OLLSCOIL LUIMNIGH "I
universiTy of umerick N

Development of a 'Smart Glove' Monitoring System for Personal
Protective Equipment Applications

A Major Qualifying ProjectReport
submitted to the Faculty

of the

WORCESTERPOLYTECHNIC INSTITUTE
Worcester, Massachusetts, USA

in partial fulfilment of the requirements of the
Degree of Bachelor of Science
on this day of

Friday, October 1, 2008

by

Erik B. DeVolder

Nikolas K. Ledoux

Olusope M. Otuyelu

Zachery R. Van Ness

Advisor dvisor
Prof. Alexander M. Wyglinski Prof. Richard F. Vaz




Abstract

A proof of conceppr ot ot ype of a Asmart gloveodo system,
stresses related to repetitive strain and vibratidiiced injuries, was developatl the University of
Limerick Enterprise Research Centin Ireland The device logged grip foe, vibration and
goniometry data andould alert the usef dangerous vibration levels were reachethis prototype
will provide a basis for future developments of devices that would enable safety by providing more

information about injury risk in the avkplace.
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Executive Summary

Many workers experience injury in their daily activities [1]. Often, poor work environments
subject employees to physical stresses that can have lasting debilitating efféletsy important
systems can be broken up into two categorniegetitive straininjuries (RSl)and vibration induced
injuries, both of which may cause decreased productivity or even absenteeigtepetitive strain
injuries and vibration induced injuries such as episodic finger blanching are common industrial
ailments, but since theyccur gradually over time, it is difficult for workers or employers to detect,
predict, and prevent injury. These problems can be addressed by implementing workspace auditing to
verify that exposure limits have not been exceeded ensuring the presengiesafe working habits
and proper protective equipment.

Three important factors related to occupational injury are: wrist movement and angle, grip
force, and handransmitted vibration [5]. Excessive exposure to these factors can cause RSI or
vibration-induced injury. Currentlythere are devices that are available on the market to measure hand
transmitted vibration and grip force [4] [36]. These are just some of the factors contributing to
occupatiorrelated injury. Although these commercially availapteducts can be modified to measure
some of the other factors, there is no single product on the market that will measure all relevant factors
as part of one lightweight, nanvasive unit. The equipment currently available is expensive and is too
bulky to be practical for use in an industrial setting, so there is a need for portable technology that can

be used to monitor the conditions that the upper limbs are exposed to within the workplace.

The benefits of having a device that is capable of trackihgf these relevant data during the
work day, are that real time dangers experienced at work can be evaluated, solving the problem of the
worker not knowing when a particular task poses a health risk. This data would also be useful for

ergonomic reseahers, for furthering their understanding of the causes of occugatated injuries.
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OQur goal was to design a prototype fAsmart g
and direction of hand and arm vibration, the wrist angles correspondingstdlexion and extension,
and impacts experienced by the hand. It should collect this data such that it can be exported to a

computer for analysis and alert its user when the exposure limits have been exceeded.

We began our research with the followirgextives:

i To select appropriate sensors based on size, sensitivity, range, power consumption and
durability
1 To select a microcontroller with an appropriate number of ports, data storage, USB

interoperability, ADCs, and an LCD driver

i Designing the interfaecircuitry between the sensors and the microcontroller

1 Designing the systems to alert user of dangerous exposure (auditory, somatic/tactile, visual)

1 Designing the interface between microcontroller and $@ ¢arg

1 To write software that will store, writend analyze data on the microcontroller

The prototype fismart gloveo system, inco-rpora

invasive, lightweight glove, to be used by a worker. Transducers were used to sense the severity of
these factorsand then fed that information into a processing unit, which could evaluate the vibration
exposure and store the sensor data on a memory card. With this memory card functionality, the user
could potentially upload the data to a PC whenever the glove is mge or when the information is
needed. By analyzing incoming vibration data, the glove could alert the user when harmful vibration
levels had been reached. This could help to prevent workers from injuring themselves from
overexposure to vibration, whilstill allowing them to be productive. Also, the ability to measure
vibration simultaneously with wrist angle and grip force will be useful in determining their relationship

and how they contribute to the severity of vibration induced injuries suchsaglegiinger blanching.
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The approach to designing the i sleral dasigngnl o v e ¢
which the key block components were identified. We conducted a careful examination of the user
requirements, from which we were able to deteemuantitative specifications, such as the range of
vibration frequencies the glove will need to measure. Next we conducted research into transducer
technologies that could achieve the user specifications. From this research we were able to perform
value analysis to choose optimal sensors based on factors such as pricing, performance, and power
consumption. Concurrent with this, we chose a microcontroller which met our design objectives.
Finally, we designed interface circuitry between the microprocessbinputs, an auditory and visual
alert system and SD capability. Within each sub block in our top level scheme, we followed the design
flow of design, test, relesign, retest, as necessary until proper functionality was reached. In the end,
we were ableo take our final design build our subsystems on PCBs and assemble our proof of concept

prototype.



1 Introduction

Workers in a variety of fields often experience injuries resulting from their daily occupations
[1]. Poor design of hanbeld tools, occupation sites, and work systems can expose employees to
debilitating stresses. Many symptoms fall under the categomgpetitive strain injuries (RSlwhich
may cause decreased productivity or even absenteeism. In the USA, RSI injuries comprise about 60%
of occupational ill health [1]. The exact causes of RSI are not well understood, so it can be difficult to

guantitatively assess a work area for safety.

Vibration induced injuries are another problem for many manual laborers. According to
estimates, 1.7% to 3.6% of workers in the USA and Europe are exposed to potentially harmful hand
transmitted vibration [2]. One exaimepof a vibratiorinduced injury isRaynaudoés ,Pahenon
disorder in which blood circulation to the fingers is halted in the presence of cold temperatures [3].
This causes fingers to turn white and lose both feeling and dexterity. Workers exposeésgivexc
stresses and vibrations are in danger of damaging the hands, wrists, and arms.

Since RSI and vibration induced injuries occur gradually over time, it is difficult for workers or
employers to detect, predict, and prevent injury. Currently, devicels @s thevATE ( Vi br at i
Analysis ToolSet) and the FSA Glove Pressure Mapping System (with its hand sensor array), as shown
in Figures 1, 2 and 3 below, are available on the market to measur&rdwasiditted vibration and grip

force [4] [34].



Figure 1. FSA Glove Pressure Mapping System [12]

[Image used courtesy of NexGen Ergonomics, Inc.]

Figure 2: VATS (Vibration Analysis ToolSet) [4]

[Image used courtesy of NexGen Ergonomics, Inc.]

Vibration and grip force are just some of the factors contributing to occupataiad injury.
Although the VATS system can be modified to include grip force sensing, there is no single product on
the market that will measure all relevant factors as padnef lightweight, nosinvasive unit. The
ability to track all relevant data during the workday would allow for the evaluation of real time
dangers, solving the problem of the worker not knowing when a particular task poses a health risk. This
data would ao be useful for ergonomic researchers, for furthering their understanding of the causes of

occupatiorrelated injuries.

Three important factors related to occupational injury are: wrist movement and angle, grip

force, and handransmitted vibration [5]. Excessive exposure to these factors can cause RSI or
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vibrationrinduced injury. Our goal is to use transducers to sensgetrexity of these factors, and then

feed that information into a processing unit to evaluate health risks and store information electronically.

Specifically, this project aims at devel opi
incorporate angle,rpssure, and vibration sensing into a-norasive, lightweight glove, to be used by
a worker. The glove will have the capacity to store ergonomic data and upload it to a PC whenever the
glove is not in use or when the information is needed. Furthermugeprocessor will analyze
incoming data, alerting the user when harmful vibration levels have been reached. This will help to
prevent workers from injuring themselves from overexposure, while still allowing them to be
productive. Using this safety device an auditing tool will assist employers in optimizing the amount
of time that a worker can safely spend on a task. Reducing the incidence ofed&iesk injuries
through monitoring will decrease the amount of employee compensation that employer® need t
provide, therefore increasing their profitability. It will also provide data for ergonomists to assess the
safety of a workplace. Particularly, the ability to measure vibration simultaneously with wrist strain and

hand force will be useful since the tadaship between these is not well understood.

The approach to designing the 0 slenal ddasigngn ov e ¢
which the key block components were identified. We conducted a careful examination of the user
requirements, from whiclve were able to determine quantitative specifications, such as the range of
vibration frequencies the glove will need to measure. Next we conducted research into transducer
technologies that could achieve the user specifications. From this researchevableeto perform
value analysis to choose optimal sensors based on factors such as pricing, performance, and power
consumption. Concurrent with this, we chose a microcontroller which would be able to receive and
process all information, as well as transinto a PC via USB. Finally, we designed interface circuitry
between the microprocessor and inputs, and the software to evaluate and transfer data to the PC. Within

each sub block in our top level scheme, we followed the design flow of design,-testige, retest,
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as necessary until proper functionality was reached. In the end, we were able to take our final design

and commit it to various circuit boards, in order to have a complete prototype.

1.1 Project Description

1.1.1 Problem Statement

Repetiive strain injuries and vibratiemduced injuries such as episodic finger blanching are
common industrial ailments, which could be prevented by safe working habits and proper protective
equipment. These problems can be addressed by implementing werkspditing to verify that
exposure limits have not been exceeded.

There is a need for portable technology that can be used to monitor the conditions that hands
and arms are exposed to within the workplace. The equipment currently available is expehgve an

too bulky to be practical for use in an industrial setting.

1.1.2 Project Goal

OQur goal is to design a prototype fAsmart gl
direction of hand and arm vibration, the wrist angles corresponding toflexisin and extension, and
impacts experienced by the hand. When in use, the glove will collect this data such that it can be
exported to a computer for analysis, or in the case of exceeding an exposure limit, the glove will alert

its user of the danger.



1.1.3 Project Objectives

Our project objectives identify our deliverables over a 10 week duration and these are defined
below:

1 To select appropriate sensors based on size, sensitivity, range, power consumption and
durability

1 To select a microcontroller ith an appropriate number of ports, data stordd8B
interoperability, ADCs, and an LCD driver

1 Designing the interface circuitry between the sensors and the microcontroller

1 Designing the systems to alert user of dangerous exposure (auditory, sométic/iaatl)

1 Designing the interface between microcontroller and BPEB]

1 To write software that will store, write, and analyze data on the microcontroller

1.1.4 Project Specifications

The project team was able to determine user requirements for thet 'Hoa" from the
information obtained from discussions with our project sponsors and advisors, as well as carrying out

preliminary background research on the project and issues surrounding it.

1.1.4.1 Explicit Requirements

Through conversationswitar gonomi cs expert Dr . Leonard OBb
explicit user requirements for the smart glove system.
1 Measurement of Parameters
1 Pressure The prototype should be able to measure the forces experienced by the hand

(i.e. fingers and palmyhen the user of the glove grips equipment in the workplace.
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1 Goniometric measurements The glove should be able to measure the angle of
deviation of the wrist, and this would be used to determine the amount of flexion and
extension of the wrist.
1 Vibration: The glove should be able to measure the magnitude of the vibrations
experienced by the hand, in order to the user's assess the user's exposure.
Alert System: The glove should alert the user when the period of exposure to vibration
becomes hazardoug)dithis can be done using multiple sensory mechanisms.
Visual Display: The glove should have a clear visual display which indicates current exposure
conditions and the allowable time for remaining in those conditions.
Data Storage The glove should be abte continuously track and upload the measurements
taken and store the values until when they are downloaded to a computer. The memory size will
be variable depending on the size of the SD card used to store the data.
USB Connectivity. The glove should bable to dowload the collected data to a computer via
a USB socket, which may also be used to charge the battery.
Power Consumption The glove should have a rechargeable battery and the components
should have low power consumption.
Minimization of Design: Since the type of application the circuitry will be used for is going to
be worn by manual laborers, there is a neethafie the system as small as possible so that
when it is integrated in a glove, it does not impede or restrict the movement of the inger
wrist. This will be done by making use of components that are smaller and lighter salthey w
not take up as much space.
Cost The components of the glove should be reasonably priced, such that they can be easily

obtained, in order for the finishegroduct to be affordable for the end user. There is no
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explicitly stated price cap since our sponsors did not want to limit the technology used in
developing the prototype.

1 Portability: The finished product should be compact so that is easily transpantkd a

transferred from one employee to another so it can be implemented in industrial setting.

1.1.4.2 Implicit Requirements

We also brainstormed a set of implicit requirements for the system.

1 Hand movement The glove should not impede or restrict the sseovement, so it should be
lightweight.

1 Ergonomics The glove should be ergonomically compatible with the hand of the user, i.e. it
should be design specifically to fit a human hand comfortably.

1 User Interface The glove should be intuitive to use, simaest of the users will be unskilled
workers in industrial settings.

1 Durable: Because of the environments where the glove will be used, it needs to be able to last
for an extended period of time and withstand failures caused by factors in the surr@ueding

From the end user requirements, we were able to generate a block diagram that gave a basic overview

of the componentsandsgsby st ems t hat wi | | make up the fismar:t



Smart glove system

____________________________________________________________________________________

! Memory User Inputs '
Sensors | Interfacing : .
' | Vibration > Circuitry » Microcontroller | | SDCard | | PC
Angle > Interface |
i Pressure !
i A 4 v i
E Alarms Display |
POWER
Legend:
> Interacts in one direction
< > Interacts in both directions
Figure3:Pr el i minary Bl ock Diagram of #ASmart Gl ove

The arrows shown in FigureiBdicate the directionf data flow between each of the modules.
The flow and collection of data begins with the sensors, continues through the microprocessor and ends
when the transmission of the data has reached the SD card, display module, and in the event of

exceeding the exposure limits, the alert systems.



2 Background

In this chapter, the potential causes and effects of repetitive strain and vibration imjluroes!
are discussed. We also review the prior art of ergonomic-Wwastimeasurement devices in order to

identify the limitations in existing technology such that we may improve upon them in our design.

2.1 Background Information on Vibration Induced Injuries

Vibration exposure can cause serious harm to workers [2]. Understanding the dangers of hand
transmitted vibration and how to measure and prevent them are crucial in order to mitigate vibration
induced injuries. Depending on the magnitude, frequeand duration of vibration exposure, several
vascular, neurological, bone, and/or joint conditions may develop. Excessive vibration exposure can
give rise to some physically debilitating conditions such as episodic finger blanching (white finger),
neuological conditions, as well as other muscoloskeletal disorders. These conditions are discussed in

the following sections.

2.1.1 Vibration Induced White Finger

Vibration induced white finger VWKkF)s one type of secondary Ray
victim experiences fAiintermittent bilateral bl a
of fingertips in the presence of cold, continued exposure to vibration can increase the blanched area,
spreading to other fingers, and affecting alllphges down to the palm.

VWEF attacks typically do not exceed 30 minutes, and the most painful moment of the attack is when
blood returns to the digits and when dilation of the blood vessels occurs. One challenge of VWF is that
while it is caused by vibten, the attacks are actually triggered by the cold. Since a worker may not

experience an attack while in a warm work environment, prevention is crucial, because the symptoms

do not occur immediately. One way to minimize symptoms is to reduce therpreseuted on the
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vibrating tool [7]. Therefore, a system that could measure both of these factors simultaneously would
be a powerful auditing tool for assessing workplace dangers.

Studies have shown that often attacks do not occur until years have giassefirst vibration
exposure. 20% of caulkers and riveters working in a dockyard reported VWF after 6 years of vibration
exposure, while 50% reported symptoms after 18 years [6].

In rare advanced cases, repeated attacks of severe finger blanchiegdan ulceration or
gangrene in the fingertips [2]. If the attack takes place during a occupation, the worker might lose
touch, sensation, and dexterity, increasing the risk of injury due to accidents.

The probability and severity of whifenger synptoms appear to be influenced by several
factors, such as vibration frequency, magnitude, direction, and duration, as well as ergonomic factors
such as grip force and arm posture [2]. Also, one's susceptibility to ailments, medical history or drug
intake, can play a role in the severity of the symptoms. However, although the relationship between
vibration exposure and symptom development is complex, studies have suggested that cumulative
exposure before the appearance of white finger is approximatelyrpoogd to the inverse of the
magnitude of that exposure. That is, if the magnitude of vibration is doubled, half the amount of years
of exposure would produce the same effect. This shows that while the exact symptoms might be

difficult to predict, theisk of injury is much higher in the presence of vibration exposure over time.

2.1.2 Neurological Disorders

Workers exposed to vibrations may experience neurological symptoms independent of other
vibrationrinduced disorders [2]. Such symptoms incluihgling and numbness in the fingers and
hands, reduction in the sense of touch and temperature, as well as a loss of manual dexterity. Surveys
show that about 80% of a group of vibratexposed workers experienced peripheral neurological

disorders, andhiat sensory loss is experienced by users of a wide range of tool types.
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Another neurological disorder experienced by those exposed to vibratiamaspia tunnel
syndromeg(CTS) [3]. Between the bones of the wrist and the transverse carpal ligamentcerpal
tunnel, through which the median nerve passes. If this nerve is injured, then numbness, loss of feeling,
or loss of grip can result. It is important to consider other ergonomic risk factors when evaluating any
occupation task, since disordetglk as CTS may be caused from a variety of stresses, not necessarily

vibration alone.

2.1.3 Musculoskeletal disorders

Investigations have shown a high occurrence of bone vacuoles and cysts in the hands and wrists
of workers exposed to vibration [2]. Wenils using pneumatic percussive tools, such as those found in
mines, road construction, and metalworking occupations, have been found to experience excess
occurrence of wrist and elbow osteoarthrosis [2]. The vibrations and shocks from these toolbéend to
in frequencies lower than 50Hz, but with high acceleration magnitudes. In some countries, including
France, Germany, and Italy, workers operating Hagld vibrating tools receive compensation if they
experience bone and joint disorders, which areidensd occupational diseases [2].

Workers with extended exposure to vibration might complain of muscular weakness,
diminished muscle strength, and pain in the arms or hands [2]. It has also been found that vibration

exposure is associated with a redurecin hand grip strength.

2.1.4 Measuring Hand Transmitted Vibration

The four main considerations known to contribute to Hazasmitted vibration symptoms are
[2]:
1 Frequency spectrum of mechanical vibration
1 Magnitude of vibration

1 Duration of expogre during the work day
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1 Cumulative exposure
The standards for measuring these are outlined bintemational Organization for Standardization
(ISO). Considerations of the vibration transducer will be le$ettion3.2.3, in which the rationale for

accelerometer selection is detailed.

2.2 Background Information on Repetitive Strain Injuries

A repetitive strain injury(RSI) is a term used to refer to a set of musculoskeletal symptoms,
resulting from performing repetitive movements over a prolonged period of time [8]. It is also called a
work related upper limb disorddWWVRULD). It affects the muscles, tendons and nemebe hands,
wrists, arms, upper back, and other areas of the body depending on the work being performed. It occurs
mostly when the muscles are kept tense for extended periods of time, as a result of bad posture,
sustained force and repetitive movememsisch as those commonly experienced by assembly line
workers. Symptoms of RSI include recurring pain and discomfort in the affected areas, loss of grip,
fatigue, sleeplessness, and numbness of the arms. Experiencing these can result in absenteeism and tr
inability of workers to function effectively, both at home and at work.

Excessive work pressures, such as physically and mentally demanding jobs, time pressures and
a lack of control, can often act alongside physical risk factors such as force, pastuepetition to
influence both the onset and duration of RSI [REI conditions are not generally visible to the public,

SO people are unaware of the gravity of its effects on those who are affected [10]. There is a lack of
research and available eduoatl material on the causes of RSI relatedditions, their prevention,

and their treatment methods. There are two different types of RSI and these are outlined below.
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2.2.1 Type 1 RS

Type 1 RSIs used to describe a specific range of musculoskedetatders that occur in the
upper and lower limbs [10]. The causes of these disorders, which include repetitive movements, bad
posture, stress, etc, are thought to be related. The symptoms common among these disorders are
numbness, tingling, sharp painjlidache, weakness, loss of grip, and restricted movement of limbs.
These symptoms can often make people incapable of carrying out simple tasks, both at home and at

work. Some conditions that are under the Type 1 RSI umbrella are listed below [10]:

Adhesive capsulitis (frozen shoulder)[11]: This is a condition in which the connective tissue
surrounding the shoulder joint becomes inflamed and stiff, growing together with abnormal bands of
tissue, as is illustrated in Figure 4 below. This restricts theomati the arm (‘frozen shoulder’) and

causes pain.

Adhesive

Figure 4: Adhesive Capsulitis [11]

[Image courtesy of Medical Multimedia Group LL@®ww.eOrthopod.com]

Bursitis [12]: This occurs mostly in the elbowsdknees and is caused by the inflammation of the
sacs of synovial fluid (bursae) found in these areas, as a result of repetitive movement and excessive

pressure. It can also cause other inflammatory conditions such as rheumatoid arthritis. Figures 5 and 6
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illustrate the swelling of the bursae in the elbow, giving both internal and external views of the effects

of bursitis on the human arm.

Olecranon
Bursitis

©MMG 2001

Figure 5: Olecranon (Elbow) Bursitis [12]
[Image courtesy of Medical Multimedia GnolLC, www.eOrthopod.com]

Figure 6: Person with Olecranon bursitis [13]

[Image released into the public domain by its author, NJC123]
Carpal tunnel syndrome [14]: The repeated flexion and extension thie wrist causes the
inflammation of tendons, leading to pressure on the median nerve as it passes through the carpal tunnel,
as is illustrated in Figure 7 below. This results in numbness, weakened grip, as well as burning and

tingling in the hand and arm.
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Figure 7: Carpal tunnel syndrome [14]
[Image courtesy of Medical Multimedia Group LL@®ww.eOrthopod.com]

Cervical spondylosis[15]: This condition is caused by the narrowing or closure of the spamll,

resulting in the compression of nerve roots, and causing severe pain and weakening of the muscles.

Cubital tunnel syndrome [16]: It occurs when the ulnar nerve is obstructed or compressed during its
path along the inside edge of the elbow, as isvehim Figure 8 below. This compression can be
caused by injury or any other physiological abnormalities and results in sensations similar to those that
come from hitting the Afunny bone. 0 During the

been affected severely, the small and ring fingers may curl up to form an 'ulnar claw'.

4

*

Cubital
Tunnel
/' Syndrome
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]
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! ©MMG 2001

Figure 8: Cubital Tunnel Syndrome [16]

[Image courtesy of Medical Multimedia Group LL@ww.eOrthopod.com]
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De Quernva i n 6 s s pl#: dhisosmae inflammatory condition where there is a thickening of the
tendon tunnel, constricting the movement of the tendons and resulting in soreness of the forearm, wrist

and thumb. This makes grasping objects between the handeatiithb painful.

Dupuytr enos [18]:0rhid is adisorder of the fingers where the fingers bend towards the
palm and cannot be fully extended. This condition, which is shown in Figure 9, commonly affects the
little and ring fingers, and is causby the abnormal thickening of the connective tissues within one's

hand due to carrying out repetitive motions with the fingers and hands positioned improperly.

Figure 9: Dupuytren's contracture of the fourth finger [19]

[Image ly Frank C. Miieller, available under the Creative Commons Attrib\Blre Alikg

Epicondyl itis (t ¢0]@2il]sltis/the ousdleflesiontsinflanimationnoj tendons at

the point where they attach to the bone on both the outsidensidé of the elbow. This condition

occurs when the collagen strands of the tendon become abnormally arranged as a result of wear and
tear associated with carrying out repetitive motions that apply too much strain to the tendons. The
collagen loses its ®ngth and becomes more susceptible to injury. As this occurs, the body forms scar
tissue over the tendon. Constant strain and overuse prevent the scar tissue from healing properly and
the continuous buildip of scar tissue causes the tendon to thickeausimg pain when the elbow is

moved.
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Ganglion cyst[22]: It is a swelling that occurs around the joints and tendons in the hand or foot
especially on the fingers and wrist. It is believed to be caused by the overuse of a joint, which causes
the degenerationf the fibrous tissue, eventually developing into a cystic structure that could be
painful and interfere with using the hand. Figure 10 gives an internal view of the effects of ganglion

cysts on the human hand.

Ganglion
cyst

a3

'l -

Figure 10: Ganglion Cyst [22]

[Image courtesy of Medical Multimedia Group LL@ww.eOrthopod.com]
_blank

Rotator cuff syndrome [23]: It is a condition that involves the tearing of tendons of the rotator cuff
muscles. It is caused by the overuse of the shoulder, injuries and degeneration of the tendons as one
ages. The condition can vary from the partial tearing and fraying ofettdons to the complete
detachment of the tendons from the humeral head at the shoulder joint, as is shown in Figure 11. This
results in loss of function and movement in the arm and shoulder and causes pain depending on the

degree of damage at the rotataff.
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Figure 11: Rotator Cuff Tears [23]
[Image courtesy of Medical Multimedia Group LL@®ww.eOrthopod.com]

Tendinitis [24]: Tendinitis, (or ‘tendinopathy’, as it is currently referred to), is amyimresulting in

tears in the muscle fibers from overuse, causing an increase in tendon repair cells that may lead to
reduced tensile strength, increased thickness of the tendon and restricted movement of the joints. In
extreme cases, it may cause the kee@d tendon to rupture with a sudden force or heavy lifting, which

may necessitate surgery.

Trigger finger/thumb [25]: It is also referred to as 'stenosing tenosynovitis' and is a condition that is
caused by the thickening in the tendon, forming a nodsHewn in Figure 12. This affects the
movement of the tendons as flexion occurs (i.e. bending the fingers or thumb toward the palm of the
hand). The formation of the nodule can be triggered by the use ofgigtped hand tools or steering
wheels, as weélas, rheumatoid arthritis. This causes pain when the finger or thumb is bent and a
clicking sensation heard when the nodule moves through the ligaments in the finger. When the nodule
gets too large, it may get stuck, and causes the finger to be locktesl'ilexed trigger' position, as is

illustrated in Figure 13.
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Figure 12 Trigger finger [25]

[Image courtesy of Medical Multimedia @rp LLC, www.eOrthopod.com]

_blank

Figure 13: Finger joint displaying trigger finger [26]

[Image courtesy of Jeff Whiting]
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Table 1 gives a summary of the symptoms of these Type 1 RSI conditions and their symptoms.

Table 1: Summary of some Type 1 RSI conditions and their symptoms

Conditions Symptoms

Adhesive Capsulitis [11] 1 The connective tissue surrounding the shoulder join
becomes inflamed and stiff, restricting the motion of
arm

1 The person experiences pain when moving theaarth
shoulder

Bursitis [12] 1 Inflammation of the sacs of synovial fluid (bursae)
found in the elbows and/or knees

Carpal tunnel syndrome [14] 9 Numbness in the wrist and arms
1 Weakened grip
1 Burning and tingling in the hand and arm.
Cervical spondylosis [15] 1 Severe pain
1 Weakening of the muscles
Cubital tunnel syndrome [16] 1 Experiencing sensations similar to those that come

hitting the Afunny bone

1 During the later stages of the condition, the small ar
ring fingers may curl up to form an 'ulnar claw

De Quervainods s 9 Soreness of the forearm, wrist and thumb

1 Grasping objects between the hand and the thumb
becomes painful

Dupuytrends con 1 It commonly affects the little and ring fingers
1 The fingers bend towards the palm and carueofully
extended
Epicondylitis 1 Inflammation of tendons at the point where they at
(tennis / golfe to the bone on both the outside and inside of the elk

1 The tendon loses its strength and becomes
susceptible to injury.

1 As, a result, scar tissue is formed over the tendon
the continuous buildip causes the tendon to thick
causing pain when the elbow is moved
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Table 1: Summary of some Type 1 RSI conditions and their symptoms (continued)

Conditions Symptoms

Ganglioncyst [22] 1 Swelling occurs around the joints and tendons in

hand or foot especially on the fingers and wrist.

1 It develops into a cystic structure that could be pa
and interfere with using the hand.

Rotator cuff syndrome [23] 1 The tearing of tendons of the rotator cuff muscles.

1 It can vary from the partial tearing and fraying of
tendons to the complete detachment of the tendons
the humeral head at the shoulder joint

1 Loss of function and movement in the arm and shot
1 Pain is experienced when moving the arm and shot

Tendinitis [24] 1 There are tears in the muscle fibers that may le:

reduced tensile strength,

1 Increased thickness of the tendon and restr
movement of the joints

1 In extreme cases, it may caube weakened tendon
rupture with a sudden force or heavy lifting, which r
necessitate surgery.

Trigger finger/thumb [25] 1 Experience problems moving bending the finger

thumb toward the palm of the hand

1 It causes pain when the finger or thumb is bent a
clicking sensation heard

1 In extreme cases, it can cause the finger to be lock
the ‘flexed trigger' position

2.2.2 Type 2 Rpetitive Strain Injuries

Type 2 RSis also referred to as napecific pain syndrome (NSPS) or diffuR&I. Workers,

especially those working in offices, have sometimes experienced pain in different parts of the body,
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which were not directly associated with the areas experiencing stralnglkaations. This causes a
problem for medi cal personnel trying to detec
conditions, because they do not satisfy the diagnostic criteria foidefatled medical disorders [27].
For this reason, this coitidn, which is also known as neuropathic arm pain (NAP), is not recognized
as an industrial disease, causing difficulties for workers trying to gain access to benefits for the
treatment of their ailments.

One possible cause of ngpecific pain syndrommay be nerve damage similar to a number of
other painful neurological conditions [10]. RSI conditions occur in both upper and lower limbs and
affect the spine in various areas, which in turn can cause referred pain into the limbs, making diagnosis
difficult.

Research carried out at University College London indicated that RSI patients have a reduced
sensitivity to vibration and more painful responses to test stimuli [28]. This is because during limb
movement, there are mechanical strains exerted on peipterves and this causes inflammation and
injury of these minor nerves, resulting in changes in the functions of tissues and organs. This also
caused some restrictions in the mobility of the median nerve, which supplies information back to the
brain aboti sensations felt in the hand, resulting in the 'diffuse’ pain felt by a person experiencing
NSPS.

There are some factors that should be taken into consideration when changes are being made to
the workplace in order to reduce the risk on further damatjetemployees. These are [10]:

1 the pace of the work carried out

1 the number and duration of rest breaks that the laborers have
1 the amount of repetition and force associated with movements
1 posture

1 the use of ergonomically designed tools and equipment
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Thesefactors vary with individual behaviors and workplace practices, and there needs to be integrated
management approaches, which address both the organizational and the physical aspects of a worker's
occupation and work environment [9]. According to Owen drudvho is the Health and Safety
Commissioner (HSC) inthe UK, h'i s wi lidentifying thé sigdseof Bl early, in order to treat
the individuals and remedy the causes, including stress and other psychosocial factors in the workplace,

before the contlon moves into its chronic phase".

2.3 Effects of RSl on Economy and Industry

Repetitive strain injuries (RSI) are a major occupational health problem in the workplace and a
significant cause of lost production. The increase in the prevalence ofrelaréd RSI is also

affecting the economy.

Each year irthe United States, it is reported that there are about a million people who take time
off from work to treat and recover from musculoskeletal pain and loss of function due to repetitive and
forceful motions experienced by the upper extremities [29]. Thet@astlustry is estimated to be $13
to $20 billion annually, and this is caused by workers' compensation costs associated with absenteeism
of workers. There are other indirect costs to the employers that should be taken into consideration when
determining he effect of RSI on the economy, which increase the estimates to as high as $45 to $54

billion annually. These costs are summarized in table 2 below [10]
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Table 2: Summary of indirect costs of RSI to businesses

Indirect costs of RSI to businesses and industry

Loss of productivity and businesses efficiency
Increased insurance premiums
Loss of revenue
Reduced worker morale
'Presenteeism’
Increased retirement costs for employees who are permanently unable to work
Increasednjury benefits in industries
Increase in the recruitment and training costs
Bad publicity
Litigation costs and compensation payments to employees pursuing negligence claimg

'Presenteeism' iwhen employees who are not able to function effectively raswat of illness
or injury, still go into work because they are afraid of losing their jobs or experiencing other
disciplinary action as a result of their absence from work [10]. This results in reduced productivity and
may affect the quality of goods mhaced by the laborers.
Also, the loss of skilled workers results in an increase in the recruitment and training costs to replace
the manpower. These costs become higher as more experienced workers need to be replaced. The
business can also experiencdidiflties recruiting new laborers because of bad publicity from having
their employees affected by RSI and other related conditions.

These estimates are based only on reported cases ofrelaied musculoskeletal disorders,
and according to Praemer, Farnand Rice [30], data collected in 1995 showed that the economic cost
associated with both occupational and 4oacupationally related disorders is as high as $215 billion.

From this information, iis such aso be more expensive for employers andrthasurers to
ignore RSI amongst their workers, because it would cost far more to pay the compensation and benefits
packets than the costs to rectify tHeficiencies in the design of products, workplaces and work
systems that require high degrees of réipehess, insufficient rest time, and impose poor postures and

excessive loads on the soft tissues of users.
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Employers need to carry out risk assessments in order to identify what elements present can
cause harm to their workers and determine whetheextsting precautions in place are adequate to
prevent these injuries or if there needs to be improvements made [31]. This will help to avoid accidents
and ailments that can incur and increase the costs to their businesses, as well as efficiently emanage th
risk of RSI.

RSI also increases the cost of social security bertehtthe government provides, especially
to unemployed adults with families. In the statistical yearbook of Ireland [32], social welfare
expenditure increased from 8.8% of the GNPOARto 9.0% in 2006, and 18% of this cost incurred in
2006, was due to expenditures related to illness, disability and caring. fdsaumber of recipients of
iliness, disability and caring payments rose by 43% between 1999 and 2006, and theaagitaion
health expenditure rose by 155% fra#h573.9m in 1999 ta11,645.8m in 2006, anthé chart below
shows the proportion of recipients of weekly social welfare payments for 2006. The costs associated
with illness, disability and care amounted for 24%hef social welfare payments in Ireland, which
and this causes the suggestitimt the increased prevalence of RSI among workers in factories and

industries was a contributing factor.

There are no recently published statistics explicitly showingtteets of RSI on the economy
and workfore of Ireland , partly due to the amount of time it takes to carry out a study, as well as, the
small size of the population and economy. As a result, more prevalence is seen to be on treating
workplace related badkjuries rather than upper limb disorders. In order to estimate the effects of RSI
on the Irish economy, we will use information from studies done in the United Kingdom as being

representative of Ireland because of the similarity in their economy arstriedu

In Great Britain, there were about 1.1 million people in 2001/2002, who were reported to have
suffered from musculoskeletal disorders, which were caused and worsened by the type tbework

did [31]. An estimated 12.3 million working days wdest due to workelated musculoskeletal
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disorders, and the average number of days taken off between 2001 and 2002 was 19.4 days. These
figures include upper limb disorders from which approximately 400,000 people suffered, resulting in a

loss of around faumillion working days in the same period.

It is clear from these statistics that RSI affects a significant portion of workers. In order to
reduce the occurrence of the harmful disorders associated with RSI, experts suggest preventative action
[5]. Furthermore, there are no mathematical models for estimating the contributions of force, posture,
repetition, rest/ recovery time to experiencing
monitor these parameters, so that this data can be used te asdgsrevent the risks present in the

workplace.

2.4 Prior Art and Research

2.4.1 Prior Art for Pressure sensing

Various products measure the pressure a hand exerts, including several commercially available
pressure sensing glove designs. These are dym@amometers, which are available from various
vendors: the Pressure Profile Systems (PPS) FingerTPS, the Force Sensing Applications (FSA) Glove
Pressure Mapping System (GPMS), tHeubeX TouchGlove and the FSA Hand Sensor Array (HAS)

[33], [34], [35], [36]. Dynamometers are gripped like pliers, while FingerTPS and GPMS are worn like
gloves. The Hand Sensor Array, on the other hand, is draped over an object before it is grasped.

Dynamometers only measure grip strength, while the other products are unsag pressure.

Grip dynamometers are instruments that measure the force the subject applies to the handle
[ 33]. They cost around 0200 ($300 USD), and cal
are used in studies, such as Mathiowettal, as medical tools for meas
and in evaluations of pressure sensing glove designs [37], [33], [38]. Although dynamometers are

useful for strength evaluation, they are inappropriate for measuring grip pressure in a workuglace, d
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to the inability of the user to operate tools at the same time as the dynamometer. An example of a
dynamometer is the Jamar Plus+ Digital Hand Dynamometer, which costs $349.95 USD, stores data
from different trials, and computes their statistics [3Bjpowered by two AAA batteries and has a

simple, segmented display.

Several commercial products can be used to measure and map grip pressure. Examples are the
PPS FingerTPS Wireless Tactile Force Measurement System, the FSA Glove Pressure Mapping
Systemand the FSA Hand Sensor [35], [36]. The first two products are worn like gloves, while the
HAS draped over the object being studied and then gripped. A picture of FingerTPS is shown in Figure

14 and the GPMS is shown in Figure 16. Refer to Figure 1 ito8ekcfor a picture of GPMS.

Figure 14: PPS FingerTPS [39]

[Used with permission from Pressure Profile Systems, Inc.]
The FCubeX TouchGlove is a unique case, because the glove itself is a collection of sensors
[36]. However,when they are connected teaClu be X6s Digiti zer, the syst
corresponding to the pressure exerted on each sensor. It is marketed as morétgf ador sel f At
than as an ergonomics tool. For example, its website showed an appligshtre two of the gloves

were used to create a virtual drum set. Touch Glove and the Digitizer are shown in Figure 15 below.
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Figure 15: |-CubeX TouchGlove and Digitizer [36]

[Images courtesy of Infusion Systemsll]

FingerTPS uses up to six capacitive pressure sensors (refer to Section 3.1for more detail) that
are sampled at 100 Hz, come in four different varieties and are mounted as shagureri4 [34],
[39]. It sends data vi8luetooth to a computer from a transmitter worn on the back of a belt [34].
PPS6s software displ atyns and lnags a videoapkaybacle featuRingsrTPE N r e
has a battery life of about four hours and recharges through USB. It senses up to 44.5 N (10 Ibs), is
accurate up to .44 N and comes with a straightforward calibration tool. The advantages of this system
are its accuracy, comfortable desigml avireless reatime display of the interpreted data. In addition,
its use of rechargeable batteries through USB is convenient. Finger TPS has several disadvantages,

especially in an industrial environment. It has a low sensing range compared to thehisOoMdject

needs to measure (Appendix1(k does not work over an industrial temperature range (only 0°to 50
C), and does not have the battery life to make measurements throughout an 8+ hour work day [33],

[34].

The FSA Glove Pressure Mapping Systensusglove that is covered with an array of 20 or 24
piezoresistive pressure sensors (refer to Section 3.1 for more detail) [35]. This device is shown in

Figure 16 below.
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= i
Figure 16: FSA Glove Pressure Mapping System (left) antland Sensor Array (right) [4]

[Images used courtesy of NexGen Ergonomics, Inc.]

The GPMS is calibrated to measure up to 690 kPa (100 Psi). Like the FingerTPS, this product
comes with a sensor calibration device [34], [35]. Its sensors are sampled 400\¢z, and the data
is stored on an optionally belt mounted computer [35]. This data can then be exported through a serial
port on a computer, which displays the pressure measured by each sensor. With 20 sensors, GPMS car
store roughly 5734 scans. Thasean optional 4 MB memory expansion, various available glove sizes,
and an optional kit for wireless communication with the serial port. Additionally, the scanning interval
can be adjusted from tens of milliseconds to minutes through software. It caedwith either a 9V
battery or an AC adapter supply power. Advantages of this system are its ability to store many scans,
its comfortable, glove design, and its customizability (sensor placement, glove size and scanning rate).
A disadvantage is its sizend the long, awkward cables that it uses. Figure 16 shows the bulky
enclosure that the user can wear on his belt, the long cables extending from the sensors, and the ribbon
cable, which could potential interfere with the task the user is studying. Asm the small sensing
area of each sensor (0.635 cm (.250) x O0.636 ¢
100N that this project deman@ppendix G1). 1t i s prohibitively expens
USD)fora24s ensor gl ove 000USD}f8ré 26sehsdr glove p@.bis price is for
the sensor itself. An email from David Pinchefglyppendix G2) a sales representative at NexGen

Ergmomi cs expl ained that these systems require
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or u4589.69 ($6650 USD), depending on the mod:
would be advantageous, but a study by Jung et al. of the GPMS fbanhdst accuracy greatly

decreased with an increasing number of sensors [38].

The FSA Hand Sensor Array is a soft, flexible array of 8 x 8 or 24 x 24 piezoresistive sensors.
By covering an object with the array, the distribution of pressure can be dsprayealtime and
exported to a spreadsheet [35]. Like the FingerTPS, this product can record a video oftithesreal
data and has a calibration kit [34], [35]. An interesting feature is that it can be configured in LabView
to sound an alarm if a set geaire threshold is passed [35]. It can use the same optional wireless kit as
the FSA GPMS. The combination of ramhe display and exporting data to a spreadsheet is an
advantage of this product, as is the alert feature and the resolution of the |sayeasety. However, it
is not calibrated to measure over 207 kPa (30 psi), and is not appropriate to use throughout a workday
because of its handkerchil#dte design. Finally, the HSA, though less expensive than the GPMS is still
fairly expé&ddsi(¥vd358t O09¥BD) for an 8 x 8 array

X 24 array [40]. Additionally, it requires the previously mentioned Base System.

The FCubeX TouchGlove uses six piezoresistive sensors, mounted on the fingertips and palm
[36]. In conjunction with the Digitizer, it outputs MIDI signals, which can be used to control digital
media. The glove itself is Nylon, made for either hand and only comes in a medium size. Another
advantage is that the sensors have a wide range of range of BWV@2I®s). The sensors operate from
-20C to 100C. Each sensor connects via twisted pair to a male header that plugs into the Digitizer. The
Digitizer samples at up to 250 Hz with a 12 bit ADC. Its power is supplied via an AC adapter, and it
canbeusedwih or without a computer. This product

($342.82 USD) and t lg$899.00iU$D)t i zer costs 0407. 93

Thus, several products, which sense the forces a hand exerts, are on the market. Dynamometers

areused o evaluate oneds grip strength and are me
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FingerTPS and the GPMS are both pressure sensing glove designs with varying strengths and
weaknesses [34], [35]. The Hand Sensor Array is a-tike¢hdevice that culd cover a tool, etc, and be

used to collect pressure data [35]. Lastly, tHeubeX TouchGlove was a pressure sensing glove
design that is used in conjunction with a MIDI controller [36]. Although it is similar to the FingerTPS
and GPMS, itisusedinaery di fferent application [ 34], [ 35
an advantage over these devices in that it detects other stresses in addition to pressure. Tailoring the
Asmart gloveo for an i ndust rpressure sersingrangeqand batters i g |
life will also be advantageous. Concepts, such as the calibration tools, adjustable sampling rate, and
memory expandability were things to consider in our desigimable 3 below summarizes the

advantages and disadvantagéthe discussed products.
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Table 3: Comparison of Pressure Sensing Products Summary

Grip Pressure Advantages Disadvantages
Sensing Product
Dynamometers [33] 1 Large sensing range 9 Clinical devices notmeant
[33], [38] 1 Inexpensive for industrial environment
1 Cannot be used
simultaneously with tools
FingerTPS [34], [39] 1 Customizable sbksensor glove 1 Low sensing range, batte
design life
1 High accuracy, wireless 1 Not rated for industrial
1 Realtime graphical display temperature range
1 USB rechargeable batteries
g Calibration tool
GPMS [35], [37] 1 Customizable glove design wit 1 Low sensing range
up to 24 sensors 1 Expensive
1 Adjustable scanning rate 1 Awkward cables
1 Expandable built in data storag 1 Potential accuracy issues
exports data to computer
1 Optional wireless kit
Calibration tool
HAS [34], [35] 1 Real time data, exports to 1 Low sensing range,
spreadsheet expensive
1 Conforms to various gripped 1 Awkward to use in
objects workplace
1 Can sound alarms in LabView
1 Optional wireless kit
g Calibration tool
TouchGlove [36] 1 Six-sensor glove design 1 Low sensing range
1 Adjustable sampling rate 1 Media controller not
meant for industrial
environment
1 Expensive

2.4.2 Prior Art for Goniometry

There is a broad range of goniometers available foméesurement of flexion and extension in
the hand and arm. The measuring technology ranges from ebgticcor electromagnetic to purely
mechanical.

Electrcoptics have been used for biogoniometry, and are suited especially to joints which do

not have afixed axis of rotation, such as the knee [41]. These methods rely on photoelastic
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birefringence induced by deforming an optical fiber [41]. Birefringence, or double refraction, is an
optical effect which splits a single beam of light into two beamsgbt with orthogonal polarization
[42]. One system utilities a photodiode to detect the polarized laser light beamed through-a single
mode optical fiber [43]. When properly calibrated this system can relate changes in the angle of the
optical fiber's bed with the changes in voltage caused by incident light on the photodiode [43].
Similar systems exist, with changes in the coherent light source [44], optical fiber [41], or polarization
[44].

This technology was integrated into gloves as early as 198lhbmas Zimmerman at VPL
Inc., who worked with NASA to design a data glove [45]. The glove was meant for virtual laboratories
and workbenches [46]. The gloves contained optical fibers within the fingers, and it could measure
finger flexion and extensiomising lasers and photodiodes [45]. However, this system was very
expensive; the 1986 prototype cost over $9,000 [46].

Using the data glove as a starting point, AGE Inc. developed the power glove in 1989 [46]. In
order to cut costs, the electoptics were removed and replaced with conductive ink. The power glove
houses two parallel pads of conductive ink for each finger [46]. The properties of the ink cause the
conductance of the ink to change when the pads are bent. This allows the approxinuatedi&s
discerned with a resolution of 2 bits, recognizing 4 states [46]. The power glove was marketed to
Nintendo as a controller peripheral to the original entertainment system and soon became a commercial
success.

Air pressure has also been used tasure the flexion and extension of fingers [47]. Airtight
PVC tubing is filled with air and fixed to the fingers [47]. Using pressure sensors, the flexion of fingers
can be translated directly to a voltage [47]. By comparing these voltages to previmesdyred
experimental values it is possible to determine an approximate hand configuration [47].

Electromagnetic goniometers also exist [48]. Permanent magnetics are implanted into one side
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of a joint and a hall effect sensor is placed at the other [A8].the joint rotates in the socket, the
magnets bias a current upon the sensor. This can be translated into an estimation of the joint angle
[48].

Several commercial products exist which measure the flexion and extension of joints in the arm
and hand. An example of these products are the single and multiple axis goniometers sold by
Biometrics Ltd [49]. These goniometers are attached to the body with medical tape, and are capable of
measuring flexion and extension [49]. These sensors may incorpoeategstuges in order to make
these measurements [49]. Unfortunately, this technology is proprietary.

Purely mechanical goniometers are also available. Baseline's series of goniometers attach to the
hand to measure finger flexion [50]. Unfortunatelygah only measure movement in a single axis, and
its accuracy is restricted.

Table4 below summarizes the advantages and disadvantages of the discussed products.

Table 4: Comparison of Biogoniometric Measuring Solutions

Goniometric Sensing Advantages Disadvantages
Product
Electro-Optic 1 Adequately accounts for 1 Power intensive
Goniometer[41], [43], rounded joints 1 Complicated optics
[44], [45] 1 Accurately measures join ang|
Conductive Ink 1 Low Power 1 Low resolution
Goniometer [46] T Adequately accounts for { Limits to available technology
rounded joints 1 Initial prototypes are expensive
Air Pressure 1 Adequately accounts for 1 Poor resolution
Goniometer[47] rounded joints 1 Air tube can be bulk
1 Can be created cheaply
Hall Effect Sensor[48] | 1 Adequately accounts for 1 Invasive, must be surgically
rounded joints implanted

1 Accurately measure joint angl¢ § Sensor is vulnerable to commo
workplace interference

1 Expensive
Strain Gauge 1 Can be created cheaply 1 Multiple gauges must be used t
Goniometer[49], [50] | § Low Power adequately measure rounded
1 Lightweight System angles
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3 Design Methodology

I n this section, we wi || di scuss the method
project was divided into several subsystems, each of which was assigned to a specific team member.
Using the implicit and explicit user requirements, as well aaaokground research, we were able to
develop the components of each subsystem, as well as decide how they will interface with each other.
In order to achieve functionality according to the project specifications, we conducted laboratory
testing of eachsub system. Our testing methods, as well as the rationale behind each test, are

documented below.

3.1 Pressure sensor Selection

We used several criteria to select our pressure sen&inge the design must not hinder the
user 6s hand mo v snsersrieededttohbe flexinleeasdshinr eDr . O6Sulliva
that the pressure sensors be accurate up to 100N (22.4@RAHmndix G1). Giventhe time and
power constraints, it was important that the pressure sensor was low power and simplerteimpl
The cost of the sensors was also important, since the design requires six: one on each fingertip and the
palm of the hand. Finally, the pressure sensmdee to be robust enough for adustrial
environment.

We investigated several types tifin, flexible pressure sensors: capacitive, resistive and
guantum tunneling composite (QTC). Capacitive sensdrgh increase their capacitance as pressure
is applied are considered the most sensitive and accurate type [51]. They require complasehard
including their own microprocessor, which makes them impractical for our design [57]. Having a
processor dedicated to one of our sensor subsystems would demand both time and decrease the batter
life of our design. An example of a capacitive serbat we looked at was a ConTacts C5B@g(re

17) by Pressure Profile Systems [52]. The C500 has built in hardware that outputs an analog signal
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representing the pressure applied to the pad; however.n iheasure forces up tdl38N. A major
disadvamage is thathe built in hardware is bulky, making this system inappropriate for a noninvasive

design with multiple sensors, like ours.

Figure 17: ConTacts C500 [41]

[Image used with permission from Pressure Profile Systems, Inc.]

Piezoresistivepressure sensors, the second type of sensor we considered are simpler to
i mpl ement than capacitive pressure sensors |[5]
resi stance decreases. Unl oaded, the sensordés r
as pressure is applied [53]. There is a |inea
the applied force to the sensing area, making teenple to implement. Another advantage of a
piezoresistive sensor is its resilience to noise. The disadvantages of piezoresistive sensors are
hysteresis effects, their potential need for conditioning (ex. loading the sensor several times prior to
use),and their relative inaccuracy compared to capacitive sensors [51], [53].

Two potenti al piezoresistive senso0dandther oL
Interlink 402. Tble5compares these componen®e converted the units to Sl as necessalgither
of the sensors6 |iterature expressed the accur .

[54], [55], [56]. Figure 18shows the Tekscan sensor &igure 19showsthe Interlink sensor.
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Figure 18 A Tekscan FlexiForce A201100from the 8-Pack Used in Prototyping

S

Figure 19: Interlink 402 (middle, top) [57]
[Image used with permission from Interlink Electronics Inc.]

The sensors are both flexible and similarly sized. The Interlink sensor had several major
advantages. It cost less than half as much as the Tekscan sensor, worked over a wider temperature
range, was rated to last ten times as long and did not requileiconi oni n g, according
salesrepresentativeAppendix G3). However , I nterl inkds website ai
manager emphasized that their sensors are not meant for qualitative measurerhd@iggéndix G
4). An advantge of the Tekscan part was that it was much more robust, dkledo withstand up to
68.9 MPa (10000 psi) interfacing circuitry, it can respond to up to over 4000N [55]. In addition, it had
slightly higher single part repeatability. Unfortunately, @iteensor is weak against shear force, since
they are laminated [53], [56]. Bothhensor s wer e relatively inexpen:
warnings about the making quantitative measurements with the sensors, and the greater robustness anc
repeataility of the A201, we determined that it was the best piezoresistive sensor for our project

(Appendices B3, E4).
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Table 5: Piezoresistive Pressure Sensor Comparison

Properties Tekscan Flexiforce A20155] Interlink FSR 402 [56]
Thickness 0.208mm .20mm
Sensing Area (diameter) 9.53mm 12.7mm

Accuracy [54] not specified 5% - 25%

Linearity (Error) <5% not specified
Repeatability (single part) <2.5%** 2.5-5%
Repeatability (part to part) not specified 15- 25%

Hysteresis <4.5% not specified
Drift <5% not specified
Response time <5 us not specified
Operating Temp. -9to 60 C -30to 70 C
Force Ranges 0-440 N and <4448.2 N <INto>100 N
Max pressure 68.9 MPa not specified
Lifetime 1 million 10 million
: . . Only recommended for qualitativ
Other Notes: Requires conditioning measures
Price [53],[58] 75 U0 USBh)18sensors|43. 11 UUSD$ B IendIs
9.375 0 [/ 4.31 0 | s

*depends on measurement consistel
**requires conditioning

Another type of sensor we consideneds QTC Figure 20, which takes advantage of a quantum
mechanics phenomenon to behave like a resistor that is sensitive to force [59]. These sensors are usec
in pressure sensitive cloth applications, so they seeneedid f or a fAsmart gl ove
had resistive behavior meant that they would be simple to setup [60]. They also had high repeatability,
were inexpensive and did not suffer from hysteresis or require conditioning. Unfortunately, the
PeratechQSRC025130 and similar sensors are out of production and were available in limited
guantities from one of@r at e ¢ h Appemtie &5).e $am Gottfrom Peratech said that they
design sensors for customers instead now, but that this service wasen@pipendix G6). The

sensors had an appropriate range for our project, being rated faOON [60]. Unfortunately we

could not choose QTC sensors becauseaustom sensors were not available. Since Peratech claims
that they can serve as direcpl@cements for piezoresistive sensors, future worthsnproject should

consider a setup that uses QTC sensors instead of resistive sensors.
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Figure 20: QTC Sensors [61]

[Image used with permission from CUI Inc.]

Having compared several alternatives for pressure sensors, we determined that the Tekscan Flexiforce
A201 was the best choi ce Q@T&rsendons seenied lika a promigihgo v e
option; however, they required having a custom sensor aEkigrNevertheless, the A201 wién,

flexible, inexpensive, simple to implement and had the range of sensitivity needed for this project.
Furthermore, it could withstand a tremendous amount of force, which would be advantageous in an

industrial environmant.

3.1.1 Preliminary Sensor Testing

Having chosen a sensor pressure sensor, our next step was to gather calibration data. The
A201-1 006 s c o n da stiorgg fimear conrelation to the force applied to its sensing area,
accordi ng t amentati@ns[@ph By wking multiple resistance measurements at known
forces and performing a linear regression of this degacould determine this relationsHigr each of
the gloveds si x -te-manrepeatability oftesSA201avas uindwa, we labeléd each
sensor so we could determine the data set to which each one correspbledstirements were made
using Dr. 006 Sul(Figure 2)r(Rated férdi r220@ N xy1aNu/ €0 Ib x 0.2 Ib) and a
digital multimeter. We adaptedhte contactpoint of the force gauge to the pressure sensors using a bolt

as a puck. The bolivas an appropriate choice becauséat a slightly smaller diameter than the
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sensing area and was rigid enoughransmit the forceTo prevent uneven loadinthe bolt was filed

until it was acceptably leveFigure 22shows the sensors and the puck.

CONTACT
POINT [

Figure21: Dr . Leonar d Fdd@ SaugeUsed/fa Gadilsation at University of Limerick

FILED
BOLT

PUCK)

NUMBERED TEKSCAN A201-100 SENSORS

Figure 22: Tekscan A201100 Sensors and Puck (Bolt)
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We first conditionedeach sensom accordance with the FlexiForce User Manual. This
involved applying 110% of the greatest force being measured five times, and allowing time for the
sersor to stabilize between presses [62]. Conditioning each sensor ensured the repezitatsility
conductance to force characteristin practice, this procedure would only need to be repeated if the
glove was unused for several weeks. We conditioned®el for 444.8 N (200 Ibs) and sensois72
for 890 N (100 Ibs).We took aseries of 12 resistance measurements with the DMMdoh ofthe six
sensors calibrated for 100 lbs [62]. Sheneasurements were made at multiples of ~10 Ibs (44.4 N)
from Oto 100 Ibs and at multiples o5 lbs (111.2 N) from 0 to 100 Ibs. The plot in the User Manual
took measurements up to 100 | bs, so this setup
compare data from a sensor conditioned 200 Ibs to arseosditioned for 100 |Ibs. Wiasertedthe
sensordantoa br eadboard to make it easi er tRgure28nne ct
shows the setup for the calibration measuremeiitseir unloadedno pressure appliedgsistances
were too lage to measure accurately with the DMM, so the first point used in every plot corresponded
to ~10 Ibs. It was difficult to set the force gauge to exactly 10.0, 20.0, 25.0 |bsp &te, chose the
closest force at which we could stabilizdak. 10.2, 18, 24.6 Ibsgetc.). We took the inverse of the
sensorsd resistances to compute the conductanc

We plotted each sensorés conductance to force ¢

The conductances of the seven sensors all had strong linear correlations to the force applied to
their sensing areas, since each one ha@®anh at was c| ose t oR*asQreater | n f
than or equal to 0.98Table 6summarizes the raks for each sensor, listing their regression line and
R?. Appendix D showshe data for each sensor and its plot. Note the similarity of the regression lines.
The slopes ranged from éEto 10E8 S/N and the intercepts ranged from-@E© 5E6 S. Tle sensor

conditioned for 200 Ibs had a similar conductafaree characteristic to the six that were conditioned
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for 100 | bs. T h e ©mdire sensiiqanea af tiide)sFargesendorhisareatetl ds@a i
single contact poinf 6 2 [Thekefore we needed to divide by =the s

71.3E6 m? to make a pressure measurement based on these lines in software.

Table 6: TekscanA201-100 Pressure Sensor Conductance to Force Linear Regresslanes

Sensor Regression Line R’
1 G =7E8x + 5E6 0.9986
2 G =9E8x + 3E6 0.9891
3 G = 10E8x + 2E6 0.9893
4 G = 10E8x + .7E6 0.9893
5 G =6E8x + 5E6 0.9893
6 G =6E8x + 5E6 0.9893
7 G =6E8x + 2E6 0.9893

G = Conductance i8, x = Applied force to the sensing area in N

Figure 23 Tekscan A201100 Sensor Calibration SetupJsed i n Dr . O6Sullivanés La
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3.1.2 Pressure Sensor Interfacing Circuitry Design

Since the applied force to our pressure sensors could be determined from the conductance, the
interfacing circuitry for the pr e sdcftwarego gsaatifys or s
the sensords conduct ance tége)sbEssentialyy theacircuitAnBeGed 00 N v ¢
out put a voltage that was di r eTekstapreqgpmmepded usingo n a |
a circuit Figure 24, which was basically an egmp in an inverting gain configuration with a fixed
input volage(Vpi n T e k s c a & & ows)andowithi the,senso6r controlling the gain [62].
Negative feedback forces the-apmp 6 s i nverting i nput t otingihpat, s ame
which is groundedif V-isOV( a Avi rt ualby g duh@duwregnt flowing through the
sensor is ¥/Rsi. This current flows through Rthe combination of Rfixed) and Ry (potentiometer))
because ofthee@ mp 6s hi gh 1 npuuh=-(VilRsERda-NER/Rs)) so Mhe sen
conductance, 1/8 is therefore Vu1/(-VpRr). We det er mined the relati on:
conductance and the applied force in section 3.3.1. Note that the reference voltage for the sensor had a
negative potential so the output would have a positive relatiocnfioe s ensor 6 s condu
purpose of R, which could be altered to change the gain was to make the resolution adjustable. For
instance, if an ADC had an input range e8.8V and the sensor would experience a range of forces
from O to 100N, the 3.3¥oint should be set to correspond to when approximately 100N is applied to

get the greatest resolution from the sensor.
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V,,=-V,* (R /R.,);where R, =R, +R,,
R, 1KQ R, 20K0

PO— ——

AV ]
- — - 5 7
% ; J3
i=2 3
R, it - . ’ \ o
3 m 2 -
SENSOR | 4 Ut e A AENSOR
| MoMaT!
JPnson ) P y
Narraw Corvweter - - 2 P
v Connecr

U1t MC34071AP (Plastic Dip Package)

U1 MC34071AD (SL::;ace Mount Package)
® Max recommended current. 2.5 mA
® No-Load Resistance = Approximately 20 MQ)
® Full-Load Resistance > 20 k)
e Possible Overioad Resistance > 5 k(2
e The two supply voltages (+8V and -9V) and V, (-5V)
should remain constant

Figure 24: Tekscan A201 Example Circuit [62]

[Image used vih permission from Tekscan Ifc.
Severalchargjs needed to be made to Tekscands <cir
these changes pertained to theaopp selection. A 3.3V singsupply opamp, with a ratto-rail
out put covered the i ADCU2[63]r & was elsomportant that theidaipd 3 0 6 s
had low power consumptiompw DC errors an industrial temperature range and low temperature
susceptibility.  Since the highest frequency power tools will cause the hands to experience
approximately1250 Hz, the ganbandwidth prduct did not need to be substantia). [2This also

implied that a high slew rate was not necessary. Given a 1kHz sinusoid, which can swingifrom 0

dV’

3.3V, the slew rate needed to be at least the maximug o1 > Sm{2r12508) = 0.0259

V/us
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Table 7: Comparison of Candidate OpAmps Considered for the Pressure Sensor Signal Conditioning Circuitry

Name OPA333/2333] OPA336/2336/4336 TLV341/2/2S5/4] TLV2382 TLV2760/1/2/3/4/5
[64] [65] [66] [67] [68]
# Channels lor2 1,2o0r4 1,2o0r4 lor2 1,2o0r4
Bulk Price i
(Listed in $ $1.2,$1.9 | $0.4,$1.10, $1.75| $0.38, $0.45 $0.80 $:6010 $1§£kad‘aepe”d'”9 °
USD) [69] packag
Operating -40 to 150 -55 to 125 -40 to 125 -40 to 125 -40 to 85
Range(C)
Ve (TypMax) | 2, 10uV 60, 1250V 03, ;‘;1\(/4 5T) | 05, 4515\/(6'5 Dl 550, 2500 (6800 YV
VosVs. Temp
WiC) 0.02, 0.05 15 1.9 1.1 9
1, 60 (200
Iy (Igrg],l\gax, 70,T2)00A(150 1,10 (60T) pA 1(’3388 %A 70C. 7000 3,15 p/;l C(Ifgoe; for x|
P P <125C) pA packag
1, 60 (100 <70,
lot Typ, Max | 140, 400 pA 1,10 pA 6.6 1A 1000 < 125C)| > 15PA (Eoo Tforx
DA package)
70 (60T), 110
dB at 80,100 (77T)|  93.1,101.6 dB (91.4 T)
AoMin, Typ | 106,130 a8 | 00 (30 fg)rﬁgad load or 65 dBif Vo= | converted from V/mV, if \ip
packag (55T), 100 dB 2.7V = 3.6V
at 2kY
GBW 350kHz 100 kHz 2.2 MHz 160 kHz 500kHz
Slew Rate 0.06 (0.05 | .11,.23 (0.09) Rising, 0.10,
Vips 0.16 0.03 0.9 0.08 T) 0.22 (0.09) Falling
40 to 60 (85T) | 200 (220), 160
Vout rande 30-50 (70 T) | 3mV, (100 to 500 | mV from low, mV (Vs = 50, 75 (100T) mV to 3.525,
9 mV from rail T) from ralil 2510 60 (85T) | 2.7V, ,=100 | 3.55(3.5T) Vif I,=500 pA
mV from high pA)
6, 12 mA )
lee + 5mA +5MA source, 10, 20|  400pA | Lo MV source, 19 mV sink g
. VDD = 2.4V
mA sink
1.8to 3.6V (4V abs Max),
Supply Range 1.8-5.5V 2.3-5.5V 15-55V 2.7-16V +0.8- +1.8 split
17-25 (28 T) 70,150 (200 T)| 7,10 (15T) | 20,28 (30 T) wA powered,
| (per channel) HA 20, 32 (36T) WA PA HA 10, 50 (400 nA) shut down

Table 7compares several egmps, which we considered for the pressure sensor conditioning

circuitry. We chose the OPA2333 (dual OPA333) based on these criteria. It had a lowestfssgput

voltage, which varied little withemperature [64]. It also had lowpuat-bias current, low inpubffset

current, low quiescent current and an ample slew rate andbgadwidth product. Its major advantage

over the other parts was its lower temperature susceptibility and extremelydewFurthermore,
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Texas Instrumentseecommended it for applications where it drives ADCs. Its disadvantage was that it
wasslightly more expensive than other parts, partially becausasbnly available in single or dual
packages[69]. We weighed price less than the quality of the anwlifi, since Dr . (
emphasized accuracy more than cost, and since the components were raiatxpagsive Appendix

G-1).

Some of our other changes to the Tekscan circuit were the use of a lower reference voltage
magnitude (|Med) to reduce thepower dissipated in each sensoggRe= Vrer/Rs, Rs= sensor o
resistance [62]. Some considerations wer800mV or-1V. A tradeoff was that decreasing:g¢
requiredus to increaseéhe gain and thereforase much larger resistances for the potentitane
Additionally, it was difficult for usto find regulators that could supply an output less than 1.2V
(another circuit could be used to invert the reference). Since other circuitry required a 1.5V reference,
we chose-1.5V for Vrer to simplify the power setion. Another advantage el.5V was that an

alkaline battery could serve as the reference before the power section was prototyped.

Decreasing ¥er substantially necessitated increasingsB that there would be adequate gain
to drive theoutputa t he wupper I imit of the ADCO6s range o
had been applied to the senpcuseialowsd ustheaslyeadjat 2 0 (
the circuit during testing. Figure 25 shows the original schematic éosixhidentical pressure sensor
circuits. Note that we routed the six outputs and three supplies to a connector. This is because we
would not build the power <circuitry -ampsneddeds b o:

We bypassedeachghd s supplies with 100nF ca@p, as their

The six trimmers enabled us to make sensitivity adjustments needed, so that each amplifier
would clip slightly above the voltage corresponding to the maximum grip strength (discussed in

Section 3.1). By substituting 100N into the regression lines in
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Sensor Estimated Gyoon (S) Estimated Rioon( Y) Re( Y)
1 12.0E6 83.3E+3 177.8E+3
2 12.0E6 83.3E+3 177.8E+3
3 12.0E6 83.3E+3 177.8E+3
4 10.7E6 93.5E+3 19.4E+3
5 11.0E6 90.9E+3 193.9E+3
6 11.0E6 90.9E+3 193.9E+3
7 8.0E6 125.0E+3 266.7E+3

Table8, weestimatdt he sensor 6 s c¢ on Gheicrésstances wesetthe inverisesof tipiso i n
quantity. TheOP A2 33306 s d a tdthat leeperdturei could iinutadhte eutput rangewdthin

70mV of the rail [64]. When we calculated the trimmer setting, we used 3.2Vgas td ensure that

the amplifier would not clip when 100N was applied. HuY = -VreHRe/Rs), substituting 3.2V for

Vour, -15V for Vger and Roon. for Rs, the equation became: 3.3V = 1.5W¥{Rioon), Where R is the

series combination of the fixed resistor &d R;. The potentiometersoé ac

therefore: Roon(3.3/1.5) Table 8ists the sensors and th&g calculations.

Table 8. Re Settings for Sensitivity Adjustment

Sensor Estimated Gyoon (S) Estimated Rigon( Y ) Re(Y)
1 12.0E6 83.3E+3 177.8E+3
2 12.0E6 83.3E+3 177.8E+3
3 12.0E6 83.3E+3 177.8E+3
4 10.7E6 93.5E+3 199.4E+3
5 11.0E6 90.9E+3 193.9E+3
6 11.0E6 90.9E+3 193.9E+3
7 8.0E6 125.0E+3 266.7E+3

Considering the size of these resistances, we needed to incrdama Rs original 1K value

or choose a larger potentiometer. We chose Yfikthe new value of the fixed resistor bRcause it

was readily available.
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Figure 25: Original Pressure Sensor Conditioning SchematicAmplifier Outputs Connected Directly to

Microcontroller
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3.1.3 Pressure Sensor Interfacm Circuitry Testing

Having determined the values for all of the passives components in the pressure sensor circuit
and having ordered emmps, we began our initial testing of this subsystem. Given the limited
availability of power supplies, we used an Aattery as ¥er It measured 1.6V on the DMM.
Limited quantities of headers were available at the time, so we assembled two circuits (corresponding
to sensors 2 and 3). Figure 26 shows the layout of the original prototype. Note the c&D6 8

brealout board.

irSe o v & oo oo in gifer G

. >
-——

5 00 oy 9 kv 3b

O it W R

Figure 26: Initial Prototype of Pressure Sensor Circuitryi 2 Amplifiers on Breadboard with AA Battery as-1.5V

Immediately, we noticed a problem with noise, which was more apparent when the sensor was
unloaded. © get a better understanding of the source of the noise, we set the oscilloscope to trigger on
the edge of the noise and turned infinite persistence on. Figure 27 shows the output of the original
circuit. We caused the large pulse by pressing the sématy for roughly one second. Note the large
amounts of noise when the sensor is unloaded (no pressure applied V 0 V) . Both <cir
up high frequency noise (1006s of kHz)Figawe?®®9 50 H
show the high frequency noise and AC noise on the sensor 2 circuit respectivéligareB0 and

Figure 31 show the high frequency noise and AC noise on the sensor 3 circuit respectively. We
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moved the sensors near the ground éfgm the power supply to make the 50 Hz noise more

noticeable.

...rlm. (i 0 M Pos: —~74.00ms MEASURE
v C?‘.ﬂ
High Freq. Noise when Sensol Pef;fld
is Unloaded {
CH1

Pk~Pk
2.34Y
CH1
Freq

?

CH1
May
2.30%

CH1

Min
~40.0mY

CHT S00mY M 250ms CH1 ./ 1.34%
<10Hz

Figure 27: Output of Original Pressure Sensor Prototype

Jl il Trig'd rm!‘.m 0000s  CURSOR

High frequency
of noise

0l Cursor 1
i n ‘ -“-00”5

Cursor 2
0.000s

CHi 50.0mb M0 U CHT S 9d0my
8.37037kHz

Figure 28 High Frequency Noise on Sensor 2 Circuit With Infinite Persistance
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Figure 29: 50Hz noise on Sensor 2 Circuit
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Figure 30: High Frequency Noiseon Sensor 3 Circuit
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Figure 31 50Hz Noise on Sensor 3 Circuit

The high frequency noise was the simplest problem to fix because it was above the range of
frequencies that industrial equipment creates [2]. We added R@dssvfilters to each channel to
attenuate the higfrequency noise.Figure32 shows this simple circuit. The output is the node where

the resistor and capacitor connect. It is a v

Zc 1 1

V”“T:R+zc‘(2£)+1:1+sﬂc
C

(R and 1/sC respectively). Thus, this circuit has a single

leftthand pole at ¥ = 1/ RC, so frequencies above f

R13
1k
[

|

100n

Figure 32 RC Low-pass Filter.
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Given the limited amount of timeemaining to comgte our prototype at this point we
chosdkY and 100nF for R and €ince they were available in both throdgble and surfacenount
packages With this combinationsfis was 1/(2 ( Y)KLOOrF)) = 1.59 kHz. This both preserved the
frequency content that we were interested in @ehuatedhe higher frequency noise on our signal.
Figure33 andFigure 35 show the outputs of the two pressure sensor circuits-auole 34 andFigure
36 show the noise (without persistence) after the-pass filter was added. The sigmehs much
cleaner, compared to the unfiltered output, as seBigure26. Nevertheless, the 50 Hz noise was still
noticeable Figure34 andFigure 36).

T T e

Unloaded High
Frequency Noise is
Rejected

CHY St il G 7 10y
<10Hz

Figure 33: Sensor 2 Circuit Output with 1.59kHz LPFi High Frequency Noise Rejeted



M Pos: —=40,00ms CURSOR
*

Type

~50 Hz Noise L
source

1 2.00mVYEBy

Unloaded High
Frequency Noise is
IRejected

Figure 35: Sensor 3 Circuit Output with 1.59kHz LPF - High Frequency Noise Rejected
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CH1 2.00mYyBy

Figure 36: Sensor 3 Circuit Noise with 1.59kHz LPH Power Noise Still Visible

To verify that the sensors themselves were picking up the noise, we substitutedYa 100k
resistor for each of the them, AC coupled the channels and measured the output ofaaph s
the clean signalsn Figure 37 and Figure 3838 show the noise was indeed being picked up by the
sensors Furthermeoe, measurements ofpd (3.3V) and the reference voltagegre¥ (-1.6V) did not
show any of the noise. We added a 100nF in parallel witand it did not cause any noticeable

improvement.

Tek JL. @S M Pos: ~40.00ms  MEASURE

| 0 2 e i T e o o 2 2 e T T T T T T T“‘f"‘r‘wﬂ"r"x‘w*‘r ‘v*r‘;| '-‘CH-'

Cleaner Signal with v ! ‘ | Period
Sensor Replaced by a . 223387
Resistor ! CH1
Pk-Pk
2.72my

. CH
1 Freq
| 4.360kHz?

CH1
Max
1.52mV
CH1
] Min
VR
CH1 ./ 320
<10Hz

T B

CH1 2.‘00‘m'1¢‘a',; hidbdod M, TO,&"*‘BI bbbk

Figure 37: Sensor 2 Circuit Noise with 100K as Sensor 2 Minimal Visible Power Noise
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Figure 38: Sensor 3 Circuit Noise with 100K as Sensor 3 Minimal Visible Power Noise

Since the pressure sensors were picking up the power noise, we needed to adefiltenotch
centered at 50 Hz (60 Hz if we were in a different region) to the circuit in addition to theaksv
filter. This circuit would be mounted on the back of the hand with the vibration sensing circuitry, so it
was important to find a solution that required minimal components. Active filters would take up much
board space, so we decided to look into notch filters madessives. Time was another constraint at
this point too, since we were into the ninth week of our project. We saw a potential soltienAnt
of Electronics by P. Horowitz and W. Hill [70]. A passive twih notch filter Figure3939) adds the
input signal to itself with A8 phase shifat the cutoff frequency, thereby causing theoretically

infinite attenuation.



57

I +—— out
% R/2

Figure 39: Passive TwinrT Notch Filter [70]

1
The cutoff frequency i§:r': ~ 2nRC . Horowitz and Hill noted that this simple RC circuit could

be used to reject power line interference, but warned that it requiredhatelhed components and that

its frequency response had a smooth évapabout § While this could be improved withn active

version of the filter, this would require adding multipleapps to each circuit and cost board space

and power. We chose components for this circuit based on what we had available. With C = 100nF, R
needed to be approxiOnarnk, y3@BKY 8kX¥kY avmed h&a@oyv t
on hand, so we made R with a series combinatio
R/'2 with two of these in parallel (nominally 1
two 100nFin parallel (nominally 200nF)Figure40 shows a MULTISIM bode plot of this filter. Note

that the pole is at approximately 50 Hz and the smoofionse that Horowitz and Hill warned about.
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Figure 40: MULTISIM Simulation of Passive 50Hz TwiAT Notch Filter

The cutoff frequency for this filter is 50.37Hz. Ideally, we would want to reject 50Hz and
60Hz to account for regional power differences.

available online [71]. A s Glterbwould have aocatoff dréqueBeg . 7 k
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of approximately 60Hz (59.61Hz) [70]. Only 13
either two 26.7kY in parallel or accept the err
the two flters would be footprint compatible (though we could two suracent resistors directly on

top of each other). For our prototype board we decided to only include a 50Hz notch filter, given the
limited testing time we had remaining and our board space s t r ai nt s . Dr . O6 Su |

would be acceptable to just have the prototype with a suitably olgpot Appendix G1), therefore

the 50Hz filter was fineFigure41 shows the original prototype of the filtered pressure sensor circuit.

50 Hz Notch Filter
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Figure 41 Initial Pressure Sensor Circuitry Prototype with 1.59kHz LPF and 50Hz Notch Filter

2 2% P owm oo
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To compare the noise on the circuit with amithout the notch filter, we connected one of the
circuits to the oscilloscope, set the horizontal scale to 10ms/div (adequate to view 50Hz noise, which
has a 20ms period) and AC coupled the channel. We then turned on infinite persistence and moved the
sensor around to as many positions as possible to get an envelope for the noise. We repeated this with
the sensing area pinched, thereby loading the sem3gure 42 andFigure 43 show the noise on the
signal loaded and unloaded respectively. Note that the noise has a much greater swing whsorthe s

is |l oaded because the amplifierdés gain was sub:
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because it tended to pick up more noise than the sensor 3 circuit (possibly because of the breadboard

layout).

Figure 43: Sensor 2 Circuit 50Hz Noise Envelope with Sensor Loaded

We then measured the signal at the output of the notch filter for compaFsgpure 44 shows
the output of the filter with the sensor unloaded. Note how much cleaner it is than the unfiltered signal
in Figure 42. Likewise, the output of the filter with the loaded sensor, showfigunre 45 is

substantially cleaner thahe unfiltered signal ifrigure43. It is important to take into account the fact
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that this filter was built on breadboard with most of the compaenastparallel or series combinations
(all 1% except for the 1kY, which was 5% and t
circuit board version of this circuit with more precise parts would be more accurate with the location of
t he f i Ifffregueric and like tie rest of the circuit, be less susceptible to electromagnetic noise.
Figure46 shows the output of the pressure sensor circuit after theination of lowpass and notch

filtering.

Figure 44: Sensor 2 Circuit Noise Envelope with Sensor Unloaded at Notch Filter Output

Figure 45: Sensor 2 Circuit Noise Envelope with Sensor Loaded at Notéhlter Output



