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ABSTRACT OF THE DISSERTATION 
 

Residual Kinetics Indices: A Versatile Interface for Prosthetic Control 

By Samuel Lon Phillips 

 

Dissertation Director:  

William Craelius 

 

This dissertation presents the development of Residual Kinetic Indices (RKI) as a 

potential control source for upper limb prosthetics.  RKIs are the detectable mechanical 

remnant of a volitional (desired) motion within the stump or residuum of an amputee.  

The RKI signal is detected using an array of pressure sensors to create a distributed 

pressure map, which is then filtered to determine volitional commands.  These volitional 

commands can be used as a prosthetic control signal.  The Hypotheses were: (1) RKIs are 

unique for specified functional tasks, (2) RKIs are repeatable for specified functional 

tasks intrasubject, and (3) RKIS are sufficient to control at least three degrees of freedom 

for a prosthetic system.   

Specific contributions include the development of an measurement based anatomical 

notation for sensor placement, development of a testing protocol to quantitatively access 

residual kinetic prosthetic control, complete characterization of the entire prosthetic hand 

system, and preliminary testing of residual kinetic prosthetic control on five normal 

subjects and four affected subjects.

Each element of the prosthetic control system was first characterized.  Then five normal 

subjects performed 18 unique motions with three repetitions each to determine the 
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sensitivity of the RKI system to determine volition.  All subjects were able to isolate at 

least three unique RKI motions.  Nine motions were identified as potentially viable 

motions for prosthetic control.  Preliminary testing was done on three amputees and one 

subject with hemiplegia to determine the effectiveness of the RKI system in affected 

populations.  The hemiplegic subject demonstrated that the RKI signal could detect 

muscle movement even when no significant visible movement was noted.  Two of the 

three amputees were successful users of the RKI system.  One showed four independent 

control signals which would double the current state of the art myoelectric system using 

surface electrodes.  RKI’s demonstrate exciting potential for the use of prosthetic control 

for multi-degree of freedom prostheses. 
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1 Objectives and Hypotheses 

 

1.1 Objectives: 
 
1) To develop a prosthetic control system with three or more degrees of freedom, 

using residual kinetics as the control source 

2) Develop a set of analytical processes to bring the residual kinetic system from a 

laboratory proof of concept to a clinically acceptable prosthetic hand system, and 

show an example of the function of these tools by testing the ability of Residual 

Kinetic Indices (RKI) to correctly identify finger motions with intact and amputee 

participants. 

In order to accomplish test these objectives, the elements of the system had to be 

characterized.  The elements are: 

I. The sensor type 
 
II. The configuration of the sensor array 

III. The socket design 

IV. The filtering of RKI 

V. The mechanical hand design 
 

Tasks involved to characterizing the sensor array are selecting sensor type and array 

dimensions.  In order to accomplish this, an appropriate notation for locating anatomical 

position on the residual limb had to be developed.  Improved notation allowed for more 

accurate location on the residual limb compared to previous notation. 
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Assumptions: 
For a specified functional task, the Residual kinetic index is correlated to distinct 

Efferent Phantom Activity (EPA) 

Hypotheses: 
 
1) Residual Kinetic Indices are unique for specified functional tasks. 

2) Residual Kinetic Indices are repeatable for specified functional tasks within each 

participant. 

3) Residual Kinetic Indices are sufficient to control at least three degrees of freedom for 

a prosthetic hand. 

 

1.2 Rationale for recording at the HMI 
The Rutgers Orthotics and Prosthetics Laboratory has published a series of proof of 

concept papers about residual kinetic indexes[1-3], but has been unable to develop proof 

of concept to a more quantitative analysis. Recording at the human machine interface 

(HMI) will allow for the capture of the input to the mechanical system and a vastly 

increased ability to examine the entirety of the system. 

  The residual kinetic index is the detectable mechanical remnant of a volitional 

(desired) motion within the stump or residuum of an amputee.   The human body is an 

extremely complex organism. Any device which must interact with the human body and 

attempt to restore lost function is also likely to be extremely complex.  Prosthetic hand 

systems are no exception.  

The clinical requirements of a prosthetic hand are challenging.  A prosthetic hand is a 

sub-class of prosthetic terminal devices (TDs) which are designed to resemble the human 

hand.  Adapted from Light el Al [4], A Prosthetic hand must be: 
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1. Light.  Most commercial devices weigh 0.5 kg or less. 

2. Able to operate for long periods of time without recharging, more than 12 hours.   

3. Easy to use 

4. Left and Right hands must be able to be created from the same parts. 

5. Anthropomorphic. 

6. Be perceived by the user to work with a 95% success rate 

7. Respond without perceivable delay (<300ms) 

Most of these parameters are easy to measure, such as weight, time, and power usage.  

There are two measures that are difficult to access, ease of use and functioning to a 95% 

success rate.  For the purposes of this study, it is stipulated that if a 95% success rate is 

achieved, the device must be easy to use.  Thus, the key is finding a method to 

appropriately evaluate success rate.   

In order to develop analytic methods to evaluate a prosthetic hand system, several 

basic questions must be asked, first of the system as a whole, then of the individual 

components.  The question are adapted from Cha et al[5]. 

1) What are the outputs and inputs? 

2) For a given set of inputs, what are the outputs? 

3) In order to produce the desired set of outputs for a given set of inputs, what 

changes must be made to the system? 

4) If some of the system parameters cannot be changed, what inputs must be 

applied to achieve the desired set of outputs? 

Upon initial examination of the system as a whole, the input is a volitional command 

or intention and the desired output is a complex mechanical movement.   
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Figure 1.1 An overall view of the steps required to turn a volitional command into a 
prosthetic movement 

 
When this system is examined as a whole, the questions above seem poorly suited to 

properly evaluate the problem.  However, if this system is broken into component pieces, 

then these questions can be evaluated. 

If a prosthetic control system is evaluated as a group of elements; there are two 

classes of elements, those associated with the human machine interface (HMI), and those 

acting subsequent to the HMI.  Please see figure 1.2 
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Figure 1.2 Delineation of the HMI.  Everything prior to the recording becomes an 
input-output solution where the outputs can be controlled.  The second half beyond 
the HMI becomes another solvable input-output solution.  By recording at the HMI, 
the link between the two can be separated and each problem evaluated independently. 

 
Data collection at the human-machine interface is the key.  It is the only point from 

which each option on that chart can be evaluated independently.  It can clearly be seen 

that by changing inputs to the first row of elements, the output at the human machine 

interface will be affected.  The output of the first row of elements then becomes the input 

of the bottom row of elements.  By evaluating these elements iteratively, improvements 

can be made.  The human-machine interface becomes the outputs of one set of problems, 

and subsequently the inputs for the second set.  Recording at the human machine 

interface reduces one complex system that is extremely difficult to examine into two 

complex but quantifiably examinable systems. 

This system will be evaluated by applying principles of the Cha’s second question to 

the concept prosthetic hand control system[5].  A testing protocol must be based on 

outcomes, so a successful identification threshold was determined.  The success threshold 
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couldn’t be so high that it didn’t allow for anticipated improvements to reach the 95% 

clinical success threshold and must be quantitative and specific.  A determination was 

made that 75% successful trials would leave room for improvement but only allow 

research to progress along promising avenues of design.  There is no set level by which 

success for a RKI signal has been set at before, so a case could be made for many 

different determinations of success.  75% is a low threshold, but there are many aspects 

of the system to yet to be analyzed.  For example, training is a major factor in EMG 

signal acquisition; the signal resolution can increase dramatically after as little as one 

week of therapy.  In addition, it is expected that improved filtering and sensor sensitivity 

will also increase the resolution of the signal.  As the scope of understanding of residual 

kinetics increases, the threshold of success can be adjusted to a more appropriate level in 

the future. 

A testing method has been developed which will allow comparison of individual 

components of the device apparatus.  A detailed characterization of each of the individual 

elements is presented.  Subsequently the first element, Volitional command selection in 

normal subjects is evaluated.  Special cases such as the amputees and hemipeligia are 

examined.  Results and recommendations for future changes to other elements of the 

device are discussed.   

1.3 Operational Definitions 
 
Efferent Phantom Activity (EPA) – Efferent Phantom activity is activity of the residual 

limb due to volitional phantom movement or intentional movement by the amputee.  This 

phenomenon is measured in this study by residual kinetic images.    
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Residual Kinetic Index (RKI) - A residual kinetic index measures pressure changes at the 

residual limb/socket interface due to EPA.  The absolute measurement is in Pascals.  

However, it is frequently more convenient to take relative pressure reading to a baseline 

established during testing. With both relative and absolute measurements, a pressure 

contour map is produced of the surface of the residual limb. 

 
Phantom Sensation – Phantom sensation is the perception of an amputated body part. 

 
Phantom Movement – Phantom movement is the perceived movement of a part of the 

body that has been amputated.  This is a common use term for efferent phantom activity. 

 
Functional tasks – For the purpose of this study, functional tasks are limited to hand and 

wrist movement.  These functional tasks for this study include individual finger 

movements, multiple finger movements, and grasping patterns including three-jaw chuck 

grasp, power grasp, and pinch grasp. 

 
Successful outcome - A successful outcome will be reached when each separate signal 

can be isolated on a 75% or greater basis.  The current filter allows for isolation of three 

simultaneous signals, so each of the three signals would have to be successful to the 75% 

threshold. 
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2 Introduction and Background 

2.1 Upper Limb Prosthetics 
The first known use of prosthetic devices was in Ancient Egypt[6].  The first known 

upper limb prosthesis was in 210 BC[7].  The early upper limb prostheses did not 

articulate and were in the form of a solid hook.  In the early 1500’s, the first articulated 

hand was developed[7].  The first prosthesis with prehensile control was found in 1818 

with a harness and chest strap similar to today’s body powered prostheses[7]. The 

Hosmer split hook, the first of the modern body-powered prosthesis was first patented in 

1912[8].   

In the 1950’s the first externally powered prosthesis was developed [7].  The 

prosthesis was battery powered and the control signal was the electromyogram of the 

forearm muscle groups, and hence is called Myoelectric.  Myoelectric prosthesis first 

were used clinically about 1960 in the USSR[9].  These have evolved since the fifties to 

include more powerful motors, better electrodes, lighter and more cosmetic hands, and 

complex circuitry and programming, but the basic premise still applies.  In today’s 

clinically available prostheses, there is still only one degree of freedom (DOF) for the 

hand, opening and closing in a grasping orientation known as the three-jaw chuck. 

The entire range of prosthetic hands that are clinically used now are: 

 
1) cosmetic hands with no articulation 

2) Body powered hands and hooks 

3) Externally powered hands and hooks (EMG, Switch, servo) 
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All clinically available hands have one degree of freedom or less.  Some people 

include wrist rotation, which gives a second degree of freedom. 

 

2.2 The Need 
Current estimates of upper limb amputations performed per year in the United States 

10,000-12,000 [10] to 26,000[11].  The main difference between the two studies is that 

the CDC included finger amputations in their higher number.  Upper limb prosthetic 

device are not well accepted by their user.  Rejection rates of up to 50% have been 

reported and only about 25% would rate themselves as excellent users.[12]. 90% of those 

surveyed also had a second type of prosthesis (cosmetic or body powered)[12]. Prosthetic 

users have a below normal health status score based on the Standard Form 36[13] 

There is a tremendous discrepancy between the level of restoration between lower-

limb prosthetics and upper-limb prosthetics.  Lower-limb amputee can run, jump, and are 

involved my many athletic events.  Most clinicians would say for patients with no other 

co-morbidities that they can return to a normal or nearly normal level of daily activities.  

Lower limb amputees can be seen competing effectively in the Paralympics, extreme 

sports, and reality shows.  Upper-limb prosthetics do not offer nearly the same level of 

restoration.  Most users have more than one prosthetic arm, because prosthesis cannot 

meet all their need.  Secondly, most upper-limb amputees use their prosthetic devices as 

tools, one for looking good(cosmetic), one for working in certain environments(body 

powered) and one for general function(externally powered).  For most sports and 

recreational activity applications, a specialized terminal device is needed, such as those 

manufactured by TRS (boulder, CO).  The variety of different prosthesis needed to 
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perform varied tasks clearly indicates that improvement in upper-limb prosthetic design 

is necessary.   

2.3 Methods of Prosthetic Control 
“In many artificial manipulation systems, human operability i.e., the availability of an 

easy and friendly interface with the human operator is a key factor of success”-

Bicchi[14]. 

  This statement by Antonio Bicchi sums up the significance of the control method.  

Because the method of detection of human intention is so critical, control methods are 

usually named after the sensor which detects that volition.  As such, control methods and 

sensor names frequently are used to describe both the sensor and the overall prosthesis.  

The low success rate of upper limb prostheses demonstrates the vast need for 

improvement in this area[12].  There are several different control systems being used 

clinically, and many more in various states of research.  Table 2.1, presented at the 

conclusion of this section, shows a summary of the different control methods.  Sections 

2.3.1-3 present body powered, externally powered harness based control and myoelectric 

control, the most common commercially available systems.  Sections 2.3.4-7 present 

alternative approaches in various stages of development. 

The challenges to upper limb prosthesis improvement are numerous.  Representative 

of the viewpoint of robotic engineers, J. Pons states, “The current actuation technology 

provides perhaps the most serious, long term impediment to artificial hand design”[15].  

While actuators present many challenges, the most pressing area most in need of further 

study are control methods.  There have been many prosthetic hands which have multiple 

actuators with no human ability to control the many degrees of freedom DOF[16]. One 
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way control can be measured is by the number of DOF.  In general, determining the 

(DOF) of a prosthetic hand is accomplished by counting each independent joint.  When 

more than one joint is controlled by a single actuator, a situation called under-actuated, 

then the effective DOF is reduced to the number of actuators[17].  In an extension of this 

logic, if more than one actuator is controlled by the same control signal, or under-

controlled, then the true effective DOF would not be the number of actuators but the 

number of independent control signals.  The control method provides the link between 

the user and the prosthesis.  This transfer of intention between user and device has also 

been called the man-machine or human-machine interface (HMI).  The HMI is the part of 

the mechanical device which is in contact with the subject and through which information 

and intention are transferred from human to machine.    The method of detection for 

the machine is also the method of control for the user.  Frequently, when a device has 

been able to detect some intention from a human that device has been termed “smart” or 

“biomimetic”.  There are many different control methods and sensors discussed because 

none of them provide truly satisfactory control to the user.  The most common 

commercial externally powered interface utilizes the electromyogram (EMG) as a signal 

and is called myoelectric.  First developed in the 1950’s, there are significant challenges 

with EMG.  The clearest indication for the desperate need for improved control systems 

comes from the research of Todd Kuiken[18].   

Surgical alteration for improved signal has been tried in the past.  Cineplasty, a 

process there a muscle tunnel is created so that a mechanical pin can be inserted in the 

tunnel and when the muscle contracts the pin moves, creating a signal.  This process was 

very successful in some users, but the significant hygene problems caused by the creation 
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of a tunnel have limited its usefulness.  Cineplasty has been used with both body-

powered and externally powered designed[19].  Currently, the miniaturization of the 

tunnel to improve the hygienic consideration is underway[19], but cineplasty is no longer 

used clinically. 

In an innovative search of a better method of control, Dr. Kuiken has chosen to alter 

the human to fit the technology available. For high amputation levels such as shoulder 

disarticulation, he surgically de-innervated portions of the pectoral muscle. The sections 

were then re-innervated with nerves which formerly controlled hand function.  These 

nerves were chosen because they are large, and the relatively high signal insures proper 

re-innervation.  He was then able to isolate four myoelectric signals, a tremendous 

improvement[18].  There are several reasons why the scope of this type of solution may 

be limited. First, it is extremely expensive.  Second, the need for surgery and the 

subsequent months needed for the nerves to re-innervate the muscle could pose 

challenges.  Finally, the pectoral muscle in a shoulder disarticulation amputee provides 

two unique things not necessarily found at other amputation levels; a large surface area to 

isolate multiple portions of muscle of surface electromyography (EMG) sensors to detect 

and a muscle which no longer has any function to make de-innervation problematic.  For 

these reasons, muscle re-innervation cannot be directly compared to other control 

methods. 

There are other invasive methods which will be discussed briefly.  This lab believes 

that invasive methods are less likely to meet with success because of the trauma of 

additional surgery and possibility of infection.  Many amputees would be unwilling to 

endure the additional operation necessary.  The first would be a direct brain machine 
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interface (BMI).  These implantable sensors detect are implanted into the head and 

designed to directly pick up brain activity.  The purpose of the BMI is to convert 

electrical activity of the brain from a part of the process to an control signal of its 

own[20]. There are many different methods including; electroencephalography (EEG), 

the recoding of signal from the scalp including sensorimotor cortex rhythems and slow 

cortical potentials, and P300 evoked potentials, electrocorticography (ECoG), electrical 

activity recorded beneath the cranium, field potentials, electrodes that monitor from 

within the parenchyma, and single unit micro electrodes which monitor individual 

neurons[21].  There have already been many clinical applications where direct brain 

computer interfaces have been successful including auditory prostheses, optical 

prosthesis, cochlear implants, and interfaces to move a cursor on a computer[20-22] BMI 

applications especially show potential in the possibility of not only serving as a output 

device, but to be able to return information in the form of extended proprioception[20, 

23, 24].  There are specific neuroprosthesis which have been developed to control arm 

movements.  Specific experiments on Macaque monkeys have demonstrated the 

potential[25], and are correlated to arm movement in humans[25-27]. 

Functional electrical stimulation is the second technology.  Functional electrical 

stimulation (FES) is the orthotic analog to prosthetic control.  The difference between the 

paralytic limb and a prosthetic limb is that the actuators(muscles) are already in place, 

add no weight, and simply need a method of control.  There are many parallels between 

the control structure for FES and prosthetic devices, EMG, Body powered actions, 

implanted electrodes, and BCI have all been used to address the control problem[28].  

The most promising of these technologies is the BION, which is an injectable 
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microstimulator for muscles.  The BION has been successfully used in several 

applications where muscles do not contract appropriately including urinary bladder 

incontinence, grasp, shoulder subluxation, osteoarthritis of the knee, foot drop, 

obstructive sleep apnea, and pressure ulcers[29-31].  While the BION device serves to 

actuate paralytic or ill functioning muscles, the concept of an injectable microdetection 

device would be very promising to prosthetic control issues.  The concept of an injectable 

solution provides an appealing middle ground between the invasive nature of surgical 

options and the difficulty of surface recording. 

2.3.1 Body Powered Control 
Body powered control functions by capturing the movement of humeral flexion and 

scapular abduction through a relatively simple strapping mechanism.  Body powered 

prosthesis operates a harness that wraps around to the opposite shoulder, providing an 

anchor point for the to pull against to open a split hook. Body powered control is one of 

the most popular forms of control because of the affordability, relative dexterity of a 

hook type design, and extended proprioception.  The hook is then closed by a spring 

when the user relaxed.   The hook is much more common than a hand for a terminal 

device for body powered prosthesis because the hands have more friction, less efficient, 

and less agile. The most common type of harness is a figure-of-eight harness (see figure 

1-1).  One loop of the figure of eight is the axilla strap, which loops around the 

contralateral shoulder and resting in the axilla.  The axilla strap (A) acts to anchor the 

prosthetic control cable.  The Anterior support strap (B) provides suspension to the 

prosthesis and helps with axial loading.  The Control Cable(C) then runs to the prosthetic 

hook.  If the prosthesis is self-suspending, then the anterior support strap can be 
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eliminated and it becomes a figure-of-nine harness.  Two movements can open the 

prosthetic device.  The terminal device can be opened by humeral flexion or biscapular 

abduction.  The total cable movement due to these two motions is called the excursion.  

The length of the residual limb, condition of the patient’s intact joints and muscle 

strength, affects available excursion.  This method is called voluntary opening body 

powered because the amputee uses the movement to open the hand.  Limitations to this 

system include a relatively low maximum closing force, which is dependent on the 

amputees ability to resist that force to open the hand, awkward movement to activate the 

hand.  Another control option for body powered prosthesis is the voluntary closing body 

powered prosthesis.  Voluntary closing (VC) body powered prosthesis have several 

advantages over voluntary opening (VO) prosthesis.  In VC prostheses, the grip strength 

is only limited by the force the user can apply, grip strength can be more easily 

controlled, and there is proprioception because the force applied by the hook can be felt 

in the axilla.  The chief disadvantage of VC is that the user must constantly apply force to 

maintain grasp of an object, in addition the mechanics of the hook are not as reliable.  

The voluntary opening split hook design is probably the most versatile prosthetic terminal 

device made to date.  It has multiple grasp configurations including tip, spherical, lateral, 

and axial.  See figure 2.1.  In addition it is slender and fits into pockets and other small 

places hand shaped terminal devices do not. 
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Figure 2.1 Grasp Positions of a split hook A. Cylindrical grip B. Lateral or pinch C. 
Tip D. Axial or pail grip E. Holding of an implement 

2.3.2 Externally Powered Harness Based Control 
Several externally powered options may be used with the same harnessing system. 

The first is a two-position switch.  A small excursion closes the hand and a large 

excursion would open the hand.  This uses much less excursion and force than a 

traditional body powered hand would, because there are no springs to overcome.  This 

option loses two important qualities.  The first is that the user has proportional control of 

speed and strength of opening and closing with a body powered harness.  The second is a 

reduction in proprioception because the user is disconnected from the terminal device.  

Then next option is servo controlled.  The servo increases the speed of the hand motor 

A B 

C D E 
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proportionally to the amount the servo is moved.  In addition, because the speed of 

movement is related to position of the servo, a degree of proprioception is restored.   

Related to these types of sensor is a group of touch pads or switches.  Where a force 

sensing resistor (FSR) or alternative switching, on/off type device will be placed so either 

the subject can touch it with a part of his residual limb or with another part of his body, 

i.e. nudge control.  

 

3.3.3 Myoelectric Control 
Myoelectric prostheses are a relatively well-developed technology.  Myoelectric 

prostheses represent the vast majority of externally powered prostheses in use today.  

Many techniques utilize one or two electrode sites.  A threshold must be set at which 

level the signal must rise above in order to activate the system.  This threshold must be 

set high enough to eliminate noise related to the signal, but low enough to allow easy 

activation.  The detection threshold for myoelectric electrodes is approximately 10 µV, 

although sensors are continually improving.  There are several types of EMG detection 

electrodes including surface, fine wire and implantable.  The only EMG detection used in 

prosthetics is surface electrodes.  This is because of the difficulty of long-term use of fine 

wire and implantable electrodes.  Also, for implantable electrodes, a method for getting 

the signal outside of the body has to be developed.   The most frequently used methods of 

processing EMG are based on the amplitude of the EMG signal such as the root mean 

square(RMS) or average rectified amplitude[32].   

One electrode use used only when two independent EMG sites cannot be found.  If 

two electrode sites are available, they are always used.  One site electrode usage can be of 

two basic formats.  The first is to have a two-state electrode (On/Off), which controls the 
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hand in one direction.  The hand then returns to a default position during the off state.  

The hand operates in this direction while EMG signal is present, and then reverts to the 

other state upon release of signal.  For example if EMG signal opens the hand, then it is 

called voluntary opening, and when the signal stops the hand will close around an object 

until it meets roughly 3 ft/lbs of force depending on the manufacturer.  Alternatively you 

could have a voluntary closing hand.  The other way to operate a single site hand is to 

have a three-state electrode (off/slow-weak/fast-strong).  A slow or weak contraction will 

close the hand and a strong and fast contraction will open the hand.  This selection 

method offers the amputee more control when closing around an object.  Up to five state 

electrode has been proven to work, but the error rate was too high to be clinically 

effective[9].  The problem was that the gradations between the states were very fine and 

users had difficulty selecting the state desired.  The five state electrode was not pursued 

because of the difficulty for the user.  It is clear that the control signal can be decoupled 

from the mechanical action to be performed.  Thus, there is a distinction between what is 

captured, and what choices of outputs this captured volition should utilize. 

 When two electrodes are used, one electrode controls opening and the other controls 

closing of the hand.  Most frequently these EMG signal come from forearm flexors and 

forearm extensors, so the amputee is using wrist movement to open and close the hand.  

These electrodes are proportional two state electrodes (On/Off), where stronger 

contractions cause faster hand movement in that direction.  In addition to solve problems 

of co-contraction once one electrode is activated, the other is excluded.  The one 

exception to this is when co-contraction is used to change the state of the operation.  For 

example, it can be used to switch from hand opening/closing to elbow flexion/extension 
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or from hand opening/closing to wrist rotation.  It is important to note that we do not 

consider this to increase the DOF of the hand in a fundamental way, because at any given 

time the prostheses have only one DOF. Other techniques have been attempted with more 

electrodes, but have been determined to be impractical [33].   

Some recent advancements in signal processing of the myoelectric signal have 

offered new control possibilities.  There is a fundamental paradox in filtering for 

myoelectric filter, where with a fixed time-constant it is possible to have either a fast 

response or high signal to noise ratio, but not both [34].  Prosthetists would have to 

choose between a quick response, or better detection of the signal.  This can be remedied 

by changing (adapting) the time constant of the filter.  During rapid change of EMG 

signal, the time constant is low, allowing rapid reaction with a low signal to noise ratio.  

When the EMG signal is changing slowly, the time constant is high allowing for a high 

signal to noise ratio[34].  This type of filtering is called adaptive filtering and is 

commercially used in the Utah Arm by Motion Control Inc. 

The utilization of fuzzy logic in the algorithm to make the gain automatically 

tuning[35] is being researched.  Fuzzy logic uses more qualitative commands and this 

softer structure may improve the ease with which the user operates the system because 

humans are inherently fuzzy.  Another group has looked the instantaneous 

electromyographic signal in addition to the wave envelope as a way to increase the 

functionality without increasing the number of electrodes [33].  It is thought that a 

tremendous amount of information is currently being discarded by the filtering process 

which only examines the amplitude or envelope of the signal.  By examining the signal 

more closely, a more rapid detection should be possible.  A five state system for one 
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electrode was developed, but the user error rate was too high to be effective [9], three 

state electrodes (off, open and close) are used clinically when one site is used, but two 

state electrodes (on, off) (most common) are used when two electrodes are used.  Two 

three state electrodes have proven difficult to control clinically.  These two electrode sites 

are used for opposing motions, so activation of both electrodes (co-contraction) is used to 

alternate between desired motions, for example hand opening and closing and wrist 

pronation and supination.  While these total systems have two DOF, only one DOF can 

be used at any given time.  One problem with multi-state systems is only one activity can 

be used at a time, making operation sequential instead of simultaneous.   The 

Southampton Adaptive Manipulation Scheme(SAMS) has been developed which cycles 

the phases of the hand so the same activation will have different affects at different times, 

depending on the state of the hand [36].  This hand increases the effective DOF of the 

hand by the state dependent actions, however it still relies on two input signals from 

myolectric signals which are not independent and only has one DOF at any given time. 

 Site selection for the EMG electrodes is done by the prosthetist.  The prosthetist will 

take an electrode and place it one the residual limb, he then moves it around until he finds 

the strongest signal.  Experience dictates that the strongest signals are usually wrist flexor 

and wrist extensor muscle groups.  Occasionally other sites can be found.  If no sites can 

be found with sufficient myoelectric activity (usually between 5-10 microvolts or greater) 

the subject can be sent home with the myoelectrodes to train on his own with a computer 

program. 

Another attempt to increase DOF without increasing the number of sensors was to 

create a myoelectric code[37].  Essentially each sensor was a three state detector(off, low, 
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high), each code consisted of three inputs from one sensor.  For example a code would be 

off, low, high.  According to the authors, this increase the potential signals from two to 

18.  However, it could take as long as 2.5 seconds for a user to generate a valid 

command.  The shortest length to command was 400 ms.  It is not clear how accepted this 

would be as a everyday prosthesis because a user can perceive a delay after 300 ms. 

2.3.4 Muscle Bulge Control 
 The first hand to utilized muscle bulge as a control method was the French 

Electric Hand in the 1940’s[10].  A partially filled balloon was placed against the residual 

limb and connected to a second balloon located on a switch.  As the forearm muscle 

contracted, air was squeezed from one balloon to the other activating the switch and 

opening or closing the hand.   

2.3.5 Mechanomyogram Control 
The mechanomyogram (MMG), also called acoustic myography, records the sound of 

muscles contracting.  MMG detects pressure waves caused by dimensional changes of 

active muscle fibers[38], This sound can be picked up with typical microphones. MMG is 

the mechanical counterpart to electromyogram (EMG).  [39].  With proper filtering, 

MMG has a comparable signal to noise as EMG[38]. MMG signal is influenced by 

muscle temperature, stiffness, mass, intramuscular pressure, viscosity of muscle cell, and 

firing rates of motor units[39]. It has several potential advantages over the EMG.  The 

first is the elimination of problem of electrical noise.  While there is an additional 

problem of acoustical noise, acoustical noise is not nearly as severe a problem as might 

be expected.  MMG has a peak frequency around 25 Hz and extraneous sounds rarely 

have the appropriate frequency to affect the detections software[40].  MMG does not 
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require direct skin contact, requires less precise detector placement, requires less 

amplification[40].  Additionally, MMG is more directly related to muscle movement.  It 

is possible to have electromagnetic activity with no corresponding mechanical activity. 

While this technology has promise[40], it has not been fully explored.  One possible 

problem with this technology is that the MMG of the biceps declines much faster than 

EMG as the muscle tires[38].  This technology has been known since at least 1986[40] 

and was proposed at that time as a control system for a prosthetic hand but nothing since 

has been done which leads to the conclusion that somewhere in the application there are 

significant difficulties.  MMG also may have the same limitations as far as number of 

control signals detectable, because it is utilizing the same muscle groups to detect.  To 

this effect Wood[41] found that subject which had difficulty using EMG due to muscular 

scarring also had difficulty utilizing MMG. 

2.3.6 Near Infra-Red Spectroscopy 
Near infrared spectroscopy (NIRS) can be used to detect muscle perfusion changes 

due to mechanical effects of muscle contractions [42].  The level of oxygenation of 

hemoglobin and myoglobin change their conformational state, which changes their 

absorption and thus, their spectral characteristics.  This technology has been used to look 

at sustained contractions.  NIRS signal at a certain wavelength, 810 nm, can detect 

changes at a frequency of roughly 0.5 - 1 hz[42].  This technology would have the 

advantage of not being affected by either electromagnetic or acoustical noise, 

perspiration, or volume fluctuation.  The chief issues preventing this technology from 

being used are the size of device and the cost and reliability in everyday situations of the 

laser.  It is not clear how many degrees of freedom could be extracted from this type of 
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technology and whether it would be an improvement in control or more an improvement 

in reliability and detection. The most appropriate wavelength has not been determined for 

skeletal muscle[43].  NIRS has promise as a method of prosthetic control signal 

detection, but needs significant improvement in miniaturization to be a practical choice.   

2.3.7 Hall Effect Sensors 
Hall effect sensors measure dimensional mechanical changes in muscles, similar to 

the MMG.  This works by placing a small magnet in proximity to the skin and the 

measuring the displacement though changes in the magnetic field[44].  This has several 

potential advantages of strait MMG.  The first is that it is not susceptible to acoustic 

interference.  In addition the signal may be easier to turn into a control signal[44].  There 

is a trade-off in that it is susceptible to motion artifacts if there is movement between the 

sensor and the magnet unrelated to dimensional change of the muscle itself. 

Table 2.1 Summary of Control Methods 

Control Method Degrees of Freedom Maximum Number 
of Control Signals 

Commercially 
available 

Passive Function  0 0 Yes 

Body Powered  1 1 Yes 

Externally Powered 
Harness Based  

1 1 Yes 

Muscle Bulge 1 1 No 

Mechanomyogram 1 2 No 

Near Infrared 
Spectroscopy 

1 2 No 

Hall Effect 1 2 No 

Myoelectric 1 2 Yes 
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2.4 Problems  with Current Control methods for Multi-degrees of freedom 
Control methods can be particularly difficult to compare, as some work better 

from one subset of patients others for another subset.  In a comparison 3 control methods 

of functional electrical stimulation (FES) Hand Grasping control, there was no significant 

difference between the three and each had strengths and weaknesses.  FES is the orthotic 

analog of prosthetic control, all the same problems of control and actuation exist in this 

patient population also.  The three methods were shoulder position, wrist position, and 

EMG activity[45].  The FES problem is the comparable orthotic problem to prosthetic 

control.  Shoulder position is a very similar method to body powered or harness control 

and EMG is identical.  This probably explains why both methods are still widely used 

clinically for prosthetic hand control.   

It has not been clinically possible to isolate more than two myoelectric signals 

without significant surgical intervention[18].  In addition, these signals are not truly 

independent.  The signals that are used are from antagonistic muscle group, and these 

signals are related.  Involuntary co-contraction, activation of both muscle groups when 

only one is intended, is a frequent problem.  To solve this problem in myoelectric devices 

a “first wins” strategy is taken, where the first signal to cross an operating threshold is 

used and the other is excluded.  This strategy works very well for a one DOF hand, where 

the options are antagonistic and mutually exclusive, but is wholly unsuitable for multi-

DOF hands. This can be thought of as an OR gate; either open OR close.  An alterative 

strategy employed by Motion Control Inc. is to subtract one signal from the other like a 

minus gate.  When moving multiple fingers, there needs to be the ability to flex first 

finger AND flex second finger, necessitation use of a mechanism which can use an AND 

type gate for filtering. The limited number of signals (2) and lack of uniqueness of the 
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signals make myoelectric control inappropriate for multi-DOF control.  All of the 

previously mentioned techniques have limitations with respect to increasing the number 

of independent signals acquired. Strategies for improved myoelectric signal detection 

including spatial filtering, increasing the quantity of electrodes, multi-state electrode 

systems, and advanced processing have yielded little benefit. 

 Interestingly, Pons et al noted a higher percentage of people noted cosmetic, 

discomfort, and weight as higher concerns than functionality[37].  Cosmesis, comfort, 

and weight perception is frequently inversely related to the perception of added 

functionality. 

 

2.5 Filtering, Spatial Filtering, and Spatial Mapping 
 

All available data of optimization of filtering is on myolectric systems.  This is 

probably because it is the oldest and most robust of the available signals.  The literature 

for other experimental control types does not go into optimizing the filtering of the 

signal.   

The EMG signal is treated as an amplitude modulated signal.  The Surface EMG is 

rectified, then the mean amplitude becomes the control signal[34].  In the typical two 

electrode configuration, the difference in signal between the two electrodes determines 

the direction of motion.  It can be digital, in which the terminal device (TD) moves at a 

constant velocity and the second signal is excluded from activation until the primary 

signal drops below the activation threshold.  It can also be proportional, where the rate of 

movement is proportional to the difference between the two signals[46]. To optimize the 

myoelectric signal a paradox is created, where with a fixed time-constant it is possible to 
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have either a fast response or high signal to noise ratio, but not both [34].  This can be 

alleviated by using a filter which changes (adapting) the time constant.  During rapid 

change of EMG signal, the time constant is low, allowing rapid reaction with a low signal 

to noise ratio.  When the EMG signal is changing slowly, the time constant is high 

allowing for a high signal to noise ratio[34].  This type of filtering is called adaptive 

filtering and is commercially used in the Utah Arm by Motion Control Inc. Adaptive 

filtering has been show  to have the highest signal to noise and fastest response of an 

established filtering technique[34].  Most commercially available devices have moved to 

proportional and adaptive filtering.  The subsequent step to adaptive filtering is the use of 

fuzzy logic.  Fuzzy logic can be used to make the gain automatically tuning[35].  In 

essences this would make the adaptive filter itself adaptive, reducing the signal to 

noise/response paradox further.  The positive results may mean inclusion into commercial 

systems in the near future.  Another group has looked the instantaneous 

electromyographic signal in addition to the wave envelope as a way to increase the 

functionality without increasing the number of electrodes [33]. This method is examining 

other features of the currently captured EMG signal in hopes that by more fully 

examining all the characteristics and not just the rectified amplitude signal detection 

could be improved. 

Spatial filtering has been used with myoelectric prosthesis to try to improve a single 

signal[34].  By increasing the number of sensors, it increases the randomness of the 

signal which reduces the noise, allowing for a higher signal to noise ratio[34].  Meek et 

al. came to the conclusion that the benefits of multiple sensors were marginal. In short, 

with Myoelectric spatial filtering, try to use many sensors to detect one signal.  Spatial 
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filtering does improve the signal-to-noise ratio, but clinically this technique has not been 

well received because of the added cost and minimal improvement in control of the 

device.   Spatial filtering only improves the signal to noise ratio 7 percent, compared to 

an increase of 20 percent for adaptive filtering[34].  The EMG sensor is the most 

expensive component of an EMG system.   

Spatial Mapping has been used to make maps of residual limb stiffness for 

rectification using CADCAM to make prosthetic devices [47].  Mapping of the 

morphological features of the upper limb has proved difficult due to the challenges in 

measurement[48]. This concept of a map of residual limb stiffness could be important in 

determining the meaning of residual kinetic images.  Spatial mapping is accomplished in 

one of two ways, the first, by sequential measurements of the same action, or by 

simultaneous measurements along a spatial array.  Sequential mapping seems to have the 

disadvantage of effects due to the difference in time (drift, placement accuracy).  Any 

subject movement during testing can significantly effect the results. Sequential mapping 

has the advantage of the use of either a single sensor or small array, making it easily 

adaptable and comparatively affordable.  Simultaneous mapping is significantly more 

expensive because of the number of sensors in the array.  When measuring residual limb 

stiffness, the tissue is actually indented or compressed, so adjacent sensors can affect the 

measurement of other sensors[47].  This problem should not apply in pressure 

measurement because no indentation is being performed.  Secondly, changing the 

resolution necessitates either changing the sampling area or the number of sensors in the 

array.  Finally, because residual limbs do not have consistent dimensions, implementation 

would be difficult because significant problems with both a constant density of sensors of 
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a constant number of sensors would adversely affect the fabrication process.  To keep the 

density of sensors constant, a different number of sensors would be needed for each 

prosthesis, severely complicating the electronic assembly.  To keep the number of sensors 

the same, each sensor placement would have to be carefully determined, significantly 

complicating fabrication.  Despite these challenges, mapping gives an excellent overall 

profile of what is happing with the entire limb.  The residual limb stiffness map used over 

4000 points, which was established as the point of diminishing returns[47]. It is not 

expected that for signal detection, either that level of resolution is either possible or 

needed. 

2.6 Prosthetic Terminal Devices 

The Human hand is a tremendously difficult item to replace.  It has 22 degrees of 

freedom, it is has an innumerable set of tasks to perform, must adapt dynamically to 

many stimuli, and must perform with a great range of speed, strength and control.  

Prosthetic hands are part of a larger class of device call terminal devices.  Many different 

types of terminal devices have been developed over the years.  For some users, hooks 

offer excellent functionality.  However, hooks are not cosmetically attractive and many 

amputees will not use them.  All commercially available hands have one degree of 

freedom in opening and closing.  The grasp is always of the three-jaw chuck form and the 

fourth and fifth digits are functionless. Many features have been added including wrist 

rotation, adaptive grasp by slip detection, heat sensation and others, but none have 

addressed the ability to move individual fingers.  Hand design and the control system are 

inseparably related, as one directly impacts the other.  As such, hand designs are now 

considered. 



29 

 

2.6.1 Commercially Available hand designs 
Commercially available devices come in three basic categories; passive which have 

no movement and zero DOF, cable activated hands with one DOF, electrically powered 

hands with one DOF .  Because passive hands do not have active movement, there is an 

assumption that they are not a functional option.  Passive hands can be positioned by the 

contralateral hand to a variety of grasping shapes.  Because there as no actuation 

restrictions passive hands can be quite flexible in configuration and quite function.  

Because of the light weight and high level of cosmetic detail attainable, passive 

functional hands are an extremely viable and quite popular option.  

Cable activated terminal devices are typically called body powered terminal devices 

have one DOF.  It is possible to control these hands externally, but it is rarely done as 

there are better controls available for externally powered hands now.  These devices 

come in several categories.  They only have one degree of freedom and control in one 

direction.  There is a spring that returns the device to its resting state.  These devices can 

either be voluntary opening or voluntary closing, representing the direction of voluntary 

movement.   

Externally powered hands are often called Myohands because they are most 

frequently used with EMG. These hands have one degree of freedom and two controls 

active opening and active closing.  As discussed previously, two clinically viable sites are 

used when available, but externally powered hands can also be activated by one site, 

nudge or switch control, or externally powered harness system. 
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Figure 2.2 OttoBock Sensorhand Speed (courtesy of Ottobock, Duderstadt Germany) 

2.6.2 Prototype Devices 
In various states of research and development are many new multi DOF hand designs.  

Different Authors define DOF in different manners.  For a more complete discussion of 

DOF please see section 2.3.  Briefly, the number of joints in the hand determines the 

DOF.  However, if there is not a separate actuator for each joint, the hand is under 

actuated and the effective DOF is equal to the number of actuators.  [15].  Some consider 

a hand with one joint and active control in two directions a two DOF hand.  For the 

purposes of this dissertation, the Pons definition of effective DOF will be used. Each 

DOF will be defined as a separate joint with a separate actuator[37, 49].   

Some extremely complex hands with up to 24 DOF have been designed[50].  The 

NTU hand has five fingers and 17 DOF.  All actuators, mechanical parts, and sensors are 

within the hand, making it a possible candidate for prosthetic use.  Each finger and joint 

is individually driven, truly actuating all 17 DOF.  The fingers have the ability to abduct 

and adduct.  For prosthetic and robotic applications the controller was miniaturized and 

mounted on the dorsum of the hand.  The total weight of the hand is 1.5 kg, which makes 

it too heavy for prosthetic usage.  The authors maintain it would be possible to lighten the 
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hand by changing materials.  Also the author note some problems to be worked out with 

the gear drivers[50].  Unfortunately, the authors have not worked out how to power it, 

control it, or make it cosmetic.   

The Intelligent Cooperative Manipulaton Sytems(ICMS), a telerobotics project, 

utilizes a four fingered, 24 DOF hand.  This hand is controlled by a telerobotic glove.  

This hand has the ability to estimate parameters like friction coefficients of object 

stiffness through the use of a 6 DOF force-torque sensor[16].  Each finger on this hand 

has 6 DOF, which is significant because 6 DOF allows it to reach any position in the 

workspace.  An interesting device was developed at Rutgers University to utilize shape 

metal alloys, which conceivably might power a prosthetic hand[51].  This prosthetic hand 

had five degrees of freedom, each link to a shape metal alloy actuator.  The total weight 

of the system was about 1 kg, but no control system was discussed.  KARES II is a 

dexterous robot designed to perform tasks for spinal cord injury patients.  While not 

solely a hand, the researchers explore several interesting methods of bridging the man 

machine interface to control a dexterous robot.  Some of the control methods were; eye 

movements, head and neck movements, and EMG.  The Robonaut Hand, designed by 

NASA[52], has a 12 DOF hand.  All the motors are located in the forearm section.  This 

divides its control strategy into two sets, a dexterous set used for manipulation, and the 

other for stable grasping.  The dexterous set consists of the thumb and first two finger 

motors, the 4th and 5th finger and the palm make up the grasping set[52].  This hand is 

designed to be used in harsh conditions with minimal adjustment needed.  The hand was 

designed to meet or exceed the range of motion of a normal human hand.  This hand is 

designed to be controlled by a human hand in a pressurized tele-robotic glove.  The user 
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would move their own hand as they wanted the robot to move, the robotic hand would 

then mirror those actions.  Obviously, this method of control would not work for 

amputees, but it is very common in telerobotics. 

Other attempts to make the one DOF closing more adaptive have been 

accomplished[53] through adding springs to ensure equal grip force among all fingers 

and changing the design of the fingers so all five can participate in grasping.   A six 

motor hand with 6 DOF was created by Light and is controlled by a progressive one state 

controller (SAMS) [36], [4].  The Manus Hand has three degrees of freedom for the 

thumb and first two fingers, but each is link to create one effective DOF per finger.  The 

fourth and fifth digits utilize martinsitic strips to create a pliable conforming digit.  This 

hand has effectively 3 DOF.  Because of the 3 DOF multiple grasp styles are 

possible[37].  The SPRING hand uses compliant springs to achieve multiple grasping 

array with a simple open/close myoelectric system[49].  This hand has eight DOF, but is 

actuated by one motor.  The hand can only open and close, but has a multitude of grasp 

shapes due to the compliant spring system.  This type of compliant system is difficult to 

categorize in terms of effective DOF.  One linear slider pulls on all eight cables actuating 

each joint.  Within each cable is a spring.  As one element contacts an object the others 

are able to conform around the object.  This is a revision from a previous hand which had 

six micromotors[54], but the slider concept was also within the hand for individual 

fingers.  The report on the previous hand made no attempt to discuss how it would be 

controlled[54]. 
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An outline of  key points to make a better prosthetic hand include[24, 36, 55]: 

1. It must be light, power is not as much of an issue.  Most commercial devices 

weight below 0.5 kg[4].  Commercial devices range from 30 N to 120 N peak grip 

force[4].  The human fingertip can exert a force of 38 N[4]. 

2. It must be able to operate for long periods of time without recharging, more than 

12 hours.  This means the power usage of the motors must be minimal 

3. It must be easy to use, comfortable, and conform to societal norms[55] 

4. It must be anthropomorphic and left and right hands must be able to be created 

from the same parts. 

5. It must work with a 95% success rate 

6. It must respond within 300ms 
 

The Rutgers hand project also did an informal survey and the most requested feature 

was the ability to move individual fingers.  Pons et al, did a survey where amputees 

reported main concerns with a prosthesis; 62% reported aesthetics, 58% reported 

excessive weight, 50% reported functional capabilities, 31% reported technical problems, 

27% reported noise, and 15% reported skin issues.  Carrozza accesses three general 

needs; functionality requiring a stable grasp for a variety of shapes, cosmetic appeal, and 

easy to control[49].  More specifically, lack of sensory information given to the amputee, 

lack of a “natural” command interface, limited grasping capabilities, unnatural 

movements of fingers during grasping[54]. 

Another key deficiency in all prosthetic terminal devices is the inability to manipulate 

an object in grasp.  In order to stably grasp object, three fingers are required.  To 

manipulate an object, a minimum of four fingers are required, three to maintain grasp and 
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one to manipulate[15].  In addition, at lease three control signals would be needed, open, 

close, manipulate.  The inability to manipulate an object while in grasp can be seen 

clinically when a subject will grasp an object with their prosthetic hand, manipulate it 

with their sound hand and then return the object to prosthetic grasp.  Please find table 

two, a summary of different prosthetic and robotic hands. 

Table 2.2 Summary of Mechanical Hands 

Hand Type Degreees of 
Freedom1 

Control System 

Passive Prosthetic 0 NA 

Cable actuated Prosthetic 1 Body Power 

Externally powered Prosthetic 1 EMG 

SAMS Prosthetic 4 (1) EMG 

MANUS-

HAND[37] 

Prosthetic (3) EMG 

NTU[50] Robotic 17 Computer 

SPRING[49] Prosthetic 1 EMG 

Pfieffer et al.[51] Robotic 5 Computer 

Robonaut[52] Robotic 12 Computer/teleglove 

ICMS[16] Robotic 24 teleglove 

1 Degrees of Freedom were noted first as authors claimed, then as effective DOR in 
parentheses if different, according to the Pons Definitions[17],[37, 49] 
 

2.7 Socket design 
Socket design is a particularly challenging aspect of upper limb prosthetic design.  

Little is truly understood about the residual limb socket interaction because it is 

extremely individualistic because of the different lengths of amputations and the high rate 
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of trauma involved in the residual limb. In the case of a transradial amputee there are 

many methods of design.  The four primary methods are the traditional design with 

triceps cuff, the Muenster, the northwestern, and the anatomically contoured socket.  The 

traditional design is used when an amputee has a long residual limb, with more than 50% 

of the residual limb remaining. This is the only design which preserves pronation and 

supination.  With a residual limb shorter than 50%, it is not possible to capture pronation 

or supination, and thus self suspending sockets are used.  The Muenster, northwestern 

and anatomically contoured sockets are all self suspending.  The Muenster suspends 

through A-P compression, the northwestern style through M-L compression, and the 

anatomically contoured is a combination of both A-P and M-L compression.  Self 

suspending sockets are frequently used with externally powered terminal devices because 

of the reduction in harnessing.  

The addition of gel liners to any of these systems complicates the fitting process by 

adding another layer of uncertainty in donning.  Gel liners are extremely popular for the 

cushioning and comfort that they provide.  However, it adds another layer to the donning 

process and increases the probability of sensor misalignment. 
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3 Laboratory history and Preliminary Results 

 3.1 Phantom Sensation 
The phenomenon of phantom sensation formed the basis for believing a control 

system could be developed using distributed forelimb pressures.  Phantom sensation is 

the ability for amputees to feel their amputated limb.  It is called phantom pain when this 

sensation is painful. The percentage of upper limb amputees that experience phantom 

sensation is high.  Fraser et al. reported that 84% of amputees in his study were 

experiencing phantom limbs at the time, and 96% had experience phantom limb sensation 

at some point[56].  Sometimes this phenomenon can be painful, in which case it is called 

phantom pain[57].  Subjects can sense an exact position of the phantom limb in 

space[57].  Typically the phantom limb will become shorter so the distal end is closer to 

the body, but they retain full sensation of the distal part.  This is called telescoping[57].  

Frequently, when an amputee starts wearing a prosthesis, the phantom limb fills the 

prosthesis, so they feel the phantom to be where the prosthesis is[57].  There is a 

relationship between the condition of the arm pre-amputation and post-amputation 

phantom sensation.  If there was a great deal of pain in the limb pre-amputation, it is 

much more likely that amputee will have phantom sensations that are painful[56].     

Phantom pain is associated with a increase in depression and lower Beck Depression 

inventory II (BDI) scores[58]. When a real arm is insensate, the sensations are similar to 

a phantom.  When an arm was made insensate by over inflating a pressure cuff, the hand 

was perceived to be closer to the body over time[57].   

After an arm amputation, there is still homologous activation of the primary motor 

cortex of the brain for “phantom fingers” flexing when compared to the intact arm[59].  
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These movements can be detected through fMRI measurements.  Theoretically, a 

prosthesis could be controlled through fMRI detection, but this would not be practical for 

such a mobile device.  Since there is activation in the motor cortex, it can be postulated 

that there should be activation of the residual forearm muscles that originally controlled 

the fingers.  Indeed, motor cortex activation is directly related to muscle activation in 

intact subjects[59]. Thus, the pathway is intact to the point of the physical amputation. 

The phantom limb phenomenon was first demonstrated to be a potential prosthetic 

control signal in the French Electric Hand, which used pneumatic sensor to operate a one 

DOF hand [60]. The forearm muscles change dimensionally in size when they contract.  

The French Electric Hand was a one-degree of freedom hand, the muscle movement 

would touch a switch, which would then open or close the hand fully.  The French 

Electric Hand had no velocity or force control.  Although not specifically noted, it is 

likely the amputee created the dimensional change through visualize movement of the 

phantom limb.  At that time in history, the phantom sensation phenomenon was not well 

understood or accepted. 

3.2 The Myo-Kinetic System   
The Myo-kinetic(MK) System is based on the physical activation of forearm muscles. 

The MK activity is thought to be from the movement of the phantom hand.  The Rutgers 

MK hand used pneumatic sensors placed on the residual limb detect these movements.  

Multiple sensors were used to detect multiple movements.  This system was fully 

described in several articles from this lab[1],[2],[3].  Briefly, as muscles contract they 

exert pressure on the surrounding prosthetic socket. Pneumatic sensors are placed along 

this interface for the detection of these pressure changes.  Abboudi utilized one sensor per 
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volitional movement.  Originally the system was called tendon actuated 

pneumatic(TAP)[1], but this was revised to myo-kinetic because it was determined that is 

was much more likely the movement came from the muscles themselves and not tendons.  

It addition, it is pneumatic sensors are not required; any type of pressure transducer will 

detect these movements.  These pressure changes can then be correlated to desired finger 

flexion moments (volitional) from the amputee.   

Abboudi used sensors to detect individual muscle movements.  This was a notable 

limitation because individual muscles to not control finger movements, they are 

accomplished by cooperation of multiple muscles[61].  Attempting to use linear 

separation as had been done previously by many EMG studies tends to yield about a 15% 

error rate for multidegrees of freedom[61].  Curcie et al. improved on this concept by 

introducing a linear filter[2].  The filter coefficients were obtained through training of the 

desired movements.  This process was called a pressure vector decoder.  It used a 

pseudoinverse process to determine filter coefficients.   It is a pseudoinverse filter 

because the matrix does not need to be square, the only case which it is an actual inverse.     

One key feature of this algorithm is that it can detect either positive or negative pressure 

changes to control a prosthesis.  A reduction in pressure is equally as good a signal as an 

increase in pressure, something not possible with EMG technology.   

After the filter is trained and the filter coefficients obtained, the program is switched 

into an operation mode, where these coefficients determine the output.  It is possible to 

have any number of sensors yielding any smaller number of outputs.  In Curcie’s 

experiment, there were eight sensors to three outputs.  This increased the reliability of the 

system.  This is a marked shift in prosthetic signal acquisition, a vectoral approach to 
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obtaining control signals had not been attempted previously[2]. By decoupling the signal 

and the sensor, the importance of sensor placement is reduced[2].  Curcie used an array 

of eight sensors for the detection.  Eight sensors was not enough to eliminate all sensor 

placement issues, careful selection of sensor sites was still important, although 

significantly reduced from the direct sensor to action model.  It was his determination 

that systematical mapping of the residual limb would improve sensor location selection.  

Please see Figure 3.1 for a diagram of the system.  

Figure 3.1: The Myo-Kinetic Hand System.  Forearm muscle movements are detected 
by pneumatic sensors in a flexible sleeve then relayed to an electronic pressure sensor 
(SX01DP1, Sen Sym, USA). The signal, through a pattern recognition algorithm, 
controls the artificial fingers. A schematic diagram of the Myo-Kinetic hand system 
(right) and definitive prosthesis prototype (above). 
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3.3 Sensors For Prosthetic Interface  
In order to detect the small dimensional change associated with phantom movements, 

the prosthetic interface must be well understood.  There is great interest in prosthetic 

interfaces for suspension and comfort issues as well.  Some groups are using finite 

element analysis to model the interface [62] and others are taking direct measurements.  

Finite element analysis has the ability to help predict interactions at the interface and may 

be useful in determining variables like sensor placement or forces due to movement or 

loading.  Sanders et al. have been studying interface stresses of the lower limb for fit 

considerations [63].  There are many different types of prosthetic interface sensors 

including, hydraulic, pneumatic, diaphragm deflection-strain gauge, cantilever/beam 

gauge, and printed circuit sheet sensors [64].  However, all of these systems have been 

looking at interface pressure in lower limbs where the requirements are different because 

of the high load transfer during weight bearing.  The pressure can range from 200 to 400 

kPa during walking [64] whereas this research is focused on pressures in the range of 

approximately 3 kPa were observed.  Mak [64] observes that there is a paradigm of 

sensor size.  Sensors too large lack adequate spatial resolution, a reading of an average of 

pressure over the area of the sensor, and sensors too small start to encounter errors from 

edge effects of the sensor.  Appropriate sensor sizes have an area roughly between 0.5 

cm2 and 4 cm2. 

In addition to the pneumatic sensors, the orthotics and prosthetics laboratory for is 

working on developing a force sensing resistive(FSR) device made from graphite and 

silicone.  These sensors are made from a mixture of graphite and silicone formed into 

wafers and have a strain dependent resistance, which allows them to measure pressure.  

When the wafer is compressed, the resistance of the wafer is reduced.  FSR sensors have 
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an advantage over pneumatic sensors because pneumatic sensors are prone to leaks over 

time, which decreases the resolution of the sensor.  In addition, it mandates that the 

pneumatic sensors have some way of being replaced, which is difficult in the current 

system.  Another possibility is to find a source for a commercially available FSR that is 

sensitive in the range that is important to detect M-K signals.  These sensors may also be 

used in this arm system either separately or in conjunction with the pneumatic sensors. 

3.4 The Mechanical Hand 
The mechanical hand in its current version can be seen in Figure 3.1.  This has is 

actuated by six servocontrol motors, one each for the four fingers and two for thumb.  

One actuator for the thumb controls flexion/extension of the metacarpal-phalange (MP)  

joint and the second controls flexion/extension for the interphalange (IP) joint.  The hand 

has the ability to move all five fingers, with one DOF and the thumb has one additional 

DOF.  Each finger flexes/extends at the PIP Joint.  Each finger has one degree of 

freedom.  This gives the whole hand a total of six degrees of freedom.  This is sufficient 

for the purposes of testing a multi-degree of freedom control system.  The hand performs 

tapping exercises well.   Individual movement of the fingers is a feature unique to this 

hand design.  Generally, prosthetic hands function only in variations of grasp 

conformations.  The hand has grip strength of approximately 3 ft-lbs of pressure, which is 

the minimum necessary for the activities of daily living [28].  In comparison, other 

externally powered have grip forces up to 30 ft-lbs.  These commercially available hands 

utilize large stepper motors. While they function extremely well for one degree of 

freedom hands and have a grasp force equal to the human hand, they use too much power 

to be effective in multi-degree of freedom hands.  In addition, these motors are heavy, 
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which would make having several in one hand difficult.  Another alternative which has 

been attempted is the multiple linkage finger, where a smaller stepper motor is used, then 

a multiple bar linkage effectively moves the finger.  This variation has the advantage of a 

more natural movement path, but is slower to respond and is more complicated.  For the 

purposes of this study, grasp strength will be limited to this currently available prototype 

of 3 ft-lbs.  The key attribute of this hand system is its dexterity, not its grip strength. 

This hand takes a tendon-actuated form. In this example, the servomotor is attached 

to a tendon (string), which is then routed through the joint of movement and attached to 

the distal part of the finger, as a tendon would be in the human body.  Please see figure 3-

2.  

 

Figure 3.2 Schematic of a tendon actuated finger powered by a servomotor  
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4. Methods 

4.1 Residual Kinetic Images Overview 
In order to detect, describe, and evaluate Residual Kinetic Indices, a working 

definition must be obtained.  A residual kinetic index is any mechanical remnant of 

physiological changes within the affected limb associated with a volition command from 

the subject to control a part of the body 1) absent or 2) no longer functioning.  A 

volitional command will be determined to have been given by making a request from the 

subject and having the subject indicate that a volitional command has been given.  For 

this reason, the first exclusion criteria would be the inability to process requests and 

indicate that the request had been completed.  The steps required to turn a volitional 

command into a control signal are: 

1) Subject makes a volitional command 

2) Volitional command creates a residual kinetic index 

3) Residual kinetic index is detected 

4) Detected RKI is filtered to determine volition 

5) Filtered RKI is used to activate mechanical action simulation initial volition 

Steps one and two are completed by the subject and not within the scope this 

examination.  It is assumed that steps one and two occur successfully if the above criteria 

for determining volitional commands are meant.  Training may have an impact one the 

creation and repeatability of RKIs, but that has not been studied.  Step three becomes the 

crucial part of this research project.  Steps four and five are accomplished through 

programming done as part of the dissertation work for James Flint and David Curcie. 
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4.2 Configuring the system 
  Prior to evaluating the aspects of interest within the prosthetic control system, the 

entire system must be examined and documented, because changes in the construction of 

the system may affect the ability to detect the RKI signal.  Any change to a piece of the 

system may affect RKI detection, so through the characterization of each element, this 

aspect can be eliminated.  There are four elements from figure 1.2 which must be 

characterized first: sensor placement, sensor type, socket design, and mechanical design.  

By identifying and maintain the processes for the elements not of interest, changes within 

those elements can be reduced or eliminated, and subsequently minimize the effects on 

the remaining elements. 

4.2.1 Sensor Placement 
The determination of sensor placement creates the sensor array.  The purpose of 

creating a suitable sensor array is to allow for the study of RKI in the main goal. While 

sensor array is dependent on the type of the sensor used, the underlying RKI signal is not.  

Both the configuration of the sensor array and the type of sensor impact the ability to 

detect the RKI.  The residual kinetic signal should not be dependent on the type of 

sensors used because it is a direct relation of brain commands.  The underlying signal is 

more important than the sensor, so primary attention will be focused on understanding the 

residual kinetic signal and sensor placement ideal to resolving it, not sensor design itself.  

The ideal sensor array will depend on the type of sensors used.  There are several 

possible sensors to utilize; myoelectric sensors are most commonly used and myokinetic 

sensors have several types including, strain gauge, hall effect, pneumatic and 

piezoelectric pressure sensors. Long-term integrity of pneumatic systems in the clinical 

prosthetic environment [65] is questionable.  Increasing the integrity of pneumatic 
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sensors has been a priority in our lab for several years with limited success. Some 

methods, such as Radio Frequency (RF) molding, that might increase sensor longevity 

have been prohibitively expensive to experiment with.  Another avenue has been to 

attempt to make the sensors easily replaceable, so that if one fails, it can just be replaced 

without need to fabricate a new sleeve.  Myoelectric sensors work well for detecting wrist 

extensors and flexors to control a one DOF prosthetic hand.  However myoelectric 

sensors would not be practical or feasible to detect finger motions because in intact limbs, 

fine wire electrodes and not surface EMG is used to detect finger motions [66]. Other 

sensors including the Rincoe Socket Fitting System and Teckscan’s F-socket have been 

shown not to be durable past three months of continuous use[67], which would not 

suffice for a prosthesis sensor.  Our lab is also developing piezo-resistive sensors which 

will we will test (J. Flint Dissertation). In addition Novel Electronics Inc. (Minneapolis, 

MN) has developed a capacitance based sensor used in lower limb prosthetics which we 

may examine[68]. It is the intention to utilize the pneumatic sensors in this study unless 

another sensor type presents itself to be clearly superior.  It is not the intention of this 

study to exhaustively examine different sensor types, solely to find a sensor that will 

function for the needs of this project.  Tasks involved in creating a suitable sensor array 

include, selecting sensor type, determining method for placement within prosthesis, 

selecting appropriate spacing, and determining total number of sensors to be used 

 
The suitability of this sensor array will be evaluated with relation to movements 

detected in section 5.2.  The interrelationship is sensor array and signal (index) quality 

will be examined and discussed. 
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4.2.2 Sensor Type 
The determination of sensor type was done by a literature review and examining 

previous work in the Craelius lab.  Keyword strains for the literature search were 

combinations of prosthesis, externally powered prosthesis, residual limb, myoelectric, 

control signal, and electrode.  These results were examined for appropriateness.  After 

selected potential sensors from the literature search, a comparative analysis was 

performed.  Sensor needed to perform in a range from 0.7 KPa to 80 KPa.  Sensors need 

to have a low hysterises.  Sensors must be inexpensive and durable enough to be practical 

for use in a prosthetic device.  Pneumatic air bladders were selected for section 4.2.4-5 

and force sensing resistors for section 4.4. 

Following the determination of what sensors to use, a method for placing these 

sensors into a prosthetic socket must be developed.  Commonly used materials in 

prosthetics and orthotics were chosen.  Prosthetic are sockets are composites, made of 

fibrous materials and acrylic resin bonded together through a process called vacuum 

formed lamination.  Because each prosthesis is a unique shape, in many ways it is similar 

to creating prototypes, because each model is distinct from any other. 

4.2.3 Prosthetic socket design 
Eight fiber materials were evaluated; Cotton stockinette (Cascade Orthopedic Supply, 

Chico, CA), Nylon stockinette (Cascade Orthopedic Supply), Perlon stockinette (Otto 

Bock Healthcare, Minneapolis, MN), Nyglass stockinette (IPOS, Bauerfeind Prosthetics 

USA, Kennesaw, GA), Spectralon (Comfort Products, Kingsley Manufacturing Co, Costa 

Mesa, CA), Fiberglass Cloth (IPOS), Fiberglass Matte (IPOS), and Carbon Cloth 

(Foresee Orthopedic Products, Oakdale, CA) and Carbon Braid (Foresee).  Three 

lamination Resins were evaluated; Laminhartz 80-20 (Otto Bock), Epoxyacryl (Foresee), 
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and Lamination Resin 80-20 (IPOS).  With eight fibers and three resins, there was a 

matrix of twenty-four samples.  All sample were tested in parallel with the axis of a 

prosthesis.  For Perlon, Nyglass, Nylon, Cotton, and Spectralon, the fibers were at +/- 

45o.  Fiberglass cloth and carbon cloth were tested at 0/90o.  Fiberglas matte has 

randomly oriented fibers. Testing was done in accordance with ASTM D 3039 with the 

exception that three specimens per sample were used instead of the usual five.  This was 

done to minimize the expense associated with a very large number of samples. 

Bending properties of prosthetic were also evaluated.  Samples for bending point tests 

were made with six layers of nyglass and two layers of carbon braid.  The resin used was 

epoxyacryl.  An Instron four-piont bending jig was used (Instron Corperation, Canton, 

MA).  Bending strength is proportional to thickness, so to insure equivalent thickness by 

making all samples from one lamination.  Making all samples in one lamination mitigate 

the effects of variability in the fabrication process.  For each sample, the two carbon 

layers were separated by 0, 2, 4, and 6 layers of nyglass, respectively. 

The fabrication process is a vacuum assisted impregnation of resin into the fibers, 

which with the addition of a catalyst becomes a rigid structure.  This involves hand 

manipulation to keep the resin from pooling or insufficiently saturating an area.  The 

resin and fibers are contained within an inner and outer PVA bag, which is over the mold 

of the desired shape.  All laminations were performed over one positive mold, cubiod in 

shape, approximately 5”x5”x9”.  One material was placed on each face with spray 

adhesive.  Top and bottom faces were not used.  Tensile sample were cut with a JPC 

Precision Sample Cutter (Thawes Albert Instrument Group, Philadelphia, PA) to 1” by 

8”.  Thickness and weight measurement were taken for all specimens prior to testing 
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using a digital scale and a vernier caliper.  Tensile samples were tested in tension using 

an Instron Series IX system (Instron Corporation). ANOVA was used to determine 

statistical differences between samples. 

4.2.4 Determining sensor spacing and quantity of sensor to be used 
The second task was to determine appropriate spacing.  Sensor spacing is a critical 

piece of the array.  Aside from the sensitivity of individual sensors, spacing is the largest 

factor determining sensitivity.  If spacing is too large, residual kinetic indices may be 

missed or, perhaps worse, not identifiable as unique.  If the spacing is too small, a high 

number of sensors are used, which increases cost and computing power necessary.  The 

third task was to determine the total number of sensors to be used.  There were grid size 

was one limitation, the second was processing ability.  A testing grid was created, and 

compared to the maximum number of sensors available for simultaneous use with the 

current computer hardware.  These two goals were placed into two testable array 

concepts: specific placement and symmetrical array.   

Two Subjects were tested following informed written consent after approval from the 

Rutgers University Institutional Review Board.  Initially, a screening exam was 

performed by questionnaire followed by manual palpation of the forearm during 

requested volitional phantom finger motions.  Subject characteristics are included in table 

4.1.   
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Selection criteria were: 

1) A trans-radial amputation 

2) The presence of afferent and efferent phantom activity 

3) Palpable soft tissue movement in the residual limb 

4) No reported discomfort during testing. 

Table 4.1 Characteristics of Subjects in Initial Testing 
Subject Sex Age  Level of 

Amputation 
Cause of 
Amputation 

Age of 
Amputation 

Tissue 
Condition 

A Male 27 Trans radial, 
upper third 

Electrical Burn 12 Years Soft, scarred, 
fatty 

B Male 69 Trans radial, 
distal third 

Sharp Trauma 33 Years Firm, 
unscarred, 
lean 

 

The specific placement method was accomplished by palpating the residual limb 

during movement and physically locating areas of movement.  Sensors were then placed 

with these areas and tested, sensors were adjusted to receive maximum signal.  The 

number of sensor used for the specific placement method was eight. 

The symmetrical array method was accomplished by evenly spacing sensors 

throughout the surface of the residual limb.  In this method, many sensors were 

fabrication into one testing device.  Sensors were then tested sequentially for a set of 

movements.  In this section, the number of sensors used was thirty-two.  The sensor array 

was fabricated in one of two ways.  First, it was done with an eight-sensor bracelet; all 

sensors were at one point a set distance from the bicipital fold.  Sensors were set 

equidistant around the circumference of the residual limb at that point.  The subject was 

then tested.  After completing the set of requested movements, the bracelet was moved to 

another position on the residual limb and the process repeated.  Proximal to distal was 
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made in four equal segments.  Following this, a custom fabricated silicone sleeve was 

fabricated containing an evenly spaced array of thirty-two sensors and the subjects tested.  

The silicone sleeve is fabricated over a custom mold of the subject’s residual limb.  The 

mold is covered by a polyvinyl alcohol (PVA) sheet, which is placed under vacuum.    

Subsequently, six layers of nylon stockinette are placed over the mold.  Imbedded in the 

middle of the six layers are the Myo-Kinetic (MK) sensors.  A second PVA bag is placed 

over the composite, and then a liquid silicone gel  and catalyst  (Otto Bock 617H43 and 

623T13, Germany) are mixed and poured into the space between the two PVA bags.  

Vacuum wicks the silicone into the nylon fibers.  This process creates a custom molded 

nylon reinforced silicon composite with embedded sensors.  See figure 4.1 

Figure 4.1 A custom molded silicone/nylon composite with embedded sensors.  This 
senser sleeve covers from the distal end of the residuum to the bicipital fold anteriorly 
and the olecronon posteriorly 

 

4.2.5 Data collection 
Each MK Sensor was connected via tubing to a pressure transducer(Sensym SCX-01, 

Santa Clara, CA), which in turn was connected to an 8-channel data acquisition board 

(DAP/1200 Microstar Laboratories, Inc.  Bellevue, WA).  Data from sensors was 

collected at 200 Hz per channel with 12 bit resolution and stored to files for offline 

processing.  The central processing unit(CPU) used was a PC operating at 66 MHz.  
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Pressure data were analyzed using DADISP (Newton, MA).  Peak pressures were 

converted into iso-bar pressure contour maps using MathCAD (Mathsoft, Cambridge, 

MA) Statistical Analysis was performed in Excel (Microsoft, Seattle, WA). 

Subjects were asked to make a tapping motion for each phantom finger which the 

subject believed he could control.  Brief tapping motions produced mono-phasic pressure 

pulses at distributed regions of the residual limb.  Subjects were asked to move each 

making several taps in sequence until all fingers were moved.  Subject A was able to 

control 3 phantom fingers while subject B believe he could control 5 phantom fingers.    

4.2.6. Fabricating prosthesis with sensors 

Sensors can be placed into a prosthesis in many ways.  Initially, sensors were 

embedded into a custom made silicone sleeve, such as figure 5.1.  The prosthesis then 

was donned over the silicone sleeve.  This custom sleeve must be inverted to don.  This 

caused problems with the connectors over time.  Several alternative methods were 

investigated.  Method#1 utilize a thermoplasitic flexible liner with spaces for sensors.  

Method # 2 testing for normals, slits cut in silicone sleeve so that sensors could slide 

through.  Method #3 incorporating the silicone sleeve into a prosthesis in such a manner 

so that it does not have to be inverted to be donned.   

Method #1  

A custom cast, or positive model, of the subject’s residual limb was made.  Dummy 

placeholders were attached to the model where each sensor would be.  A 16” x 16” x 

3/16” sheet of Bioelastic (North Sea Plastics, Glascow, Scotland) was heated to 275o 

Fahrenheit, allowed to droop to two-thirds the length of the positive model.  The plastic is 

the pulled over the model and vacuum formed to it.  This resulted in a custom made 
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flexible liner, which can be donned prior to the prosthesis without inversion.  A hole can 

be placed near the distal end which allows the subject to don the device using a donning 

sock, which reduces friction and wear and tear on the sensors. 

Method#2 

Slits were cut into silicone liners to all the connectors for sensors to pass through.  

The silicone sleeve is made in the normal process.  This technique has the advantage of 

being able to determine sensor placement after the sleeve is finished, 

Method#3 

Silicone can be incorporated directly into a prosthesis as opposed utilizing in a 

separate sleeve.  This method is accomplished by selectively creating a nylon-silicone 

composite in some area and a nylon-acrylic composite in the remaining area.  The two 

composites share the same fiber reinforcements and as such as completely integrated.  A 

positive model of the subject’s residual limb is created as normal.  A polyvinyl alcohol 

(PVA) bag is placed over the mold and sealed.  Nylon fabric is placed over the positive 

mold.  The first vacuum assisted lamination is done with silicone.  A second PVA bag is 

placed over the mold and nylon, but not sealed.  The non-silicone areas are marked with 

sewing string and taped with pressure sensitive tape.  See figure 4.2.  Following 

demarcation, the PVA bag is cut away from the silicone area exposing the nylon fibers 

for impregnation with silicone.  An outer PVA bag is applied and a normal silicone 

vacuum assisted lamination is performed.  Subsequently PVA, tape, and sewing string is 

removed down the the nylon fibers.  The process is then repeated isolating the areas for 

acrylic lamination.  When demarcating the area of acrylic lamination, a small amount of 
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silicone is allowed to show to prevent any gapping between the two composites.  See 

figure 4.3 

 
Figure 4.2  Early steps in the fabrication process of an prosthesis with incorporated 
silicone liner.  Picture A shows the application of sewing string to demarcate the 
areas to be protected from silicone impregnation.  Picture B shows the application of 
pressure sensitive tape to reinforce the sewing string and keep it from moving.  
Subsequently, the PVA bag is cut on the side of silicone impregnation, exposing the 
nylon fibers in that area. 

Figure 4.3 Picture A is the completed inner portion of a silicon incorporated 
prosthesis.  Note the two areas of Acrylic Laminate and center area of silicone 
laminate create the inner portion of this prosthesis.   Picture B is the interior view. 

Acrylic 

Silicone 

A B 
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After completion of the inner portion, area was created to allow the silicone flexibility 

by adding beeswax over the silicone area.  This was accomplished by melting the wax, 

pouring it over the area with a polyethylene funnel surrounding it, allowing it to harden 

and cool, and finally shaping it with a half-round surform file.  See figure 5.4 .  A normal 

vacuum assisted lamination is performed over the beeswax; a hole is then drilled through 

the outer lamination.  The beeswax is heated and drained through the hole.  A manual 

pump (Aircast Inc., Summit, NJ) is attached to the hole so that the pressure between the 

silicone liner and the prosthesis may be decreased, expanding the silicone towards the 

outer wall allowing for easy donning without inversion or excessive friction.  Similarly 

the pump can be reversed to increase the pressure in the space to make the prosthesis fit 

more snugly. 

Figure 4.4 The forming of a cavity within the prosthesis by shaping beeswax to that 
area and forming.  The beeswax is poured in, then shaped with a surform file. 
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Figure 4.5 The completed prosthesis allowing for inflation or deflation of the inner 
liner to allow easy donning of the device and to increase contact after device is 
applied.  The quick disconnect wrist allows different TDs to be attached.  A is a 
voluntary closing hook and locking pin used for keeping the device closed around 
objects.  B shows a terminal device for gymnastics and tumbling.  These TDs were 
selected by the patient. 

 
4.2.7 Develop appropriate notation for points on surface of residual limb 

Establishing a method to pinpoint the location of a point on the RKI image is critical 

to examine intra-subject reliability and inter-subject reliability.  Normally, references to 

body position in literature are with the body in the anatomical position. This is not an 

accurate or possible description for upper limb amputees because pronation and 

supination are related to the position of the hand.  Secondly those muscle controlling 

pronation/supination are located in the distal 40% of the forearm so many short trans-

radial amputees to not have the ability to reach the full supination position required for 

the anatomical position.  This study will develop a method of identifying position on the 

amputee forearm, which takes into consideration the lack of pronation/supination 

orientation, to make it usable bilaterally, and to account for differences in limb length.  

With this method, data from many amputees should be able to be collected and 

assembled to learn more about residual kinetic images and prosthetic control in general.  
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The existing notation was expanded to apply on individuals with differing residual limb 

lengths and on individuals with differing abilities to pronate/supinate the residual limb. 

4.3 Kinematic Modeling 
The purpose of kinematic modeling is to demonstrate the utility of this control system 

creating a model of an appropriate prototype hand.  Grasping is a primary use of 

prosthetic hands.  Hand usage is generally defines the right and left hand as dominant and 

non-dominant, where the dominant performs the dexterous tasks and the non-dominant is 

used to “frame” the work.  Framing is to position the object in a way to make the job of 

the dexterous hand easy, for example think of how the non-dominant hand adjusts paper 

during writing. In prosthetics, the unaffected hand is always the dominant one, so the 

goal of improving the dexterity of prosthetic hands is to improve the dexterity of the non-

dominant hand.   Grasping is a key function of the non-dominant hand, and as such needs 

to be incorporated into our model of prosthetic hand with individual finger movement. 

Up to this point, hand development has been by trial and error processes. While this 

process has given several working prototypes, but an important step to future progress is 

developing a model so that engineering principles can be easily applied.  There are 

software programs that can evaluate grasping of robot hands; in order to utilize such 

software we need a virtual representation of our hand.  

It is important to look at models of intact hand grasping, which may lead to increased 

understanding of the robotic model and give direction toward improvement of the 

prosthetic hand design.  There is considerable study of hand modeling, most of it 

studying grasping.  There are several methods to describe grasping, the two main ones are 

equilibrium point hypothesis and inverse kinematic hypothesis.  The inverse kinematic 
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approach is more readily applied to a robotic/prosthetic model, and thus the prosthetic 

hand model will be based upon description through inverse kinematics. 

 This will be accomplished by using Denavit-Hartenberg (D-H) representation to 

develop a forward kinematic model of our robotic hand and inverse kinematic equations 

if necessary.  The D-H representation is the standard to model complex systems such as 

robotic arms[69].  The calculation will follow the method described in the Niku robotics 

book[69].  The base point will be the center of the attachment point at the wrist unit, 

because this is one point that will always be fixed.  This wrist must always be in the 

correct position because of cosmetic constraints.  There are four components of the D-H 

representation;  The axis of the joint, the direction to the next joint, the distance to the 

next joint, and the angular relationship of the new joint axis to the prior one.  A matrix is 

created for each joint, these are then turned into a single matrix, which is the D-H 

representation. 

There are several additions to the robotic model that should be made.  First the 

metacarpal-phalange joint (MP) should be jointed in the model with a fixed angle, which 

at a later point could be actuated (or actuated in one motion with the Proximal inter 

phalange (PIP) joint).  Secondly, The thumb should be changed, so that it’s two degrees 

of freedom are adduction/abduction and flexion/extension of the MP joint.  In the present 

model there is flexion/extension at the MP joint and the IP joint.  Through modeling, the 

goal will be to increase the ability of the mechanical hand to perform powerful gripping 

tasks while not impeding the finger tapping ability, by examining changes in structure 

and actuator usage.  This will be completed when a working first model that can be 

utilized in future projects to improve hand design.  The current prototype hand will not be 
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modified, but suggested improvement will be described.  This model is created by; 

establishing the D-H parameters for each joint, creating a transformation matrix, amd 

incorporating matrix and D-H parameters into already existing software. 

In a fortuitous event, Dr. Kathryn DeLarentis came to our laboratory.  She had 

previously developed such a model including a physical model developed through rapid 

prototyping using a stereolithography, D-H parameters, and had incorporated this 

program into grasp-it, a software program designed to analyze grasp.  She was kind 

enough to allow me to use the data for my dissertation.  The results of her work are 

displayed in appendix A for completeness. 

4.4 Subject Testing 
 

Objective - To test the ability of Residual Kinetic Images to identify and control 

finger motions, including proportional control.  

 

4.4.1 Whole Limbed Subjects 

It is important to understand what occurs in whole subject in addition to what happens 

in amputee subjects.  Five whole-limbed subjects were examined. This created a baseline 

from which to compare amputee movements.  An arm sleeve was created, embedded with 

sensors, which can be placed onto the intact arm and strapped into place. The sleeve was 

then attached to the microprocessor to examine the requested motions.  One advantage of 

using whole limbed subject is that the movements can be visually inspected so it can be 

known the subject performed the task accurately. The subject performed a series of 

motions described in Table 4.2. 
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Table 4.2: Chart of Movements to be characterized in Whole-Limbed Humans 

Motion Digits Utilized 
1 

 
2 

 
3 

 
4+ 

Single digit flexion(1-5) X    
Single Digit Flexion and 
Extension 

X    

Two Digit Simultaneous 
flexion 

X X   

Multidigit flexion X X X  
Thumb Adduction X    
Three-Jaw Chuck Grasp X X X  
Grasping X X X XX 

 

The uniqueness of the RKI associated with these movements can be evaluated in 

several ways.  The first would be to utilize the pseudo-inverse filter used in the MK hand 

system, which would lead to a percentage of correct identification.  Another way would 

be to evaluate the images themselves leading to a spatial correlation.  Spatial correlation 

serves as a check on the appropriateness of the pseudo-inverse filter.  If the results from 

the pseudo-inverse filter don’t meet the hypothesis, to determine at least three 

independent motions, then the spatial resolution will be examined.  If the spatial 

uniqueness was much higher than the filtered output it would suggest that the filter does 

not have sufficient resolution.  So, if the hypothesis is proven correct by the pseudo-

inverse filter, the spatial uniqueness does not need to be evaluated, but if the hypothesis 

fails it would serve to help identify which part of the MK system was not sufficient.  

Secondly, directly utilizing the pseudo-inverse filter would result in many subject trials, 

so the processes were separated into collection and filtering to output.  This greatly 

reduced the time involved in subject testing, although it is still a significant amount of 

time involved for the subject. 
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 4.4.2 Data Collection 
Five Subjects were tested following informed written consent after approval from the 

Rutgers University Institutional Review Board.  Initially, a screening exam was 

performed by questionnaire followed by manual palpation of the forearm by a certified 

prosthetist during requested volitional phantom finger motions to evaluate muscle 

function.  Subject inclusion characteristics were no impaired use of hand or arm and the 

ability to follow simple instructions. 

Data were collected from a custom-made silicone sleeve with 16 FSR sensors 

attached.  Sensors were placed in an array on the anterior and posterior surfaces of the 

forearm, as previous testing has shown minimal activation near radial or ulnar aspect of 

the arm.  The scan rate was 250 scans per second, which translates to a scan every 65 ms 

or a frequency of 15.4 Hz for each sensor.   Subjects were asked to perform each 

movement repeatedly for five seconds. Each trial was repeated three times.  Subjects 

were asked to perform specific movements from table 4.3.  Prior to the subject 

performing the movement, it was demonstrated by the examiner, then the subject was 

allowed to practice a few times to make sure they correctly understood the instructions.   

 
Figure 4.6 The sensor sleeve used for normal subjects. 

 
There were 18 movements listed on the Table 4.3, for a total of 54 trials per subject.   
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Table 4.3 Requested movements from normal subjects 

A. Thumb flexion(1F) G Thumb Flexion and 
extension (1FE) 

M Wrist Flexion (WF) 

B. Index finger flexion (2F) H Power Grasp (GPo) N Wrist Extension (WE) 

C Middle finger flexion 
(3F) 

I Pinch Grasp (GPi) O Wrist Pronation (WP) 

D Ring finger flexion (4F) J Three Jaw Chuck Grasp 

(GC) 

P Wrist Supination (WS) 

E Pinky finger flexion (5F) K Index and Middle flexion 
simultaneous (23F) 

Q Four finger 
Adduction/Abuction (2-5A) 

F Index finger flexion and 
extension (2FE) 

L Thumb Adduction (1A) R Grasp Opening/Closing 
(Go/c) 

 

These motions were selected to answer a series of questions.  First, to select enough 

motions to indicate an approximate maximum number of independent signals this could 

be captured through this system.  Second, motions A-E were to examine single digit 

flexion.  Third, motions F, G, and R were to determine if there was a detectable 

difference between the motions of flexion passive return, and flexion and active 

extension.  Only two were tested because it seems the results should extrapolate to all 

fingers.  Fourth, motions H, I, J, and R were concerned with detecting different grasping 

patterns, including three-jaw chuck type grasp, the standard prosthetic grip.  Motion K 

covered multiple digit flexions to determine if a detectable difference exists between 

single digit flexion and multiple digit flexions.  Motions L and Q were concerned with 

determining if adduction was detectable, and distinct from flexion.  Finally motions M, 

N, O, and P were tested wrist movement is the standard motion for a powered 

myoelectric prosthesis.  Pronation and supination is activated in a myoelectric prosthesis, 

but not detected.  Complete testing for each subject took about approximately two hours.  

This set of motions constitutes a full array of potential motions to seek out in the amputee 
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subject, it is understood that not all of these motions would be distinct, nor would one be 

able to utilize all of them at once, even if they were. A successful outcome will be 

reached when separate signals can be identified on a reliable basis.  A successful 

percentage was chosen at the 75% threshold because it was a good balance between the 

needed clinical success of 95% and leaving room for potential improvements to the 

system. 

 A new program had to be made to capture 16 sensors simultaneously.  Jim Flint, 

Ph.D. and David Curcie, Ph.D. had been the primary developers of the data collection 

and filtering programs[2].  Dr. Flint assisted with the development of this new data 

collection program.  This program differed from the one used by the prototype prosthetic 

hand in two major ways.  It collected information from 16 sensors instead of 8, and it 

wrote the information to a file for offline processing instead of filtering directly and 

sending the output to the mechanical hand.  This new program allowed the storage of raw 

data, a crucial aspect to understanding the phenomena of the signal and evaluating 

processing techniques.  Having the raw data allows various movements to be trained and 

tested in an offline environment.  Please see figure 4.7 and figure 4.8.  Each file was 

saved with a specific format.  The filename was: date, subject initials, movement letter. 

For example, trial number 063003SLPA1. 
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Figure 4.7 Screen shot of the data saving program.  This labview program allowed for 
saving 16 channels  
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Figure 4.8 Screen shot of the programming behind the trial saving software.  The 
rectangle represents a programming loop; which cycles the data, sequentially reading 
sensors 1-16 and repeating until the limit is reached.  Each trial was set at five 
seconds.  This allowed for storage of each individual movement a subject made. 

 
In order to examine the saved raw data, the algorithm had to be adjusted to accept 

stored raw data.  Again, this was accomplished with the extensive assistance of Jim Flint, 

PhD.  The basic changes to the pseudo-inverse algorithm were to make it accept stored 

data instead of live signals and to store the result instead of actuate motors. In addition 

the program had to be expanded to filter 16 channels instead of 8 channels.  Please see 

figures 4.8 and 4.9.   

Data were analyzed in the following manner.  Three movements were selected to see 

if they could be differentiated.  One trial, for example A, was selected as the training trial.  

This was input into the algorithm, then the remaining trials were tested against that 

training.  Then the filter was cleared and the process was repeated giving a total of six 

tests positive and twelve negative tests for each movement.  A percentage was calculated 

based on the number of correct responses out of 18. 
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Figure 4.9 Screen shot of Lab view program to read stored raw data.  Important 
features of this shot demonstrate the training data (a) the visual operation of the files 
(b), the matrix(c) the psuedoinverse matrix(d), the test file (e), the output file (f), the 
visual output (g), and the training/testing toggle (h). 

A 

B 
C 

D 

E 
F 

G 

H 
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Figure 4.10 Programming screenshots in Lab View.  Screen A represents 1 of three 
inputs for each training motion.  Screen B represents the generation of the psuedo-
inverse matrix.  Screen three represents the operation mode, where the remaining raw 
data is tested against the trained filter. 

A 

B 

C 
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4.4.3 Amputee and hemiplegic subjects 

The final goal for this project is to test a working control system for a prosthetic hand.  In 

order to do this, there is no other way but to test it on amputee subjects. The information 

will be assimilated learned in sections 5.1.and 5.2.1. to update the design of the prosthetic 

hand system.  We will then demonstrate that residual kinetics can be used for control of a 

prosthetic hand.  Three amputee subjects and one post-stroke hemipeligia victim were 

tested.  Subject A from table 5.1 was tested and a new trans-humeral amputee, subject C, 

was tested.  He had extensive scarring due to burns related to the amputation.  Subject D, 

was a transradial amputee. Subject E demonstrated left hemipeligia. For subject A, seven 

motions were evaluated.  They were: Thumb flexion, Index finger flexion, middle finger 

flexion, ring finger flexion, pinky finger flexion, wrist extension, and grasp.  For subject 

C, wrist flexion and wrist extension were tested.  For subject D, three motions were 

tested.  For Subject E, passive and active extension of wrist, index, middle, ring, and 

pinky fingers were tested.   

This will be evaluated similarly to part A, both on a percentage of correct 

identification and a correlation of the signals. The filtering for subject E was adjusted as 

different goals were in place because he was affected by hemiplegia. The filtering was 

searching to identify any movement, so the scores from the various sensors were 

summed.  It would be expected as this subject improved that a return to a differentiable 

style of filtering would be appropriate.   

In neither case would we expect the signals to be 100% unique.  The relationship of 

sensor array to image quality and uniqueness of image will also be examined as described 

previously. 
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A successful outcome will be reached when at least three separate volitional signals 

(RKIs) can be isolated on a reliable (75% or greater) basis.  The potential output to a 

mechanical hand will be shown.  
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5. Results  

5.1 Characterizing the system 
This section is a characterization of the elements of the system which are related to 

the RKI signal.  It is important to identify the characteristics of all elements so that if one 

element is affecting the detection of the RKI signal, it can be independently evaluated.  

The subsequent sections each identify one element of the prosthetic control system. 

5.1.1 Selecting Suitable sensors 
Two sensors had all the characteristics necessary to be considered as sensors for 

detecting residual kinetic volitions.  The first sensor was a pneumatic air bladder.  These 

air bladders are made from Tygon tubing, open-celled foam and a sheet of Poly-vinyl 

alcohol (PVA).  The sheet of PVA is heat sealed around the open-celled foam and tubing.  

This process was previously described by Abboudi et al.[1] This sensor is cheap, easy to 

produce, easy to replace.  This sensor does have problems with air leaks, individual 

sensor go bad over a period of months and need to be replaced.  Frequent bending of this 

sensor near the insertion of the tubing seems to speed up frequency of air leaks.  Air leaks 

cause a significant problem because they don’t allow a sensor to hold a pressure, which 

means that the signal is lost over time.  For example, it would make grasping for a period 

of time very difficult.  Please see figure 5.1. 
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Figure 5.1 Custom made pneumatic foam sensor.   

 

The second sensor was a force-sensing resistor, available from liberating technologies 

(Holliston, MA).  Force sensing resistors (FSRs) detect pressure change through a change 

in resistance as pressure is increased.  It is important that the FSRs are sensitive in the 

desired range, which these are.  These sensor were originally quite expensive, until we 

were able to find them directly from the manufacturer, making them a practical 

alternative. 
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Figure 5.2 Force sensing resistors from liberating technologies.  

 
The frequency response and hysterisis were examined for both sensors.  These were 

found to be comparable. 

Both sensors were used through the course of the project, by the end it was determined 

that the FSRs were a more reliable method for detecting pressure change between the 

residual limb and the socket interface.   

5.1.2 Determination of socket material properties 
Determination of socket material properties is important because these properties such as 

stiffness or thickness could impact on the ability of the RKI signal to be detected with a 

given sensor. Evaluation of different material was examined in the literature.  Very little 

was found, 2   Results are displayed in table 5.1.  There are several interesting properties 

to note.  Thermoset sockets, laminated sockets consisting of an acrylic resin such as the 

SPT Resin with reinforcing fibers, are both much stronger and much stiffer than sockets 

made of thermoplastic, such as polyethylene or polypropylene.  
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Table 5.1 Material properties found in the literature for common prosthetic materials. 

Material UTS 
(Mpa) 

Stiffness 
(Young’s 
modulus) (Gpa) 

Approxi
mate Strain to 
failure 

Carbon 2070-
2750 

260-380 1.6-2% 

Fiberglass 1700 68 5-5.5% 

Nylony 55-

83 

1.2-2.4 >5% 

Polyethylene 7-41 0.13-1.3 >5% 

Polypropylene 28-

41 

1.3 >5% 

SPT 
Composite Resin 

86.2 3.2 <1% 

  

 
Another interesting property is that nylon fibers are also frequently used as a 

reinforcing fiber in acrylic resins.  The ultimate tensile strength (UTS) of the SPT 

Composite Resin is actually higher than the UTS of the Nylon fiber, meaning that the 

fibers are adding no structural value to the finished product.  Thus, there is no structural 

advantage of using nylon of cheaper materials such as cotton. 

Tension samples were measured for thickness and weight.  Both thickness and weight 

are important characteristics of the finished socket.  Please see figure 5.3 and figure 5.4. 
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Thickness of Samples
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Figure 5.3 Thickness of tension samples of material properties. 
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Figure 5.4 Weight of samples for tensile testing. 
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Vacuum forming during the lamination process is a custom process and is dependant 

on the skill of the technician performing the process.  Even though an American Board of 

Certification in Orthotic and Prosthetics (ABC) Certified Prosthetist performed these 

laminations, there was still variation.  This variation is due to subtle changes in vacuum 

pressure, consistency of hand stringing the resin to minimize areas starved of resin and 

area where resin pools.  Both pooling and starved area weaken the overall structure.  All 

significant difference measured by ANOVA are as follows with p<0.05.  No significance 

across all fibers could be determined for any resin.  Laminhartz 80-20 was thicker than 

epoxyacyl and lamination resin 80-20 for nylon, nyglass, and fiberglass cloth.  

Epoxyacryl was thicker than the other two for Perlon and carbon cloth.  Both epoxyacryl 

and Laminhartz 80-20 were thicker than lamination resin 80-20 for fiberglass matt.  

Epoxyacryl was lighter than lamination resin and laminhartz for perlon, cotton, nylon, 

nyglass, and fiberglass cloth.  Laminhartz 80-20 was lighter than lamination resin 80-20 

for cotton, carbon cloth and fiberglass cloth.  Laminhartz 80-20 was lighter than 

epoxyacryl for carbon cloth.  Lamination Resin 80-20 was lighter than laminhartz 80-20 

for fiberglass matte, nylon, and nyglass.  Lamination Resin 80-20 was lighter than 

epoxyacryl for fiberglass matte and carbon cloth.  A much larger sample size over many 

trials of lamination might lead to a clearer understanding physical characteristics as it 

relates to resin type.  

Ultimate Tensile Strength (UTS) tests were performed on all tension samples.  

Results are presented both in figure 5.5 and table 5.2.   A measurement in force is 

obtained from the Instron machine, which is then divided by the cross sectional area to 

obtain the UTS for each sample. 
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Figure 5.5 Ultimate Tensile Strength of tensile samples.  Eight fibers laminated into three 
resins each were tested.  A minimum of three specimens were tested for each sample 

 
Table 5.2 Ultimate Tensile Strength of all 24 samples with standard deviations 

UTS(Mpa) Perlon Nylon Cotton Nyglass Spectralon FG Cloth FG Matte 
Carbon 
Cloth 

Epoxyacryl 21+/- 8 32+/- 5 35 +/- 4 20 +/- 5 27 +/- 5 109 +/- 3 74 +/- 5 249 +/- 20 

IPOS 24 +/- 5 28+/- 3 39 +/- 1 42 +/- 2 24 +/- 1 
112 +/- 
14 84 +/- 15 236 +/- 19 

OttoBock 
18 +/- 
220 22+/- 3 24 +/- 2 27 +/- 3 18 +/- 3 67 +/- 7 67 +/- 13 245 +/- 60 

 

The UTS testing also revealed variation within the sample.  Failure breaks were 

generally in the middle of the sample.  Some breaks were noted near the grips, however 

no differences were noted due to mode of failure.  From the results, two groups of fiber 

could be determined.  The first group was classified as structural materials, including 

fiberglass cloth, fiberglass matte, and carbon cloth.  The second group was classified as 

filler materials and included; cotton, nylon, nyglass, perlon, and spectralon.  These 

groups had different properties and behaved differently.  The structural group had a 

higher ultimate tensile strength and was much more brittle.  The filler group had a much 

lower UTS and was much more ductile.  Typical samples are shown in figure 5.6. 
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Stress-Strain Curves for Two Samples
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Figure 5.6 Stress-Strain curves for two typical sample.  Sample 1 of fiberglass cloth, 
from the structure fiber group, shows a high UTS and is relatively brittle.  Sample 2, 
Stectralon, from the filler fiber group, shows a low UTS and is quite ductile in 
comparison having nearly five times the strain before failure.  These results are 
typical of fibers in their respective groupings. 

 

Bending point testing results showed a clear validation of the I-beam effect.  Figure 

5.7 shows the results of the bending point testing.  As the carbon fiber was spaced further 

and further apart, the stiffness increased.  Using the samples with the carbon fiber on the 

concave side, a linear increase in force required to bend the sample was determined with 

an R2 value of 0.868.  The bending distance was the maximal distance allowed by the 

apparatus.   
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Effect of Carbon Fiber separation on 
Bending Strength 
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Figure 5.7  Bending strength with relation to separation of carbon fiber layer.  Two 
layer of carbon fiber were separated by layers of nyglass.  Additional layers of 
nyglass to a total of six were placed on one side to keep the thickness identical.  A 
linear increase with an R2 value of 0.868 was found. 

 

Bending strength was also found to be related to position of the carbon fiber relative 

to the nyglass.  If the carbon fiber component were on the side in tension, the bending 

strength was much higher.  This was called the convex side.  The orientation with the 

carbon fiber predominantly in compression had a lower bending strength.  This was 

called the concave orientation.  The convex samples with 4 layers separation were 

damaged and unable to be tested.  Those samples with six layers of separation were 

symmetrical, thus there was not difference between the concave and convex orientation.  

Within a prosthesis, bending is in the outward direction, away from the body.  Therefore, 
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the convex side would be equivalent to the inside of the prosthesis and the concave side 

would be equivalent to the outside of prosthesis.  Please see figure 5.8 
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Figure 5.8 Chart showing the effect of separation and placement of carbon fiber.  Two 
layers of carbon fiber were laminated with six layers of nyglass, with the separation 
between the carbon fiber varied from 0 to 6.  The orientation with carbon fiber in 
tension was named the convex orientation, which is equivalent to the inside of a 
prosthesis, which the concave side has carbon fibers in compression and is equivalent 
to the outside of a prosthesis. 

 

5.2 Determining Sensor Quantity and location 
The sensor array affects the ability to detect the RKI signal.  Sensor location and 

quantity was evaluated by two methods; specific placement and symmetrical array.  The 

specific placement method of identifying individual areas and placing one sensor over 

that area was challenge.  Both subjects tested had well healed mature residual limbs.  

Figure 5.9 shows the residual limb of subject A with a transverse and longitudinal MRI 

scan and a photograph.  Each identified area for specific placement are noted on the 
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figure.  Volitional signals could be detected, and intratest, these signals were reliable.  

However, it took a great deal of effort to place these sensors each time. Inter-test 

reliability was extremely variable.  There was no reliable method to make sure the 

sensors were in exactly the same place each time.  Even a small change could affect 

results significantly.  If the sensors were embedded into a silicone sleeve it took a great 

deal of adjustment to properly place the sensors over the correct place on the residual 

limb.  Methods to assist were developed such as adding a line to the sleeve to aid in 

donning precision, while this helped, it did not solve the problem.  As a result, the 

specific placement method was not successful. 

 

Figure 5.9 The residual limb of subject A.  Anterior, posterior, medial, and lateral are 
marked where appropriate.  A is a transverse MRI image of the residual limb. B is a 
longitudinal MRI image of the residual limb.  C is a photograph of the residual limb 
with sensors attached with tape in the areas of specific placement. 

A 

C 

B 
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The Symmetric Array method was more suited to the collection of quantifiable data.  

Variation was the first parameter investigated.  Peak pressures were used because the all 

signals had generally same monophasic curve.  Peak pressures from each movement were 

determined and subsequently a iso-bar pressure contour map was created.  These maps 

were named Residual-kinetic images.  See Figure 5.10 

Figure 5.10 Residual kinetic images of movements for subject A during requested 
finger tapping.  Each requested movement is identified by a unique pattern or image 
of the iso-bar pressure contour map.  Maximum pressures were approximately 3 kPa 
with white being the greatest and black being no change. 

 
The Variation between different trials is what allows a sensor to be useful in 

determining what movement the subject is trying to make.  Variation was normalized to 

the sensor with the greatest variation.  See figure 5.12.  Sensors with a normalized 

variability of greater than > 0.1 were selected and the correlation coefficients were 

examined and are shown in figure 5.13.  
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Figure 5.11 Residual Kinetic images of subject B.  This subject believed he could 
move all five phantom fingers. Each requested movement is identified by a unique 
pattern or image of the iso-bar pressure contour map.   

 

0
0.25
0.5

0.75
1

1 4 7 10 13 16 19 22 25 28

Sensor Number

N
or

m
al

iz
ed

 
Va

ria
tio

n

 

Figure 5.12 Normalized variation in amplitude of peak pressure during 3 requested 
volitional commands for subject A.  For subject A, Sensor 21 had the greatest 
difference between movements.   
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Figure 5.13 Correlation Coefficients for sensors with a normalized variability greater 
than 0.1.  Highly positive correlation coefficients represent sensors picking up the 
same movement.  These sensors are describing the same movement.  Sensors with a 
highly negative correlation are significant for discrimination of different movements. 

 
These results show that each requested volitional movement is made at a unique point 

on the surface of the residual limb.  Residual Kinetic Images from several trials were 

examined for consistency.  These images are consistent.  Figure 5.14 show four separate 

trials and the residual kinetic images represented by them subject A.  These images were 

taken at a separate time and with only two bracelets for a total of 16 sensors.  These 

images look different because of the difference in the method of collection, primarily 

because the distal end of the residual limb cannot be captured by that method.  However, 

the testing is sufficiently shorter to allow many more trials. These images are not as 

precise, but do demonstrate consistency.  32 sensors provide sufficient resolution to 

detect different volitional movements. 
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Figure 5.14 Repeated testing of two bands of eight sensors on subject A.  The images 
produced are not as precise as the sensor sleeve because of the lack of ability to 
capture motion at the distal end of the residual limb, but trials are sufficiently shorter 
to allow multiple trails to determine reproducibility.  Note the consistency of the 
image over four trials. 
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5.2.1 Integrating sensors into the prosthesis 
Three methods were selected for evaluation of integration of sensors into a prosthesis.  

The method of integration could affect the sensor sensitivity.  

 
Method #1  

Several liners were made in this fashion.  See figure 5.15.  These liners had the 

advantage that they did not have to be inverted to be donned, reducing wear and tear on 

the connections of the sensors.  However, they did suffer from two drawbacks.  First, 

sensors had to be placed prior to fabrication, meaning that if a decision was made to 

adjust sensor location, then an entirely new liner had to be fabricated.  Second, even the 

most flexible plastic used in prosthetics was too stiff for good sensor readings after the 

prosthesis frame was donned.  This type worked well by itself in testing, but was not 

suited to prosthesis wear. 

 Figure 5.15 Sensor liner made from Bioelastic.  This liner is made through heating a 
sheet of Bioelastic plastic and vacuum forming it to a custom mold of the subject’s 
residual limb.   

 
Method #2 

Method two, slots were cut into the silicone sleeve or liner to be used for testing.  

This method had the advantage that it was possible to determine placement of the sensors 

after fabrication of the sleeves.  An additional advantage is that sensors could be easily 

replaced if one sensor went bad without having to replace the entire sleeve.  This is the 
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preferred method of testing in the lab because it is the easiest to set up, easiest to change, 

and easiest to test.  It is not compatible with prosthetic use over top of the sleeve because 

the connectors are not controlled and are easily damaged.  In addition there would be no 

way to leave sensors connected subsequent to doffing the prosthesis.  This result makes 

this design not particularly useful for clinical testing, while extremely useful for 

laboratory testing. 

Method#3 
This method produces and excellent product for future clinical testing.  The finished 

inside can be seen in figure 5.3B.  The outside of the finished prosthesis is seen in figure 

5.16.  The blue pump allows for the expansion or compression of the interior silicone 

liner which allows for easy donning and adjustment of fit without the need to invert the 

liner, which damages the sensor connections excessively. 

 
Figure 5.16 Finished prosthesis (shown without hand), with integrated silicone liner.  
Blue pump allows for the interior silicone liner to be expanded toward the outer wall 
for easy donning or increasing pressure to make prosthesis fit more snugly.  Sensors 
can easily be integrated into this design. 

 
 This design will be excellent for clinical testing, it should be durable, versatile, and 

obviates the need to disconnects sensors each time the prosthesis is donned or doffed.  
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However, it is not good for testing in the laboratory because it is not adjustable.  

Therefore, this design should only be used when extended use beyond laboratory visits is 

planned.  That is beyond the scope of this dissertation. 

5.3 Developing appropriate notation for locating anatomical position on 
the residual limb 

There was lack of precise notation to determine a specific point on the surface of the 

residual limb.  Previous to this work, all notation was descriptive in nature, i.e. proximal 

to or lateral to, making it difficult to find an exact location.  For this reason, specific 

placement of sensors had proved particularly difficult.  Appropriate notation would 

improve the process.  It was important to develop appropriate notation so that if there 

were specific areas of activity, these could be generalized and verified.  The original 

notation developed was published in Robotica[3].  Briefly, The Sagital plane as it passed 

through the center of the arm was used as a reference.  The intersection with the cubital 

fold was considered the axis, and cylindrical coordinates were used to describe the 

remaining limb.  The axis of the arm was measured in centimeter and the rotational 

position in radians.  See figure 5.17  
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Figure 5.17 Notation for describing position on a residual limb as described in 
Robotica.  The center of the cubital fold is the axis, cylindrical coordinates were used 
to describe the surface of the limb, with x along the axis of the limb and 2 for the 
rotational component.  This allows for accurate measurement of any location on the 
surface of the residual limb. 

 
There were some problems identified with this measure through conversations with 

the Veterans Administration Patient Safety Center in Tampa, FL.  This first issue is that 

all limbs are not the same length, so a length measurement while accurate on an 

individual would not necessarily yield the same point on another individual. There for the 

x axis was adapted to be a fraction of the sound side from the ulna to the styliod.  

Secondly, there is anatomical capture software available that captures anatomical 

landmarks.  It does not capture the center of the cubital fold, making it impossible to 

utilize with this notation system.  The second revision was to change the origin from the 

center of the cubital fold to the olecrenon.  The olecrenon is a superior choice because it 

is more readily identifiable with no confusion and it can be captured through the 

anatomical capture software.  If motion analysis was to ever used in the future, this 

change could yield significant benefit.  These two advantages create sufficient benefit to 

X
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make changes to the anatomical notation system.  See figure 5.18 Additionally, a 

measurement tool was identified which would assist in making these determinations.  An 

upper limb compression tape (BSN-Jobst, Toledo, Ohio).  This measurement device 

utilizes the same points of demarcation.  It provides a cheap, rapid method to determine 

with high precision a placement.  These devices are made of adhesive paper and designed 

to be disposable.  Essentially it is a series of tape measurer placed at regular intervals.  If 

the olecronon in correctly identified this measurement device should provide a quick, 

cheap, and reliable method to obtain notation for systematic placement of sensors.  Please 

see figure 5.19, picture A is of the upper limb compression measuring tape and picture B 

is of a subject wearing the measuring device. 

 

Figure 5.18 Modified notation system taking into account normalized x axis and 
utilizing an origin point of the olecrenon.  These improvements to the system will 
allow it to transfer from one patient to the other more rapidly, be more reproducible, 
and compatible with anatomical capture software used in conjunction with motion 
analysis 

 

X

2 
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A      B 
 

Figure 5.19 The Jobst upper limb compression garment measurement device.  This 
desposible device is designed to give accurate repeatable measurements on the upper 
limb. A is of the measurement device.  B shows the device being used on a subject. 

 

5.4 The Mechanical Hand 

A B  

Figure 5.20 Two prototype mechanical hands from the cralius lab.  A was fabricated 
by hand by Michael Kogan.  B was fabricated similarly by David Curcie.   There are 
no schematics for either hand. 

The available hands within the Craelius lab were all made by hand and lacked any 

formal schematics. It is important to identify what the hand is actually doing in a multi-

DOF hand.  Dr. Kathyrn J. DeLarentis came into the lab after this dissertation proposal 

was complete.  One of the valuable assets she brought to the lab was her experience in 

developing a mechanical hand model.  It was determined that this model was superior to 
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the prototypes currently in use. This hand is a significant improvement over the current 

prototype in several functional ways.  The joints are made to a much higher tolerance; so 

there is much less play.  It is 100% reproducible, whereas the handmade prototype was 

different with each variation.  It is partially modular, so a broken part could easily be 

remade and installed into the hand.  It could be manufactured from the model designs. 

For this reason, it made little sense to model the current prototype, if improvements on 

the hand prototype were to be made, the DeLarentis model would be used.  In addition, 

this hand had been engineered such that the necessary parameters were readily available 

and changes could rapidly be made in ProEngineer.  Appendix A reviews her designs and 

touches upon why it is significant to the prosthetic hand system. 
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5.5 Subject Testing 
Nine subjects were tested.  Five normal subjects, three amputee subjects and one 

subject with hemiplegia.  Each subject was asked to make a series of movements which 

were recorded.  Normal subjects were asked to perform 18 different movements and 

affected subjects were evaluated on a case by case basis.  These movements were then 

examined to determine if the correct volition could be identified.  Successful 

identification occurred when the correct volitional movement was identifies 75% of the 

time. The 75% success rate was chosen as a compromise between investigational nature 

of the study and clinical effectiveness.  

5.5.1 Determining the threshold of activation 
In order to consistently evaluate the results, a few rules for determining the threshold 

had to be determined.  For each grouping, each signal had 2 positive signals and four 

negative signals.  There were three grouping for a total n=18.  To be considered a positive 

result, a 75% success rate was necessary.  In order to ensure accurate placement of the 

threshold, each grouping was examined through visual inspection of a linear graph and 

minimum maximum values for each trial.  The threshold must be set so that there was 

one true positive and one true negative.  If this could not be achieved, then it was 

considered a 0% success.  The threshold must be set to allow deactivation while relaxing.  

Threshold must be consistent throughout the entire grouping, until the filter was retrained 

for the next grouping.  Thresholds would be set upon retraining.  This would be 

considered a part of the device donning procedure.   Please see figure 5.23 for an example 

of threshold determination.  Selecting a threshold is a required part of the process for 

volition detection.  Upon any further clinical investigation a method for optimizing the 
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threshold would have to be developed.  The purpose of this threshold selection was to 

find if there was any threshold which would meet the criteria, not the optimal one.   

 
Figure 5.21 Determination of activation threshold.  This example is from subject 2, 
where G is thumb flexion/extension, H is power grasp, and I is pinch grasp.  The 
number represents the trial.  In this case, trial 1 was used to train the software and 
trial 2 and 3 were tested.  The x axis is time and the y axis is output of the filter, the y 
scale is relative signal strength.  

 

5.5.2 Observations during testing 
The first observation was that there seems to some signal drift within either the sensor 

or the programming.  Signals would stray from the baseline. While this was 

accommodated manually for the purpose of this project, it would not be acceptable in a 

clinical product.  Secondly, though the FSR sensors are more reliable than the pneumatic 

air bladders, they are likely not reliable enough for clinical use.  During the course of 

testing, four out of sixteen sensors had to be replaced.  This is in a laboratory situation 

where these sensors received relatively little use compared to the minimum 12 hours 

every day expected for a clinical setting.  A 25% replacement even per year would not be 

acceptable.  In addition, it is not clear patient or clients would be able to easily determine 

the problem without viewing the filtering software to identify the input of each sensor.  
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Because of these two issues, testing was stopped at five subjects.  Five normal subjects 

and two amputee subjects were sufficient for proof of concept, and when better sensors 

are determined the tests will have to be repeated.  Another issue was in the subjects 

ability to differentiate between motion O, wrist pronation, and motion P, wrist supination.  

Subjects were not able to make a distinction between performing one motion and 

performing the other because to reset the position of the hand required the opposite 

motion.  As such, these motions were combined into movement OP, 

pronation/supination.  

5.5.3 Normal subject testing 
Five normal subjects were tested according the protocol described in chapter 4.4.2.  A 

chart of percentage success was kept for each subject.  Each percentage is out of the total 

of 18 tests, 6 positive tests and 12 negative tests. By incorporating both positive and 

negative results, both false positives and false negatives can be effectively evaluated.  See 

Table 6.1.  The movements labeled are from table 4.3.  Motions which met the 75% 

correct identification threshold are highlighted in green.   

The primary consideration of the study was to determine the number of unique 

motions which could be detected by RKI signals.  In Table 6.1 the first column is the 

group of motions which were tested, remembering that the software filter is only able to 

test three motions at any given time.  The second, third, and fourth column are the 

percentage of correct identification for each respective motion in the group.  For example 

in group ABC, Motion A was correctly identified 33% of the time, motion B was 

correctly identified 69% of the time, and C 83%. 
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Table 5.3 Normal Subject Movements Correct Identification Percentage 

Subject 1 
Test 
Group 

Motion 
1 Motion 2 

Motion 
3 

Test 
Group 

Motion 
1 

Motion 
2 

Motion 
3 

ABC 33% 69% 83% dhk 87% 100% 100% 
DEF 83% 39% 83% fgk 94% 89% 78% 
GHI 80% 100% 13% fhp 80% 87% 100% 
JKL 44% 78% 61% dkp 89% 94% 100% 
MNO 67% 67% 94% agl 61% 78% 83% 
PQR 89% 50% 44% bfq 72% 67% 83% 
CDF 67% 72% 94% ahr 40% 60% 53% 
ghk 80% 87% 100% HIJ 100% 53% 33% 
opd 94% 67% 67% BCK 67% 67% 72.2% 
dgp 94% 78% 100%     

 

Subject 2 
Test 
Group 

Motion 
1 Motion 2 

Motion 
3 

Test 
Group 

Motion 
1 

Motion 
2 

Motion 
3 

ABC 83.3% 94.4% 94.4% CNQ 100.0% 100.0% 100.0%
DEF 38.9% 77.8% 88.9% COPR 77.8% 83.3% 66.7%
GHI 50.0% 100.0% 11.1% HJN 100.0% 77.8% 100.0%
JKL 88.9% 44.4% 61.1% HPQ 38.9% 94.4% 83.3%
MNOP 72.2% 94.4% 100.0% JPQ 83.3% 100.0% 83.3%
AQR 33.3% 77.8% 100.0% agl 83.3% 77.8% 77.8%
BEH 72.2% 88.9% 100.0% BFQ 38.9% 66.7% 100.0%
CEJ 94.4% 44.4% 100.0% BHR 22.2% 66.7% 100.0%
CFH 94.4% 72.2% 100.0% BCK 50.0% 61.1% 94.4%

 

Subject 3 

Test Group 
Motion 
1 

Motion 
2 

Motion 
3 

Test 
Group Motion 1 

Motion 
2 

Motion 
3 

ABC 88.9% 77.8% 100.0% FGK 77.8% 66.7% 94.4%
DEF 88.9% 50.0% 100.0% DKM 72.2% 66.7% 100.0%
GHI 83.3% 100.0% 66.7% HMR 72.2% 88.9% 100.0%
JKL 72.2% 77.8% 33.3% FNR 77.8% 100.0% 100.0%
MNOP 77.8% 88.9% 72.2% FGM 66.7% 66.7% 94.4%
AQR 0.0% 72.2% 100.0% AGL 50.0% 100.0% 83.3%
BDG 88.9% 100.0% 94.4% BFQ 61.1% 100.0% 100.0%
BFH 55.6% 77.8% 100.0% HIJ 100.0% 11.1% 38.9%
CDH 61.1% 88.9% 100.0% BCK 77.8% 88.9% 94.4%
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Subject 4 
Test 
Group 

Motion 
1 

Motion 
2 

Motion 
3 

Test 
Group 

Motion 
1 

Motion 
2 

Motion 
3 

ABC 94.4% 77.8% 77.8% FJN 100.0% 72.2% 88.9%
DEF 100.0% 72.2% 88.9% FLM 77.8% 66.7% 100.0%
GHI 55.6% 83.3% 61.1% DFP 77.8% 83.3% 100.0%
JKL 94.4% 72.2% 94.4% DMN 88.9% 100.0% 100.0%
MNOP 100.0% 100.0% 100.0% AGL 72.2% 88.9% 83.3%
AQR 100.0% 66.7% 61.1% BFQ 66.7% 66.7% 100.0%
ADH 72.2% 66.7% 94.4% CHR 33.3% 100.0% 100.0%
BFH 66.7% 55.6% 55.6% HIJ 72.2% 16.7% 38.9%
CJM 55.6% 94.4% 94.4% BCK 61.1% 50.0% 83.3%

 

Subject 5 
Test 
Group 

Motion 
1 

Motion 
2 

Motion 
3 

Test 
Group 

Motion 
1 

Motion 
2 

Motion 
3 

ABC 77.8% 88.9% 94.4% BHK 83.3% 100.0% 88.9%
DEF 61.1% 61.1% 77.8% CHK 77.8% 94.4% 88.9%
GHI 61.1% 100.0% 77.8% AGL 83.3% 66.7% 77.8%
JKL 66.7% 88.9% 83.3% BFQ 44.4% 61.1% 100.0%
MNO 66.7% 61.1% 16.7% DHR 22.2% 72.2% 100.0%
PQR 66.7% 33.3% 94.4% HIJ 94.4% 61.1% 66.7%
AFH 88.9% 61.1% 100.0% BCK 72.2% 66.7% 88.9%
AIK 83.3% 55.6% 94.4%     

ALR 72.2% 72.2% 100.0%     
 
Each number represents the percentage of correct determinations by the filtering 

software with each group.  As the software is trained on three movements, the group 

testing is the fist column; subsequent columns are the success rate of individual 

movements.  The green highlighted percentages indicate that motion meeting the 75% 

successful identification threshold.  Movements were dropped from continued testing 

when the movement fell below the 75% threshold.  These movements could not be 

considered independent subsequently because of the failure.  If two movements were 

below the 75% threshold in one test, only one of the two must be dropped.  The decision 

of which one was dropped was based on which appeared to be a stronger signal.  All 

subjects were able to identify at least three unique movements.  
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Each subject’s raw data were processed to determine unique signals.  Each subject 

was able to have at least three independent signal based on a 75% correct accuracy. 

Please see table 5.5 for the five subjects’ unique volitions.   

 Table 5.4 Unique Independent Motions 

Subject # Independent motions (75% correct ID) Motions 
1 6 D,F,G,H,K,P 
2 3, 5 ABC, CJNPQ 

3 3, 3, 3
ABC, DFH, 
MNR 

4 3, 5
ABC, 
DFMNP 

5 4 ABCH 
 

For some subjects, there were multiple groups of independent motions.  These were 

shown by a comma.  Motions are listed in table 4.3.  For example, subject 2, Motions A, 

B, and C could be detected uniquely and C, J, N, P, Q could all be detected uniquely, but 

A, B, C, J, N, P,Q could not.  Thus only one or the other of the groups could be used at 

any given time to be confident of correct identification.  All five subjects had at least 3 

independent, unique motions, which could be detected. When more than three motions 

were detected that were unique, the system had to be retrained.  For example, when the 

chart states five unique motions it means that whenever the filter is trained for any three 

of the five, those three will be uniquely detectable to a 75% threshold.  It is expected that 

if the software were expanded to detect more motions all these motions would prove to 

be uniquely detectable. 

 

5.5.3.2 Identification of individual movements for evaluation 

The movements from table 4.3 were selected to answer a series of questions. To 

select enough motions to indicate an approximate maximum number of independent 
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signals that could be captured through this system.  Second, motions A-E were to 

examine single digit flexion.  Third, motions F, G, and R were to determine if there was a 

detectable difference between the motions of flexion passive return, and flexion and 

active extension.  Only two were tested because it seems the results should extrapolate to 

all fingers.  Fourth, motions H, I, J were concerned with detecting different grasping 

patterns, including three-jaw chuck type grasp, the standard prosthetic grip.  Motion K 

covered multiple digit flexions to determine if a detectable difference exists between 

single digit flexion and multiple digit flexions.  Motions L and Q were concerned with 

determining if adduction was detectable, and distinct from flexion.  Finally motions M, 

N, O, and P were tested because wrist movement is the standard motion for a powered 

myoelectric prosthesis.   

5.5.4 Digit motions 
Movements a-e were flexion of each digit.  Movements a, b, and c were 

distinguishable to a 75% level in 4 of 5 subjects and with an average of 76%, 82%, and 

90% success respectively.  Movements A, B, and C, were thumb, index, and middle 

finger flexion respectively.  As these were the original motions tested, this agrees with 

previous data and was expected.  Movements D and E, were index flexion and pinky 

flexion respectively. Movements D and E were uniquely detectable in 0 of 5 subjects to a 

75% level.  The average success rate was 74% for ring flexion and 60% for pinky flexion.   
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Table 5.5 Digits 1-3 Flexion Comparison 

Subject Thumb Flexion 
Pointer  Finger 
Flexion 

Middle Finger 
Flexion 

1 33% 69% 83% 
2 83.3% 94.4% 94.4% 
3 88.9% 77.8% 100.0% 
4 94.4% 77.8% 100.0% 
5 77.8% 88.9% 100.0% 

Av 76% 82% 100.0% 
 

Table 5.6 Digits 4-5 Flexion Comparison 

Subject 
Ring Finger 
Flexion 

Pinky Finger 
Flexion 

1 83% 39%
2 38.9% 77.8%
3 88.9% 50.0%
4 100.0% 72.2%
5 61.1% 61.1%

Av 74% 60%
 

Flexion with passive return was compared with flexion followed by active extension.  

This test was done to attempt to explain some signal types seen in amputees.  This 

Compares A to G, B to F.  Thumb flexion and thumb flexion/extension were not 

differentiable at a 75% success rate, with average success of 71% for thumb flexion and 

82% for thumb flexion/extension.  Motions L, thumb ab/adduction, was compared to 

thumb flexion, and motion q, digit 2-5 ab/adduction was compared to first finger flexion.  

Thumb flexion/extension was differentiable from thumb abduction at a 75% success 

threshold, with average success of 82% and 80% respectively.   Please see table 5.8.  

Motion B, pointer finger flexion and motion F, pointer finger flexion extension were not 

differentiable to a 75% level, with average successful identification of 56% and 67% 

respectively.  Motion Q, finger ab/adduction was differentiable at a success rate of 97%. 

Please see table 5.9.   Motion K, simultaneous flexion of index and middle finger was 
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compared to motions B and C, index and middle finger flexion, respectively.  Motion K 

was not differentiable from motions B and C with an average successful identification for 

B, C, and K being 66%, 67%, and 87% respectively. Please see table 5.10.   

Table 5.7 Comparison of Thumb Flexion, Flexion/Extension and Abduction 

Subject 
Thumb 
Flexion 

Thumb 
Flexion/Extension

Thumb 
Abduction 

1 61% 78% 83% 
2 93% 78% 78% 
3 50% 100% 83% 
4 72% 88% 83% 
5 78% 67% 75% 

Av 71% 82% 80% 
 

Table 5.8 Comparison of Pointer Finger Flexion, Flexion/Extension, and digits 2-5 
Abduction/Adduction 

Subject 
Pointer Finger 
Flexion 

Pointer Finger 
Flexion/Extension

Digits 2-5 
Ab/Adduction 

1 72% 67% 83% 
2 39% 67% 100% 
3 58% 72% 100% 
4 67% 67% 100% 
5 44% 61% 100% 

Av 56% 67% 97% 
 
 

Table 5.9 Comparison of Pointer Finger Flexion, Middle Finger Flexion, and 
Simultaneous Pointer/Middle Flexion 

Subject 
Pointer Finger 
Flexion 

Middle Finger 
Flexion 

Simultaneous Pointer 
and Middle finger flexion 

1 67% 67% 72% 
2 50% 61% 94% 
3 78% 89% 94% 
4 61% 50% 83% 
5 72% 67% 89% 

Av 66% 67% 87% 
 

Subsequent to the determination that two signals together cannot be a separate and 

distinct control signal from the two original signals, it was determined to examine 

whether the signals were additive.  The filter was trained to for digit 1-3 flexion as in 
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table 5.6.  Then simultaneous digit 2 and 3 flexion was tested to determine if the signals 

were additive. The expectation was that both the pointer and middle finger should register 

flexion. 

Table 5.10 Simultaneous Flexion Activation Rate When Trained for Single Flexion 

Subject Pointer Middle 
1 33.3% 0.0%
2 0.0% 77.8%
3 66.7% 55.6%
4 55.6% 44.4%
5 100.0% 88.9%

Av 51.1% 53.3%
 

Simultaneous flexion only activated both pointer and middle digit flexion in one of 

five subjects.  In three out of the five subjects tested, when both motions occurred 

simultaneously, neither motion is detected on a 75% basis.  The average percentage was 

51.1% and 53.3% for pointer and middle respectively.   This result clearly demonstrates 

that in this case, the RKI signal is not additive.  If this result is generally true, it would 

represent a serious challenge to the effectiveness of the RKI signal to be an effective 

option for prosthetic control.  

5.5.5 Grasping patterns 
Grasping motions H, I, J were power grasp, pinch grasp, and three-jaw chuck grasp.  

Motion H and R, grasp and grasp with active extension, respectively, were also 

compared.  Power Grasp, motion H, was not differentiable from grasp/active extension, 

with a success rate of 74% and 91% respectively.  Power grasp was also not 

differentiable from pinch or three jaw chuck type grasps, with an average success rate of 

93%, 31% and 51% respectively.   
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Table 5.11 Comparison of Power Grasp and Hand Grasp/Extension 

Subject Power Grasp Grasp/Extension
1 60% 53%
2 67% 100%
3 72% 100%
4 100% 100%
5 72% 100%

Av 74% 91%
 

Table 5.12 Comparison of Various Grasp Strategies 

Subject 
Power 
Grasp 

Pinch 
Grasp 

Three Jaw 
Chuck Grasp 

1 100% 53% 33% 
2 100% 11% 78% 
3 100% 11% 39% 
4 72% 17% 39% 
5 94% 61% 67% 

Av 93% 31% 51% 
 

5.5.6 Wrist motions 
Motion M, wrist extension, motion N, wrist flexion, and motion OP, 

pronation/supination were also tested.  The average success rate was 77%, 82%, and 77% 

for wrist extension, wrist flexion, and pronation/supination respectively.  In most cases 

this would indicate differentiable movements, but in only one subject were these three 

motions each distinct to a 75% threshold.   

 

Table 5.13 Comparison of Wrist Extension, Wrist Flexion, and Pronation/supination. 

Subject Wrist extension Wrist Flexion Pronation/Supination
1 67% 67% 94%
2 72.2% 94.4% 100.0%
3 77.8% 88.9% 72.2%
4 100.0% 100.0% 100.0%
5 66.7% 61.1% 16.7%

Av 77% 82% 77%
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5.5.7 Dependence of Grouping on Success Rate 
The grouping of motions to test affects the success rate of individual motions.  In 

Table 5.14, multiple groupings of motions are shown for subject five.  For Table 5.14, the 

first column in the test grouping in order, then the subsequent three columns are the 

success rate for the three motions.  For example, in the first test grouping ABC, Motion A 

was successfully identified 77.8% of the time, motion B, 88.9, and motion C, 94.4%.   

Table 5.14 Effect of Different Motion Groupings on Success Rate 

Test Group Motion 1 Motion 2 Motion 3 
ABC 77.8% 88.9% 94.4% 
BHK 83.3% 100.0% 88.9% 
CHK 77.8% 94.4% 88.9% 
BCK 72.2% 66.7% 88.9% 

 

5.5.8 Consistency of signal 

In an effort to evaluate the strength of signal, 10 random trials, each with three 

repeats were selected.  The maximum and amplitude of the signal were evaluated against 

each other.  These two measures were selected because over time there seems to be a 

small sensor drift, so the baseline is not always zero and the maximum value and the 

amplitude can be different.  To get a ball park idea of the consistency, a measure of 

within 20% was considered.  If the signal was within 20% it was considered to be 

consistent and when outside of the 20% inconsistent.  For example in row one of table 

5.15, 63% of the time for the maximum signal and 64% for amplitude one the single 

sensor was within 20% of the other two repetitions.   
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Table 5.15 Variation of Raw signal 

Trail # Maximum Amplitude
1 63% 64%
2 63% 63%
3 88% 44%
4 100% 88%
5 81% 44%
6 63% 44%
7 100% 94%
8 88% 63%
9 94% 60%

10 100% 44%
Average 84% 61%

 

5.6 Affected Subjects 
RKI control has potential to serve many affected populations. The primary group of 

interest is the amputee population.  Secondary to the amputee population, the much larger 

hemiplegic population could also benefit from this type of detection. 

5.6.1 Amputee Subjects 
Subject A was the most experienced of the affected subjects.  Seven motions were 

tested They were: Thumb flexion, Index finger flexion, middle finger flexion, ring finger 

flexion, pinky finger flexion, wrist extension, and grasp.  The results are in table 5.17 

Table 5.16 Identification of Volitional Movements 

 
Subject A had four uniquely identifiable motions middle finger flexion, ring finger 

flexion, wrist extension, and grasp.  It was expected that this subject would do 

Result 
Thumb  
(T) Index (I) 

Middle 
(M) Ring R 

Pinky 
(P) 

Wrist 
(W) 

Grasp 
(G) 

TIM 68% 37% 95%         
RPW       79% 54% 96%   
GMP     78%   74%   85%
mrw     76% 76%   92%   
rwg       75%   96% 75%
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particularly well as he was also successful in preliminary testing and was quite familiar 

with the system. 
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Figure 5.22 Volitional flexion and extension of the elbow in subject C; the 
transhumeral patient. 

Subject C, the transhumeral patient demonstrated two distinguishable motions; elbow 

flexion and Elbow extension.  This patient had an extensive amount of scarring due to the 
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burns sustained during his injury.  This tissue connectivity issue is likely to affect the 

ability to distinguish signals. 

Subject D was not able to distinguish three independent motions.  Only one motion 

was successful to the 75% threshold, index flexion.  This subject was also unable to use a 

myoelectric prosthesis separately.  It is possible that he did not have the muscle control to 

dependably produce any signal.  This phenomenon has been seen in work with 

myoelectric prostheses[34]. 

5.6.2 Hemiplegic Subject 
The goals for the hemiplegic patient are somewhat different from the goals of the 

amputee subject.  In hemiplegia, the hand is still in tact, although not entirely functional.  

After consideration, Subject E was examined.   

Time

In
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Figure 5.23  Subject E with wrist extension.  The filter is summing the signal from all 
of the sensors.  A clear pattern of repeated extension followed by a rest phase 
followed by an additional section of repeated extension is easily observed. 

At the time of the initial testing, he had little actively controlled movement of the hand.  

In this case, the goal was to detect any muscle activation.  The filter was readjusted to sum 
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the signals from the sensor array.  Figure 5.25 demonstrates the summed muscle activity 

during wrist extension
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6. Conclusions and discussion 

6.1 Characterization of the elements of the MK system 
The elements of the system were thoroughly described in sufficient detail to examine 

each element’s effect on the RKI control system.  The sensors and filtering system were 

examined in further detail. 

6.1.1 The sensor type 
After comparison of the different sensor types, the FSR sensors were found to be the 

most reliable.  However, during testing these sensors were still found to have a 25% 

failure rate.  This is better than the failure rate of the pneumatic air bladders, which have 

air leaks and demonstrate hysterises.  This failure rate is still unacceptably high.  These 

sensors are available commercially and are utilized in prosthetic sockets although it is not 

clear how pervasively.  Investigation into the causes of sensor failure should be a priority 

for continued study.  Affixing them to a firmer surface may alleviate many or all of these 

problems.  It could be that the silicone sleeve is not providing enough support for the 

wires and the sensors are getting damaged.   

6.1.2 The socket design 
Characterization of the different types of socket design has been presented.  There are 

two components to socket design, the interface containing the sensors and the laminated 

acrylic composite.  For the composite, it is clear that either the most economical material, 

nylon, should be used unless strength is needed. If strength is needed, fiberglass or 

carbon fiber can be utilized.  This can be optimized on a cost to strength and weight ratio.   

The interface must provide comfort to the subject, an intimate fit, and protect the sensors.  

The integrated silicone liner is the most likely to accomplish all three of these goals.  
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Recommended for study would be to integrate FSR’s into the silicone embedded socket.  

This socket style would not require the silicone to be rolled, thus greatly reducing the 

strain on the connectors, second because it is embedded into the socket as a whole, 

connections could be left intact instead of requiring connection each time the device was 

donned. 

6.1.3 The configuration of the sensor array 
The new notation for describing the location of sensors is much more exact than the 

relational terms used previously such as proximal and distal.  Clinically, it is probably 

more practical to use absolute measurements such as cm because it is quick and easy and 

no calculation is necessary, but for describing the position, the normalized distance 

provides a more anatomically accurate and consistent measure.    The use of the 

segmented tape measurer makes these measurements easy to utilize and significantly 

reduces the variability in repeating sensor position measurements.  The continued 

increase use of CAD scanning devices will make the capture of these measurements even 

easier.  At this time, no spatial component is utilized in the filtering software, this 

notation system will allow for spatial data to be utilized.  It is recommended for further 

study to examine the incorporation of spatial parameters into the filtering software.  

Secondly an evaluation of sensor number should be performed.  Testing in the lab has 

been done with 3, 8, 16, and 32 sensors.  While it is clear that three is not sufficient, the 

optimum number has not been established. 

6.1.4 The filtering of RKI 
The pseudo-inverse matrix should be expanded to allow for detection of more signals.  

Signal drift is a significant problem over time, requiring constant retraining.  It is not 
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clear whether this is a sensor problem or a filtering problem.  There is a fundamental 

problem with using the RKI signal which must be addressed.  External forces can create 

pressures within the socket.  There are at least two characteristic pressure patterns of 

external forces which must be incorporated into the filtering program.  The first is force 

directed through the socket, i.e. putting the arm on a table.  This force is characterized by 

a increase in force along one surface of the prosthesis.  The second is a rotational force, 

such as a heavy object in the hand.  This force is characterized by a proximal pressure 

increase and a distal opposite pressure increase.   

6.1.5 The mechanical hand design 
This model replaces the ad-hoc prototypes developed to this point.  By incorporating Dr. 

DeLaurentis’s hand design, a complete system is established.  Each piece can be 

evaluated modified on a specific and repeatable basis.  This model is superior in 

construction and tolerances to the hand currently being utilized.  In the future design 

considerations can alter this mechanical hand to the specific needs of the Residual 

Kinetic system.  By having a D-H representation and a CAD model, thoughtful changes 

can be rapidly incorporated.  The hand is over articulated in comparison to the present 

control system, combinations of motions likely to provide the great function should be 

determined.  Motors appropriate for a prosthetic hand system would have to be selected.   

It is quite possible that the first use of additional degrees of freedom will be for use in 

articulating the wrist in a more effective manner.  Wrist rotation and flexion would allow 

for a 6 DOF arm system, including the human shoulder and elbow, which would greatly 

reduce the compensating movements needed to position the hand.  In robotics, this has 

been found to be an near absolute requirement[69]. 
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6.1.6 Measurement Based Anatomical Notation 
Improved notation will allow for more accurate location on the residual limb 

compared to previous notation.  The move from a descriptive form of identifying position 

to a quantitative method will yield more precise determinations of sensor placement.  

This is a necessary step in the advancement of surface based sensor control systems. 

 

6.2 Testing volitional commands 
The eighteen functional tasks were: thumb flexion, thumb flexion and extension, 

wrist flexion, index finger flexion, power grasp, wrist extension, middle finger 

flexion, pinch grasp, wrist pronation, ring finger flexion, three jaw chuck grasp, wrist 

supination, pinky finger flexion, index and middle flexion simultaneously, four finger 

adduction/abduction, index finger flexion and extension, thumb adduction, grasp 

opening/closing.  These movements were selected to answer a series of questions.  

Motions A-E were to examine single digit flexion.  Third, motions F, G, and R were to 

determine if there was a detectable difference between the motions of flexion passive 

return, and flexion and active extension.  Only two were tested because it seems the 

results should extrapolate to all fingers.  Motion K covered multiple digit flexion to 

determine if a detectable difference exists between single digit flexion and multiple digit 

flexion.  Motions L and Q were concerned with determining if adduction was detectable 

and distinct from flexion.  Motions H, I, J were concerned with detecting different 

grasping patterns, including three-jaw chuck type grasp, the standard prosthetic grip.  

Motions M, N, O, and P were tested because wrist movement is the standard motion for a 

powered myoelectric prosthesis.  Finally, to select enough motions to indicate an 
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approximate maximum number of independent signals that could be captured through 

this system.  Normal subjects were tested in order to allow for verification that the correct 

movements were actually taking place.   

In order for two residual kinetic indices (RKI) to be considered unique, both needed 

to be successfully identified 75% of the time.  Both positive and negative errors were 

considered because it is equally important for the desired motion to occur when desired 

and not to occur when another motion is desired.   

Single Digit flexion was evaluated.  Flexion of the thumb, pointer and middle finger 

were compared.  Results were in table 5.6.  The thumb, index, and middle fingers were 

distinguishable to the 75% threshold. This was the expected result, because these were 

the motions originally tested in the preliminary studies.  This is the most studied 

combination of all.  Flexion of the ring and pinky finger was evaluated and found not to 

be distinguishable.  Results were in table 5.7.  It could be expected that these motions 

would not be totally distinct as there are physiological linkages between the fourth and 

fifth digit and they frequently act in conjunction.  Further, if considering ring and pinky 

as one distinct motion, ring was differentiable from thumb, pointer, or middle finger 2 of 

5 times and pinky flexion was distinguishable 0 of 2 times.  Considered together 

ring/pinky flexion was detectable to a 75% threshold 2 of 7 times.  Neither ring nor pinky 

flexion create distinguishable residual kinetic indices. 

Flexion was tested versus flexion and extension.  This was done to test a lab theory 

which might explain variability sometimes seen in amputee motion.  This was tested with 

first finger flexion versus first finger flexion and extension and whole hand grasp and 

grasp and extension.  First finger results are shown in table 5.9 and whole hand results in 
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table 5.13.  In neither case was there sufficient distinction to consider them separate 

movements.  Extension by itself was not considered and therefore cannot be ruled out as 

a potential control motion.  

Abduction was compared to flexion.  The results for thumb flexion and abduction 

were in table 5.8, finger flexion and abduction, table 5.9.  Abduction was found to be 

distinct from flexion.  This result was somewhat surprising; finger abduction is controlled 

primarily by the intrinsic muscles of the hand, which one would expect would mean that 

it would not be detectable in the forearm [70].  It is possible that when the subjects were 

abduction, that they were also extending.  It seems that extension of fingers is naturally 

recruited to achieve maximum abduction.  It may be that finger abduction serves as a 

proxy for what finger extension motion.  

Multiple digit flexions were compared to single digit flexion.  Results were listed in 

Table 5.10 multiple digit flexion was not differentiable as a separate control signal.  This 

is a significant finding because it means that combinations will not tend to make good 

distinct signals.  Multiple digit flexions were checked when trained for single digit 

flexion.  It was expected that the RKI signal would be additive.  The results were clear 

that at least in this one circumstance the RKI signal is not additive.  It is not possible to 

extrapolate whether that will be true in all situations.  However, if true, it would present 

major challenges to the clinical implementation of an RKI hand control system.  Such a 

system would never allow for the simultaneous activation of multiple actions.  Further 

investigation on this subject should be a priority. 

Various grasping strategies were tested.  Pinch, three-jaw chuck, and power grasp 

were tested and found not to meet the 75% successful threshold.  Data is shown in table 
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5.13.  It seems likely that different types of grasp such as spherical and tip would also not 

be differentiable.  Thus, to accomplish various grasp strategies as an output, other control 

signals would have to be utilized.   

Wrist pronation and supination were not able to be distinguished to a 75% threshold.  

It is not clear whether this is a study design flaw or an issue with the movement itself.  

Because of the desire for repeatability, subjects were asked to repeat the motion five 

times.  Unlike the rest of the hand, the wrist has no natural relaxed state, so upon 

relaxation the wrist does not return to a set amount of pronation or supination.  Because 

of this, in order for subjects to pronate a second time, they must first supinate their wrist.  

This made it impossible for subjects to make a conscious distinction between repeated 

pronation and repeated supination.  The data also fail to show this distinction.  This is 

likely to be a significant issue when related to a control signal, therefore the use of both 

pronation and supination as separate control signals is not likely to be prosperous.    

Wrist flexion and extension had an average success rate of 77% and 82% 

respectively.  However, while the average success rate would indicate likely success for 

distinct RKI’s, only two of the five subjects had distinct RKI’s.  Further study would be 

required to indicate if these can be considered unique RKI’s, but they cannot be ruled out 

either.  These motions represent the only time in which the average success met the 75% 

criteria but the majority of subjects did not individually.  The third motion tested in this 

set was wrist pronation/supination; it is possible that some interaction with this 

movement is obscuring the results. 

The grouping of motions has an effect on differentiability.  Table 5.15 demonstrates 

this effect.  Looking at the first three rows, motions thumb, index, middle finger flexion, 
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and index finger flexion, grasp, and simultaneous index/middle, and middle finger 

flexion, grasp, simultaneous index/middle finger flexion are all distinguishable. One 

would logically suppose that index, middle, and simultaneous index/middle finger flexion 

would be distinguished because all motions were distinguishable separately.  However 

row four shows that when tested, these movements were not in fact distinguishable.  This 

result challenges the logic behind table 5.5 assuming that if all motions if 5 motions were 

unique when grouped in threes, that all five would also be unique when grouped in fours.  

This cannot be tested without expanding the software for the pseudo inverse filter.   

The following volitional commands or motions fail to satisfy hypothesis #1: ring finger 

flexion, pinky finger flexion, pinch grasp, three-jaw chuck grasp, thumb 

flexion/extension, pointer finger flexion extension, grasp/hand extension, supination, and 

multiple digit simultaneous flexion. 

The remaining nine motions should be considered to approaching the theoretical 

maximum for detection by residual kinetic indices.  These motions are:  thumb abduction, 

thumb flexion, pointer finger flexion, middle finger flexion, finger ab/adduction, grasp 

(one type), pronation/supination (one type), wrist flexion, and wrist extension.  In 

addition to new trials, the data set from these motions can be utilized to return and 

examine some of the other elements of the prosthetic hand system.   

Hypothesis #1 
Hypothesis #1 is:  

Residual Kinetic Indices are unique for specified functional tasks 

All five normal subjects demonstrated at least three unique RKI signals for specified 

functional tasks.  In addition nine motions were identified as potentially unique motions.  
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Hypothesis #1 is proven true at a minimum of three motions and beyond in some 

circumstances.  

Hypothesis #2 
Residual Kinetic Indices are repeatable for specified functional tasks within each 

subject.   

The raw data were examined.  The individual sensor signals were only within 20% of 

each other in multiple trials 84% of the time for maximal signal and 61% of the time for 

amplitude of the signal.  This indicates that for an individual sensor, the signal to noise 

ratio is rather low.  However, after filtering the RKI is more easily identified.  The 

success rate is one measure of repeatability, so for the nine motions, which passed 

hypothesis one, they are repeatable enough for the filtering software to correctly identify 

them at least 75% of the time.  In addition, these were represented graphically and the 

iso-contour maps produced were also consistent. Hypothesis #2 is proven true. 

 
Hypothesis #3 

Residual Kinetic Indices are sufficient to control multiple degrees of freedom for 

a prosthetic hand 

EMG controlled prosthetic hands are able to identify two distinct EMG signals, and 

some are controlled with only one.  RKI demonstrated in every subject that at least three 

signals were unique.  These movements offer the chance to provide more control and 

dexterity than the currently available system. Hypothesis #3 is proven true. 

6.3 Amputee and Stroke Subjects 
Amputee subject A was an extremely positive result.  The subject was able to control 

four separate volitional commands.  This would double the available control signals from 

the current myoelectric prostheses.  This is the first known instance for an amputee to 
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have four control signals through the use of surface sensing methods.  The doubling of 

control signals would no doubt greatly increase the mechanical design potential to 

incorporate multi-DOF.   

Subject C was not a positive result.  The subject demonstrated no ability to utilize the 

system.  Thus the results for transradial amputees are somewhat mixed.  The sample size 

is much too small to draw any conclusion about what proportion of the transradial 

amputee population would have success with this system.  It is clear that for some 

amputees, this system may allow them to have more control over the prosthesis than is 

currently available.  

Subject D demonstrated that the technique was transferable to trans-humeral 

amputees.  The subject also allowed for the determination of the first clear 

contraindication of the use of the RKI signal which is extensive scarring.  The connective 

tissue caused by scarring significantly affects the signal and although two signals were 

able to be detected, it is unlikely that any additional motions could be detected.   

 
There are many more hemiplegic subjects than amputees in this country. This system 

demonstrated that muscle movement can be detected even when there is little visible 

hand movement.  This presents many opportunities for feedback to the hemiplegic patient 

that is not currently available.  It would be expected that the filtering system could 

progress with the patient such that initially it detects any muscle movement, and over 

time is gradually restricted to only show the proper muscle movement.  This technology 

could easily be partnered with virtual training opportunities. 
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6.4 Recording at the Human Machine Interface 
Recording at the human machine interface has been immensely helpful.  It allowed 

for normal subject data of 18 movements to be evaluated in many multiples of that.  

Without recording data at that intermediate step, the depth and breadth of the evaluation 

would not have been possible.  Raw data collection should be written into all the filtering 

software as this is an easy step along the process and has the potential to provide 

immense amounts of information.  As a secondary bonus, the recording of the raw data 

also facilitates post hoc examination when an unexpected result is found.
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Appendix A 

This appendix discusses the hand developed by Dr. Kathryn DeLaurentis.  It was 

determined that of the available prosthetic hand options, this was the one which could be 

most readily adapted. 

Hand Design 
This mechanical hand has five functioning fingers.  The four fingers are identical, and 

the thumb is unique.  The hand design is shown in figure 5.16.  Significant features of 

this design include that each finger is jointed in three places, equivalent to the human 

metacarpal phalange (MP) joint, proximal interphalangial (PIP) joint, and the distal 

interphalangial (DIP) joints.  In addition the MP joint allows for approximately 15o of 

passive abduction and adduction.  This finger has four degrees of freedom (DOF), but 

each joint is linked with each other and there is only a single actuator per finger 

effectively yielding one DOF per finger.  This gives the hand four effective DOF for the 

fingers. 
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Figure A.1 The DeLarentis hand.  Notice the attachment point A, the four fingers 
with three joints each and the thumb, with two joints.[51] 

 

A 



120 

 

The thumb has two joints, again simulating the appearance of the human thumb.  

Again this is actuated by a single motor, giving the thumb three DOF and one effective 

DOF.  The thumb comes off at a less than 90o angle to the palm, which is more 

anatomically correct. 

The hand shell has space to enclose the motors and the control systems for the hand.  

It is designed to approximate the shape of the human hand.  The DeLaurentis hand is 

light enough for a prosthetic prototype, and provides many control options because of the 

extra degrees of freedom. 

The Denavit-Hartenberg (D-H) representation allows a mathematical understanding 

of joint rotation.  D-H representation is the standard method for representing complex 

multi-joint robotic arms.  There is no prosthetic method because previously the simplistic 

mechanical construction has not required it.  Each joint has a D-H representation.  The D-

H representation allows for a model to be placed in software to study effects changes to 

the system.  The D-H representation for the Delaurentis hand is seen in table 5.3.  The 

final matrices for the hand to each endpoint is shown in figure 5.22[69].  The first four 

rows translate from the base of the hand to the beginning of each digit.  The second set of 

four rows moves from the beginning of each digit to the tip of each digit.  All the fingers 

are the same, so the translations are also the same.  The thumb is positioned separately 

because it is unique.  For the thumb, the first five rows position it on the hand, and the 

last three yields the tip position. 
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#D-H 
#Finger     i     alpha(i-1)     a(i-1)     d(i)    
theta(i) 
 #  1        0         0          3.585      1.30     theta0 
 #  2        0         0          3.585       .45     theta0 
 #  3        0         0          3.585      -.40     theta0 
 #  4        0         0          3.585     -1.15     theta0 
  
Same for    1        -90           0          0      theta1      
all         2         90         1.5525       0      theta2       
fingers     3          0         1.53         0      theta3 
            e          0         1.25         0        0   

#D-H 
#Parameters required to position thumb on palm 
#Step        i     alpha(i-1)     a(i-1)     d(i)  theta(i) 
#R-b1       b1         0          2.325      1.95       90 
#b1-b2      b2         0           .345        0         0 
#b2-b3      b3         0            0          0       -55 
#b3-b4      b4       -90            0          0       -40 
#b4-0        0        90            0          0      
theta0 
  
            1       -90            0          0      theta1      
            2        90          1.5525       0      theta2       
            e         0          1.5          0         0 

Table A.1 Denavit-Hartenberg(D-H) representation of the fingers of the DeLaurentis 
hand.  The D-H representation mathematically relates the position of the tip of the 
finger to the wrist through all phases of movement. The first set is the D-H 
Representation for the M-P joint of each finger, 1-4.  The second set is the D-H 
representation of the three joints within each finger, which are the same for each 
finger.  The third set positions the thumb on the hand, and the final set position to the 
tip of the thumb. D-H representations can be used to evaluate hand functions like 
range of motion and manipulation ability.   
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Thumb

 := TRe

⎡

⎣

⎢⎢⎢⎢⎢⎢⎢⎢

⎤

⎦

⎥⎥⎥⎥⎥⎥⎥⎥

.6275068717 -.5735764361 -.5265407847 4.240464726

.4393850416 .8191520445 -.3686878263 1.686222839

.6427876097 0 .7660444431 3.912109179
0 0 0 1.   

Finger 1 

 := TR1

⎡

⎣

⎢⎢⎢⎢⎢⎢⎢⎢

⎤

⎦

⎥⎥⎥⎥⎥⎥⎥⎥

1. 0 0 7.9175
0 1. 0 0
0 0 1. 1.30
0 0 0 1. Finger 2 

 := TR2

⎡

⎣

⎢⎢⎢⎢⎢⎢⎢⎢

⎤

⎦

⎥⎥⎥⎥⎥⎥⎥⎥

1. 0 0 7.9175
0 1. 0 0
0 0 1. .45
0 0 0 1.  

Finger 3  := TR3

⎡

⎣

⎢⎢⎢⎢⎢⎢⎢⎢

⎤

⎦

⎥⎥⎥⎥⎥⎥⎥⎥

1. 0 0 7.9175
0 1. 0 0
0 0 1. -.40
0 0 0 1. Finger 4

 := TR4

⎡

⎣

⎢⎢⎢⎢⎢⎢⎢⎢

⎤

⎦

⎥⎥⎥⎥⎥⎥⎥⎥

1. 0 0 7.9175
0 1. 0 0
0 0 1. -1.15
0 0 0 1.  

Table A.2 Final D-H representation matrix for each digit of the DeLaurentis hand. 

 
From these D-H representations, the hand grasping ability can be measured in Grasp-

It, a software program designed to analyze grasp.  This will allow future work to analyze 

theoretical changes on hand design before changing the actual prototype. 
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