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Figure 1 shows the rela t ionship  between joint  ang les 

( �„1, �„2, �„3)  and  the posit ion of the end  effec tor through FK.[ 2]  
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Conclusion

In th is resea rch, we successfu lly im p lem ented  a

hand  signa l recognit ion AI, an accura te

sim ula tor, and  actua t ion w ith FK and  IK. Our

resea rch u lt im a tely p roduced  a  design tha t ,

when im p lem ented , g ives SARA the capab ility to

react  to d iverse hand  signa ls independent ly.
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 �„  =   tan ( y/ x)  

 �„  =   tan ( S3/ C3)

 �„  =   tan ( C3a3 +  a2) ( z -  S234a4)  -  S3a3( xC1 +  yS1 -  C234a4)
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 Introduction
�- �Z�R�F�S�� �H�T�R�U�Z�Y�J�W�� �N�S�Y�J�W�F�H�Y�N�T�S�� �
�- �( �.�� has advanced

the efficacy of a  m ult itude of sectors such as

com m unica t ion and  consum erism . 

 Objective
Our resea rch extends HCI to im p rove qua lity of life by

designing  and  im p lem ent ing  a  hand  signa l response AI

in to a  six deg ree of freedom  ( 6DoF)  robot ic  a rm . We ca ll

th is our hand  signa l ac tua ted  robot ic  a rm , SARA. Using

SARA, we a im  to b ridge the gap  between hum ans and

com puters.

Previous resea rch has shown tha t  it  is possib le to

enhance HCI by in teg ra t ing  robot ic  a rm s in to the

hum an body.[ 1]

However, there exists a  gap  where

m ost  HCI resea rch is conducted  to

im p rove qua lity in  industria l aspects

ra ther than persona l aspects. 

The foca l point  of our resea rch

involves a  robot ic  a rm , which is a

m echanica l appendage consist ing  of

6 anthropom orphic  jo in ts.   

Principles/Concepts 
Forward Kinematics (FK)

Inverse  Kinematics (IK)

is the m a them a t ica l p rocess tha t  a llows us to find  the

posit ion and  orienta t ion of the end  effec tor on the 

X, Y, and  Z axes from  the join t  ang les.

is the m a them a t ica l p rocess tha t  a llows us to find  the

joint  ang les from  the X, Y, and  Z coord ina tes of the end

effec tor.

Figure 2 shows the rela t ionship  between the posit ion of the end

effec tor and  the join t  ang les ( �„1, �„2, �„3)  through IK.[ 2]

Figure 1  

Figure 2 

 Materials
Python IDE Pycha rm

Python Lib ra ry Med iap ipe 

R+  Manager

a  six deg ree of freedom  ( 6DoF) robot ic  a rm

six Dynam ixel XM540 m otors

11.1 V Ba t tery

Peter Corke's Robot ics Toolbox MATLAB
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3

6
0
3

- 1 0

 Mathematical Methods

Step 1 :  Coding in Python

Step 2 : Simulator

Step 3 : Experimental

Ut ilizing  the lib ra ry Med iaPipe, we

im p lem ented  a  hand  t racking  and  signa l

recognit ion softwa re

Using  FK and  IK concep ts, we crea ted

softwa re tha t  outputs the six jo in t  ang les

with an input  of a  posit ion

Referenc ing  the m otor docum enta t ion, we 

 c rea ted  code to ac tua te SARA to our

p references

To confirm  m echanica l ac tua t ion and

lim ita t ions, we developed  a  sim ula tor in

MATLAB using  a  virtua l robot ic  a rm  tha t

pa ra llels SARA. This was writ ten w ith the help

of Peter Corke’s Robot ic  Toolbox.

In- lab  qua lita t ive dem os conducted  w ith a

va riety of hand  signa ls enhanced  our

resea rch design and  im p lem enta t ion.

Actua t ion was observed , recorded , and

ana lyzed . The code was op t im ized  based  on

the p revious results. 

A �) �- �� �U�F�W�F�R�J�Y�J�W���Y�F�G�Q�J was used  to find  the end - effec tor

posit ion, via  FK. The DH pa ram eters consist  of four fac tors: 

�������Q�N�S�P���Q�J�S�L�Y�M������ �����Q�N�S�P���Y�\ �N�X�Y������ �����Q�N�S�P���T�K�K�X�J�Y������ �����O�T�N�S�Y���F�S�L�Q�J

These fac tors can be inserted  in  the following  tab le:

�7�T�Y�F�Y�N�T�S���R�F�Y�W�N�H�J�X��were derived  from  the DH Tab le above. The

following  form ula �� shows the rela t ionship  between the

d ifferent  m a trices:

6

The form ula  correspond ing  to the rota t ion for jo in ts 3- 6 is:     

 c �„ c �„ c �„ -  s�„ s�„    - c �„ c �„ s�„ -  s�„ c �„    c �„ s�„ 4 5 6 4 6 4 5 6 4 6 4 5

         -  s�„ c �„               s�„ s�„ +  c �„             c �„  5 6 5 6 5 5

 Results

 References

 Conclusion

This design a im s to assist  ind ividua ls w ith

physica l lim ita t ions, m aking  HCI m ore persona l.

This u lt im a tely reduces the com m unica t ion gap

between com puters and  hum ans. 

Cont inued  resea rch of signa l recognit ion could

exp lore the possib ility for m achines to read  and

react  to hum an em ot ions.

Future stud ies m ay involve the expansion of the

SARA p rototype to inc lude an app licab le end

effec tor, such as a  g ripper or other tools. 

The form ula  to find  a ll theta  ang les is:
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*
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* s = sin; c= cos; x,y,z =  end  posit ion; #  =  �„ ; a  =  link leng th; O =  link tw ist ; n  =  orig in#

Below a re spec ific  results ob ta ined  from  our resea rch. The first

of each set  of im ages is the hand  signa l d isp layed  to SARA. The

m idd le im age conta ins the sim ula ted  posit ions and  joint  ang les

ob ta ined  through our sim ula tor. The last  im age is wha t  SARA

has actua ted  to a fter p rocessing  the hand  signa l shown to it .  

Sim ila r to the results shown above, an add it iona l twenty- n ine

hand  signa ls were d isp layed  to SARA tha t  resulted  in  successfu l

ac tua t ion in  accordance with our sim ula tor. 
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ABSTRACT
Human-computer interaction (HCI) has advanced the efficacy of 
a multitude of sectors such as communication and consumerism. 
However, there exists a gap where most HCI research is conducted 
to improve quality in industrial aspects rather than personal aspects. 
Our research extends HCI to improve quality of life by designing 
and implementing a hand signal response AI into a six degree of 
freedom (6DoF) robotic arm. We call this our hand signal actuated 
robotic arm, SARA. An implementation of forward kinematics (FK) 
and inverse kinematics (IK) in python allows the robotic arm to ac-
tuate in response to complex hand signals, made possible via our 
hand recognition software. This software presents a real-time ob-
ject-tracking process that recognizes hand signals by finger land-
mark mapping. A rule classifier distinguishes different variations of 
raised fingers. To confirm mechanical actuation and limitations, we 
developed a simulator in MATLAB using a virtual robotic arm that 
parallels SARA. Our research ultimately produced a design that, 
when implemented, gives SARA the capability to react to diverse 
hand signals independently. Qualitative demos conducted with a va-
riety of hand signals validated our research design and implemen-
tation. A set of thirty-two hand signals was displayed to SARA that 
resulted in successful actuation in accordance with the simulator. 
The application of this design aims to assist individuals with physical 
limitations, making HCI more personal. The success of implement-
ing a hand signal response AI makes the interaction with a robotic 
arm intuitive, ultimately expanding the scope of HCI to enhance the 
human experience.
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Flexible Printed Circuit Boards are viable for use in 
Panofsky quadrupole electron guiding, but they require 
pulsed power. Research can further explore the limitations 
of different designs and their use for Electron Beam 
Therapy application.

The next step with this research would be to conduct real 
life tests with electron beams to determine how well the 
quadrupole directs beams. We could also determine how 
the quadrupole performs when bent at various angles. A 
suitable power supply for driving the quadrupole would also 
need to be designed in order to provide the pulsed power.

In the future, better designs using thicker copper or using 
superconductors could be created to mitigate heating 
issues and allow for continuous operation without 
overheating. A separate cooling system using heat pipes to 
dissipate heat could also be used.

Flexible printed circuit boards were designed, 
simulated, and tested for potential use in Electron Beam 
Therapy (EBT) treatments. 

EBT is a cancer treatment currently administered to 
patients around the world. It is highly effective and valued 
for its ability to treat tumors without causing excessive 
damage to surrounding healthy tissue. This makes EBT 
ideal for surface tumors, but treatment can improve with 
greater precision and control of electron beam placement.
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Electrons are influenced by magnetic fields. This behavior 
is demonstrated in this research project using flexible 
printed circuit board (Flex-PCB) technology to induce 
magnetic fields via electric current. Flex-PCBs used as 
Panofsky quadrupoles guide electrons, focusing them in 
one axial direction.

A configuration of magnets as shown in Fig. 1 create a 
magnetic field focusing beams of charged particles.

Quadrupoles can be created using either permanent or 
electromagnets. Electromagnets are generally preferred 
as they are more easily controlled, allowing adjustment of 
the amount of current going through to achieve a desired 
magnetic field strength.

Quadrupole fields linearly vary with the distance from the 
beam axis. The field gradient of the quadrupole describes 
how fast the field strength changes with respect to 
distance from the center. 
A higher value for this parameter means that particles feel 
a stronger force towards/away from the center.

❖ Determine magnetic properties of design using 
FEMM.

❖ Use Python to simulate electrons passing through multiple
      quadrupoles.
❖ Create Gerber files to send to the PCB factory for fabrication.

Figure 1: A quadrupole created 
by four permanent magnets with 
magnetic field direction.

Figure 2: Magnetic force diagram 
of quadrupole configuration. 
Forces focus in vertical direction, 
and push away from the center in 
the horizontal direction. 

D. C. Meeker, Finite Element Method Magnetics, Version 4.2
Magnetic field of an idealized quadrupole with forces.svg. 
(2021, June 1). Wikimedia Commons, the free media repository.
Magnetic quadrupole moment.svg. (2020, September 27). 
Wikimedia Commons, the free media repository.

Figure 7: (Left) A 
picture of the 
quadrupole under 
test, with alligator 
clips to provide 
current. (Right): A 
picture of the same 
quadrupole but 
imaged with a 
thermal camera. 
The PCB is getting 
slightly warm in the 
picture.

Figure 8: A plot of the temperature of the quadrupoles versus the 
amount of current passing through them. The temperature 
increases quadratically with respect to the current as predicted by 
Joule’s Law of Heating. Due to outgassing, only a temperature 
increase of 10 degrees is allowed. The data shows that pulsed 
power is necessary for our PCB quadrupoles to reach the required 
field strength, otherwise overheating would occur with DC currents.

Figure 4: Our heating simulation results (shown by the colored lines) 
versus experimental results (shown by the data points). The 
simulation tracks the experimental results closely.

Figure 5: Particle tracing with electrons traveling at 10 MeV. (Left) 
View from the side. The electrons are following the bent quadrupole 
(with a 1 meter radius of curvature), and the electrons are focusing 
at around the 0.03 meter mark. (Right) View from the top. The 
simulation clearly shows that the electrons are defocusing, as 
predicted. 

❖ Joule heating of PCBs was simulated and 
current density limits extracted.

❖ The limiting current density was used in magnetostatic 
simulations to find the magnetic characteristics of these devices.

❖ Particle tracing simulations were then performed to investigate 
efficiency of guiding electrons at different curvatures of the 
flex-PCB.

❖ PCBs were bought and tested with various 
amounts of current.

❖ Thermal response was recorded using FLIR OnePro thermal 
cameras.

❖ The results were compared to expected results from simulations.

CREATE A PCB DESIGN

 03

          02
SIMULATE IN COMSOL MULTIPHYSICS

TESTING OUR DESIGNS  
Objectives

❖ Design smaller, cheaper, and easier to manufacture 
quadrupoles using Printed Circuit Board (PCB) 
technology.

❖ Test characteristics of these PCB quadrupoles to 
determine if they are feasible for use in real 
applications using simulations.

❖ Check if the quadrupoles still work even if they are 
bent. 

❖ Measure thermal response with manufactured PCB 
designs.

Figure 3: A cross 
sectional magnetic 
FEMM simulation of a 
flex-PCB Panofsky 
device with current 
running out of the 
page. The field lines 
are similar to that of an 
actual quadrupole.

Figure 6: The test 
setup used consists 
of a 12V power 
supply (1), a buck 
converter (2), steel 
wire as a variable 
resistor, (3) and a 
multimeter to 
measure current (4). 
The quadrupole 
being tested is at (5).
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Flexible Prined Circuit Boards for 
Panofsky Quadrupole Electron Beam 
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FACULTY ADVISOR

Rob Candler
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Benjamin Pound
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Electrical and Computer Engineering

ABSTRACT
Electron beam therapy (EBT) utilizes electrons to kill cancer cells 
with up to 60% less radiation affecting surrounding healthy tissue 
compared to photon-based radiation therapies. EBT typically uses 
cm-scale beams; this project focuses on using Panofsky quadru-
poles to guide sub-millimeter beams in a flexible and changeable tra-
jectory so that beam placement, and therefore treatment outcomes, 
are improved. Flexible Printed Circuit Boards (PCBs) were designed 
in a Panofsky quadrupole-like geometry, which consists of parallel 
copper traces that generate a quadrupolar magnetic field. The flex-
ible material of the PCB allows for manipulation of electron beams 
in hard-to-reach areas for deeper tissue treatment. Joule heating of 
the PCBs was simulated in COMSOL Multiphysics, and the limit-
ing current density extracted. The limiting current density was used 
in magnetostatic simulations to find the magnetic characteristics of 
these devices. Particle tracing simulations were then performed to 
investigate efficiency of guiding electrons at different curvatures of 
the flex-PCB. Flex PCBs were fabricated for testing and the thermal 
response of the PCBs was experimentally measured using a FLIR 
OnePro thermal camera.
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