

The next step in creating a fully functional 

directional neutron detection system was to write a 

computer code that would output the direction of the 

source from detector counting data.  Since this was a 

proof of concept, the program was written to 

determine the source position with a resolution of 

22.5 degrees.  The inputs consisted of the 

normalized counts for all eight detectors in the form 

of strings, which were then converted into integers.  

For the sake of simplicity, the detector variables 

were defined as compass positions (north, northwest, 

west, etc.).  A series of sixteen boolean statements 

were then set up to define the position of the source 

with respect to the array.  It was decided from 

MCNP results that if the difference in the two 

highest normalized counts was greater than 0.1, the 

source was somewhere between detectors and would 

be defined as such.  An example of the boolean code 

for the source being closest to the north detector can 

be seen in Appendix A, along with the code for the 

source between the north and northeast detector. 
 

The program would then identify the correct 

boolean through a series of if-then statements 

direction of the source in the user interface. 

Experiments were performed with one of the 

aforementioned 4-cm
2 

SSNDs developed at RPI.  

With the source set up approximately 1.15 meters 

from the edge of the array, the detector was inserted 

into one of the detector slots, and counts were 

measured over a period of five minutes.  After the 

measurement was finished, the detector was re-

positioned to the next angular location until all eight 

measurements had been taken.  The entire array was 

then turned 22.5 degrees and this procedure was 

repeated. 

IV. RESULTS 

 

At the end of running this experiment, the 

normalized counts from detector positions at 

intervals of 22.5 degrees were tabulated and plotted 

with estimated values obtained from MCNP (see 

Figure 4). 

 

 
Figure 4: Normalized counts as measured and as 

initially calculated by MCNP. 

 

As one can see from this graph, the MCNP 

simulations follow the shape of the normalized count 

rates measured during the experiments.  However, 

there seems to have been some disagreement in the 

counts on one side of the array.  This may be due to 

the fact that reflection of neutrons from the walls 

and floor were not accounted for in the MCNP code.  

As such, the MCNP simulations were run again with 

the walls and floor inputted as concrete with varying 

hydrogen content. Despite modifying the MCNP 

code for hydrogen content of 3% and 6% in the 

concrete, this was still not in agreement (see Figure 

5).  That said, the measured counts from the 

experiment still showed a clear peak in the counts 

with the front detector.  As such, this can still be 

used for basic directional detection and is a 

successful proof of concept. 
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Figure 5: Normalized counts as measured and as 

calculated with MCNP with various hydrogen 

reflectors. 

 

V. CONCLUSION 

 

It has been shown that one can successfully use 

the microstructured SSNDs developed at RPI to 

develop a directional neutron detection array with 

reasonable angular resolution.  This portable system 

can be employed in order to determine the direction 

of a hidden neutron source.  Because of the 

efficiency, inexpensive and compact nature of 

microstructed SSNDs, this instrument can improve 

upon current methods of neutron directionality 

measurements.  
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APPENDIX A: Boolean code used for 

determination of the neutron source location 

 

N = intN > intNE And intNE 
> intE And intE > intSE 
And intSE > intS And intN 
> intNW And intNW > intW 
And intW > intSW And intSW 
> intS And (intN - intNE) 
> 0.1 And (intN - intNW) > 
0.1,  
 

NxNE = intN > intNW And 
intNW > intW And intW > 
intSW And intNE > intE And 
intE > intSE And intSE > 
intS And -0.1 <= (intN - 
intNE) And (intN - intNE) 
<= 0.1. 
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The detection of pulsed neutron sources is of 

interest in order to characterize the neutron 

spectrum produced during criticality 

experiments and for safety applications that 

require characterization of accidental criticality 

excursions.  Currently, pulsed neutron 

spectroscopy can be performed using a two-step 

process involving the activation of a foil and 

subsequent gamma spectroscopy and photopeak 

analysis. This multi-step method is time 

consuming and does not produce real-time data.  

A new method of pulsed neutron detection is 

introduced using a hybrid device composed of a 

silicon carbide (SiC) charged particle detector 

and a silver (Ag) activation foil. SiC detectors 

are solid-state, compact and robust, surviving 

large radiation fields and allowing for the Ag 

foil to be directly mounted on the device.  The 

short half-life of the silver and subsequent 

energetic beta emission allow for real-time 

pulsed neutron detection.  

 

I. MOTIVATION 
  

The measurement of high-intensity neutron 

pulses has important applications in fields such 

as radiation protection, accelerator systems, and 

criticality excursion measurements.  Traditional 

neutron detectors—e.g. proportional counters, 

solid-state devices, scintillating detectors, etc.—

become saturated in a high-intensity field, losing 

information due to significant detector dead-time 

[1]. Therefore, passive neutron detectors, i.e. 

neutron activation foil systems, which can 

measure the intensity of neutron pulses, are used 

for such applications.  Accelerator facilities use 

the aforementioned foil activation methods in 

order to track radiation doses [2].  Similarly, 

activation foils are used to measure pulsed 

sources associated with criticality excursions in 

order to determine their consequences [3].   

 

However, the aforementioned passive 

neutron detection systems require long 

measurement times and do not provide any real-

time data.  The development of a real-time 

pulsed neutron detector would provide 

significant advantages for the aforementioned 

applications.  

II. NEUTRON DETECTION WITH 

ACTIVATION FOILS 

 

Neutron detection using activation foils is a 

process which begins by exposing a foil to a 

neutron source.  As neutrons are absorbed by the 

foil, activation occurs.  After this activation, the 

radioactivity of the foil can be measured using 

gamma spectroscopy.  This activity—along with 

the flux-averaged cross-section of the foil and 

the efficiency of the gamma spectrometer—can 

be used to determine the intensity of the neutron 

field at the position of the foil.  This two-step 

process introduces a delay between the 

irradiation of the foil and the subsequent gamma 

spectroscopy. Since no information is gathered 

until after the gamma spectroscopy is performed, 

there are no immediate, real-time data available.   

Typical foils used for pulsed neutron 

detection include gold (Au) and dysprosium 

(Dy).  These elements each have an isotope with 

a large thermal neutron absorption cross-section 

(
198

Au and 
165

Dy), which drives the sensitivity of 

the measurement.  However, these isotopes 

associated with the Au and Dy foils have long 

half-lives (2.70 days and 2.33 hours, 

respectively).  While an appreciable half-life is 

necessary due to the delay between the foil 

irradiation and gamma spectroscopy, a long half-

life reduces the sensitivity and increases the time 

required to perform the measurement.  This 

method of pulsed neutron detection is not 

limited to gold and dysprosium but has been 

demonstrated with many different activation 

foils [4]. 
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III. DEVELOPMENT OF A REAL-TIME 

PULSED NEUTRON DETECTION 

SYSTEM 

 

In order to improve upon the methods 

presented above, a real-time pulsed neutron 

detection system has been developed.  This 

system uses a silver activation foil which is 

mounted directly on a SiC solid-state detector.  

 

  
Figure 1: The SiC solid state detector with 

and without the silver foil mounted directly 

on it. Both the SiC and the Ag foil are 

approximately 1cm
2
. 

The development of this system is enabled 

by the compact nature of SiC detectors.  This, 

along with its radiation hardness, allows for the 

detector and foil to be packaged together during 

the irradiation, eliminating the previous two-step 

process associated with traditional neutron 

activation foil methods [4].  In turn, this expands 

the breadth of available activation foils by 

allowing the use of foils with short half-lives.  In 

particular, silver was used as the activation foil 

for this hybrid neutron detection system.  
109

Ag, 

which accounts for 48.2% of natural Ag, has an 

appreciable thermal neutron absorption cross-

section (87 barns at 0.0253 eV).  The activation 

of 
109

Ag leads to 
110

Ag, which decays via beta 

emission with a half-life of 24.6s.  The emitted 

beta from 
110

Ag has a maximum energy of 2.89 

MeV (EAvg=1.17 MeV). 

 

𝐴𝑔47
109 + 𝑛0

1 → 𝐴𝑔47
110

𝑇1
2
=24.6𝑠

→      𝐶𝑑48
110

+ 𝛽(𝐸𝑀𝑎𝑥 = 2.89 𝑀𝑒𝑉) 
 

The use of short-lived Ag activation foils 

significantly improves the sensitivity and/or the 

measurement time associated with the 

aforementioned methods because a target 

sensitivity can be achieved appreciably faster 

than with the Au and Dy foils. That is, to 

achieve the same sensitivity of the Au and Dy 

foils, it would take significantly less time. 

Conversely, if given the same time as the 

aforementioned foils, the Ag foil would reach a 

higher sensitivity.  The shorter measurements 

associated with this Ag-SiC hybrid detection 

system—along with the ability to collect real-

time data—opens the door to improved methods 

of pulsed neutron detection. 

IV. SENSITIVITY CALIBRATION 

 

The Ag-SiC hybrid detection system was 

created by mounting a silver foil directly on a 1-

cm
2
 SiC detector, and the foil and detector were 

mounted on the end of a rod for subsequent 

neutron exposure.  In order to determine the 

sensitivity of this particular system, the device 

was exposed to a known neutron field.  A 

californium (
252

Cf) spontaneous fission neutron 

source, which was housed in a block of high 

density polyethylene (HDPE), was used for this 

calibration.  An exposure port provided access to 

the moderated neutron field.  A schematic of the 

moderated neutron source can be seen in Figure 

2. 

 
Figure 2: Front view schematic of the 

experimental setup. The 
252

Cf source (red) is 

housed in a block of HDPE and the detector 

system (blue) is inserted in the access port. 

The Ag-SiC detection system was inserted 

to a depth of 10.75” below the HDPE surface.  

Previously, thermal neutron flux (E <0.5 eV) at 

this position was determined to be 1226±50 

[n/cm
2
-s] using a gold foil analysis.  The 

detector was operated in reverse bias with a 
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voltage of -7V, which improves the signal-to-

noise ratio (SNR) compared to a zero bias state.  

A background measurement was performed in 

order to determine the intrinsic noise level of the 

device.  Subsequently, the foil was irradiated in 

the configuration shown in Figure 2 for 100 

seconds (about four half-lives) in order to 

approach saturation activity corresponding to the 

neutron flux at the aforementioned 10.75” 

location.  Immediately after the 100 second 

irradiation, the source was removed and data 

collection was initiated.  Data was collected for 

100 seconds after saturation, in which time beta 

emission was detected by the SiC solid-state 

detector. Betas from 
110

Ag escape the silver foil 

and impinge upon the SiC detector, depositing 

their residual energy to produce a 

distinguishable pulse in the detector.  The results 

of this experiment can be seen in Figure 3.  

Some of the counts in the red background 

measurement are due to residual activity in the 

silver from previous irradiations. 

 

 
Figure 3: Background and neutron-exposed 

data used to demonstrate the sensitivity of the 

SiC-Ag detection system to thermal neutrons. 

The measurement taken with the SiC-Ag 

pulsed neutron detector at the aforementioned 

10.75” position with a previously-calibrated 

thermal neutron flux (1226±50 n/cm
2
-s) allows 

for the sensitivity of the detection system to be 

determined.  Setting a lower limit of detection 

(LLD) above the background noise yields a 

count total of 3577 ± 60 neutrons, or a count 

rate of 35.8 ± 0.6 neutrons/second.  Therefore, 

the sensitivity of the real-time pulsed neutron 

dosimeter is approximately 0.029 counts per 

incident thermal neutron for a constant 100 

second irradiation.  The sensitivity of the system 

can be improved by increasing the SiC detection 

area and/or sandwiching detectors around a 

single foil. 

 

V. CONCLUSIONS  AND FUTURE 

WORK 

 

A SiC-Ag hybrid pulsed neutron detector 

was constructed, tested, and a sensitivity 

measurement was performed using a moderated 
252

Cf neutron source.  Measurements 

demonstrate the system’s ability to measure and 

quantify the intensity of an incident neutron 

pulse in real-time.  Using the Ag-SiC hybrid 

system for detection in pulsed neutron 

environments will be important in moving 

towards applications in high intensity fields 

because it exceeds the limitations of the current 

devices. Future work will involve testing and 

determining the sensitivity of the Ag-SiC hybrid 

detector in the harsh environment associated 

with accelerator systems.  Additionally, a pulsed 

neutron spectrometer will be developed using 

multiple Ag-SiC hybrid detectors embedded in a 

moderator in order to gather information about 

the energy spectrum of an incident pulse of 

neutrons. 
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An alternative to current renewable energy 

sources is needed.  Focusing on an urban 

environment, a device based on Zinc Oxide 

nanowires is designed that would allow for wind 

energy to be transformed into electrical energy via 

the piezoelectric effect.  Simulations were run in 

order to calculate the maximum deflection of the 

nanowire, and it was found that the deflection grows 

as a power function of the aspect ratio.   

 

I.  INTRODUCTION 

 

Global warming has been changing the climate 

of the entire world at an unprecedented and 

increasing rate for over half of the last century.  

Many countries are seeing record breaking 

temperatures that have been higher than any since 

the data has been recorded [1]. The rising 

temperature will have massive effects on many 

different aspects.  Rising sea levels and increasing 

storm activity provide added challenges to the large 

portions of the human population that live in coastal 

areas.  Droughts will be more intense and dry spells 

longer, which will destabilize many of the climates 

which are very important to our agriculture.  Not 

only humans will be affected; many animals’ native 

habitats will be damaged or changed in a potentially 

harmful way [2]. 

The cause of the increase in global warming is 

thought to be due to the increase in emissions called 

greenhouse gasses.  One of the most prevalent, 

comprising of 76% of global greenhouse emissions 

in 2010, is Carbon Dioxide (CO2).  Whether the 

source is coal, oil, natural gas, or some other fuel, 25% 

of those emitted greenhouse gasses came from 

energy production [3].  

 

 
Figure 1: Global Carbon Emissions from Fossil-

fuels 1900-2011 [3]. 

 

I.A. Current Solutions 
 

Policies to curb emissions have been put into 

place and many countries are actively working 

together to help slow the rate of global warming [4]. 

There is an intense focus on replacing past sources 

of energy with new clean and renewable types.  

Already this trend can be seen by the increase in 

such technologies as wind, solar, and hydroelectric 

power, with around 13.4% of electricity in the 

United States generated via renewable sources [5]. 

Currently available renewable technologies are 

not without their drawbacks.  For example, 

hydroelectric dams and wind turbines take up a very 

large volume and can be had to integrate into urban 

areas.  When they are in a more rural environment, 

they can be loud, effect the view, and still disrupt 

natural habitats [6]. Solar panels—while quiet and 

smaller in volume— can only be positioned on the 

tops of buildings and only work for a portion of the 

day, if they are located in a region of the earth that 

has adequate sunlight.  In addition, they can be quite 

costly to manufacture and often use rare materials 

and dangerous and environmentally harmful 

chemicals during their fabrication [7].
 
  

 

I.B. Proposed Solution 
 

Looking for a way to fill the gap of current 

renewable energy sources requires an innovation that 

is quiet, low volume, a low initial investment cost, 

and is relatively harmless to the environment.  Given 
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that it will be small, so that it can fit in urban areas, 

technologies like geothermal and hydroelectric are 

most likely not as viable.   

Moving away from the rotating blades of today’s 

windmills, a solution that will not introduce any 

noise and have far less opportunity for failure due to 

moving parts, can be realized by nanoscale 

fabrication.  Utilizing the single crystal form of the 

cheap and safe piezoelectric material Zinc Oxide 

(ZnO), which is safe enough to be a common 

ingredient in sunscreen, the wind can be captured 

and converted into electrical energy [8].   

These can be fabricated quite simply, compared 

to many other micro- and nano- technologies, like 

those used in solar panels. Through a ZnO seeding 

step and a wet chemical growth, nanowires can be 

grown on a Gallium Nitride (GaN) wafer [9-10]. The 

product will be composed of an array of ZnO 

nanowires that will deform in the wind, creating an 

electric potential on the surface of the nanowires. 

This structure can be repeated over to create 

panels as large as necessary.   These panels can then 

be used anywhere that has a decent amount of wind 

blowing to generate energy.  This has numerous 

applications in such places as on skyscrapers and 

other urban buildings, ships under constant wind on 

the ocean, or even as a supplement on the towers of 

current wind turbines to create even more electricity. 

 
Figure 2: A CAD model of the ZnO nanowire 

array.  The scale is in micrometers [μm]. 

 

II. PRODUCT DESCRIPTION 

 

This product’s main purpose will be to fill a 

niche market of electricity generation where 

currently there is no available method.  The amount 

of tall buildings in cities bring about a large amount 

of unused area as well as an increase in wind effects 

due to their height.  Either stand alone or in 

conjunction with other modern technologies, it could 

help bring clean renewable energy to the world.   

 

II.B. Mathematical Model 

 

One of the largest and most iconic cities in the 

United States in New York City.  With its numerous 

large structures it is a prime candidate for this 

technology.  The measured values of an average of 

12.2 mph (5.45 m/s) and a record of 40.7 mph (18.2 

m/s) were used during the design process of this 

product [11].   

These wind speeds are used as the two test 

points for the simulations of the nanowires.  As can 

be seen in Eq. (1) and Eq. (2), which balance the 

mass and momentum of the wind, the flow, based on 

the density ρ, velocity u, the characteristic length l, 

dynamic viscosity μ, and temperature T, can be used 

to determine the force applied to the structure by the 

wind.   

 

𝜌(𝑢 ⋅ 𝛻)𝑢 = 𝛻 ⋅ [−𝜌𝑙 + 𝜇((𝛻𝑢 + (𝛻𝑢)𝑇) + 𝐹   (1) 

 

𝜌𝛻 ⋅ 𝑢 = 0      (2) 

 

This force causes a stress and displacement on 

the nanowire.  That in turn, based on Eqs. (3) - (8) 

calculates the stresses and displacement fields 

present in the material.  This is what determines—

based on the characteristics of the material—how far 

the nanowire has deflected. 

 

−𝛻 ⋅ 𝜎 = 𝐹𝑣    (3) 

𝜎 = 𝐽−1𝐹𝑆𝐹𝑇    (4) 

𝐹 = (𝑙 + −𝛻𝑢)     (5) 

𝐽 = det(𝐹)     (6) 

𝑠 − 𝑠0 = 𝐶: (𝜀 − 𝜀0 − 𝜀𝑖𝑛𝑒𝑙)   (7) 

𝜀 =
1

2
[(𝛻𝑢)𝑇 + 𝛻𝑢 + (𝛻𝑢)𝑇𝛻𝑢]  (8)  

 

The stress and displacement are then turned into 

an electric potential via the piezoelectric effect.  This 

charge, initially generated by the force of the wind 

acting on the nanowires, is then to be harvested and 

stored for later use.  

 

−𝛻 ⋅ 𝜎 = 𝐹𝑣    (9) 

𝛻 ⋅ 𝐷 = 𝜌𝑣    (10) 
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III. RESULTS 

 

In order to test the viability of this product, a 

simulation was run using COMSOL Multiphysics 

[12]. Using the included physics and material 

properties for Zinc Oxide, which were specified for 

such sub-micron range applications, a single 

cylindrical wire was modelled and tested on.  The 

dimensions of the nanowires can be modified while 

they are being grown, with many diameters being 

smaller than 100nm, having possible lengths over 

10μm and aspect ratios greater than 100 [13]. 

 

 
Figure 3: A nanowire simulated in a wind flow.  

The scale is in micrometers [μm]. 

The first half of the simulation, calculation of 

the flow and the deflection of the wire was 

performed for various radii and lengths of the wire, 

with full results available in Appendix 1.  It was 

seen that the as the radius decreased, and the length 

increased, the deflection was greater.   

 

 

 
 

Figure 4: Maximum Deflection at the tip of the 

nanowire for changing lengths and radii. 

The results showed that reducing the radius of 

the nanowire greatly increased the deflection.  

Furthermore, each increase in length also increased 

the deflection, with the longest nanowires bending 

the most.  Generally a larger deflection at the tip of 

the nanowire, the more stress is imparted on the 

material and the higher the generated electric 

potential will be.  

 

 

 
Figure 5: Aspect Ratio vs. the Maximum 

Deflection at the tip of the nanowire. 

The aspect ratio, the length to the diameter, of 

the nanowires against their maximum deflection can 

be seen in Fig. 5.  As expected the larger the aspect 

ratio the larger the deflection.  The results followed a 

trend, shown by Eq. (11).  This allowed for 

calculation of the possible deflection for a very high 
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aspect ratio of 100 to be 3.05μm.  Given that the 

deflection seems to be a function of the aspect ratio 

instead of simply just the length of the nanowire 

allows for larger nanowires that will not break even 

at the maximum recorded wind speeds.   

 

𝑦 = (9𝑥10−6)𝑥4.2649   (11) 

 

IV. CONCLUSIONS AND FUTURE WORK 

 

This product will be able to bring energy 

production to places such as urban environments 

where previously there was no options.  It is 

extremely flat and can be integrated onto the side of 

a building with ease.  It is a very environmentally 

friendly material with a relatively straight forward 

manufacturing process given the proper equipment. 

There is still a room for the simulation to be 

expanded on, by actually calculating the potential 

generated by the nanowire.  Zinc Oxide also grows 

in a wurtzite structures, meaning that its crystals will 

be hexagonal in shape.  Another step that can be 

taken to possibly increase the amount of deformation 

is to hollow out the nanowire via a chemical process, 

which could allow it to bend more.  The simulation 

for the purpose of this paper was simplified due to 

the large amount of time each simulation took to run.      
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APPENDIX I: Flow and deflection of the wire 

performed for various radii and lengths of wire. 

 

Radius Length Max Deflection 

125 1000 0.003 

125 1500 0.02 

125 2000 0.069 

125 2500 0.204 

125 3000 0.477 

125 3500 0.916 

125 4000 1.672 

125 4500 2.861 

125 5000 4.229 

125 5500 6.846 

125 6000 9.274 

125 6500 12.979 

125 7000 17.88 

125 7500 23.149 

125 8000 32.499 

125 8500 39.603 

125 9000 48.786 

125 9500 60.975 

125 10000 77.198 

100 1000 0.008 

100 1500 0.043 

100 2000 0.16 

100 2500 0.453 

100 3000 0.976 

100 3500 1.963 

100 4000 3.547 

100 4500 6.076 

100 5000 9.045 

100 5500 13.696 

100 6000 20.637 

100 6500 28.414 

100 7000 36.188 

100 7500 49.255 

100 8000 64.036 

100 8500 81.862 

100 9000 108.127 

100 9500 132.705 

100 10000 166.185 

 

 

Radius Length Max Deflection 

75 1000 0.019 

75 1500 0.13 

75 2000 0.477 

75 2500 1.225 

75 3000 2.993 

75 3500 5.341 

75 4000 9.187 

75 4500 16.147 

75 5000 24.908 

75 5500 36.279 

75 6000 55.96 

75 6500 74.348 

75 7000 101.907 

75 7500 138.06 

75 8000 175.842 

75 8500 226.512 

75 9000 295.875 

75 9500 357.167 

75 10000 479.761 
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As dependency on electronic devices 

increases so does the age and unreliability of 

the electrical distribution network in the 

United States. The common solution to this 

problem is a small generator capable of 

supplying power to a home. This paper 

explores an alternative means of backup 

power. By harnessing chemical power only 

when there is a need for it, the lifetime of a 

battery can be extended. Specifically, by 

utilizing a deferred action galvanic battery, 

instantaneous and automatic backup power can 

be provided. 

 

I. Introduction 

 

In the United States, the average home is 

powered by the Electric Grid. The “Grid” is an 

intertwined web of transmission wires that 

supply various voltages to a multitude of 

buildings. While this network is generally 

reliable, there are instances where it fails.   

Power failures or outages are usually 

limited to small regions and have short 

durations, ranging from a minutes to hours and 

sometimes days. On rare occasions, outages can 

be spread across large geographic areas or can 

last multiple weeks.  

As dependency on electronic devices  

increases, so does the age of the Grid. External 

effects—other than age—also affect the 

reliability of power distribution. There are 

numerous threats to the power distribution 

network, including weather patterns, attacks 

from nefarious organizations, and solar activity 

to name a few.  

Currently homeowners and corporations 

alike rely on backup generators to supply 

backup electrical power. There are three 

methodologies for providing this power: 

stationary generators, portable generators, and 

backup batteries. The latter of the three is not 

widely used. 

Stationary generators are widely used for 

industrial and large building applications where 

the cost of installation and fuel are outweighed 

by the revenue or necessity of maintaining 

power. These generators usually have a much 

larger capacity than portable generators. 

Stationary generators carry the additional cost 

of installation and are often hardwired to a 

manual or automatic bus transfer switch, which 

eliminates the need for additional wiring.  

While large and small scale stationary 

generators are gasoline or diesel powered, 

current models can be powered by natural gas. 

Modern stationary backup generators are able to 

be supplied by domestic natural gas supplies 

that are used for cooking and heating.  

Portable generators are small in size and are 

generally designed to be used on worksites 

where electrical power isn’t readily available. 

These generators tend to be quite robust, 

lightweight, and easy to move. They are usually 

gasoline powered, but some diesel options are 

available.  

Portable generators are limited in capacity 

and can supply vital circuits in a home for as 

long as a fuel supply is present. These 

generators are not designed to be permanently 

installed in a circuit breaker and require a power 

cord to connect directly to components.  

Both portable and stationary generators must 

be near a home or building’s ventilation supply  

for fresh air intake [2]. All options for these 

units require the combustion of some fuel type, 

and therefore all produce exhaust gasses that are 

hazardous to health when inhaled. 
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Both types of generator are limited by the 

volume of fuel in storage. Portable and 

stationary generators require a fuel tank which 

has limited capacity—the exception being 

stationary generators powered by a gas pipeline. 

In all cases, the cost of fuel and the need to refill 

that supply has economic drawbacks.  

There is a new form of backup power being 

created. It requires no fossil fuel inputs and 

yields no hazardous byproducts. It can be kept 

indoors and provides instantaneous power upon 

loss of Grid power. Recently, there has been a 

new market emerging for backup power in 

home batteries. The batteries on the market and 

in development have commonalities in 

construction, location and function.  

The batteries are rechargeable and are 

designed to be placed within living areas and 

can accept a charge from both AC and DC 

current. They are usually lithium ion batteries 

and are designed to operate on a daily basis. 

They are hardwired into the home and have an 

automatic control system. These systems are 

designed to activate during times of peak energy 

cost, minimizing the owner’s electric bill. The 

systems automatically energize upon the loss of 

grid power, providing power to vital circuits. 

A Deferred Action Saltwater Battery cannot 

provide the same capability for charge and 

discharge behavior that these lithium ion 

batteries can; however, they can provide near 

instantaneous backup power. The battery can be 

hardwired into a home and provide power to all 

vital circuits and some non-vital circuits based 

on power configurations in a structure. 

By placing two dissimilar metals in an 

electrolytic solution, a reduction/oxidation can 

be initiated. When in proximity in such a 

solution the metals undergo galvanic corrosion. 

In this type of corrosion, electrons are 

transferred from the metal with a more negative 

potential to a metal with a more positive 

potential [3].  

By connecting these dissimilar metals in an 

electrical circuit the difference in voltage will 

generate a current. Free electrons will be 

transferred through the electrolytic solution 

from one metal to the other and then through the 

connecting wire, continuing cyclically. 

Eventually the system will drive toward 

equilibrium with one metal oxidizing and the 

other being plated.  

 

 

I.A. Deferred Action Battery for Backup 

Power 

 

In order for a battery to operate, three key 

components must be present: a positively 

charged electrode (anode), a negatively charged 

electrode (cathode), and an electrolytic solution.  

If these three components are kept separate, 

the reduction/oxidation reaction will not take 

place, and galvanic corrosion will not occur in 

an appreciable way. Similarly, electric current 

will not be produced. Keeping these 

components separated until such time that there 

is a demand for power is known as deferred 

action.  

When seeking an alternative to backup 

generators, a deferred action galvanic battery is 

preferable as it initiates current when needed 

and maintains charge when not in use. 

 

A.1. Product Description 

 

The deferred action battery for home backup 

power consists of four primary assemblies: the 

tank, battery core, terminal and controls, and the 

circulation unit. The tank—as shown in Figure 

1—is the bottom portion of the unit. It houses 

the battery core and contains the electrolytic 

solution. The circulation unit (not shown) is 

attached with flanges to the ends of the tank. 

The terminal and controls portion is covered and 

sits atop the tank, as shown in Figure 1.  
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Figure 1: A Deferred Action Saltwater 

Battery Tank. 

The control system maintains the battery 

core suspended above the electrolytic solution 

while AC power is supplied to the unit. Upon 

loss of power, the control unit drops the core 

into the electrolyte, and the power-producing 

chemical reaction begins.  

The design intent is to have the battery be 

capable of providing electrical power sufficient 

to power an entire home for an extended period 

of time. Recent tests show that this type of 

battery can sustain two days of continuous 

operation at consistent voltage and current. The 

desired length of continuous operation is one 

month or greater. It is unlikely that a grid 

interruption will have a duration exceeding that 

time.  

The terminal and controls system works in 

conjunction with an Automatic Bus Transfer 

switch (ABT). The ABT automatically shifts the 

power supply to the breaker box, by connecting 

the operating power supply. This allows power 

to be supplied nearly continuously with no 

operator action required. The ABT ensures that 

the higher voltage supply signal is online and 

the other is isolated which prevents backflow of 

electricity into the grid.  

The electrolytic solution is comprised of 

Sodium Chloride and water. The solution used 

for testing was 3.5% sodium chloride with the 

remainder being water. During operation iron 

oxide entered solution as the circulation piping 

and inner rods experienced corrosion. 

 

A.1. The Tank 

 

The tank encloses the functional elements of 

the battery, as well as providing structural 

support for other components. Ideally the tank is 

made from an extrusion of ABS plastic and has 

rectangular dimensions of roughly 2’x1’x1’.  

Using a plastic extrusion allows the tank to 

be inert with regard to the battery core. This 

extends the life of the core and prevents 

degradation of the tank.  

The base of the tank holds in place two 

rectangular rods which are constructed of 

aluminum. These rods extend from the base up 

through the tank cover and make contact with 

the control system. The rods are the terminal 

contacts for the battery. 

The rectangular shape allows for a relatively 

large contacting area while maintaining a slim 

profile. If the face of the rod were to extend 

significantly into the tank, the number of 

galvanic cells that could be housed in the 

battery would be affected.  

The rods act as a guide for the battery cell 

upon ascent and descent and conduct current 

from the battery to the control system. The 

battery core is connected to the rods via a 

graphite brush, which provides axial support 

and lubrication as well as electrical connection. 

 

A.3. Battery Core 

 

The battery core consists of individual 

galvanic cells which are wired into a sub battery 

in the lateral direction and are then wired in 

parallel vertically.  

The material selection for the galvanic cell 

is heavily influenced by the emf series of metals 

in flowing seawater [1]. The series gives the 

electrical potential difference between various 

metals that will react when in a saltwater 

solution. The electrolytic solution is not 

seawater, but is similar in composition.  

Material consideration for the cells is a 

process that requires scrutiny. While the metals 
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with the highest electrical potential are the best 

option at first glance, some of these metals can 

be hazardous or have hazardous byproducts that 

are not immediately recognizable. For instance, 

magnesium and graphite are the best options 

based on electrical potential, but magnesium is 

explosive in moist environments, as is the next 

best option of zinc.  

Graphite also has drawbacks. It is 

susceptible to degradation and scoring in a 

saltwater environment, however Graphene may 

be a usable material. Gold and platinum are the 

next best options, but they are limited by cost.  

The materials chosen for testing in a battery 

to be used in a domestic application were copper 

and steel, and copper and aluminum. These 

metals are common and easily attainable for a 

reasonable cost.  

The prototype cell that has undergone the 

most testing at this time consists of a copper 

tube with a steel rod held concentrically with the 

tube. The copper tube has an outside diameter of 

1/4 inch and a wall thickness of 0.030 inches. 

The steel rod has a diameter of 1/8 inch. It is 

important that the rod and tube do not make 

contact and have enough of a clearance to allow 

electrolyte to flow in the channel between the 

metals. This is accomplished by holding the 

cells in an endcap. The cap is fitted with holes 

to align the rods and tubes of each cell and also 

contains the internal electrical connections. The 

endcaps are channeled to allow circulation of 

the electrolyte through the cell channels. The 

endcaps also provide the structure to wire 

appropriate rods and tubes in series to create 

battery groups. These batteries will produce a 

useful voltage and groups the batteries into a 

core. Wiring the cells in series will create a 

useful voltage, while placing those batteries in 

parallel will combine the electrical current.  

The endcaps support a ferrous plate that is 

attached to the top (not shown). This plate 

allows for the core to lift out of solution by the 

terminal and controls portion of the battery. The 

entire assembly is shown in Figure 2.  

 

 
Figure 2: Entire assembly of the battery core. 

A.4. Terminal and Control 

 

The control components are contained inside 

the top cover, mounted on the tank lid. The 

outer protrusions of the lid are equipped with 

contacts that slide onto the terminal rods that 

protrude from the tank which supply an inverter. 

An electromagnet is mounted to the tank lid and 

is contained in the housing. The rectifier for the 

magnet is also located in the housing.  

In order to energize the magnet from grid 

power, a rectifier is needed. The magnet is 

powered just upstream of the main breaker. The 

AC input is rectified to the DC power at an 

appropriate voltage for the magnet. This allows 

the magnet to stay energized when the main 

breaker of the house is open in order to allow 

for maintenance or other operation requiring the 

circuits to be dead.  

When supply line power is interrupted, the 

magnet is de-energized, and the field 

instantaneously diminishes. This collapse of the 

magnetic field allows gravity to pull the battery 

core into the solution.  

Once in solution, the battery begins 

operating, energizing the terminals. The output, 

however, is DC, and cannot power AC circuits. 

The terminals are connected to an inverter 

which converts the DC to AC. A portion of this 

current is directly fed to the recirculation pump. 

The rest is sent to house loads via an ABT 

switch.  
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A.5. Circulation  

 

Upon insertion of the battery core into 

solution, the core enters a state of high activity. 

Tests with twelve cells, each acting as an 

individual battery (no voltage increase) 

produced an initial current exceeding 500 

Amps. This was sustained momentarily, and the 

current decayed non-linearly. Within an hour, 

the cell was stagnant, producing no more current 

than baseline tests run with tap water.  

When the water is circulated, however, the 

activity is sustained. Tests showed that the 

reaction can be sustained for 48 hours with a 

steady current output in excess of 300 Amps.  

A small pump is capable of producing the 

circulation necessary to maintain the reaction. A 

47 watt AC pump with a 3 gallon per minute 

capacity was used with quarter inch iron pipe. 

This provided adequate circulation, and has a 

low enough power rating to be run by the 

battery while still powering desired loads.  

 

II. CONCLUSIONS 

 

A deferred action galvanic battery can provide 

homeowners with a continuous power supply 

during grid failures. While other means are 

available, this methodology seems to be an 

environmentally friendly choice, and is safe to use 

within the home. The low voltage nature of the 

battery allows for high power densities to be 

achieved while maintaining relatively safe 

voltages for in home use.  

While the battery core cannot be recharged in 

the home due to the creation of combustible and 

toxic gasses, the core can be swapped out. Much 

like a car battery exchange program, the cost to 

the user of purchasing a new cell is offset by a buy 

back of the old cell. These spent cells can be 

recharged at a facility capable to collect these 

gasses and use them for industrial purposes.  

More research is required and is currently 

being conducted on material selection, electrolytic 

solution combinations and supplying power to 

large facilities.  
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The quality of potable water is highly regulated 

internationally. Each nation has its own standard 

that is based on the contaminants commonly found 

in the region. When designing an offshore 

desalination unit for the purpose of delivering 

drinking water to a multitude of nations, the 

difference in regulations became a large issue. This 

paper examines the process of using regulations 

and standards as a guideline for product design 

and development. A lack of understanding of 

regulations can lead to economical and physical 

losses, especially for large scale innovations. 

Understanding regulations and implementing them 

as design parameters can improve product design 

and lower overall cost.  

 

I. Introduction 

 

At the turn of the twentieth century there was a 

drive toward building things that were bigger and 

better. As the twentieth century has given way to the 

twenty-first, it seems that the drive is toward smaller 

and more efficient. There are still challenges that 

require large scale innovation, and as technology has 

decreased in size, regulation has grown in breadth 

and complexity.  

This increase in regulation has created an 

opportunity for innovators. Once through the initial 

idea phase, the regulatory limits can become design 

parameters. Understanding the regulations and the 

basis for them, future changes can be predicted and 

components or features added or removed to ensure 

the final product remains viable. 

The importance of regulation and adaptability of 

design became apparent in the early design of an 

offshore desalination plant. The function of the plant 

is to supply water to areas with a shortage, and to be 

able to respond quickly as water scarcity locations 

change.  

The design for such a plant will be a long 

process and is still in early development stages. 

When evaluating how such a plant would maintain 

quality control of the water, it was clear that the 

water would have to meet the applicable water 

standards of where it would be consumed.  

It became rapidly apparent that there is no single 

water standard in place. Different countries have 

different standards, limits and required tests, as well 

as when those tests take place in the supply chain.  

 

I.A. Designing for Water Standards 

 

The United States and Canada are seemingly 

similar countries with strong water control programs. 

The standards between the two differs substantially. 

Canada has 39 chemical and organic substances that 

are monitored that the US neglects. Additionally, the 

United States tests for 42 substances that Canada 

does not [3, 4]. 

  

A.1.Understanding the regulation  

 

In regards to monitoring disease causing 

bacterium, the United States only measures one 

bacterial contaminant that Canada does not: 

Legionella. The bacteria is the Cause of Legionnaires 

Disease, also known as Pontiac Fever. The bacteria 

grows in warm freshwater environments, and thus 

the risk of Legionella in drinking water is minimal. 

The country has less than 100 reported cases per year 

[1]. In 2009 the United States had 3,522 reported 

cases [2]. 

The divergence of standards for Canadian 

drinking water and US standards, are generally based 

on agricultural chemicals or water treatment 

chemicals that may have residual compounds in the 

water.  

Understanding the reasons behind a regulation 

can help in the design process. If choosing a standard 

to use for designing an offshore desalination plant’s 

quality assurance testing, the Canadian bacteria 

criteria may be the better option. Legionella is a 

freshwater bacteria, and therefore would not be 

found in seawater. A test would still have to be 

performed in order to sell that water in the United 

States, but filtering and killing that particular strain is 

not something that would have to be designed for.  
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Conversely Canada does not have a regulatory 

limit or required test for Mercury. The metal is most 

hazardous in the form of methylmercury, which is 

more prevalent in the ocean, especially in the aphotic 

regions. As the source of the water being purified is 

the oceans, it would be more prudent to follow the 

US standards and testing procedures, as well as to 

design the plant to eliminate the chemical.   

The difference in Canadian and American water 

supplies illustrates how understanding a regulation 

can provide insight to design. Understanding and 

designing for a global scale is a much larger 

challenge, which can produce similar insights.  

By comparing the standards of the United States 

and Canada, a baseline assumption can be made for 

evaluating quality controls for different countries. 

Regulation and testing of drinking water for 

microorganisms that may be hazardous to health is 

relatively consistent. Testing for organic and 

inorganic elements or chemicals is not standard and 

is based largely on the climate and practices of the 

country. In order to verify this assumption, The 

World Health Organization’s reports “A 

Compendium of Drinking-Water Quality Standards 

in the Eastern Mediterranean Region.”[5] All 

Nations evaluated in this report had some guideline 

in place for E.coli and thermotolerant bacteria in 

drinking water. The assumption that microorganism 

control is a consistent standard, especially coliform 

and thermotolerant bacteria.  

 

A.2.Desinging for the regulation  

 

From the regulations above, it is clear that the 

treatment of water produced offshore needs to 

eliminate harmful bacteria, which will not be 

eliminated in boiling or reverse osmosis. There are 

many ways to filter or otherwise treat water after the 

desalination process to eliminate these types of 

bacteria. One such method that has been proven to 

work on seawater desalination units is chemical 

treatment.  

The effluent water from a desalination unit is 

chemically treated with Bromine. The water passes 

through a unit that injects enough of the chemical to 

eliminate pathogens but in small enough 

concentrations that the water is potable and safe for 

consumption.  

Bromine use has drawbacks; the chemical is a 

toxin. While this is beneficial because small amounts 

can kill microorganisms, small doses can be harmful 

to humans and animals. Use of bromine requires 

sufficient testing to ensure that the chemical remains 

within safe drinking limits.  

Another option is to treat the water using 

Ultraviolet Light (UV). At the proper wavelength, 

UV light will kill bacteria and viruses by altering 

their DNA structure. This methodology has proven 

useful in residential applications as well as 

laboratory conditions.  

UV disinfection is challenging to use in a 

desalination plant. The water produced by 

desalination will have some mineral content present. 

The minerals in solution may produce fouling on the 

lighting surface or cause shadowing in solution, 

allowing bacteria to escape the treatment process. 

These effects can be mitigated by routine cleaning 

and 360 degree lighting of the treatment tube.  

Another decontamination option for organic 

contaminants in an evaporative process could be the 

superheating of effluent steam. The steam exiting the 

evaporator, or boiler, is condensed into drinking 

water. If that steam is heated above the saturation 

temperature and above the temperature at which 

thermotolerant bacteria can survive, when the vapor 

is condensed it will be free of harmful pathogens.   

This process is not energy efficient. A heat input 

to the steam is required and increased coolant flow in 

the condenser, or substantial expansion upstream of 

the condenser is required.  

Of these choices, the UV light seems to be the 

most efficient and safe method for treatment. As it 

uses no chemicals, the standards for treatment 

chemicals are met for all regions to which water will 

be supplied.  

In a desalination plant, whether it be reverse 

osmosis or evaporative, solid particulates will not be 

present in significant quantities. It is still prudent to 

monitor the final water produced for total dissolved 

solids and mercury, as methylmercury poses a 

significant threat to health if consumed orally. This 

test will also be able to provide feedback on plant 

operation.  

The possibility exists with desalination that a 

lack of minerals will exist in the water. This should 

be tested for at a bottling or distribution station, as 

required vitamins, minerals and other electrolytes 

can be added to solution if concentrations are too 

low. The initial total dissolved solids test done at the 

plant can be a useful indicator for whether or not 

compounds must be added.  
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A.3. Regulation as a Process Step 

 

When designing a new product, innovation or 

platform, it is easy to focus solely on performance 

criteria. This approach can lead to negative results. 

Asbestos for instance has excellent performance 

properties, but it is not a viable option for most 

applications.  

The basic parameters for all designs are 

functionality. These parameters are usually 

established early in conceptualization and the proof 

of that concept. From a design perspective, once the 

functional limitations have been determined, it is 

easy to dive into optimization. Before optimization 

takes place, it is beneficial to add another 

parameterization process. This process is accounting 

for various regulations and standards that may apply.  

Evaluating the appropriate government 

regulations and industry standards early in the design 

phase can minimize the time spent reevaluating a 

working design in order to ensure that it is up to 

code. In extreme cases, neglecting this step may 

render a working design unfeasible.  

Table 1 shows the steps involved for evaluating 

regulations and standards as parameters for design. 

The inputs in the process are the regulations and 

codes set forth by governments, agencies and 

industries. These inputs are then used to establish 

parameters in the process step, shown in Table 2. 

The output of the process is drinking water that 

meets the standards and regulations of appropriate 

agencies.  

 

 

 
 

Understanding and incorporating regulatory 

parameters early in the design phase can be an 

advantage. This allows the design team to determine 

if components need to be added, removed or 

reconfigured to meet standards, or if a quality 

assurance process can ensure the final product is 

acceptable.  

Testing for specific elemental products should 

be done in accordance with the locations to which 

the product is being sent. While particularly 

hazardous materials, such as mercury and lead, 

should be tested for always, other materials may 

require less stringent testing. It is unlikely that 

beryllium will be present in desalinated seawater, 

but water shipped to the US should be tested to 

ensure that it meets the drinking water standards of 

the EPA.  

 

 

II. CONCLUSIONS 

 

Regulations can pose a threat to a large scale 

innovation or projects. If not properly accounted for, 

an expensive process can become useless if it 

violates laws or standards.  

Understanding the laws, standards and other 

regulations in place during the early phase in design 

can be useful in development. The limits set forth 

can be used as design parameters, as well as a 

resource in building a quality control program in the 

early stages, saving time and cost.  

The use of UV lighting or heating methods 

eliminates the need for treatment chemical testing. 

EPA agents will periodically test the water produced 

by an offshore desalination plant. If no treatment 

chemicals were used, then those portions of the test 

will show negative.  

Regulations can be a hindrance to innovation, or 

they can be a guide. When used properly they can be 

a valuable resource in developing a new product or 

process, especially when the scale of the design is 

large. Incorporating regulatory design early can 

result in significant cost reduction, both in design 

and operation.  
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Smartfit is a low-cost skeletal tracking system 

embedded in compression clothing which allows for 

fitness insights to be provided to the wearer during 

exercise. Smartfit system has inertial measurement 

units placed on various limbs of the body, which 

reveals the acceleration and orientation of the 

user’s limbs. Through forward kinematic analysis, 

the resultant body position can be determined with 

acceptable certainty. 

 

I. Introduction 
 

The fitness space is full of different kinds of 

people, each with their unique motivation for going 

to the gym or participating in some form of 

exercise. A potential customer demographic is 

shown in Figure 1. 

 

 
Figure 1: Potential customer demographic for the 

Skeletal Tracking System. 

  Narrowing the conversation to pertain only to 

individuals who go to the gym, you can sufficiently 

describe these people with a 2x2. The X-axis is a 

spectrum that describes people from those who are 

“dependent on external knowledge” to “self-

guided”. The Y-axis describes people who are 

either motivated or require some form of 

accountability. The first quadrant describes athletes 

and the typical weightlifter. These people know 

what they’re doing, and they get themselves in the 

gym each day. The second quadrant describes 

people who are entering into fitness for the first 

time. These people need to learn, but they are 

motivated and eager for results. The third quadrant 

describes a unique type of individual – the online 

personal trainer user. These people are self-guided 

but need someone to talk to, to push them to go to 

the gym. The fourth quadrant describes the 

personal training industry’s customer. They need 

knowledge and accountability. 

 

SmartFit’s target audience serves a customer 

that is underserved today. The people who need help 

learning to exercise, yet are motivated to get 

themselves in the gym in order to lift weights. 

Currently, people who are new to fitness are either 

taught by peers, watch other people in the gym or 

watch youtube videos. A knowledgeable peer who 

can teach you is always a great source of 

information. However, you can never be quite sure 

what the quality of this information is. In fitness, 

there is a huge problem of misinformation, which 

can lead to injuries or time wasted.  

 

Watching people in the gym, and copying them 

is a very dangerous way to learn how to exercise 

with free weights. You can easily injure yourself 

without having a trained pair of eyes on your 

posture. Additionally, you don’t know exactly what 

you’re working out when copying another person’s 

workout. 

 

Youtube videos are great for inspiration but poor 

for teaching. People are able to learn how to exercise 

from them because of our mirror neurons, which fire 

the same neural pathways needed to move the 

skeletal muscle in a way that mirrors the kinematics 

of the  

person the observer is watching. Still, advanced lifts 

like deadlifts, pull ups, and squats can easily be done 

incorrectly. 

Injuries and misinformation are too common in the 
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fitness space. Smartfit solves these problems by 

leveraging exponential technology: sensors, cloud 

computing, and artificial intelligence. 
 
I.A. Product Description 
 

SmartFit is compression clothing with 

embedded IMUs that do skeletal tracking. Our 

product has a better look at the way your body is 

moving than a personal trainer does. It is able to 

tell if your body is in proper alignment during an 

exercise, how much endurance you may have left, 

and then make appropriate suggestions to improve 

your exercise.  

 

This data from the IMUs are streamed from a 

Bluetooth low energy module to the wearer’s 

smartphone, where the data is parsed in the cloud. 

The data is constantly being monitored for 

repetitive motions of known exercises. The quality 

of the exercises are then classified as good or bad 

form. If bad, a 3D model of the wearer’s body is 

illustrated in app, showing them where they are 

going wrong, and how to correct the exercise. The 

user can learn how to do a workout, but attempting 

the motion, and letting SmartFit show them where 

they are going wrong. A host of tips and advice can 

be shared with the wearer to help them improve 

their exercise.  

 

The benefits to an automated personal trainer are 

staggering. Now everyone can have personal trainer 

quality guidance for fitness. The fitness education 

learning curve is greatly reduced when everyone is 

able to have a teacher with them. This solution is 

massively scalable. As we acquire more users, we 

get more data, which allows us to further improve 

our algorithms. We can then do more complex 

training routines such as yoga, or even sports like 

boxing and baseball. 

 
Figure 2: Product Rendering of the low-cost 

skeletal tracking system. 

II. CONCLUSIONS 

 

  Injuries and misinformation are common in the 

fitness space.  People who are new to exercise find it 

tremendously difficult to get over the learning curve 

required to be self-sufficient in the gym. 

 

SmartFit is your wearable personal trainer. It is able to 

provide insight on your form and give intelligent 

feedback during your workout. SmartFit can be part of 

your fitness journey, from the moment you decide to 

start exercising, to when you become advanced. 

SmartFit is your coach, that can help prevent injuries 

and optimize your progress toward your fitness goals. 
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Severe cold weather can turn routine activities 

into uncomfortable, painful, and sometimes 

permanently scarring endeavors.  Current methods 

for shielding the face from damaging exposure not 

only fail to provide complete protection, but 

interfere with communication and other necessary 

functions. The proposed solution is a personal 

device that provides a protective envelope of warm 

air to the face.  This product will alleviate the 

major identified pain points by maintaining the 

user’s face at a safe and comfortable temperature 

without leaving exposed skin, building up moisture, 

and inhibiting speech and consumption of food or 

drink. 

 

 

I. INTRODUCTION 
 

Severe cold weather is a natural phenomenon 

affecting millions of people across the globe. For 

many, this cold weather can interfere with daily 

activities. Specifically, exposure of the face to cold 

air can cause discomfort, pain, and even frostbite. 

Currently, one the best methods for shielding faces 

from the cold is wrapping a scarf or similar 

garment around the neck and part of the head. This 

not only leaves the eyes and some patches of skin 

exposed (e.g. nose, ears, forehead), but it interferes 

with the wearer’s ability to speak, breathe, and eat 

or drink. Scarves also tend to build up moisture 

from the user’s breath and can fog up glasses or 

goggles. For certain user groups, this is a 

significant issue. News reporters, for example, are 

often found outdoors in inclement weather yet still 

need to be able to speak clearly into microphones 

and maintain a professional appearance. 

Construction workers on scaffolding hundreds of 

feet in the air need the ability to communicate 

without freeing up a hand to pull down their 

facemasks. Fans at outdoor sporting events and 

Artic mountaineers alike would prefer to be able to 

eat and drink without removing scarves and 

exposing themselves to the elements. At this time, 

there is no product on the market which meets 

these identified requirements. What is needed is a 

portable device that provides warmth to the entire 

face, without interfering with speech and eating or 

drinking. The proposed solution is a low-profile, 

neck-worn personal device which provides an 

envelope of warm air to surround the face. 

 

 

 
Figure 1: CAD Model with Dimensions. 

 

 

II. PRODUCT DESCRIPTION 

 

The main function of the product is to provide 

streams of warm air which flow over the face, thus 

protecting the user’s skin from the harsh effects of 

severe cold weather without interfering with speech 

and eating or drinking. This is accomplished with a 

low profile, ergonomic design that sits around the 

user’s neck for maximum comfort and ease of use.  

Within the device, air is passed over a heat source 

before being forced out and up onto the user’s face. 

The temperature, speed, and direction of the air 

produced by the device can be adjusted to the user’s 

preference, such that the entire face is maintained at 

a comfortable temperature. 
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Figure 2: Rendering of the Personal Face 

Warming Device. 

 

 

III. RESULTS & DISCUSSION 

 

This product alleviates the identified pain points by 

maintaining the entire face at a safe and comfortable 

temperature in a non-intrusive way.  The product is 

superior to current solutions in that it does not 

require removal in order for the user to speak 

clearly, express emotions, and eat or drink.  

Additionally, the product alleviates the concerns 

associated with current solutions about protection of 

the eyes and any exposed skin not covered by a scarf 

or mask. Future generations of this product may 

include moisture control to alleviate issues 

associated with dry, cracked skin during winter 

months, as well as smart temperature monitoring and 

automatic adjustment to ensure optimal heat output 

given a desired comfort level and sensor readings of 

surrounding conditions. The product could also be 

adapted as a cooling device for use in warm 

climates. 
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A unique LED mounting, cooling and reflecting 

configuration is described and the iterations it took 

to achieve the design. The future plans of the work 

and how it is set apart from currently issued patents 

is also discussed. The bell shape is aesthetically 

pleasing and efficient because it is used as the heat 

sink, reflector and structural component. 

 

I. Introduction 
 

Seasonal changes affect moods and productivity; 

especially in locations further from the equator. 

Those who work and play outdoors are the most 

affected. A typical user of the described device 

would be do-it-yourself, or traveling repairmen. 

Also, camping parties would benefit greatly from 

this technology. 

 

The desire to continue the outdoor workday into 

the night has been a goal since the beginning of 

recorded history, and there are many current 

solutions. The solutions generally fall into one of 

two categories; the large and stationary, or the 

portable and gimmicky. The former are street lamps 

which provide ample light but have no portability. 

The latter are flashlights, often with features that 

seem “cool” in an infomercial, but prove unreliable 

in a demanding environment. Headlamps are one 

such device that provides portable light but they’re 

not typically bright and only illuminate a small area. 

The advantage of the described device is the unique 

construction which makes it rugged, powerful and 

portable. The light produced from this device can 

illuminate a large area and leave the user’s hands 

free. The details of the device are discussed in the 

next section. 

 

II. Product Description 
 

There are 2 aspects of this device that separate it 

from the rest of the solutions; the integrated heat 

sink & reflector, as well as the portability & 

configurability aspect. Figure 1 shows the device in 

one configuration where the light emitting assembly 

is atop a pole. These poles are off the shelf and 

interlock with each other to achieve any desired 

height; even the same height as a street lamp. The 

interlocking nature ensures easy storage and 

assembly. The user could store the sections in a 

work truck or car easily and snap together and erect 

fast when needed. Another configuration is where 

the light emitting assembly is connected to a 

magnetic mount. Then this mount can be stuck to 

any ferrous surface, such as a car or steel pipe. 

 

Figure 2 is a section view showing the internal 

structure of the device. The LED is mounted on an 

inside wall of the bell shaped housing. Then a 

diffuser is placed over the opening, for aesthetics 

and to protect the LED from damage. The housing 

functions as a heat sink and reflector; this sets it 

apart from other innovations. The “bell” or 

“trumpet” shaped housing has been used in previous 

devices as seen in patents US 8888319 B2 (Ref. 2) 

and CA 2820798 A1 (Ref. 1). The former uses the 

bell shape as a heat sink and not a reflector. The 

latter, CA 2820798 A1, uses the bell shape for 

aesthetics and chimney effect cooling of the LED. 

And US20140160737 A1 (Ref. 3) similarly uses the 

housing as a heat sink and not as a reflector. To date, 

no patents have been issued which utilizes the bell 

shape as a heat sink and reflector. Figure 3 shows 

the components with labels. The use of the 

integrated heat sink and reflector makes for a 

simpler design, and therefore more rugged and cost 

effective.  

 

mailto:derosatechnology@gmail.com


 

50 

 

 
Figure 1: “Street Lamp” Configuration. 

 

This innovation will enable campers and outdoor 

workers alike to obtain more usable hours in the day. 

Productivity will increase and the user will have an 

easier time working in their environment. The user 

will also be exposed to higher levels of light than 

before which will elevate mood and help regulate 

their circadian rhythm while in the winter months.  

 

 
Figure 2: Cross section of the Street Lamp. 

 

 
Figure 3: Labeled Components of the Street 

Lamp. 
 

III. Results/discussion 
 

A number of iterative prototypes have been 

made to reach the described configurations. The first 

prototypes were square and posed concerns for 

safety, aesthetics and cooling effectiveness. The 

device is to be user mounted high in the air and 

could pose a risk of falling if not mounted properly. 

The sharp square edges were believed to be too high 

of a risk of injury if it were to fall. The bell shape 

looks much more pleasing after talking to potential 

customers and the cooling can be more effective 

while taking advantage of the chimney effect caused 

in the center of the bell. 

 

To reach the maximum number of people, the 

light emitting assembly containing the LED, housing 

and lens, can be mounted using various methods. 

The interlocking poles make for a portable “street 

lamp” type design and a magnetic mount makes it 

easily attached to anything magnetic. These 

mounting designs are excellent for rugged and 

changing work conditions outdoors, and in low light 

indoor environments. However, this design can also 

be applied to more refined environments. The light 

emitting assembly can be mounted to a typical desk 

lamp mount or track lighting as well, making it an 

aesthetic piece, and not just functional. The modular 

nature of the unit will even empower users to come 

up with their own mounting schemes. Those 

schemes can then be evaluated and brought into 

production if deemed viable. 
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The future plans for this innovation are to refine 

the interface between the LED and the heat sink. 

Currently the flat LED is mounting on a curved 

surface making poor thermal contact. It can be 

compensated for by using ample heat sink 

compound, but this is not ideal. Either a flat surface 

to mount on would be the next step or a custom LED 

with curved mounting. 

 

IV. CONCLUSIONS 
 

It’s no secret that as a species we thrive on 

sunlight; it lifts our mood and enables us to be more 

productive. A close substitute for no actual sun is a 

bright enough and convenient enough light to allow 

the user to continue their work well into the night. 

The described device accomplished this goal in a 

beautiful and efficient form. The device is set apart 

from the other inventions and offers the unique 

combination of features for the benefit of the 

designer and user. 
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The Spoiler Alert is an app that works in 

conjunction with the waste less fridge and or 

compartments to help reduce food waste by alerting 

the consumer when a product is going to expire. After 

alerting the consumer, the app will display a variety 

of recipes to make using the food scanned inside the 

fridge along with a cost analysis based on the stored 

memory showing the consumer how much money has 

been lost due to spoiling. The purpose of this is to:   

1) Minimize the amount of food thrown away.            

2) Determine if food left inside the fridge over a 

period of time is safe to eat. 3) Make it easier to shop 

for necessary groceries. 4) To save money.  

 

I. Introduction 
 

Food waste is a problem that seems to be growing 

year after year. According to a report by UNEP 

around $1 trillion in food production and 

consumption is wasted worldwide and a major 

portion of this waste is left in landfills negatively 

impacting the environment as a leading source of 

methane emissions [1]. Food dating also called food 

labeling is a major contributor to food waste and is a 

huge misconception [5]. Many believe that the labels 

are some sort of indication to determine the risk 

involved with eating food. “90% of Americans throw 

out food prematurely, and 40% of the U.S. food 

supply is tossed every year because of food dating” 

[2]. On average American family of four will throw 

away $2,275 a year in food. Two-thirds of that waste 

is due to food spoilage which adds up to about $1517 

a year [3]. Food spoilage is not limited to the United 

States. All over the world people are subject to this 

misconception of food labeling. A research study in 

the U.K. led to the government revising how labels 

guide shoppers having “sell by” and “display until” 

removed from products [4]. The information is 

available and yet there is still little progress in coming 

up with a solution. Many are unaware but awareness 

alone will not resolve the issue. We are human with 

natural tendencies to avoid risk. The idea of putting 

oneself your loved ones in even the slightest amount 

on danger is not acceptable. There has to be a device 

that will allow for the detection of spoiled food so 

that one can rest assured knowing no harm will 

follow.  

 

 

I.A. Existing Technology 

 

As of right now there are smart refrigerators that 

contain a screen embedded on the fridge door and 

allow for tracking on food inside using an app along 

with the ability to access a calendar and listen to 

music. There are also products such as the Nutrima 

food analyzer which can detect if the presence of 

certain toxins such as mercury and also be used as a 

scale or the Tell Spec which can provide a list or 

nutritional facts. Most chemical analysis equipment 

are in testing labs and require a small food sample to 

be tested.  

Although smart refrigerators are already in the 

market, all of the current features satisfy wants but 

not any needs for the consumer. There is no current 

way to determine if a product inside is actually safe to 

eat. The price of these fridges are also expensive and 

although they provide useful applications the price out 

weights its value. The gap in this technology is 

providing the user with something they need and can 

benefit from in the long run. The solution is a fridge 

or fridge compartments that can detect when food is 

about to spoil and alert the consumer using an app, 

that the food must be eaten to avoid health hazards. 

The app will also provide a cost analysis of how much 

food has been lost due to food spoilage and provide 

suggestions on how to reduce food spoilage by buying 

less and how much money would be saved in the long 

run. 
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I.B. Flysheet 

 

 
 

I.C. Product Description 

 

The Spoiler Alert is an app that is associated with 

the waste less fridge and or its separately sold 

refrigerator compartments. The waste less fridge is a 

fridge with removable compartments designed to 

detect when a product inside will spoil. Each 

compartment is specific to a food group (poultry, 

vegetables, dairy, etc.) and subject to a chemical and 

ultra violet light bacterial analysis. The app itself 

monitors the food inside the fridge and will alert the 

user when a product is about to spoil along with 

possible dishes one could make with that product 

using the food already inside the refrigerator. Every 

time a product is placed inside the fridge it can be 

scanned in using the barcode the product came with. 

This will allow the Spoiler Alert app will keep track 

of purchasing patterns and data regarding how many 

times a specific product has gone bad. Each time the 

consumer goes to the grocery store they will be 

informed what is inside the fridge along with a 

recommended grocery list and reminder on how much 

money has been lost due to over purchasing and 

spoiling food.  

This product will be the stepping stone to 

reducing premature food waste around the globe. Not 

only will it help assure the safety of food 

consumption, but it will cause an awareness 

eliminating the fear that food labels had instilled since 

the 1970s. Even those who have no concern for the 

environment and stick to their own selfish needs will 

think twice after the cost analysis shows the overall 

gain.   

 

I.D. Design Sketches 

 
Figure 1: Wasteless Fridge Sketch with dimensions. 
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Figure 2: Individual compartment sketch with 

dimensions. 

II. CONCLUSIONS 
 

Based on customer interviews, the product must 

be reliable, efficient, easy to use, integrate able, 

convenient, and not too expensive. Due to the ability 

to purchase separate refrigerator components, the 

reduction of cost in the product will allow for a 

maximum number of people to benefit.  

This product alleviates the issue of 

misinterpretation due to food labeling by providing 

the consumer with knowledge on whether or not a 

food product inside the fridge is safe to eat. It will 

allow for people to get rid of the myth that food is 

expired from a food label and help reduce food waste 

while helping save money after a cost benefit 

analysis. 

In the future, technology should allow for a more 

efficient way to determine the freshness of food 

products which will continue to raise the quality of 

the product and help in lowering the overall cost of 

the product.  
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APPENDIX: 

 

Using the current existing technology today, 

modifications to a fridge or fridge components can be 

made to allow for a successful integration with food 

analyzing sensors. 

The original concept for this product was changed 

twice before realizing what the main issue the product 

needed to solve. Customer interviews and the 

innovation tools learned in class such as backward 

imaging, 100 questions, 5/7/n Why, QFD, and FMEA 

were most helpful in creating an end product. 
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Since the advent of the pressure washer in 1927 

the design of pressure washing wands has been 

largely unchanged: a handle, a barrel, and an 

attachment point for water input. With rigid 

structuring and poor weight distribution, career 

pressure washers repeatedly encounter issues of 

wrist fatigue and pain, reducing their efficacy as 

employees. Design principles such as user centricity 

and design methods such as FMEA, SOTA, and 

Stakeholder Analysis were employed to innovate 

current technologies along this thread. The problem 

definition, design method, and value proposition 

generate and support the aim to redesign the 

pressure washer wand to be the first low-torque 

apparatus to date with simple additions such as a 

wrist guard and recoil spring. 

 

I. Introduction 
 

Commercial pressure washing is a prevalent 

industry in America. With nearly 63,000 car wash 

companies nationwide and innumerable business 

parks needing periodic maintenance, the pressure 

washer wand market is vast in all respects. The 

largest pitfall of the industry as a whole is their 

continuation down the path of tradition in their 

wand designs. For most, their center of mass falls 

from 3-5 inches in front of the user’s hand, and 

their rigid structure transmits heavy torque to the 

user’s hand upon activation. Couple that fact with 

the positioning of the water input directly below the 

hand, there is much stress applied directly to the 

user’s wrist. In addition, the location of the water 

input line generates further problems of usability, 

being that maneuvering the hose is a constant task 

of the user’s free hand, rendering some models free 

hand grip useless and ineffective.  

While investigating this problem, a number of 

career pressure washers were interviewed at a local 

car wash. The results were strikingly similar. The 

general disposition: their handles are 

uncomfortable, too much forward weight, too much 

torque on the wrist leading to heavy fatigue, and 

poor location of the hose attachment site. 

Immediately new approaches to redesigning this 

product to ameliorate the pain points expressed 

became apparent, and an alpha concept was 

generated. 

. 

I.A. Application of Design Strategies 
 

Pressure washer wands have been designed 

following a static path for the 89 years they have 

been in existence. This primary design approach 

has led to distaste amongst the users of these 

artifacts, and there is space in this market to 

significantly alter both design understanding as 

well as quality of life for those individuals who 

make a living as a career pressure washer.  

Explicitly, then, the problem as defined for 

purposes of this venture are as follows. Current 

pressure washer designs have been designed 

according to traditional principles which have not 

altered to best serve the needs of their customers. 

The result is that full time pressure washing 

professionals regularly experience wrist and arm 

fatigue that could potentially lead to chronic issues. 

Further, this fatigue coupled with the need to 

consistently adjust the location of the inflow hose 

with the user’s free hand reduces the efficiency of 

the employee and affects the overall success of the 

business that employ them. 

Thus, the mission is to generate a more 

effective pressure washer wand that reduces fatigue 

and improves quality of life of the users, as well as 

positively impacts the other stakeholders involved 

achieved by creating a low torque apparatus, that 

incorporates and leverages user-centered design 

principles. 
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Figure 1: Rough ideation sketch of the pressure 

washer. 
 
I.A.1. Design Principles 
 

The design process in this space began with 

problem identification. Once the problem was 

identified and stated in broad terms, ethnographic 

data were collected from a number of sources. 

Primarily those sources were career pressure washers 

employed by Hoffman Car Wash on Hoosick Street 

in Troy, New York. Frequently, the Hoffman Car 

Wash has lines of 10-20 cars, two pressure washers 

working constantly, navigating around cars and other 

obstacles, moving their hoses everywhere with them 

with their free hand, and attacking every exposed 

inch of the vehicles they serve with their trade tool. 

Both interviewees complained of the weight of the 

device, as well as the location of the hose bib. These 

frustrations can be exponentiated under the immense 

stress this fast paced work environment can produce, 

as well as the fatigue generated by controlling their 

pressure washers. One individual interviewed 

commented that he can wash anywhere from 600-800 

cars in a day, and by the end of his shift his right arm 

(washing arm) can be essentially useless due to the 

fatigue and pain onset by such strenuous work. Thus, 

the information ascertained from these individuals 

corroborated the initial problem identification, and 

lent to its validity. 

At this point, market exploration began as well as 

a State of the Art analysis (SOTA). The results of the 

SOTA analysis made it readily apparent that the 

design of pressure washers has remained largely 

unchanged in the past 60 years they have been 

commercially available. Both Big Box retailer Home 

Depot and various online retailers were surveyed and 

the results of this exploration were unsurprising, 

constancy. Of specific interest was the efforts made 

to reduce the torque applied to the wrist by adding a 

handle near the tip of the barrel for a second hand to 

assist. While this design idea has potential, 

interviews with professionals leads one to believe 

that appointment remains largely idle in the industry. 

Further, this addition absent of consult with end users 

seems to be more detrimental to the experience these 

users face by adding more weight at distance from 

the wrist.  

As the last stage of problem exploration, a brief 

stakeholder analysis was conducted by conceiving 

the impacts of creating the product in mind. 

Obviously enough and at the most basic of levels 

exist the end users, who would benefit from this 

creation by having their fatigue and pain reduced, 

and potentially feeling more proud of their positions 

by being more apt to maintain a consistent service. 

From this would follow the employers of pressure 

washers. Employers would quite clearly benefit from 

this advent by having increased production generated 

by marginal investment, yielding a high ROI. 

Further, customers of pressure washing services 

would benefit in a number of ways, namely more 

consistent product as well as more accurate 

application of that service, achieved by increased 

control of the pressure washing unit. Peeling one 

degree further back, water districts may potentially 

benefit from the reduction of water waste influenced 

by sub-optimal accuracy as a product of the current 

apparatus on the market.  

 Design iterations commenced from this 

point, beginning with hand sketching and developing 

into rough CAD illustrations to assist the primary 

ideation phase of this product development. A 

number of iterations later, a preferred design 

emerged that balanced customer desire and material 

minimization. This design was the result of a 

concurrent use of hand sketching, CAD renders, and 

a decision matrix to comply with discovered criteria 

such as weight, bib location, length, and wrist 

support. The next step was to begin an initial failure 

modes and effects analysis, with modes such as 

pressure regulation and material strength being 

glaring aspects. With this information present, the 

initial prototyping phase began and should. 
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I.A.2. Value Generation 
 

The pressure washing industry is a large and 

mostly stagnant market, and it is dominated by a few 

companies imposing outdated wand designs. 

Unfortunately, these designs have led to numerous 

end user problems, as previously mentioned. It is 

these facts that leads me to believe there is market 

potential for the introduction of a complete redesign 

of current concepts. At present, pressure washer 

wands can exert great torque on the wrist of users, 

varied almost entirely by the area of the barrel 

nozzle. This method is not highly viable, for that 

matter, as nozzles are job specific and must be 

maintained to a certain degree. Thus the needs of the 

end user are not met, and as a result, face wrist 

injury, work induced fatigue, and cascading issues 

that proceed from these into the user’s personal life. 

The proposed solution to these problems is 

simple and can be achieved with minimal additional 

effort than what already exists. With the inclusion of 

a wrist support piece, relocation of the hose inlet to 

the wrist support, and a recoil spring in the barrel 

assembly, many of the problems and pain points 

facing the end user may be assuaged, and an 

inherently dangerous profession may be made 

measurably safer. While weight may be slightly 

increased in the new design, weight distribution will 

be refined so as to have a negligible effect. Hose inlet 

rearrangement will allow for a single arm use of the 

apparatus, yielding to improved worker efficiency, 

and thus quality, by sparing more attention to be paid 

to such. The barrel recoil spring will further support 

torque, and therefore fatigue, reduction thereby 

increasing the value of each employee as their 

effective working hours will increase, with more 

energy present during the later hours of their shift. 

Thus, for all the reasons previously portended 

this is a viable product. With further market research 

and refinement of design focused on end user needs, 

the value of such a product to both employees and 

employers will only increase. With the 

aforementioned additions and a competitive price 

point, this innovation shows great promise both in 

user experience and profit potential.  

  

II. CONCLUSIONS 
 

Currently the pressure washer wand market is 
saturated with antiquated design strategies. With 

performance being the only measure of success, the 
user experience has been almost entirely overlooked, 
with the exception of ergonomic improvements of the 
trigger handle. Unsurprisingly, many end users are 
dissatisfied with such relegation, and for this reason the 
forward facing intention is to empower pressure 
washer professionals by returning them their freedom 
of choice, and an inclusion into the design process. The 
devised system will reduce fatigue, water wastage, and 
employee downtime, thereby increasing productivity of 
each and the employers bottom line.  
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Even though American medical teams are 

extremely skilled and effective at making an 

accurate diagnosis, there is still a lack of medical 

support when a patient is released from the hospital.  

This creates gaps in the medical coverage that is 

given to patients because they are only able to be 

monitored while they are in the hospital.  This gap 

creates many problems when dealing with patients 

who are prone to reoccurring diseases, such as 

heart attacks, but are not in the intensive care unit of 

a hospital.  LifeSourse is a way for a doctor and 

their team to monitor their patients while they live 

their lives.  By using vital sign sensors and giving 

the information that is collected daily to doctors, the 

risk for a patient after they are released from a 

hospital will greatly decrease. 

 

I. Introduction 
 

There is currently a problem of the lack of 
accurate long term information available for the 
human body.  When a patient leaves a hospital, the 
doctor and medical staff that they were seeing loses 
contact with them and their health until the next 
scheduled appointment.  This creates large gaps in 
data for the doctors that could result in another 
serious injury.   

This problem creates the biggest risk for 
patients.  Cardiovascular diseases currently cause 
the most deaths in the United States and they are 
some of the most common reoccurring illnesses.  
Although it is not possible to determine exactly 
how much higher the chances of having a second 
heart attack are, it is proven that there is a much 
higher risk.  The elderly are also affected by a lack 
of healthcare information.  Because they are at a 
greater risk for nearly all diseases, the lack of 
information is even more deadly.  Creating a 
system that could fill in the gaps between medical 
checkups will help to lengthen all people’s lives.   

The technology that is currently available is not 
enough to solve this problem.  There has been a 
great rise in the last five years of wearable 
technology, but none of the products on the market 
have the main focus of tracking all of a person’s 

vital signs.  The closest system that currently exists 
is the Fitbit because it keeps track of heart rate and 
promotes daily health.  This system however has an 
entirely different goal than LifeSource.  Fitbit is a 
daily fitness tracker while LifeSource is going to be 
a link between the doctor’s office and the patient’s 
home.  The medical devices that are currently 
available are bulky and do not record data over a 
long period of time.  They are also very expensive 
to purchase.   

LifeSource will be a solution to this problem by 
being a device that is used daily for about fifteen 
minutes.  It will track several vital signs including 
heart rate, blood oxygen level, and blood pressure 
and store the information in an online portal.  The 
portal will be able to be accessed by both the 
patient and their doctors so that daily health can be 
monitored.  This will allow doctors to keep a better 
eye on their patients, especially those prone to 
disease, without the patients having to be in the 
office.   
 
II. Product Description 
 

 
Figure 1: Early design of LifeSource. 
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The main goal of the LifeSource is to connect 

patients and their personal data to doctors.  The first 

task of the system is to collect accurate data and 

store it securely.  Once the data is available through 

an online portal, the doctor and patient will both be 

able to access all of the information whenever they 

need to.  The system will also be able to examine the 

data and alert a medical team when there are 

abnormalities in any of the figures that were entered.   

Because the system will be monitoring the 

patient’s health on a daily basis rather than a weekly 

or monthly timeframe, there will be a higher chance 

of a disease, especially heart attack or stroke, to be 

identified before they strike.  If a person is using the 

system and has to go to the hospital, the medical 

team will have more information at their disposal 

and will be able to make a faster, more accurate 

diagnosis.  By collecting the vital signs of a person 

over a long period of time, a bank of data is built 

that will help doctors see where symptoms started to 

occur.   

 

 

III. Development 
 

Creation of LifeSource started by identifying 

sensors that would be capable to be mounted in a 

device on the wrist and give accurate readings.  The 

choice was made to make this a device that will be 

worn every day for a short period of time instead of a 

constantly worn device so that the device can have a 

larger size.  With a larger size, the emphasis of 

LifeSource is accuracy of readings rather than a full 

day’s worth of data.  While size was not a main 

concern in the design process, a goal was set to keep 

the device limited to the user’s wrist and hand. 

Interviews were conducted with multiple 

different medical professionals and after hearing their 

inputs and pain points, the focus of LifeSource was 

changed to cardiovascular diseases.  Although the 

original goal of LifeSource was to be able to help 

medical teams prevent all kinds of diseases, illnesses 

that attack the nervous system are harder to notice 

without being in the presence of a doctor so they can 

see how a patient interacts with their environment.  

After these conversations, the three measurements 

that were chosen to be taken were blood pressure, 

heart rate, and blood oxygen level.   

 

 
Figure 2: Vasotrac Blood Pressure Monitor. 

 

The hardest of these numbers to record 

accurately on a wrist system is blood pressure.  There 

are currently two types of technology that exist to 

take a blood pressure reading from the wrist.  The 

first is called a Vasotrac that works in a similar way 

to a cuff on the arm, but has a large system that needs 

to accompany the wrist cuff.  The second option is a 

device that is being developed at MIT that would use 

points of reference on the wrist and finger to give an 

accurate reading.  Because Vasotrac was created in 

1995, there are ways to minimize the equipment that 

it uses.  This makes both systems viable options for 

LifeSource.   

 

 
Figure 3: MIT Blood Pressure Monitor. 

 

The most accurate readings for both heart rate 

and blood oxygen level are taken from arteries in the 
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fingers, therefore an additional system that sits on 

any finger will be wired to the blood pressure cuff.  

Taking the readings at the finger will allow the user 

to move around while the system is working without 

worry that they are altering their data.   

A prototype of LifeSourse is being built to model 

the data collection and storage system.  The goal of 

the prototype is to demonstrate a system that is 

capable of reading data off of a sensor and storing it 

in an easy to read format.  A finger heart rate monitor 

was chosen as the prototype sensor because of its 

ease of accusation and proven accuracy.  Once a 

viable data system is developed, integrating other 

sensors onto the system will become the main goal of 

development.   
 
 

IV. CONCLUSIONS 
 

Based on interviews with multiple different people 

who work in different parts of the medical industry, 

this is a viable product.  LifeSource relieves the pain 

points described in the first section by creating a way 

for doctors and their staffs to easily and accurately 

monitor patients when they are released from the 

hospital.  By presenting a clear data set, the medical 

staff will also have more information at their disposal 

when working with a patient to diagnose their ailment.   

Currently, the main focus is building the prototype 

and ensuring that the data that is collected is organized 

in an easy to understand format for both the medical 

teams and the patients.  Once a prototype is created, 

more sensors will be integrated to ensure that they are 

compatible.   
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The ‘SolarSystem’, a portable, modular and 

personal solar power battery system is a project 

developed in the Inventor’s Studio Class at 

Rensselaer Polytechnic Institute. Although still in 

the design and prototyping stage, the innovation 

seeks to provide a solution to the problem to power 

accessibility in remote areas. The modular system 

allows for the user to utilize as many panels as 

needed at any one time, while easily detachable for 

transportation and storage. The battery ensures 

that there is always power when a user needs it 

most. Design and prototyping of the innovation is 

nearing completion and full scale model testing will 

proceed through May of 2016. 

 

I. THE PROBLEM 
 

How many times has a nice day outside at the 

park or at the beach resulted in a dead phone battery, 

dead camera battery, or dead music player before 

you were ready to go home or done using it? You 

could have a backup supply if you prepared, but 

perhaps you didn’t anticipate having all your 

electronics die around the same time. The introduced 

solution is in the form of a renewable energy source 

that never runs out. Before now, hooking up a usable 

solar panel power system was expensive and was not 

conducive to transportation or portability.  

Real or perceived, a disconnect from electronics, cell 

phones and other devices is a fear many users 

experience on a daily basis. Running for a charger 

when a phone is almost dead, fearing that they will 

miss out on some form of communication if their 

phone dies is very real and ever increasing. The 

introduction of power banks is novel but useless 

once drained of their power before being able to get 

back to a plug. Traditional solar chargers don’t 

incorporate a battery which causes an unbearably 

slow charge as power is converting directly as it is 

being harnessed from the sun. The poor efficiency of 

traditional solar panel charger makes them 

unattractive to potential consumers. The proposed 

solution described in the next section looks to solve 

that issue and make solar power desirable for all. 

II. PROPOSED SOLUTION 

 

The solution provides virtually unlimited and 

cost efficient power to your electronic devices 

through a modular, user friendly portable solar panel 

powered system. The ‘SolarSystem’ which consists 

of solar panels mounted to an adjustable arm 

incorporated with a battery to store power for use 

when it’s needed most. A modular setup of the solar 

powered battery system is shown in  Figure 1. 

  

 
Figure 1: Modular setup of the solar 

powered battery system. 
 

Currently, alternative solutions for backup 

batteries for personal devices range from traditional 

AA or AAA batteries which are both heavy and 

obsolete once the stored power is used, not to 

mention poor for the environment. Other 

rechargeable solutions include battery packs which 

also are obsolete once the power stored is used in a 

remote area. Lastly, small personal solar chargers 

are present in the marketplace although without a 

battery, in conjunction with size of the panels; they 

are not conducive to providing enough power to 

adequately and conveniently charge a device. 

 

 

II.A. Main Functions 

 
The proposed solution, as seen below in Figure 

1 is a modular unit where the user can choose how 

many panels they would like to use at any given 

moment. The main functions of this innovation are 
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the easily attachable and detachable modular solar 

units, along with the convenient battery and 

bendable arm for maximum exposure to the sunlight.  
 
 

II.B. Modularity 

 
The panels, incased in a plastic frame, attach and 

detach rather easily with magnets and dowel pins 

holding the frames together. The bendable arm 

provides placement flexibility for the user. Ideally, 

the user sets up the “SolarSystem” by clamping it to 

the back of a chair on the beach, or a table in the 

park when they arrive. At this point, devices should 

still have battery. While the day goes on, the panels 

will collect energy and store it in the attached 

battery. Therefore, when the user needs the power, it 

is there waiting for them.  
 
II.C. Proposed Electronics 
 

Each panel outputs 6v, 583ma and 3.5W of 

power. Connected in parallel, the system, with a 

maximum of 6 panels can output 3.5A. Using a diode 

enables a step-down of 0.7v to use with the micro-usb 

wire that will carry the power from panels to battery. 

The panels are attached to a “modular hub” which 

enables the user to connect and disconnect the panels, 

using “Tamiya Style” connectors as they are attached 

and detached from the system. A model of this setup 

can be seen in Figure 2 below.  

 

 
Figure 2: Design of solar battery’s electronic 

connections 

 

 

III. PROGRESS REPORT 
 

The project is in the prototyping stage with a 

first model expected to be completed by the 

beginning of May. Once the prototype is complete, 

electrical and mechanical testing will begin and 

tweaks to the first prototype made. The iterative 

process will ensure a product ready for the 

marketplace is the result. The initial prototype is a 

3D printed body integrated with project components 

that are readily available in the marketplace. This 

initial sourcing of materials from suppliers is 

adequate for the purposes of initial phases of testing 

although a development of supply chains for 

manufacturing is crucial to the success of the 

product to ensure a competitively priced product. 
 
IV. FUTURE PLANS 
 

The plan, once a working product has been 

completed, is to expand the offering to the other 

applications to ensure that the most amount of 

people is benefitting from renewable energy sources.  

By creating a portable power system for everyday 

users to enjoy, the hope is to increase the use of 

renewable energy sources, while simultaneously 

improving the convenience of charging electronic 

devices where power is not readily available. 
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Reload is a device that is targeted to busy 

college students to help them receive the items they 

need on a daily basis. The purpose of this is to save 

them both the time of having to either drive or take 

public transportation to a store and the money it 

would cost to pay for the car’s gas. It would also 

indirectly prevent many accidents and slow the 

increase in global warming by taking vehicles off the 

road. 

Reload consists of a device that can measure 

mass. It is a small scale that is connected to the 

internet. Once the product being placed on the scale 

is inputted from an online marketplace, the scale has 

access to how much the full product weighs and how 

much of that weight includes the carrying container. 

The Reload scale will reorder the product at a 

desired increment, for example when 10% of the 

product is left. It will also be connected to a secure 

website with the customer’s credit card information 

to automatically pay for the item. The product will 

be delivered to the customer’s door within twenty-

four hours.  

 

I. INTRODUCTION 

 

The product was originally targeted to busy 

college students without cars on their college 

campuses. With shops being too far away to walk, 

many must either wait until friends are available to 

drive them or take the bus. The former is 

inconvenient if an item is needed right away and no 

one is willing or able to drive. The latter is also often 

not possible because of the time it takes for the bus 

to make the journey to and from the shopping area.  

Receiving necessary items proves difficult for 

the elderly and people living in cities as well. Many 

elderly people are unable to drive anymore and, 

similarly to college students, rely on friends and 

relatives to bring them items when it is convenient.  

People living in large cities may have a difficult 

time transporting products from the store to their 

homes. They often do not have cars and can only 

bring home what they can carry, which is only food 

for four days at a maximum. Reload would 

automatically deliver everything to their doors, so 

they will more of a selection of food to eat.   

Though the aforementioned groups would 

benefit the most from a product such as Reload, any 

individual could use it. The user would never have to 

worry about restocking on essentials again.  

Lastly, in a commercial setting, Reload could 

eliminate the need for inventory to be taken on both 

raw materials and manufactured goods available for 

sale.  

 

I.A. Existing Competition 

 

Amazon Dash is currently on the market. It 

delivers a product to the user after he or she pushes 

the product-specific button. However, the user must 

first recognize that the product needs to be restocked 

or refilled. Amazon Dash will not automatically 

order anything [1].
 

 

II. PROPOSED SOLUTION 

III.  

The final concept is called Reload. It is a series 

of small scales that can be ordered for a minimal fee 

each. Reload connects to Wi-Fi and, once the 

product to be weighed is input, has access to the 

weight of the full container. As the product is used, 

the scale recognizes that and reorders the product at 

a user-specified time. If the product is not placed 

back on the scale, it will recognize that because the 

weight of the container is not felt. The user may 

choose what type of product and how much he or 

she wants ordered directly from Reload’s website or 

phone application. 

The scale is connected to an online marketplace 

that it orders from. The user’s credit card is 

automatically charged for the amount of the item, 

and a drone will deliver it to the user’s home the 

next day. A drawing of the product and a flowchart 

of the process can be seen below.  
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Figure 1: Drawing of Reload caddy. 

 

If the warehouse that stores the product is too far 

away for the delivery to be efficiently made by a 

drone, the product will also have partnerships with 

local convenience stores. A delivery person would 

take products by car to the customer’s home.  

      

II.A. User Input 

 

The user would select one time what product he 

or she wants to put on the scale to be monitored. He 

or she would also only input once when the product 

should be reordered, either in length of time or 

amount left of the item. The user can adjust both 

things later if he or she so chooses. Lastly, once the 

credit card information is inputted, the customer 

does not need to do anything to ensure the products 

are in stock, except when he or she picks them up at 

the front door.  

 

II.B. Manufacturing  

 

The first manufacturing model is a shower caddy 

with multiple slots for shampoo, conditioner, etc., to 

be weighed. The prototype is 3D printed using ABS 

plastic, but the final product is to be made by plastic 

injection molding.  

 The lower side of the shower caddy is designed especially for installing the load cell sensor.  The microcontroller and the circuitry will be placed in the lower side as well.   

The overall system will achieve fast and 

automatic delivery by incorporating each subsystem 

efficiently. The aim is to manufacture the Reload 

shower caddy system to respond to customer needs 

within one minute, send the information within five 

minutes, and achieve delivery to the home within 

one day. 

 

III. RESULTS AND DISCUSSION 

 

One of the most important things to have is an 

easy-to-navigate website. This will allow for an easy 

set-up of the product, as well as facilitation of the 

ordering process. If this product is to be marketed to 

the elderly, it cannot be complicated for them to use. 

If this occurs, a large consumer base will be lost. 

Another thing that needed by the user is less 

time driving. A reduction in the gas bill of the user is 

also necessary, but that goes hand-in-hand will less 

diving time.  This will free up money and time for 

the user.  

 

III.A. A Larger Impact  

 

Not only would Reload give certain 

demographics more independence, it would also be 

beneficial to the environment. Fewer cars would be 

on the road. Greenhouse gases would be reduced, 

and numbers of accidents could decrease from 

reducing unnecessary driving.  

 

III.B. Future Plans 

 

Reload could be expanded from a scale system 

to full integration into current domestic objects and 

appliances in use, such as a refrigerator. This would 

eliminate the need to have many bulky scales. It 

could also be manufactured for a commercial 

market.  
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The Inter-Connecting Clamp (ICC) is a 

rapid prototyping clamp designed to secure 

bundles of wires or longitudinal tubes to each 

other without the use of metallic hardware. The 

purpose of this clamp is to solve one of the 

many problems that affect the aviation industry 

when it comes to weight and performance. By 

changing the material of the clamp and 

eliminating the hardware used today for the 

installation, aircraft weight can be reduced 

significantly. The ICC consists of two halves 

that connect to each other through a quick 

snapping mechanism. This allows for easy 

assembly without stressing the wires upon 

removal or replacement. 

 

I. PROBLEM STATEMENT  

 

A great amount of fuel is used worldwide by 

airplanes and military aircraft in the course of a 

flight. This quantity is approximately 

proportional to the drag of an aircraft. Weight 

and drag are very much related; by adding 

weight to an aircraft, a greater lifting force is 

required as it moves through the air increasing 

the drag. Scientists dedicate most of their 

attention to shaping the aircraft’s architecture to 

decrease this drag. Airlines are not able to 

control the price of fuel, but they are constantly 

working on ways to reduce how much fuel they 

use. In order to accomplish this, they must cut 

the weight wherever possible. There is a need in 

the aviation industry to reduce the weight of an 

aircraft in order to improve its performance. 

 

I.A. Evolution of the problem 

 

In contrast to ground vehicles, which do not 

need to be improved for effectiveness to the 

same magnitude as an aircraft due to the fact 

that they can refuel regularly, long-distance 

traveling aircraft must bring all their fuel with 

them. On top of fuel taking up a great deal of 

storage room, old metal clamps that secure wire 

bundles and tubes are heavy and their weight is 

distributed along the entire aircraft. There are 

many different sizes of clamps that are installed 

from the cockpit, to the cabin, wings, tail, 

engines, and rotor assemblies. This weight, 

when added together, will most likely limit 

efficiency and affect the payload able to be 

carried. 

 

I.A.1. Scope of the problem 

 

Modifying an aircraft with new technology 

also implies, in most of the cases, increasing the 

size of the clamps or adding more clamps to the 

new wire bundles and consequently, increasing 

the weight. Aircraft are very complex and entail 

intricate arrangements of systems with networks 

of electrical wires, pneumatic cables, and 

heating technology. With every new aircraft 

model, the demands on these systems become a 

necessity and are required to be quickly 

implemented. According to the Air Transport 

Action Group, “The recent addition of personal 

seat-back televisions has added hundreds of 

meters of wiring to the aircraft” [1]. They have 

analyzed the scope of the problem previously by 

noticing that “There is a growing and 

contradictory requirement to reduce the weight 

of these systems while increasing their 

performance and reliability levels” [1]. For 

these reasons reinventing the clamp is crucial. 

 

II. VISION STATEMENT 

 

A major area of aerodynamic development 

in recent phases of aircraft architecture is 
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completing a good design while keeping a 

positive balance between conflicting elements. 

For example, “In older aircraft, the control 

surfaces such as the flaps and slats on the wings 

and the rudder and ailerons used to be controlled 

mechanically from the cockpit through cables or 

heavy, hydraulically-powered systems. These 

have been replaced with lighter and more 

powerful electrical systems which are 

electronically-controlled ‘fly-by-wire’ 

management systems” [1]. It seems that as 

technology makes its advances, there has been a 

steady rise in the amount of ‘composite’ 

materials used in aircraft manufacturing. Many 

aviation companies are now experiencing the 

weight savings generated by these materials 

over traditional aluminum alloys. The purpose 

of the ICC is to provide a relatively strong but 

flexible design to secure the wires and tubes 

through vibration without the use of heavy 

hardware for installation. With additive 

manufacturing, the ICC can be formed into a 

more complex shape than its metallic and non-

metallic equivalents since the new market 

technology still requires the use of metallic 

hardware. The ICC can reduce the number of 

parts and the need for fasteners and joints during 

preventive maintenance. 

 

II. CONCEPT SPECIFICATIONS 

 

The new ICC innovation focuses on 

potential reduction of aircraft weight by 

optimizing the operational design. The new 

inter-connecting, light-weight clamp is a 

challenge that pushes efficiency in the aviation 

sector while ensuring it remains the safest form 

of transport. With a dual locking mechanism, 

two equally designed halves are connected 

together in order to reduce the labor and Foreign 

Object Damage (FOD) hazards. A single slide-

through channel allows interconnection within 

each other. Two alternatives are featured:  

 

 A fixed sliding high friction strip and 

channel, Figure 1. 

 A sliding clip-in that allows for rotation, 

Figures 2 and 3. 

 

 

 

 

 

 

Figure 1: Strip and channel for easy 

assembly. 

 

 

 

 

 

 

 

Figure 2: Clip attachment. 

 

 
Figure 3: Clamp assembly. 

 

The key material preferred for this rapid 

prototyping is a resin that could offer the highest 

heat resistance, chemical resistance, and tensile 

strength. There are many methods to accomplish 

this and Fused Deposition Modeling (FDM) 

thermoplastics could be an ideal selection for 
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this innovation. The initial prototype is 

manufactured at the Rensselaer Polytechnic 

Institute (RPI) using their 3D printing machine.  

 

II.A. Feasibility of Concept 

 

Concept feasibility of the ICC is shown in 

Table I. 

 

Table I: Concept feasibility of the ICC. 
Feature Manufacturing Flexibility Composite Technology 

Half 

Clamp 

Two equally 

designed halves 

Highly 

temperature 

resistant 

Non-

conducting, 

lighter 

material 

Attaches to 

another 

clamp 

Attachment Fixed sliding 

strip with 

channel 

Easy to 

install in 

compacted 

areas 

Non-

corrosive 

Dual 

connecting 

device 

Assembly Easy locking 

mechanism 

Multiple 

sizes 

 

Withstands 

vibrations 

and shock 

Can turn at 

different 

angles 

 

III. CONCLUSION 

 

Throughout the conceptual evaluation and 

development of the ICC, the new modern design 

is shown to cover more than the configuration of 

the standardized clamps. This advantage allows 

for the assessment of technological and 

operational scenarios having the potential to 

‘right first time design’. For that purpose, the 

ICC was developed on the basis of the former 

metal clamp by evolutionarily introducing 

modern inter-connecting sophistication under 

the premise of maximum reusability of existing 

parts. New modeling and geometry are 

integrated into the new design for flexibility in 

dealing with typical optimization problems. 
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Prosthetic attachments or artificial limbs 

are artificial extensions used to replace a 

missing body part as a result of injury or 

congenital defect.  For this report, the focus will 

be on the technologies surrounding 

transfemoral prostheses, which are prosthetic 

limbs utilized when the limb is missing above 

the knee joint—more specifically, the sockets 

which are used to attach the artificial limb to 

the stump.  Using current literature, interviews 

with an industry representative, an amputee, 

and benchmarking with current market 

technologies, several issues with the current 

state of prosthetic sockets have been identified.  

These issues include—but are not limited to—

the expensive and often extensive fitting 

sessions, which require a prosthetist or 

orthoptist.  Additionally, the inconvenience of 

current market sockets can cause pain and other 

injuries to the user.  We propose the 

development of Limb-Ease, a novel method of 

approaching a custom socket which will 

revolutionize the way that current prosthetic 

sockets are designed and fitted.  Limb-Ease will 

be based upon the newest research in the use of 

bi-stable electroactive polymers, whose shape 

and stiffness can be modified by applying heat 

and voltage.  These ‘memory’ polymers have the 

potential to shift the fitting process to the user 

while maintaining the safety and accuracy in 

design of sockets fitted by a prosthetist, and may 

ultimately reduce price and increase the comfort 

of artificial limbs. 

 

I. INTRODUCTION 
 

When a person is born without a limb or 

becomes an amputee, they are faced with several 

lifelong problems, including the physical, 

emotional, and financial burden of buying 

prostheses and services [1].  Among these 

services, the fitting of artificial limbs and sockets 

requires the expertise of a prosthetist or orthotist.  

While this may not seem to be a hindrance, the 

number of times an amputee may visit a 

prosthetist per year can exceed 9 ± 11 times [2].  

The high frequency for fittings and physical 

therapy is required by children who have 

congenital birth defects or who have suffered 

injury, as they are growing and must have fittings 

in order to prevent injury from ill-fitting sockets.  

Additionally, the cost of prosthetic limbs can 

reach exorbitant levels, with transfemoral 

prostheses running costs into the tens of 

thousands of dollars.  The reason for the high 

cost is that prostheses must be custom-made for 

each user, which prevents mass production of 

artificial limbs and sockets [1].  Finally, the 

socket fitting for most prostheses, especially 

those of transfemoral amputees can cause pain 

and lingering skin problems despite the high cost 

required for even baseline models. 

As a result, there is a dire need in the market 

to be able to create a design for prosthetics and 

sockets which may be mass produced, reducing 

the cost, time, and stress associated with fitting 

and purchasing a prosthetic limb. 

 

I.A. Scope of the Problem 

 

Currently, records show that approximately 

500 Americans lose limbs daily as a result of 

injury, disease, congenital defects, and trauma, 

with a total of over 185,000 per year.  There is an 

estimated total of 2 million amputees currently in 

the United States [4]. 

 

I.A.1. Average Cost of Transfemoral Prosthetics 

 

The cost of new prosthetic limbs ranges from 

about $6,000 to about $46,000, with sockets for 

transfemoral limbs ranging from $200 to $3,200 
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[5].  While health insurance may cover a portion 

of the fees for the fabrication of a prosthetic 

limb, approximately 10% of the US population 

was without health insurance for the entirety of 

2014, with about 12% of the population 

experiencing a lack of health insurance for at 

least a portion of that year [6].  This means that 

there are a vast number of Americans who do not 

receive assistance in the purchase of prostheses, 

and of those that do have health insurance, many 

do not receive adequate coverage of prosthetics.  

The result is that many patients who are suffering 

cannot afford the care they need when it comes to 

prosthetic fitting, and many more families are 

strained by the financial burden of the cost of 

prosthetics. 

 

I.A.2. Design Issues with Prosthetic Sockets 

 

Finally, there are a number of problems with 

current designs which result in injury to 

amputees both in the short and long terms.  Since 

the majority of prosthetic sockets utilize a 

molded cup where the stump is first covered in a 

silicone or fabric sleeve before being placed 

inside (see Figure 1), the skin on the stump is not 

allowed to breath, resulting in numerous issues.   

 

 
Figure 1: Transfemoral Prosthetic Socket [7].

 

 

Since skin is not suited for this type of 

contact, a multitude of skin issues can arise 

including the ones tabulated in Table 1 of 

Appendix A. 

 

 

 

 

I.B. Current Designs to Address Socket Issues 

 

Several companies currently produce 

alternatives to traditional sockets, and are 

characterized by their strength and weaknesses 

below. 

 

I.B.1. Lim Innovations: Infinite Socket 

 

The Infinite Socket is an adjustable socket 

designed for users who have active lifestyles.  

This socket is characterized by rigid, molded arms 

which are held together and whose fit may be 

adjusted by Velcro straps (Figure 2). 

 

 
Figure 2: Infinite Socket [8].

 

 

This socket provides a level of comfort not 

seen in traditional transfemoral sockets, and 

allows the user to adjust the fit as needed.  

However, the arms and baseplate must still be 

custom fitted and designed for each user, 

resulting in increased end-cost to the consumer. 

 

I.B.2. Martin Bionics: Socketless Socket 

 

The Socketless Socket provides a similar level 

of comfort as the Inifinite Socket.  The design is 

also similar, and as a result has the same 

shortcomings of the Infinite Socket (Figure 3). 
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Figure 3: Socketless Socket [9]. 

 

I.B.2. Osseointegration 

 

Osseointegration is the fusing of a metal rod 

to the bone in the amputated limb (Figure 4).  

This metal rod can then be attached directly to 

the prosthetic limb.  In terms of providing the 

best fit and comfort, this method is clearly the 

best.  However, the process also requires invasive 

surgery with a high risk for infection.  This 

would initially result in pain for the user, as well 

as the risk of further amputation due to infection. 

 

 
Figure 4: Osseointegration [10]. 

 

II. DESIGN PROCESS 

 

II.A. Initial Design Parameters 

 

The user of Limb-Ease will be any patient 

who requires the use of a prosthetic.  This means 

that the new socket attachment should be able to 

be applied towards any type of amputee, 

including transtibial, transfemoral, transhumeral, 

or transradial.  In addition to this, the Limb-Ease 

system should be able to withstand any use, 

especially those shown in Figure 4, from minimal 

use to high impact activities.  Finally, the Limb-

Ease should be easily affordable, allowing 

anyone, even those without adequate insurance to 

be able to afford it. 

 

II.B. Post-Benchmarking Parameters 

 

After benchmarking and discussing design 

parameters with an industry representative, 

thereby reframing the initial issue, I concluded 

that in order to revolutionize the prosthetic 

socket, several new needs had to be met: 

 

i) Provide custom fit without custom 

manufacturing 

ii) Provide same or greater quality fit as that 

provided by prosthetist 

iii) Provide this level of comfort and fit 

without user input (automatic) 

 

Given these criteria, it was necessary that the 

materials and control system for this socket 

would be the defining factor of the innovation.  A 

literature search yielded a paper published 

recently regarding bi-stable electroactive 

polymers.  Bi-stable electroactive polymers 

(BSEPs) have the ability to ‘remember’ the shape 

to which they are forced by heating and applied 

voltage, followed by cooling below the glass 

transition temperature [11].  An example of the 

mechanics of a BSEP is shown in Figure 5. 

 

 
Figure 5: BSEP mechanism demonstration 

[11]. 

 

This technology is still in its infancy, but the 

potential uses have been shown in robotics, such 

as the ability to pick up sensitive objects, as well 
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as for the medical industry.  However, the 

potential benefits for the prosthetics industry 

could revolutionize how prosthetic sockets are 

fitted.  As a result, I propose the evaluation of the 

technology as a self-regulating prosthetic socket.  

This type of socket would utilize pressure 

transducers along the length of the polymer in 

order to insure that pressure applied to a limb 

matches the average pressures exerted by a 

prosthetic socket.  An example of this is shown 

in Figure 6 along with an idea of how an actuated 

BSEP arm could be integrated into a prosthetic 

socket system. 

 

II.C. Initial Concept Design
 

 

Based on the design parameters and the use 

of BSEPs, the following concept for a 

transfemoral socket was created (Figure 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Lime-Ease Concept Design. 

 

This design concept features several key 

aspects, including embedding the BSEP within a 

silicone shell, as well as integrated heating, 

electrode, and pressure transducer circuits. 

 

II.C.1. Design Parameters 

 

To develop this concept further, it is 

necessary to characterize baseline parameters for 

strength, applied load, and the geometry of the 

stumps of transfemoral amputees.  However, 

there is a significant lack of data with respect to 

these characteristics. 

To calculate the amount of pressure needed to 

insure that the socket and limb will not separate 

from the stump, the average mass of an artificial 

limb, the friction coefficient between the skin 

and socket, and the applied upwards and 

downwards force along the upper leg are 

needed. 

Average transfemoral prosthetic weight is 8 

lbf (pounds-force), which equates to a 35.6 N 

load [12].  The average acceleration of the upper 

leg during gait has not been characterized (no 

publicly available data has been found to date).  

As a result, for the initial acceleration in the 

vertical direction will be assumed to be a 

maximum of 2g, where g is the gravitational 

acceleration (9.81 m/s
2
).  This will equate to a 

maximum applied force of 71.2 N, given the 

initial load applied by the weight of the 

prosthetic.  Silicone will be used as the material 

between the skin and the BSEP.  The frictional 

coefficient (µf) between skin and silicone is 0.7 

[13] .  Finally, the average area of the upper leg 

is 3.077*10
-3

 m
3
 [14]. The equation for pressure 

is: 

 

𝑃 =
𝐹

𝐴
=  

𝑚𝑎

𝐴
 (1) 

 
where P is pressure, F is force, A is area, m is 

mass, and a is the acceleration.  However, since 

the total area will be the area of the arms of the 

prosthetic socket, the dimensions of the arms 

must be designed such that the socket does not 

cut off circulation (create pressure points). 

 

II.C.2. Polymer Selection and Concept Design 
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The arms of the prosthetic socket must be 

rigid enough to resist bending and deformation 

during use.  As a result, a high elastic modulus 

(E) is required.   

A polymer known as PtBAS4 [15] has a 

modulus of 994 MPa at 50 °C.  PtBA is a known 

BSEP, while PtBAS4 consists of PtBA mixed 

with styrene.  PtBAS4 must be tested in order to 

determine whether it exhibits the properties of a 

BSEP, but at the moment, will be used for its 

modulus in the design process. 

50 °C is close to the glass transition 

temperature of the material, meaning that as it is 

cooled, its elastic modulus increases.  The lower 

E will be used in order to ensure that the design 

meets the necessary requirements (i.e. the 

components will not buckle or bend under the 

given static load). 

For the purposes of the concept drawings 

shown in Figure 6, a simple beam bending and 

buckling analysis will be carried out for the 

horizontal and vertical arms.  A simple beam 

bending analysis is shown in Figure 7, and the 

maximum deflection characterized by the 

following equation 
 
 

𝛿 =
𝑞𝐿4

8𝐸𝐼
 (2) 

 

where δ is the maximum deflection of the beam, 

q is the distributed load, L is the length of the 

beam, E is the elastic modulus and I is the 

moment of inertia. 

 

 
Figure 7: Cantilever beam with distributed 

load [16]. 

 

The moment of inertia, I, for a rectangular 

cross section is given by the following equation 

 

𝐼 =  
𝑏ℎ3

12
 (3) 

 

where b is the length of the base, and h is the 

height. 

Finally, for a fixed, vertical beam, buckling is 

characterized by the following equation: 

𝑃𝑐𝑟 =  
𝜋2𝐸𝐼

4𝐿2  (4) 

 

where Pcr is the critical load at which buckling 

occurs, and the other variables are as described 

previously. 
 

The deflection (Equation 2) must be kept to a 

minimum, and preferably at 0.0 m.  For the 

purposes of this design, the deflection will be set 

at 0.0001 m.  Additionally, the cross sectional 

geometry must be set in order to produce this 

minimal deflection.  The base will be 0.0127 m, 

and the height will be 0.0508 m.  Given these 

parameters, the length of a single arm of the 

socket may not exceed 0.1157 m.  The height of 

the vertical portion of the socket arm must not 

exceed 2.1862 m, which is far greater than 

needed for a transfemoral socket. 
 
III. CONCLUSIONS 
 

The need for current patients requiring 

prostheses is a method of reducing the cost and 

amount of professional help needed to fit a 

socket, the overall comfort of the socket, and an 

adjustable socket which can be utilized far longer 

than existing sockets. 

The Limb-Ease system has the potential to 

meet all these needs.  However, there is much 

work to be done in order to provide a proof of 

concept by the end of the semester.  The 

following lists what must be accomplished before 

a proof of concept can be attempted: 

• Materials used in BSEP must be analyzed 

to determine parameters of Limb-Ease 

components using dynamic analysis 

• Controller and voltage source for Limb-

Ease must be determined based on BSEPs 

• Potential methods of creating proof of 

concept must be explored (i.e. additive 

manufacturing, injection molding, etc.) 
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Once these details have been worked out, the 

development of a proof of concept or working 

prototype may begin. 
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APPENDIX A: Skin disorders as a result of prosthetic use [3]. 
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Despite their intense training and incredibly 

rapid response times, search and rescue teams are 

often unable to identify locations ofsurviving victims 

during disaster scenarios. They rely heavily on local 

tips and tend to resort to overlaying a grid on the 

disaster area and searching square by square. 

Search time could be reduced, and lives saved 

increased, if there was a better way to determine the 

location and density of survivors in disaster areas. 

The team proposes to use Commercial Off The Shelf  

COTS quadcopter and sensor technology in addition 

to open-source software to enableUnmanned Aerial 

Systems UASto find and relay information about 

survivors. Commercial quadcopters already have 

excellent Global Positioning System GPS 

capabilities, while guidance and collision avoidance 

systems are beginning to appear on the market. 

Coupling these with additional image recognition 

software and thermal vision will allow UAS to 

identify targets while mapping the area around 

them. This will allow human users to optimize their 

search, spending more time saving lives and less 

time searching empty buildings.  

 

I. INTRODUCTION 
 

To achieve the most effective disaster relief two 

major steps should be taken that can be broken into 

subtasks. First and foremost the aid must be swift 

and accurate, minimizing the amount of time people 

are left in danger. To do this, the solution must be 

able to scope out the affected area, identify points of 

interest, and provide suggested routes for 

responders. Second, the first responders should 

maintain a maximum level of safety for themselves. 

This can be achieved by returning information about 

hazards, scouting difficult terrain, and relaying 

information between responders. 

In recent years, mobile platforms such as small 

UAShave undergone rapid development showing 

high potential for disaster relief. However, current 

technology lacks the “smarts” to perform these tasks, 

especially in a manner that requires a minimal 

amount of assistance from the user. To this end,the 

team aims to create a system that allows a user to 

task a UAS to perform autonomous target 

identification through the use of cheap, lightweight 

onboard sensors. 

The direct beneficiaries of this research are first 

responders who include but are not limited to: fire 

fighters, police officers, paramedics, and the 

National Guard. First responders are often injured 

while on-duty, which can hinder search efforts and 

shorten their careers. To that end, this project has 

been designed to reduce the risk associated with 

search and rescue from collapsed or damaged 

buildings. Implementation of the UAS as a 

preliminary disaster surveillance device should 

inform first responders of feasible entrances, create 

floor plans, and help avoid obstacles. By providing 

this information to rescuers first responders will be 

better equipped to handle the situation and triage 

appropriately. Minimizing risk and injury in disaster 

relief situations has the potential to increase the 

likelihood of victim discovery and protect theheroes 

in the field. 

As seen in recent floods, drones have been 

piloted to help search rooftop to rooftop for 

survivors with great success[1]. The team set out to 

improve on this effort and automate the search. The 

purpose of the system is to create an autonomous 

platformcapable of performing disaster relief tasks 

with minimal human interaction. With increasing 

standards and restrictions, it is proposed that through  

open-source algorithms and COTS, the capabilities 

UAS can have for saving lives will be demonstrated.  

A necessary step for this demonstration is an 

effective collision avoidance system on UAS. 

Researchers at institutions such as Massachusetts 

Institute of Technology (MIT) are developing 

algorithms for  fixed-wing UAS collision avoidance 

systems using stereoscopic imaging and a myriad of 
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startup companies are packaging ultrasonic sensors 

to retrofit commercial UAS[2][4].Unfortunately, 

most of this information falls under proprietary 

property, making integration with the Humanitarian 

Aid and Disaster Relief (HADR) community 

difficult. Additionally, thermal imaging is rapidly 

dropping in price and the benefits it can provide to 

situational awareness for Disaster Relief and 

Emergency Response missions are well accepted 

within the community [8]. Due to these factors it is 

proposed to developa combination of sensors such as 

visual, infrared, ultrasonic, and radar that would 

allow advanced autonomous tasking in dangerous 

and communication disadvantaged environments 

such as collapsed buildings. This system is shown in 

Figures 1 and 2. 

 
Figure 1:Matrice 100 Development Platform with 

Zenmuse XT Thermal Imaging 

Camera.Component drawings courtesy of DJI[3]. 

 

 
Figure 2: Guidance collision avoidance system 

with decision support.Component drawings 

courtesy of DJI[3]. 

 

II. PRODUCT DESCRIPTION  

 
The UAS will feature autonomous flight 

navigation to traverse between specified areas input 

by the user. At each waypoint, the drone will scan 

the surrounding area and perform on-board image 

processing to locate possible entrances in a collapsed 

building for the UAS to explore. Within a building, 

the UAS will maintain indoor positioning using 

Light Detection And Ranging (LIDAR) and 

stereoscopic imaging. The drone will also utilize 

thermal imaging to detect nearby survivors and 

notify ground station of such. The UAS will use 

collision avoidance algorithms to navigate around 

obstacles as it performs its mission. 

Operators can rapidly build up situational 

awareness in a given disaster relief situation by 

delegating the task of searching for survivors to the 

proposed system. The UAS is significantly faster 

than humans at reaching target locations, especially 

when road infrastructure is damaged or obstructed 

with debris. This reduces the time needed to search 

for survivors, and speeds up the time sensitive task 

of rescuing survivors. The system is easily scalable 

for larger regions by having more drones 

simultaneously searching. Users can operate many 

UAS, reducing the manpower needed to perform an 

extensive search. Overall, the proposed system 

reduces manpower needed, speeds up search and 

rescue operations, and scales easily. 

 

III. APPROACH/ DISCUSSION  

 
A major challenge in the development ofan 

autonomous UAS is fine tuning navigation and 

collision avoidance algorithms without risking the 

hardware. In order to reduce collisions during 

testing, a testing cycle has been created where all 

algorithms are first tried numerous times in a 

simulation on a dedicated machine. These are then 

imported as hardware in the loop simulations using 

the aircraft’s onboard computer and finally tested in 

live exercises. The Robot Operating System (ROS) 

providesopen-source tools for simulations as well as 

allowing for existing tools to be easily extended with 

custom code. ROS was chosen because it facilitates 

the management of complex systems by providing a 

unifying layer for synchronous and asynchronous 

communication between complex models and 

subsystems.An ROS computation graph, showing 

the flow of network processes, can be seen in Figure 

3 [7]. 
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Figure 3: ROS Computation Graph. 

 

To test the operation of the ROS components,  

the official simulator integrated with ROS was used. 

Through its built-in physics engine the simulator is 

able to faithfully reproduce the dynamics of a system 

taking into account gravity, contact, and friction 

forces. This can also be further extended with 

plugins. For UAS simulation the package “Hector 

quadrotor” by Technische Universitat Darmstadt 

was modified tosimulate both a quadrotor craft’s low 

level controls as well as high level behavior[6]. All 

sensor data is merged using Extended Kalman 

Filters to obtain a single representation of the 

vehicle. This information is then used to drive the 

navigation and collision avoidance algorithms. 

Pictured in Figure 4 is a simulation of 

the quadcopter where LIDAR readings gathered on 

the Gazebo generated environment are used to 

generate a map and intelligently navigate through 

the use of SLAM algorithms. 

 

 
Figure 4: LIDAR Mapping Simulation. 

 

Red Green Blue (RGB) camera data is also used in 

the simulation. The second incarnation of the SLAM 

algorithm implemented Octomap to process LIDAR 

data and generated an accurate 3d representation of 

the environment around the aircraft,as shown in 

Figure 5 [5].  

 

 
Figure 5: 3D Simultaneous Localization And 

Mapping (SLAM) Simulation. 

 

IV. FUTURE DEVELOPMENT 
 

Moving forward, the team would like to expand 

the capabilities of the drone using the current 

onboard sensors. Using the onboard LIDAR 

combined with the stereoscopic imaging, the team 

envisions being able to create detailed three 

dimensional floor plans of spaces to be sent back to 

first responders. This will enable first responders to 

better assess threats and reduce risk. The current 

system focuses on visual threats, however unseen 

threats such as carbon monoxide or explosives are 

yet to be tackled. The goal is to push the capabilities 

of commercial off the shelf hardware and so as that 

hardware improves new research explorations reveal 

themselves. Even the administration of basic first aid 

could soon be seen as a possibility. 
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V. APPENDIX 
 

Table 1: List of Abbreviations. 
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