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Abstract 

 A proof of concept prototype of a ñsmart gloveò system, which could monitor the physiological 

stresses related to repetitive strain and vibration-induced injuries, was developed at the University of 

Limerick Enterprise Research Centre in Ireland.  The device logged grip force, vibration and 

goniometry data and could alert the user if dangerous vibration levels were reached.  This prototype 

will provide a basis for future developments of devices that would enable safety by providing more 

information about injury risk in the workplace.   
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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 effects.   Many important 

systems can be broken up into two categories: repetitive strain injuries (RSI) and vibration induced 

injuries, both of which may cause decreased productivity or even absenteeism.   Repetitive strain 

injuries and vibration induced injuries such as episodic finger blanching are common industrial 

ailments, but since they occur 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 and ensuring the presence of safe working habits 

and proper protective equipment.   

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

force, and hand-transmitted vibration [5]. Excessive exposure to these factors can cause RSI or 

vibration-induced injury. Currently, there 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 

occupation-related injury. Although these commercially available products 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, non-invasive 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 tracking all of 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 researchers, for furthering their understanding of the causes of occupation-related injuries. 



xiii  

 

 Our goal was to design a prototype ñsmart gloveò, that measures and monitors the magnitude 

and direction of hand and arm vibration, the wrist angles corresponding to wrist flexion 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 following objectives: 

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

durability 

¶ To select a microcontroller with an appropriate number of ports, data storage, USB 

interoperability, ADCs, and an LCD driver 

¶ Designing the interface circuitry between the sensors and the microcontroller 

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

¶ Designing the interface between microcontroller and PC (SD card) 

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

The prototype ñsmart gloveò system, incorporated angle, pressure, and vibration sensing into a non-

invasive, lightweight glove, to be used by a worker. Transducers were used to sense the severity of 

these factors, and 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 not in use 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, while still 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 such as episodic finger blanching. 
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The approach to designing the ñsmart gloveò system began with a basic top-level design in 

which the key block components were identified. We conducted a careful examination of the user 

requirements, from which we 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 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 microprocessor and inputs, 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, re-design, re-test, as necessary until proper functionality was reached. In the end, 

we were able to take our final design build our subsystems on PCBs and assemble our proof of concept 

prototype.  
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1 Introduction   

 Workers in a variety of fields often experience injuries resulting from their daily occupations 

[1]. Poor design of hand-held tools, occupation sites, and work systems can expose employees to 

debilitating stresses. Many symptoms fall under the category of repetitive strain injuries (RSI), which 

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 

quantitatively 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 example of a vibration-induced injury is Raynaudôs Phenomenon, a 

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 exposed to excessive 

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, devices such as the VATSÊ (Vibration 

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 measure hand-transmitted vibration and grip 

force [4] [34].     

 

 

   

 

 



2 

 

 

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 occupation-related 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 part of one lightweight, non-invasive 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 also be useful for ergonomic researchers, for furthering their understanding of the causes of 

occupation-related injuries. 

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

force, and hand-transmitted vibration [5]. Excessive exposure to these factors can cause RSI or 
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vibration-induced injury. Our goal is to use transducers to sense the severity 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 developing a prototype ñsmart gloveò system, which will 

incorporate angle, pressure, and vibration sensing into a non-invasive, 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. Furthermore, the processor 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 as an auditing tool will assist employers in optimizing the amount 

of time that a worker can safely spend on a task. Reducing the incidence of stress-related injuries 

through monitoring will decrease the amount of employee compensation that employers need to 

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 relationship between these is not well understood. 

The approach to designing the ñsmart gloveò system began with a basic top-level design in 

which the key block components were identified. We conducted a careful examination of the user 

requirements, from which we 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 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 would be able to receive and 

process all information, as well as transmit it to 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, test, re-design, re-test, 
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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 

 Repetitive strain injuries and vibration-induced 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 workspace auditing 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 expensive and is 

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

 

1.1.2 Project Goal 

Our goal is to design a prototype ñsmart gloveò, that measures and monitors the magnitude and 

direction of hand and arm vibration, the wrist angles corresponding to wrist flexion 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. 
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1.1.3 Project Objectives 

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

below: 

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

durability 

¶ To select a microcontroller with an appropriate number of ports, data storage, USB 

interoperability, ADCs, and an LCD driver 

¶ Designing the interface circuitry between the sensors and the microcontroller 

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

¶ Designing the interface between microcontroller and PC (USB) 

¶ 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 the "smart glove" 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 conversations with ergonomics expert Dr. Leonard OôSullivan, we were given several 

explicit user requirements for the smart glove system. 

¶ Measurement of Parameters 

¶ Pressure: The prototype should be able to measure the forces experienced by the hand 

(i.e. fingers and palm) when the user of the glove grips equipment in the workplace. 
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¶ 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.   

¶ Vibratio n: 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 hazardous, and this 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 able to 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 be able to download 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 need to make 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 fingers and 

wrist. This will be done by making use of components that are smaller and lighter so they will 

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 finished product 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. 

¶ Portability : The finished product should be compact so that is easily transported and 

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. 

 

¶ Hand movement: The glove should not impede or restrict the user's movement, so it should be 

lightweight. 

¶ 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. 

¶ User Interface: The glove should be intuitive to use, since most of the users will be unskilled 

workers in industrial settings. 

¶ 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 surrounding area. 

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

of the components and sub-systems that will make up the ñsmart gloveò device.   
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Figure 3: Preliminary Block Diagram of ñSmart Gloveò Prototype 

 

 The arrows shown in Figure 3 indicate the direction of 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. 
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2 Background  

 In this chapter, the potential causes and effects of repetitive strain and vibration induced injuries 

are discussed.  We also review the prior art of ergonomic hand-wrist measurement 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, frequency, and 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), 

neurological 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 (VWF) is one type of secondary Raynaudôs disease, in which the 

victim experiences ñintermittent bilateral blanching of the fingersò [3].  Beginning with the whitening 

of fingertips in the presence of cold, continued exposure to vibration can increase the blanched area, 

spreading to other fingers, and affecting all phalanges down to the palm.  

VWF 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 vibration, 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 the pressure exerted 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 passed since first 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 blanching can lead to 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 white-finger symptoms 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 approximately proportional 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, the risk 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 

vibration-induced disorders [2].  Such symptoms include tingling 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 vibration-exposed workers experienced peripheral neurological 

disorders, and that 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 vibrations is carpal tunnel 

syndrome (CTS) [3].  Between the bones of the wrist and the transverse carpal ligament is the carpal 

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 disorders such 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].  Workers 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 tools tend to be 

in frequencies lower than 50Hz, but with high acceleration magnitudes.  In some countries, including 

France, Germany, and Italy, workers operating hand-held vibrating tools receive compensation if they 

experience bone and joint disorders, which are considered 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 reduction in hand grip strength.   

2.1.4 Measuring Hand Transmitted Vibration   

 The four main considerations known to contribute to hand-transmitted vibration symptoms are 

[2]:  

¶ Frequency spectrum of mechanical vibration 

¶ Magnitude of vibration 

¶ Duration of exposure during the work day 
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¶ Cumulative exposure 

The standards for measuring these are outlined by the International Organization for Standardization 

(ISO).  Considerations of the vibration transducer will be left to section 3.2.3, 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 disorder (WRULD). It affects the muscles, tendons and nerves in the 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 movements, such 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 the 

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, posture and repetition to 

influence both the onset and duration of RSI [9].  RSI 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 educational material on the causes of RSI related conditions, 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 RSI 

 Type 1 RSI is used to describe a specific range of musculoskeletal disorders 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 pain, dull ache, 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 the motion of the arm ('frozen shoulder') and 

causes pain.  

Figure 4: Adhesive Capsulitis [11] 

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

 

Bursitis [12]: This occurs mostly in the elbows and knees 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.  

     

Figure 5: Olecranon (Elbow)  Bursitis [12]   

[Image courtesy of Medical Multimedia Group LLC, 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 of the 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. 



15 

 

 

Figure 7: Carpal tunnel syndrome [14] 

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

 

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

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 is shown in 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 ñfunny bone.ò During the later stages of the condition, when the ulnar nerve has 

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

 

Figure 8: Cubital Tunnel Syndrome [16]   

[Image courtesy of Medical Multimedia Group LLC, www.eOrthopod.com] 
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De Quervainôs syndrome [17]: This is an 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 hand and the thumb painful.  

Dupuytrenôs contracture [18]: This is a disorder 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 caused by 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 by Frank C. Müeller, available under the Creative Commons Attribution-Share Alike] 

 

Epicondylitis (tennis / golferôs elbow) [20] [21]: It is the muscle lesion or inflammation of tendons at 

the point where they attach to the bone on both the outside and inside 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 strength 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 build-up of scar tissue causes the tendon to thicken, causing 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 degeneration of 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.                                                                                                  

 

Figure 10: Ganglion Cyst [22] 

[Image courtesy of Medical Multimedia Group LLC, www.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 of the tendons 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 rotator cuff.  
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Figure 11: Rotator Cuff Tears [23] 

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

 

Tendinitis [24]: Tendinitis, (or 'tendinopathy', as it is currently referred to), is an injury resulting 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 weakened 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 nodule, shown 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 of pistol-gripped hand tools or steering 

wheels, as well as, 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 locked in the 'flexed trigger' position, as is 

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

[Image courtesy of Medical Multimedia Group 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] ¶ The connective tissue surrounding the shoulder joint 

becomes inflamed and stiff, restricting the motion of the 

arm  

¶ The person experiences pain when moving the arm and 

shoulder 

Bursitis [12] ¶ Inflammation of the sacs of synovial fluid (bursae) 

found in the elbows and/or knees  

Carpal tunnel syndrome [14] ¶ Numbness in the wrist and arms 

¶ Weakened grip 

¶ Burning and tingling in the hand and arm. 

Cervical spondylosis [15] ¶ Severe pain 

¶ Weakening of the muscles 

Cubital tunnel syndrome [16] ¶ Experiencing sensations similar to those that come from 

hitting the ñfunny bone.ò  

¶ During the later stages of the condition, the small and 

ring fingers may curl up to form an 'ulnar claw 

De Quervainôs syndrome [17] ¶ Soreness of the forearm, wrist and thumb 

¶ Grasping objects between the hand and the thumb 

becomes painful 

Dupuytrenôs contracture [18] ¶ It commonly affects the little and ring fingers 

¶ The fingers bend towards the palm and cannot be fully 

extended 

Epicondylitis  

(tennis / golferôs elbow) [20][21] 

¶ Inflammation of tendons at the point where they attach 

to the bone on both the outside and inside of the elbow 

¶ The tendon loses its strength and becomes more 

susceptible to injury.   

¶ As, a result, scar tissue is formed over the tendon, and 

the continuous build-up causes the tendon to thicken, 

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 

Ganglion cyst [22] 
¶ Swelling occurs around the joints and tendons in the 

hand or foot especially on the fingers and wrist.  

¶ It develops into a cystic structure that could be painful 

and interfere with using the hand.  

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

¶ It can vary from the partial tearing and fraying of the 

tendons to the complete detachment of the tendons from 

the humeral head at the shoulder joint 

¶ Loss of function and movement in the arm and shoulder 

¶ Pain is experienced when moving the arm and shoulder 

Tendinitis [24] 
¶ There are tears in the muscle fibers 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 weakened tendon to 

rupture with a sudden force or heavy lifting, which may 

necessitate surgery. 

Trigger finger/thumb [25] 
¶ Experience problems moving bending the fingers or 

thumb toward the palm of the hand 

¶ It causes pain when the finger or thumb is bent and a 

clicking sensation heard  

¶ In extreme cases, it can cause the finger to be locked in 

the 'flexed trigger' position 

 

 

 

 

2.2.2 Type 2 Repetitive Strain Injuries 

 Type 2 RSI is also referred to as non-specific pain syndrome (NSPS) or diffuse-RSI. 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 strains and vibrations. This causes a 

problem for medical personnel trying to detect signs of injury and the nature of these ódiffuseô 

conditions, because they do not satisfy the diagnostic criteria for well-defined medical disorders [27]. 

For this reason, this condition, 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 non-specific pain syndrome may 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 

difficul t. 

 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 peripheral nerves 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 about 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 damage to the employees. These are [10]:  

¶ the pace of the work carried out 

¶ the number and duration of rest breaks that the laborers have 

¶ the amount of repetition and force associated with movements 

¶ posture 

¶ the use of ergonomically designed tools and equipment 
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These factors 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 Tudor, who is the Health and Safety 

Commissioner (HSC) in the UK, this will include ñidentifying the signs of RSI early, in order to treat 

the individuals and remedy the causes, including stress and other psychosocial factors in the workplace, 

before the condition moves into its chronic phase". 

2.3 Effects of RSI 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 of work-related RSI is also 

affecting the economy.  

 Each year in the 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]. The cost to industry 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 the 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  

Increased injury benefits in industries 

Increase in the recruitment and training costs 

Bad publicity 

Litigation costs and compensation payments to employees pursuing negligence claims 

 

 'Presenteeism' is when employees who are not able to function effectively as a result 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 produced 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 experience difficulties 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 of work-related musculoskeletal disorders, 

and according to Praemer, Furner, and Rice [30], data collected in 1995 showed that the economic cost 

associated with both occupational and non-occupationally related disorders is as high as $215 billion. 

 From this information, it is such as to be more expensive for employers and their insurers to 

ignore RSI amongst their workers, because it would cost far more to pay the compensation and benefits 

packets than the costs to rectify the deficiencies in the design of products, workplaces and work 

systems that require high degrees of repetitiveness, 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 whether the existing 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 manage the 

risk of RSI. 

 RSI also increases the cost of social security benefits that the government provides, especially 

to unemployed adults with families. In the statistical yearbook of Ireland [32], social welfare 

expenditure increased from 8.8% of the GNP in 2005 to 9.0% in 2006, and 18% of this cost incurred in 

2006, was due to expenditures related to illness, disability and caring. Also, the number of recipients of 

illness, disability and caring payments rose by 43% between 1999 and 2006, and the net non-capital 

health expenditure rose by 155% from ú4,573.9m in 1999 to ú11,645.8m in 2006, and the 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% of the social welfare payments in Ireland, which 

and this causes the suggestion  that the increased prevalence of RSI among workers in factories and 

industries was a contributing factor.  

 There are no recently published statistics explicitly showing the effects of RSI on the economy 

and workforce 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 back injuries 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 and industries.  

 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 of work they  

did [31]. An estimated 12.3 million working days were lost due to work-related 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 four million 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 RSI conditions.  The ñsmart gloveò system aims to 

monitor these parameters, so that this data can be used to assess and prevent 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 grip dynamometers, which are available from various 

vendors: the Pressure Profile Systems (PPS) FingerTPS, the Force Sensing Applications (FSA) Glove 

Pressure Mapping System (GPMS), the I-CubeX 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 used to map pressure.  

Grip dynamometers are instruments that measure the force the subject applies to the handle 

[33]. They cost around ú200 ($300 USD), and can measure 890N (200 lbs) and greater. Dynamometers 

are used in studies, such as Mathiowetz et al., as medical tools for measuring patientsô grip strength, 

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 work place, due 
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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 [33]. It powered 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 

System and 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 in Section 1 for a picture of GPMS.   

 

Figure 14: PPS FingerTPS [39] 

[Used with permission from Pressure Profile Systems, Inc.] 

 

The I-CubeX TouchGlove is a unique case, because the glove itself is a collection of sensors 

[36]. However, when they are connected to I-CubeXôs Digitizer, the system outputs a MIDI signal 

corresponding to the pressure exerted on each sensor. It is marketed as more of a do-it-yourself ñtoyò 

than as an ergonomics tool. For example, its website showed an application where 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: I -CubeX TouchGlove and Digitizer [36] 

[Images courtesy of Infusion Systems Ltd.] 

 

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 shown in Figure 14 [34], 

[39]. It sends data via Bluetooth to a computer from a transmitter worn on the back of a belt [34]. 

PPSôs software displays the measurements in real-time and has a video playback feature. FingerTPS 

has a battery life of about four hours and recharges through USB. It senses up to 44.5 N (10 lbs), is 

accurate up to .44 N and comes with a straightforward calibration tool. The advantages of this system 

are its accuracy, comfortable design and wireless real-time 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 the 100N this project 

needs to measure (Appendix G-1), does not work over an industrial temperature range (only 0 to 50
o
 

C), and does not have the battery life to make measurements throughout an 8+ hour work day [33], 

[34].  

The FSA Glove Pressure Mapping System uses a glove that is covered with an array of 20 or 24 

piezo-resistive pressure sensors (refer to Section 3.1 for more detail) [35]. This device is shown in 

Figure 16 below. 
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Figure 16: FSA Glove Pressure Mapping System (left) and Hand 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 at over 100 Hz, 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 can 

store roughly 5734 scans. There is an 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 can be used with 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 size and 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. Also, given the small sensing 

area of each sensor (0.635 cm (.25ò) x 0.636 cm), the calibrated range is inadequate to measure the 

100N that this project demands (Appendix G-1). It is prohibitively expensive, at ú4400.58 ($6376.00 

USD) for a 24-sensor glove or ú3861.55 ($5595.00 USD) for a 20-sensor glove [40]. This price is for 

the sensor itself. An email from David Pinchefsky (Appendix G-2) a sales representative at NexGen 

Ergonomics explained that these systems require a Base System, which costs ú4451.65 ($6450 USD) 
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or ú4589.69 ($6650 USD), depending on the model. It would seem that the large array of sensors 

would be advantageous, but a study by Jung et al. of the GPMS found that its 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 displayed in real-time and 

exported to a spreadsheet [35]. Like the FingerTPS, this product can record a video of the real-time 

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 pressure threshold is passed [35]. It can use the same optional wireless kit as 

the FSA GPMS. The combination of real-time display and exporting data to a spreadsheet is an 

advantage of this product, as is the alert feature and the resolution of the large sensor array. However, it 

is not calibrated to measure over 207 kPa (30 psi), and is not appropriate to use throughout a workday 

because of its handkerchief-like design. Finally, the HSA, though less expensive than the GPMS is still 

fairly expensive, at ú931.74 ($1350.00 USD) for an 8 x 8 array and ú2260.33 ($3275.00 USD) for a 24 

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

The I-CubeX 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 over 98N (22 lbs). 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 

can be used with or without a computer.  This product is fairly costly, since the glove itself is ú233.46 

($342.82 USD) and the Digitizer costs ú407.93 ($599.00 USD).  

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

are used to evaluate oneôs grip strength and are meant for more of a clinical environment [33]. The 
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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 cloth-like device that could cover a tool, etc, and be 

used to collect pressure data [35]. Lastly, the I-CubeX 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, it is used in a very different application [34], [35], [36]. A ñsmart glove,ò immediately has 

an advantage over these devices in that it detects other stresses in addition to pressure. Tailoring the 

ñsmart gloveò for an industrial setting, designing it with a sufficient pressure sensing range and battery 

life will also be advantageous. Concepts, such as the calibration tools, adjustable sampling rate, and 

memory expandability were things to consider in our design.  Table 3 below summarizes the 

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

 

Grip Pressure 

Sensing Product 

Advantages Disadvantages 

Dynamometers [33], 

[33], [38] 

¶ Large sensing range 

¶ Inexpensive 
¶ Clinical devices not meant 

for industrial environment 

¶ Cannot be used 

simultaneously with tools 

FingerTPS [34], [39] ¶ Customizable six-sensor glove 

design 

¶ High accuracy, wireless 

¶ Real-time graphical display 

¶ USB rechargeable batteries 

¶ Calibration tool 

¶ Low sensing range, battery 

life 

¶ Not rated for industrial 

temperature range 

GPMS [35], [37] ¶ Customizable glove design with 

up to 24 sensors 

¶ Adjustable scanning rate 

¶ Expandable built in data storage, 

exports data to computer 

¶ Optional wireless kit 

¶ Calibration tool 

¶ Low sensing range 

¶ Expensive 

¶ Awkward cables 

¶ Potential accuracy issues 

HAS [34], [35] ¶ Real time data, exports to 

spreadsheet 

¶ Conforms to various gripped 

objects 

¶ Can sound alarms in LabView 

¶ Optional wireless kit 

¶ Calibration tool 

¶ Low sensing range, 

expensive 

¶ Awkward to use in 

workplace 

TouchGlove [36] ¶ Six-sensor glove design 

¶ Adjustable sampling rate 
¶ Low sensing range 

¶ Media controller not 

meant for industrial 

environment 

¶ Expensive 

 

2.4.2 Prior Art for Goniometry  

 There is a broad range of goniometers available for the measurement of flexion and extension in 

the hand and arm.  The measuring technology ranges from electro-optic or electromagnetic to purely 

mechanical. 

 Electro-optics have been used for biogoniometry, and are suited especially to joints which do 

not have a fixed 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 beams of light 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 bend 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 1981 by Thomas 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 extension using 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 electro-optics 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 approximate flexion to be 

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 to measure 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 previously measured 

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 [48].  As 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 incorporate strain gauges 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].  Unfortunately, it can only measure movement in a single axis, and 

its accuracy is restricted.  

 Table 4 below summarizes the advantages and disadvantages of the discussed products.   

Table 4: Comparison of Biogoniometric Measuring Solutions 

Goniometric Sensing 

Product 

Advantages Disadvantages 

Electro-Optic 

Goniometer [41], [43], 

[44], [45] 

¶ Adequately accounts for 

rounded joints 

¶ Accurately measures join angle 

¶ Power intensive 

¶ Complicated optics 

Conductive Ink 

Goniometer [46] 
¶ Low Power 

¶ Adequately accounts for 

rounded joints 

¶ Low resolution 

¶ Limits to available technology 

¶ Initial prototypes are expensive 

Air Pressure 

Goniometer [47] 
¶ Adequately accounts for 

rounded joints 

¶ Can be created cheaply 

¶ Poor resolution 

¶ Air tube can be bulky 

Hall Effect Sensor [48] ¶ Adequately accounts for 

rounded joints 

¶ Accurately measure joint angle 

¶ Invasive, must be surgically 

implanted 

¶ Sensor is vulnerable to common 

workplace interference 

¶ Expensive 

Strain Gauge 

Goniometer [49], [50] 
¶ Can be created cheaply 

¶ Low Power 

¶ Lightweight System 

¶ Multiple gauges must be used to 

adequately measure rounded 

angles 
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3 Design Methodology 

 In this section, we will discuss the methods used to design the ñsmart gloveò prototype. The 

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 as our background 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 each sub 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 sensors.  Since the design must not hinder the 

userôs hand movement, the pressure sensors needed to be flexible and thin.  Dr. OôSullivan requested 

that the pressure sensors be accurate up to 100N (22.48 lbs) (Appendix G-1).  Given the time and 

power constraints, it was important that the pressure sensor was low power and simple to implement.  

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 sensor needed to be robust enough for an industrial 

environment.     

We investigated several types of thin, flexible pressure sensors: capacitive, resistive and 

quantum tunneling composite (QTC).  Capacitive sensors, which increase their capacitance as pressure 

is applied are considered the most sensitive and accurate type [51].  They require complex hardware, 

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 battery 

life of our design.  An example of a capacitive sensor that we looked at was a ConTacts C500 (Figure 

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.  It can measure forces up to ~138N.  A major 

disadvantage is that the 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.]  

 

Piezoresistive pressure sensors, the second type of sensor we considered are simpler to 

implement than capacitive pressure sensors [51].  As pressure is applied, a piezoresistive sensorôs 

resistance decreases.  Unloaded, the sensorôs resistance can be in the MÝ range and drop to tens of kÝ 

as pressure is applied [53].  There is a linear relationship between the sensorôs conductance (1/R) and 

the applied force to the sensing area, making them simple 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 potential piezoresistive sensors for our ñsmart gloveò were the Tekscan A201 and the 

Interlink 402.  Table 5compares these components.  We converted the units to SI as necessary.  Neither 

of the sensorsô literature expressed the accuracy the same way, except for their single part repeatability 

[54], [55], [56].  Figure 18 shows the Tekscan sensor and Figure 19 shows the Interlink sensor.   
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Figure 18: A Tekscan FlexiForce A201-100 from the 8-Pack Used in Prototyping 

 

 

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 require conditioning, according to a distributorôs 

sales representative (Appendix G-3).   However, Interlinkôs website and Gail Shaw, an Interlink sales 

manager emphasized that their sensors are not meant for qualitative measurements [57], (Appendix G-

4).  An advantage of the Tekscan part was that it was much more robust, being able to 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, either sensor is weak against shear force, since 

they are laminated [53], [56].  Both sensors were relatively inexpensive though, and given Interlinkôs 

warnings about the making quantitative measurements with the sensors, and the greater robustness and 

repeatability of the A201, we determined that it was the best piezoresistive sensor for our project 

(Appendices E-3, E-4).   
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Table 5: Piezoresistive Pressure Sensor Comparison 

Properties Tekscan Flexiforce A201 [55] 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. -9 to 60 C -30 to 70 C 

Force Ranges 0-440 N and < 4448.2 N < 1N to > 100 N 

Max pressure 68.9 MPa not specified 

Lifetime 1 million 10 million 

Other Notes: Requires conditioning 
Only recommended for qualitative 

measures 

Price [53],[58] 75 ú ($110 USD) / 8 sensors 43.11 ú ($63.23 USD) / 10 sensors 
 9.375 ú / sensor 4.31 ú / sensor 

*depends on measurement consistency   
**requires conditioning 

   
 

Another type of sensor we considered was 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 used 

in pressure sensitive cloth applications, so they seemed ideal for a ñsmart glove.ò  The fact that they 

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 

Peratech QSRC025130 and similar sensors are out of production and were available in limited 

quantities from one of Peratechôs dealers (Appendix G-5).  Sara Gott from Peratech said that they 

design sensors for customers instead now, but that this service was not free (Appendix G-6).   The 

sensors had an appropriate range for our project, being rated for 0 ï 100 N [60].  Unfortunately, we 

could not choose QTC sensors because non-custom sensors were not available.  Since Peratech claims 

that they can serve as direct replacements for piezoresistive sensors, future work on this project 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 choice for the ñsmart gloveò prototype.  QTC sensors seemed like a promising 

option; however, they required having a custom sensor designed.   Nevertheless, the A201 was thin, 

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 environment.   

 

3.1.1 Preliminary Sensor Testing 

 Having chosen a sensor pressure sensor, our next step was to gather calibration data.  The 

A201-100ôs conductance had a strong linear correlation to the force applied to its sensing area, 

according to Tekscanôs documentation [62].  By taking multiple resistance measurements at known 

forces and performing a linear regression of this data, we could determine this relationship for each of 

the gloveôs six sensors.  Since the part-to-part repeatability of the A201 was unknown, we labeled each 

sensor so we could determine the data set to which each one corresponded.  Measurements were made 

using Dr. OôSullivanôs force gauge (Figure 21) (Rated for 0 ï 2200 N x 1 N / 0-500 lb x 0.2 lb) and a 

digital multimeter.  We adapted the contact point of the force gauge to the pressure sensors using a bolt 

as a puck. The bolt was an appropriate choice because it had a slightly smaller diameter than the 
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sensing area and was rigid enough to transmit the force.  To prevent uneven loading, the bolt was filed 

until it was acceptably level.  Figure 22 shows the sensors and the puck. 

 

                Figure 21: Dr. Leonard OôSullivanôs Force Gauge Used for Calibration at University of Limerick  

 

 

Figure 22: Tekscan A201-100 Sensors and Puck (Bolt)
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We first conditioned each sensor in accordance with the FlexiForce User Manual.  This 

involved applying 110% of the greatest force being measured five times, and allowing time for the 

sensor to stabilize between presses [62].  Conditioning each sensor ensured the repeatability of its 

conductance to force characteristic.  In practice, this procedure would only need to be repeated if the 

glove was unused for several weeks.  We conditioned Sensor 1 for 444.8 N (200 lbs) and sensors 2 ï 7 

for 890 N (100 lbs).  We took a series of 12 resistance measurements with the DMM for each of the six 

sensors calibrated for 100 lbs [62].  These measurements were made at multiples of ~10 lbs (44.4 N) 

from 0 to 100 lbs and at multiples of ~25 lbs (111.2 N) from 0 to 100 lbs.  The plot in the User Manual 

took measurements up to 100 lbs, so this setup was similar to Tekscanôs.  We used the first sensor to 

compare data from a sensor conditioned 200 lbs to a sensor conditioned for 100 lbs.  We inserted the 

sensors into a breadboard to make it easier to connect the DMMôs clips to its two leads.  Figure 23 

shows the setup for the calibration measurements.  Their unloaded (no pressure applied) resistances 

were too large to measure accurately with the DMM, so the first point used in every plot corresponded 

to ~10 lbs.  It was difficult to set the force gauge to exactly 10.0, 20.0, 25.0 lbs, etc, so we chose the 

closest force at which we could stabilize it (ex. 10.2, 19.8, 24.6 lbs, etc.).   We took the inverse of the 

sensorsô resistances to compute the conductance and plotted this against the force (converted to N).  

We plotted each sensorôs conductance to force characteristic and generated linear regressions in Excel.     

The conductances of the seven sensors all had strong linear correlations to the force applied to 

their sensing areas, since each one had an R
2
 that was close to 1.0.  In fact every lineôs R

2
 was greater 

than or equal to 0.98.  Table 6 summarizes the results for each sensor, listing their regression line and 

R
2
.  Appendix D shows the data for each sensor and its plot.  Note the similarity of the regression lines.  

The slopes ranged from 6E-8 to 10E-8 S/N and the intercepts ranged from .7E-6 to 5E-6 S.  The sensor 

conditioned for 200 lbs had a similar conductance-force characteristic to the six that were conditioned 
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for 100 lbs.  The User Manual says that the ñentire sensing area of the FlexiForce sensor is treated as a 

single contact point [62].ò  Therefore, we needed to divide by the sensing area ((ˊ (0.00953/2)
2
 = 

71.3E-6 m
2
) to make a pressure measurement based on these lines in software.   

Table 6: Tekscan A201-100 Pressure Sensor Conductance to Force Linear Regression Lines 

Sensor Regression Line R
2 

1 G = 7E-8x  +  5E-6 0.9986 

2 G = 9E-8x  +  3E-6 0.9891 

3 G = 10E-8x +  2E-6 0.9893 

4 G = 10E-8x + .7E-6 0.9893 

5 G = 6E-8x  +  5E-6 0.9893 

6 G = 6E-8x  +  5E-6 0.9893 

7 G = 6E-8x  +  2E-6 0.9893 
 

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

 

 

                          Figure 23: Tekscan A201-100 Sensor Calibration Setup Used in Dr. OôSullivanôs Lab at UL 
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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 pressure sensors needed to allow the microcontrollerôs software to quantify 

the sensorôs conductance based on an ADC conversion (voltage).  Essentially, the circuit needed to 

output a voltage that was directly proportional to a sensorôs conductance.  Tekscan recommended using 

a circuit (Figure 24), which was basically an op-amp in an inverting gain configuration with a fixed 

input voltage (VD in Tekscanôs circuit, VREF in ours) and with the sensor controlling the gain [62].  

Negative feedback forces the op-ampôs inverting input to the same potential as the noninverting input, 

which is grounded. If V - is 0V (a ñvirtual groundò), by Ohmôs Law, the current flowing through the 

sensor is VD/RS1. This current flows through RF (the combination of Rf (fixed) and Rf1 (potentiometer)) 

because of the op-ampôs high input impedance, so VOUT = -(VD/RS1)RF = -VD(RF/RS1).  The sensorôs 

conductance, 1/RS1 is therefore VOUT/(-VDRF).  We determined the relationship between the sensorôs 

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 relation to the sensorôs conductance.  The 

purpose of Rf1, which could be altered to change the gain was to make the resolution adjustable.  For 

instance, if an ADC had an input range of 0-3.3V and the sensor would experience a range of forces 

from 0 to 100N, the 3.3V point should be set to correspond to when approximately 100N is applied to 

get the greatest resolution from the sensor.   
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Figure 24: Tekscan A201 Example Circuit [62] 

[Image used with permission from Tekscan Inc.] 

 

Several changes needed to be made to Tekscanôs circuit to tailor it to our application.  Most of 

these changes pertained to the op-amp selection.  A 3.3V single-supply op-amp, with a rail-to-rail 

output covered the input range of the MSP430ôs ADC12 [63].  It was also important that the op-amp 

had low power consumption, low DC errors, an industrial temperature range and low temperature 

susceptibility.  Since the highest frequency power tools will cause the hands to experience 

approximately 1250 Hz, the gain-bandwidth product did not need to be substantial [2].  This also 

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

3.3V, the slew rate needed to be at least the maximum of:  V/µs.   
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Table 7: Comparison of Candidate Op-Amps Considered for the Pressure Sensor Signal Conditioning Circuitry 

 

Table 7 compares several op-amps, which we considered for the pressure sensor conditioning 

circuitry.  We chose the OPA2333 (dual OPA333) based on these criteria.  It had a lowest input-offset 

voltage, which varied little with temperature [64].  It also had low input-bias current, low input-offset 

current, low quiescent current and an ample slew rate and gain-bandwidth product.  Its major advantage 

over the other parts was its lower temperature susceptibility and extremely low VOS.  Furthermore, 

Name 
OPA333/2333 

[64] 

OPA336/2336/4336 

[65] 

TLV341/2/2S/4 

[66] 

TLV2382 

[67] 

TLV2760/1/2/3/4/5 

[68] 

# Channels 1 or 2 1, 2 or 4 1, 2 or 4 1 or 2 1, 2 or 4 

Bulk Price 

(Listed in $ 

USD) [69] 

$1.2, $1.9 $0.4, $1.10, $1.75 $0.38, $0.45 $0.80 
$.60 to $1.20, depending on 

package 

Operating 

Range(C) 
-40 to 150 -55 to 125 -40 to 125 -40 to 125 -40 to 85 

Vos (Typ,Max) 2, 10 µV 60, 125 µV 
0.3, 4 (4.5 T) 

mV 

0.5, 4.5 (6.5 T) 

mV 
550, 2500 (6800 T) µV 

Vos vs. Temp 

(µV/C) 
0.02, 0.05 1.5 1.9 1.1 9 

I b (Typ,Max, 

temp) 

70, 200 (150 

T) pA 
1, 10  (60 T) pA 

1, 100 pA 

(3000 T) 

1, 60 (200 

<70C, 1000 

<125C) pA 

3, 15 pA (200 T for xI 

package) 

I os ± Typ, Max 140, 400 pA 1, 10 pA 6.6 fA 

1, 60 (100 <70, 

1000 < 125C) 

pA 

3, 15 pA (200 T for xI 

package) 

A0 Min, Typ  106, 130 dB 
100 (90 for Quad 

package), 115 

70 (60T), 110 

dB at 20kÝ 

load or 65 

(55T), 100 dB 

at 2kÝ load 

80, 100 (77T) 

dB if Vs = 

2.7V 

93.1, 101.6 dB (91.4 T) 

converted from V/mV, if VDD 

= 3.6V 

GBW 350kHz 100 kHz 2.2 MHz 160 kHz 500kHz 

Slew Rate 

V/µs 
0.16 0.03 0.9 

0.06 (0.05 - 

0.08 T) 

.11, .23 (0.09) Rising, 0.10, 

0.22 (0.09) Falling 

Vout range 
30 -50 (70 T) 

mV from rail 

3mV, (100 to 500 

T) from rail 

40 to 60 (85T) 

mV  from low, 

25 to 60 (85T) 

mV from high 

200 (220), 160 

mV (Vs = 

2.7V, Io = 100 

µA) 

50, 75 (100T) mV to 3.525, 

3.55 (3.5T) V if I o = 500 µA 

I sc ± 5mA ±5mA 

6, 12 mA 

source, 10, 20 

mA  sink 

400 µA 
15 mV source, 19 mV sink at 

VDD = 2.4V 

Supply Range 1.8 - 5.5V 2.3 - 5.5V 1.5 - 5.5 V 2.7-16V 
1.8 to 3.6V (4V abs Max), 

±0.8 - ±1.8 split 

IQ (per channel) 
17 - 25 (28 T) 

µA 
20, 32 (36 T) µA 

70, 150 (200 T) 

µA 

7, 10 (15 T) 

µA 

20, 28 (30 T) µA powered, 

10, 50 (400 nA) shut down 



46 

 

Texas Instruments recommended it for applications where it drives ADCs.  Its disadvantage was that it 

was slightly more expensive than other parts, partially because it was only available in single or dual 

packages [69].  We weighed price less than the quality of the amplifier, since Dr. OôSullivan 

emphasized accuracy more than cost, and since the components were relatively inexpensive (Appendix 

G-1).   

 Some of our other changes to the Tekscan circuit were the use of a lower reference voltage 

magnitude (|VREF|) to reduce the power dissipated in each sensor (PSENSE = VREF
2
/RS, RS = sensorôs 

resistance) [62].  Some considerations were -500mV or -1V.  A tradeoff was that decreasing VREF 

required us to increase the gain and therefore use much larger resistances for the potentiometer.  

Additionally, it was difficult for us to 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 VREF to simplify the power section.  Another advantage of -1.5V was that an 

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

Decreasing VREF substantially necessitated increasing RF so that there would be adequate gain 

to drive the output to the upper limit of the ADCôs range once the maximum force we were measuring 

had been applied to the sensor.  We chose a 200kÝ trimmer as Rf1 because it allowed us to easily adjust 

the circuit during testing.  Figure 25 shows the original schematic for the six identical 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 on this board.  Three OPA2333ôs provided the six op-amps needed.  

We bypassed each chipôs supplies with 100nF caps, as their datasheets recommended [64].   

 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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Table 8, we estimated the sensorôs conductance at this point.  Their resistances were the inverse of this 

quantity.  The OPA2333ôs datasheet indicated that temperature could limit the output range to within 

70mV of the rail [64].  When we calculated the trimmer setting, we used 3.2V as VREF to ensure that 

the amplifier would not clip when 100N was applied.  If VOUT = -VREF(RF/RS), substituting 3.2V for 

VOUT, -1.5V for VREF and R100N. for RS, the equation became: 3.3V = 1.5V(RF/R100N.), where RF is the 

series combination of the fixed resistor Rf and Rf1.  The potentiometersô adjusted resistances were 

therefore: R100N.(3.3/1.5).  Table 8 lists the sensors and their RF calculations. 

Table 8: RF Settings for Sensitivity Adjustment 

  

Considering the size of these resistances, we needed to increase RF from its original 1kÝ value 

or choose a larger potentiometer.  We chose 100kÝ as the new value of the fixed resistor, Rf because it 

was readily available.   

Sensor Estimated G100N (S) Estimated R100N (Ý) RF (Ý) 

1 12.0E-6 83.3E+3 177.8E+3 

2 12.0E-6 83.3E+3 177.8E+3 

3 12.0E-6 83.3E+3 177.8E+3 

4 10.7E-6 93.5E+3 199.4E+3 

5 11.0E-6 90.9E+3 193.9E+3 

6 11.0E-6 90.9E+3 193.9E+3 

7 8.0E-6 125.0E+3 266.7E+3 

Sensor Estimated G100N (S) Estimated R100N (Ý) RF (Ý) 

1 12.0E-6 83.3E+3 177.8E+3 

2 12.0E-6 83.3E+3 177.8E+3 

3 12.0E-6 83.3E+3 177.8E+3 

4 10.7E-6 93.5E+3 199.4E+3 

5 11.0E-6 90.9E+3 193.9E+3 

6 11.0E-6 90.9E+3 193.9E+3 

7 8.0E-6 125.0E+3 266.7E+3 
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Figure 25: Original Pressure Sensor Conditioning Schematic:  Amplifier Outputs Connected Directly to 

Microcontroller  
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3.1.3 Pressure Sensor Interfacing Circuitry Testing  

 Having determined the values for all of the passives components in the pressure sensor circuit 

and having ordered op-amps, we began our initial testing of this subsystem.  Given the limited 

availability of power supplies, we used an AA battery as VREF.  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 custom 8-SOIC 

breakout board.   

 

Figure 26: Initial Prototype of Pressure Sensor Circuitry ï 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.  To 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 sensor firmly for roughly one second.  Note the large 

amounts of noise when the sensor is unloaded (no pressure applied, VOUT å 0V).  Both circuits picked 

up high frequency noise (10ôs of kHz) and 50 Hz noise from the AC lines.  Figure 28 and Figure 2929 

show the high frequency noise and AC noise on the sensor 2 circuit respectively and Figure 30 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 clip from the power supply to make the 50 Hz noise more 

noticeable.   

 

Figure 27: Output of Original Pressure Sensor Prototype  

 

 

 

Figure 28: High Frequency Noise on Sensor 2 Circuit With Infinite Persistance 

 

High Freq. Noise when Sensor 

is Unloaded 

High frequency 

of noise 
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Figure 29: 50Hz noise on Sensor 2 Circuit 

 

 

 

Figure 30: High Frequency Noise on Sensor 3 Circuit 

 

~50 Hz Noise 

High frequency 

of noise 
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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 RC low-pass filters to each channel to 

attenuate the high-frequency noise.   Figure 32 shows this simple circuit.  The output is the node where 

the resistor and capacitor connect.  It is a voltage divider with the resistor and capacitorôs impedances 

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

left-hand pole at ɤ = 1/RC, so frequencies above f = 1/(2ˊRC) are attenuated.   

 

Figure 32: RC Low-pass Filter.   

 

~50 Hz Noise 
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 Given the limited amount of time remaining to complete our prototype at this point we 

chose1kÝ and 100nF for R and C since they were available in both through-hole and surface-mount 

packages.  With this combination f3dB was 1/(2́ (1kÝ)(100nF)) = 1.59 kHz.  This both preserved the 

frequency content that we were interested in and attenuated the higher frequency noise on our signal.  

Figure 33 and Figure 35 show the outputs of the two pressure sensor circuits and Figure 34 and Figure 

36 show the noise (without persistence) after the low-pass filter was added.  The signal was much 

cleaner, compared to the unfiltered output, as seen in Figure 26.  Nevertheless, the 50 Hz noise was still 

noticeable (Figure 34 and Figure 36).   

 

Figure 33: Sensor 2 Circuit Output with 1.59kHz LPF ï High Frequency Noise Rejected 

 

Unloaded High 

Frequency Noise is 

Rejected 
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Figure 34: Sensor 2 Circuit Noise with 1.59 kHz LPF - Power Noise Still Visible 

 

 

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

 

~50 Hz Noise 

Unloaded High 

Frequency Noise is 

Rejected 
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Figure 36: Sensor 3 Circuit Noise with 1.59kHz LPF ï Power Noise Still Visible 

 

 To verify that the sensors themselves were picking up the noise, we substituted a 100kÝ 

resistor for each of the them, AC coupled the channels and measured the output of each op-amp.  As 

the clean signals in Figure 37 and Figure 3838 show, the noise was indeed being picked up by the 

sensors.  Furthermore, measurements of VDD (3.3V) and the reference voltage, VREF (-1.6V) did not 

show any of the noise.  We added a 100nF in parallel with VD and it did not cause any noticeable 

improvement.    

 

Figure 37: Sensor 2 Circuit Noise with 100kÝ as Sensor 2 ï Minimal Visible Power Noise 

~50 Hz Noise 

Cleaner Signal with 

Sensor Replaced by a 

Resistor 
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Figure 38: Sensor 3 Circuit Noise with 100kÝ as Sensor 3 ï Minimal Visible Power Noise 

 

 Since the pressure sensors were picking up the power noise, we needed to add a notch-filter 

centered at 50 Hz (60 Hz if we were in a different region) to the circuit in addition to the low-pass 

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 made of passives.  Time was another constraint at 

this point too, since we were into the ninth week of our project.  We saw a potential solution in The Art 

of Electronics, by P. Horowitz and W. Hill [70].  A passive twin-T notch filter (Figure 3939) adds the 

input signal to itself with a 180º phase shift at the cutoff frequency, fc thereby causing theoretically 

infinite attenuation.   

Cleaner Signal with 

Sensor Replaced by a 

Resistor 
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Figure 39: Passive Twin-T Notch Filter [70] 

 

The cutoff frequency is:  .  Horowitz and Hill noted that this simple RC circuit could 

be used to reject power line interference, but warned that it required well-matched components and that 

its frequency response had a smooth drop-out about fc.  While this could be improved with an active 

version of the filter, this would require adding multiple op-amps 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 approximately 31.8kÝ.  We had 100nF, 30kÝ, 1kÝ and 600Ý through hole components 

on hand, so we made R with a series combination of 30kÝ, 1kÝ and a 600Ý (nominally 31.6kÝ) and 

R/2 with two of these in parallel (nominally 15.8kÝ).  For C, we used the 100nF and for 2C, we placed 

two 100nF in parallel (nominally 200nF).  Figure 40 shows a MULTISIM bode plot of this filter.  Note 

that the pole is at approximately 50 Hz and the smooth response that Horowitz and Hill warned about.   
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Figure 40: MULTISIM  Simulation of Passive 50Hz Twin-T 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.  31.5kÝ and 100nF were chosen, since they were both 

available online [71].  A combination of 26.7kÝ and 100nF in this filter would have a cutoff frequency 
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of approximately 60Hz (59.61Hz) [70].  Only 13.3kÝ were available online for R/2, so we could use 

either two 26.7kÝ in parallel or accept the error [71].  An advantage of the single resistor for R/2 is that 

the two filters would be footprint compatible (though we could two surface-mount 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 constraints.  Dr. OôSullivan told us that it 

would be acceptable to just have the prototype with a suitably clean output (Appendix G-1), therefore 

the 50Hz filter was fine.  Figure 41 shows the original prototype of the filtered pressure sensor circuit.   

 

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

 

 To compare the noise on the circuit with and without 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 sensor.  Figure 42 and Figure 43 show the noise on the 

signal loaded and unloaded respectively.  Note that the noise has a much greater swing when the sensor 

is loaded because the amplifierôs gain was substantially higher.  Only sensor 2 was tested with the filter 
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because it tended to pick up more noise than the sensor 3 circuit (possibly because of the breadboard 

layout).   

 

Figure 42: Sensor 2 Circuit 50Hz Noise Envelope with Sensor Unloaded 

 

 

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

 

 We then measured the signal at the output of the notch filter for comparison.  Figure 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, shown in Figure 45 is 

substantially cleaner than the unfiltered signal in Figure 43.  It is important to take into account the fact 
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that this filter was built on breadboard with most of the components as parallel or series combinations 

(all 1% except for the 1kÝ, which was 5% and the 100nF, which was 20%).  A more compact printed 

circuit board version of this circuit with more precise parts would be more accurate with the location of 

the filterôs cutoff frequency, and like the rest of the circuit, be less susceptible to electromagnetic noise.  

Figure 46 shows the output of the pressure sensor circuit after the combination of low-pass 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 Notch Filter Output  


