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ABSTRACT -- In many cases between civilians and law         
enforcement officers, there is often a lack of substantial         
evidence for the court to make an informed decision. By          
creating an electronic T-shirt that records hits to a         
policeman’s body, one can determine whether the       
officer’s forceful action was instigated and justified.       
Tracking pressure changes on a shirt can also help detect          
injuries and determine the severity of an attack. The         
specific technology used in this project is e-textiles        
(electronic textiles), specifically sensors made using      
Velostat, a piezoresistive material. Velostat sensors are       
constructed using conductive thread in a circuit to send         
data to an Lilypad Arduino. Spikes in pressure data are          
represented using a graphical interface for other law        
enforcement officers to view. The testing and design of         
this project show that a system including Velostat sensors         
and Arduinos in e-textiles is a viable, effective method of          
providing external evidence in police brutality cases. 
 
 

I. INTRODUCTION 
 

E-textiles incorporate circuitry into wearable     
clothing by replacing large wires with conductive       
thread, a nylon thread coated in silver to generate         
electric properties. This allows for an inconspicuous       
and less intrusive way of using sensors to obtain         
information such as temperature, motion, pressure,      
and air contaminants. E-textiles that monitor cardiac       
pulse for arrhythmias, heart attack, or heart failure are         
also ideal for analyzing more sensitive areas of the         

human skin. There are also wearable muscle sensors,        
allowing users to know whether or not their muscle is          
strained or overused in daily life. Thus, e-textiles        
have potential in recreational clothing, health      
analytics, geo-tracking, and now police uniforms​[1]​.  

E-textile sensors could further improve law      
enforcement efficacy by creating another layer of       
transparency and safety.  

In cases regarding violent acts between a       
police officer and a civilian, it can be difficult to          
ascertain the exact events that occurred at the scene.         
Often times, the testimonies offered by the police        
officer differ from the civilians’.Wearable technology      
is an optimal solution to create more transparency in         
such cases. Ideally, judges and courts could get a         
closer look into the incident and determine whether        
or not any force inflicted on a civilian was provoked          
and justified. To do so, Velostat textiles can be         
incorporated into a policeman’s uniform in order to        
measure any force used against the officer. These are         
a type of e-textile sensor that can monitor applied         
pressure. The pressure data can be time-stamped and        
used alongside video footage to provide more       
conclusive evidence in trials and more accurate       
indictments​[2]​. 

An equally important application for these      
Velostat sensors involves an alert system to aid law         
enforcement agents who are injured in the line of         
duty. If pressure exceeds a particular threshold that        
would indicate injury, ideally other squadrons could       
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be alerted and come to the aid of the law enforcement           
agent in question.  

This study focuses on creating a wearable       
garment that can track applied pressure, allowing for        
a measurement of physical aggression against police       
officers to settle confusion surrounding contradicting      
testimonies in court cases and also facilitate a safety         
alert system. 
 

II. BACKGROUND 
 
2.1 Materials and Tools 

The specific material incorporated into the      
e-textiles sensors constructed throughout this study is       
called Velostat. Velostat is the brand name of a black,          
carbon-impregnated polyolefin foil originally created     
by Custom Materials, of the company 3M. It is         
typically used to protect components sensitive to       
electrostatic discharge, and its properties are      
generally not affected by age or humidity. This        
piezoresistive material can be used in a wide range of          
pressure and bend sensors, resistive sensors, and       
position sensors. This is because it changes electrical        
resistance in response to pressure. As force is applied,         
the resistance in the polyolefin textile decreases       
because the material is compressed and the carbon        
molecules become closer together, increasing the      
conductivity​[3]​. This is due to Ohm’s Law, which        
states that current and resistance are inversely       
proportional when voltage is constant. Thus, when       
placed between two non-conductive cotton layers and       
wired using conductive thread, the Velostat becomes       
similar to a variable resistor in a traditional circuit.  

For the exact cutting of the Velostat       
material, a Silhouette Cameo vinyl cutter is used. A         
corresponding program is used to create exact       
measurements on a diagram, which the cutter is then         
capable of replicating.  

Throughout the study, the Model SE-400      
Brother sewing machine is used to construct the        
Velostat sensor circuit​[4]​. Also, both conductive      
thread and non conductive cotton thread are used in         
conjunction with cotton fabric to simultaneously      
secure the sensor unit and establish contact points on         
the Velostat resistor where the current can travel        
through. The conductive thread utilized is      
silver-coated nylon, which allows it to conduct       
electricity.  

Moreover, for testing purposes, an     
INSTRON 44-11 machine is test pressure.​[5] The       
Instron machine has an anvil that extends down and         
applies force. An Impedance Analyzer is also used        
during testing to measure changes in resistance as        
more pressure is continually applied to the sensor.  

Finally, an Arduino Uno and an Lilypad       
Arduino, as seen in Fig. 1 and 2, are both used           
during the process to test the viability of the Velostat          
sensor​[6]​. The Arduino Uno ​is a microcontroller board        
based on the ATmega328, which features high       
performance and low power. It has 14 digital        
input/output pins, 6 analog inputs, and a USB        
connector to upload Arduino-C code. Since the       
Arduino Uno is bulky and not suited for sewing into          
a shirt, ​a Lilypad is used for its ability to be sewn into             
e-textiles and incorporated within a wearable      
garment. The Lilypad Arduino is smaller and       
compact, so a breakout board, which distributes       
power and code, is required to connect it to a          
computer.  
 

 
 

Fig. 1: Lilypad Arduino 
 

 
 

Fig. 2: Arduino UNO 

2 



 

 
There are multiple different electrical     

components used throughout the construction,     
including a breadboard, various resistors, and a       
battery. A breadboard is a board used for making an          
experimental model of an electric circuit. Resistors       
are two-terminal electrical components that are used       
to reduce current flow. Finally, a battery is used to          
supply voltage through the Velostat circuit and back        
to the Arduino.  
 
2.2 Software Used 
 
To process data and display the information in a user          
interface, different programming languages and     
software was used. Here is the list of all the software           
that was used in the creation of the project: 
 

● MATLAB: MATLAB is a numerical     
computing environment and programming    
language used to process the data from       
testing to be used for graphing. 

● Arduino IDE: This was where the Arduino       
code is written to create a connection       
between the Arduino microcontroller and     
the software. 

● Processing: This software development    
environment was used to write Java code       
that displayed the sensor values in a       
graphical user interface, or GUI. 

● giCentre: A Processing library used to create       
a graph of the data and update it in real time. 

 
2.3 Equations 

The main relationship used in analyzing the       
circuitry and designing the product is Ohm’s Law: 

 
V=IR 

 
The variable “V” is voltage, “I” is current,        

and “R” is resistance. Ohm’s Law is used to         
determine the amount of power required by the        
Lilypad Arduino and the Arduino UNO. It is also         
used to calculate the optimal resistors used in series         
with the Velostat in the voltage divider.  
 

 
 

Fig. 3: Voltage divider diagram 
 

In Fig. 3, R​1 represents the variable       
resistances given by the Velostat. The V​out represents        
the Analog input going to the Arduino, which shows         
voltage values that are then converted to resistance. 

There is an inverse relationship between      
pressure applied and resistance from the Velostat,       
although it is not predictably quantifiable. 
 
 

III. DESIGN PROCESS 
 
3.1 Summary of Design/Creation 

The prototype of the wearable was designed       
in multiple steps. Multiple smaller prototypes were       
created to test different configurations of the larger        
design. During the process, visual diagrams as well as         
electrical schematics were made to map out the        
design of the product. The Velostat sensors were        
created using a sewing machine and conductive       
thread. One side of the sensor was connected to         
ground, and the other was connected to the analog pin          
that establishes the electric signals as input in the         
Arduino hardware. The Arduino is programmed so       
the resistance values were translated into a pressure        
and force reading.  

 
3.2 First Proof of Concept and General Construction 

In order to test the viability of Velostat as a          
pressure sensor in electronics, an initial prototype       
was created with a large, single Velostat sensor with         
only one point of contact between the conductive        
thread on both pieces of fabric. The type of silver          
coated nylon conductive thread that was used in this         
research project was untwisted from 4 ply to produce         
a 1 ply product in order to facilitate the sensor array           
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construction process. Thinning the thread prevented      
entanglements in the bobbin of the sewing machine        
and allowed the conductive thread to be sewn using         
the embroidery machine. Once the thread was       
completely untwisted, it was threaded around one       
bobbin on the sewing machine. The other bobbin        
contained nonconductive cotton thread. Thus, when      
each cotton outer layer was sewn with the circuit         
design, there was only one conductive thread running        
through. In the first model, a single line was sewn          
diagonally across a cotton fabric square. These two        
squares were then arranged with the Velostat in the         
middle so that the lines crossed each other to create          
one contact point. One line became the input lead and          
one became the output lead, and both lines of         
conductive thread were tied onto two test wires,        
which were then connected to the Arduino Uno for         
testing. 

Additionally, several other stitches of     
nonconductive thread around the circuit design were       
used to further secure the Velostat within the two         
cotton layers. This was to ensure that when force was          
applied, the cotton layer would not slip and provide         
an inaccurate reading. However, the stitches could       
not be sewn too close to the circuitry, otherwise the          
punctures in the Velostat would decrease the       
accuracy of the resistance readings.  

This sensor was then placed on one side of a          
voltage divider in series with a 10k Ohm resistor. The          
center of the voltage divider was then connected to         
Analog Input A0 on the Arduino to measure the         
voltage across the Velostat sensor. Preliminary tests       
were conducted to determine the changes in       
resistance in the Velostat sensor as pressure was        
applied. Then, once the initial hypothesis was       
confirmed, the basic Velostat circuit was redesigned       
with more sensors and was connected with       
conductive thread rather than physical wires (Fig. 4). 

 
Fig. 4: Initial sensor set-up with voltage divider 

 
3.3 Sensor Design 

One major factor of the circuit design to        
consider was the number of contact points between        
the patches of fabric. Multiple contact points decrease        
the base resistance and too many points of contact         
can actually reduce the range of resistance values,        
which was previously noted during testing of sensors        
constructed by Jillian Maling and Mandev Singh.       
Therefore, the goal was to create as large of a surface           
area for detection without compromising the range of        
possible pressure values that could be extrapolated       
from the sensor by creating too many points of         
contact. For this reason, testing was crucial to ensure         
that making a larger Velostat pressure sensor would        
still allow for a significant change in resistance        
during pressure testing. Two different sensor patterns,       
as shown in Fig. 5 and Fig. 6, were designed to have            
different arrangements of contact points and tested to        
evaluate the viability of each design over the other.         
The first sensor design featured a boxed grid pattern         
when overlapped and each lead was continuous with        
no branches along the circuit path. One prediction        
with this design was that the resistance would        
increase along the circuit because it was a continuous         
pathway and thus the pressure values that could be         
extrapolated from the sensor would be slightly       
different across different locations on the sensor . The         
second sensor featured a finger grid pattern with        
several branches originating from the source lead. It        
was designed in parallel in an attempt to reduce linear          
resistance because each branch was individually      
shorter than the circuit path in Sensor 1. Testing was          
then necessary to validate these predictions and       
determine which one would be optimal in the final         
design.  

 
 

Fig. 5: 1st Sensor Design 
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