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Abstract 

User-Modulated Impedance Control Using Two-Site Proportional Myoelectric Signals 

Jonathon W. Sensinger 

Commercially available electrically powered prosthetic elbows are stiff and unyielding. 

Making these artificial limb replacements more closely mimic human elbows by increasing 

their compliance may be beneficial. In addition to having increased compliance compared 

with current electrically powered prosthetic elbows, humans modulate the overall impedance 

of their joints. The author proposes to create a user-modulated impedance controlled 

prosthesis and to see if persons using this prosthesis demonstrate improved movement 

performance using it compared with traditional motion control.  

Specifically, the author proposes to: 

• Quantify flexion/extension compliance modulation at the interface between the 

residual limb’s humerus of a person with an above-elbow amputation and their socket.  

• Create a compliant clinically applicable prosthetic elbow that controls motion and 

impedance.  

• Compare user performance when using impedance control and traditional control of a 

prosthetic elbow in the presence of environmental perturbations and mental 

distraction.  

• Determine if users modulate impedance of the prosthetic elbow when they interact 

with different environments.  
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These studies should lead to improvements in future prostheses and test the value of 

impedance control in prosthetic and robotic applications. 
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It requires some very sophisticated 
thinking to arrive at a simple solution.   

It is much easier to work out a 
complicated and expensive solution. 
Indeed, whenever one encounters an 
expensive and complicated technology, 
one can take it that the basic issues 

have not been understood…  
What we want is more, not less science 

in the developing world.   
    ~ Dr. Pramod Karan Sethi 
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1 Introduction 

Commercially available electrically powered prosthetic elbows are stiff and unyielding. 

Making these artificial limb replacements more closely mimic human elbows by increasing 

their compliance (reducing stiffness) may be beneficial. Several other potential advantages of 

increasing the compliance of prosthetic elbows include:  

• Creating elbows that are less likely to break in the event of a fall 

• Improving movement fluidity and improving physical interaction with the 

environment. 

In addition to having increased compliance compared with current electrically powered 

prosthetic elbows, humans modulate the compliance of their joints depending on the task. 

Different tasks require different levels of interaction with the environment. When writing, 

one does not wish the movement of a pencil to be hindered by minute fluctuations in the 

writing surface. In contrast, when moving an egg it is better to be knocked off course than to 

break the egg by staying on the initially intended trajectory. Impedance, defined as the 

relationship between exerted force and movement displacements (which includes compliance), 

expresses this tradeoff in mechanical terms. Able-bodied persons modulate the impedance of 

their limbs in accordance with the task by co-contracting their muscles. The author has 

created a prosthetic elbow capable of user-modulated impedance control, and examined 

whether subjects are capable of modulating the impedance of the elbow and whether this 
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user-modulated impedance control improves performance compared with current 

electrically powered prosthetic elbow technology. 

1.1 Specific Aims & Hypotheses 

• Quantify flexion/extension compliance at the interface between the residual limb of a 

person with a trans-humeral (above elbow) amputation and their socket. The 

compliance of this interface has implications for the usefulness of modulating the 

impedance of the joint immediately distal to the interface. The author examined this 

stiffness by using fluoroscopy to measure deflection at the interface during loading of 

the artificial limb while measuring the load placed on the prosthesis with a load cell. 

• Create a clinically viable compliant prosthetic elbow, where the motion and 

impedance of the prosthesis may be independently controlled.   

• Compare user performance when using impedance control and traditional control of a 

prosthetic elbow in the presence of environmental perturbations and mental 

distraction. The author examined performance by examining two different tasks.  

• Determine if users modulate impedance of the prosthetic elbow when they interact 

with different environments. The user-modulated impedance levels will be recorded 

for three phases of trajectory execution, both in the absence of perturbations and in 

the presence of two different perturbations.  
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Chapter 2 presents motivation for user-modulated impedance control and background work 

in physiology and robotic control. 

Chapter 3 presents modeling and empirical results quantifying the interface between 

prostheses and users. 

Chapter 4 presents some improvements to series elastic actuators, the type of actuator used in 

this thesis. 

Chapter 5 presents the mechanical and control design proposed to implement user-modulated 

impedance control. 

Chapter 6 presents modeling of the design, and empirical results validating the actuator’s 

ability to mimic several impedances. 

Chapter 7 presents a preliminary pilot study in which subjects modulate impedance. Several 

variables are examined, including the preferred motion paradigm, preferred impedance, and 

ability of subjects to co-contract their muscles to alter impedance while maintaining 

performance.  

Chapter 8 presents two impedance modulation tasks performed by 15 able-bodied subjects. 

Chapter 9 presents two impedance modulation tasks performed by three subjects with an 

amputation. 

Chapter 10 presents the conclusions of this thesis. 

Chapter 11 presents future work to be done in this area. 

The Appendices include: 
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• Expansions on several topics, including muscle physiology, impedance optimization 

metrics, and internal dynamics compensation 

• More detailed notes on the experiments 

• The schematics for machined parts, the wiring diagram for the electronics circuit, 

Simulink model of control, and code to interface between the prosthetic elbow and the 

task. 

• Data sheets for parts that were purchased 
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2 Background 

Weight, practicality, and modularity are cardinal factors in designing prostheses. These 

features take precedence over esoteric factors such as increased performance in the presence of 

perturbations, increased versatility, and reduced mental loading. Lack of these esoteric features 

is acceptable because the user can learn innovative ways to function without them. Inclusion 

of these features in a way that does not conflict with the cardinal factors, however, could 

improve the performance of persons using prostheses. To see if these features may be 

harmonized with practical prostheses, several topics are reviewed below, including the 

physiology of able-bodied persons and persons with amputations, potential control paradigms 

of prostheses, and methods to characterize and synthesize parameters needed to simply and 

accurately control prostheses.   

2.1 Physiology 

Humans satisfactorily complete a variety of tasks in daily life. They transition from 

unconstrained movement to interaction with constrained objects fluidly, and they seamlessly 

transition from tasks that require precise manipulation to tasks that require large amounts of 

power. It should be noted that muscles, the actuators of humans, are not intrinsically superior 

to engineered solutions for all tasks, as evidenced by robotic assembly lines and milling 

machines. Biomimetic solutions, although typically elegant in nature, are not necessarily 

better than other solutions. Regardless of whether a biomimetic solution is appropriate for a 
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particular task, understanding the interaction between humans and their environment is 

useful when creating a device that will interact with humans. Attempting to understand the 

physical structure of human muscles as well as any potential optimization features used by 

humans when interacting with their environment may shed light on the appropriate way to 

construct replacement limbs that will adapt appropriately to the environment. 

2.1.1 Summary of muscle properties 

Models of underlying mechanisms of muscle contraction physiology and control of 

movement are detailed in Appendix 12.1. The modeled effects of muscle physiology and 

movement control may be summarized as follows: Human muscles in an agonist/antagonist 

relationship intrinsically resist perturbations with respect to position and even more so with 

respect to velocity. They further compensate using reflexive feedback loops and anticipate 

forces required using an adaptive knowledge of internal dynamics. The recruitment process of 

individual muscle fibers allows them to seamlessly transition between tasks that require 

precision and tasks that require power in an efficient manner. The antagonistic structure of 

the musculoskeletal system allows the impedance of joints to be modulated according to the 

task. Both the position of the limb segments, via spindle fibers, and the tension placed on 

muscles, via Golgi tendon organs, are fed back into the system at low and high levels of 

control.  
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2.1.2 Differences in muscle properties of persons with an amputation 

Although the majority of muscle physiology of persons with amputations is equivalent to 

that of able-bodied persons, there are several noteworthy distinctions. When an upper limb 

amputation occurs, two surgical procedures are suggested to connect muscle: myodesis, in 

which the deep muscles are tied to the bone, and myoplasty, in which muscles are tied to each 

other over the end of the residual limb (Smith, Michael & Bowker, 2004). These procedures 

preserve tension in muscle, allowing the preservation of muscle tone. Although these 

procedures are recommended, they are not often performed in surgery. As a result, many 

amputees do not have an anchor point for the muscles in their residual limb. If myodesis is 

performed, the proximal Golgi tendon receptors are able to sense tension in the muscle. 

Cineplasties may also be used to link the tendon of muscle to outside connections (Weir, 

2003). Although a person with an upper limb amputation cannot move their nonexistent 

joint, they can contract the muscles that originally actuated the joint. The force produced by 

this contraction has been shown to have a monotonic relationship to the root mean square of 

the resulting myoelectric signal, for isometric contractions (Heckathorne, 1978, Heckathorne 

& Childress, 1981). 

Muscle and nerve atrophy, coupled with cortical reorganization, alter neuromuscular 

physiology of persons with an amputation. Muscle atrophy ranges between 40-60% in 

sectioned muscles, resulting from reduction in muscle mass at amputation combined with 

inadequate mechanical fixation of muscles (Gottschalk, 2004).    
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Nerves are typically buried in the muscle belly of remaining muscle to prevent painful 

neuromas from developing. In an experimental protocol, Kuiken (2003) has physically 

reorganized the neuromuscular system by taking nerves that stimulated amputated muscle and 

rewiring the nerves to denervated muscles. These muscles may then be used as amplifiers of 

neural commands to obtain independent MES signals.  

2.1.3 Mimicking muscle properties in prostheses 

Many of the attributes summarized in section 2.1.1, including intrinsic muscle resistance to 

position and velocity perturbations, reflexive feedback loops, adaptive internal dynamic 

compensation, force scalability by muscle fiber recruitment, and variable joint impedance, 

appear desirable in prosthetics, though some are more practical than others. The scalability of 

the actuators will not be addressed in this proposal, though research in creation of artificial 

muscles (Ashley, 2003, Bar-Cohen, 2004, Kornbluh et al., 2002) or use of animal muscles 

(Herr & Dennis, 2004) offers promise for the future.  

Work in areas such as genetic algorithms (Lipson & Pollack, 2000) or adaptive clustering 

algorithms (Theodoridis & Koutroumbas, 1999) offer promise for the future of robotic 

adaptive internal dynamics. In the field of prosthetics, however, the author feels that adaptive 

internal dynamics are inherently satisfied. The internal dynamics of the actuator itself are 

constant, and as such, may be defined a priori. The internal dynamics of the entire system, 

which will change with the task, may be learned by the subject, such that the subject is once 

again in control of the learning process of predicting internal dynamics. Thus, it is the 
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author’s opinion that in the field of prosthetics, adaptive internal dynamics are realized 

through the end user. As a result, the adaptability of internal dynamics will not be specifically 

addressed in this proposal. 

Physiologically appropriate force feedback of electric prostheses, although outside of the 

scope of this proposal, is integral to prosthetic control, and is being examined by the author. 

Childress (1980) and Patterson and Katz (1992) offer comprehensive overviews of historic 

work in this area. Position feedback has been previously examined through the concept of 

extended physiological proprioception (Doubler & Childress, 1984): physically coupling the 

position of the limb segment to a portion of the user’s body. This technique has met with 

success in some instances, but in terms of position tracking, perturbations have inhibited the 

ability of the user to remain on task (Weir, 1995). Remote feedback has been attempted in 

numerous ways, including vibration (Shannon, 1976) and functional electrical stimulation 

(Almstrom, Anani, Herberts & Korner, 1981, Nohama, Lopes & Cliquet, 1995, Riso, Ignagni 

& Keith, 1991, Sabolich & Ortega, 1994, Scott, et al., 1980, Shannon, 1979, Wang, Zhang, 

Zhang & Gruver, 1995).  

These latter forms of feedback provide feedback using a different modality than the one that 

they sense. As a result, although providing information to the user, it is likely that it comes at 

the cost of increased mental load and low level of information transfer. Phillips (1988) has 

suggested that the feedback signal must fit the stimulus modality of the missing limb. This 

thought is not new; Rosset (1916) filed a patent in the beginning of the last century for a 
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device that applied pressure when pressure was sensed, and Patterson and Katz (1992) have 

recently created a similar setup, obtaining better qualitative feedback with pressure to pressure 

feedback than with pressure to vibratory or electrical stimulation feedback. An adaptive 

process is still involved, since the subject must learn to associate pressure in one area with 

pressure in another area. Ideally, the sensory nerve endings of the amputated area would be 

fed to another muscle so that they might be appropriately stimulated in that area, and the 

work of Kuiken (2003) has made this concept feasible. Kuiken, Sensinger, and Weir (2005) 

have recently tested this concept of physiologically appropriate force feedback with positive 

initial results.   

Three areas are left, and all will be addressed in this proposal. The inherent stability of 

spring-like muscles will be mimicked by introducing a compliant element in the actuator, 

which resists increasing position perturbations with increased force. A position and velocity 

dependent reflex mechanism will be mimicked by a proportional, derivative, and integral 

feedback loop.  

The variable impedance of human actuators will be mimicked through a control paradigm 

known as impedance control, which will be discussed in the following section. Before 

impedance control is addressed, however, it is noteworthy that English and Russells (1999a, 

1999b) have suggested creating antagonistic pairs of spring-like actuators to physically mimic 

the adaptive impedance found in human actuators. The benefits of doing so include the lack of 

delay from computing the correct impedance as well as the ability to shut the motors off once 
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the correct impedance has been achieved. Two actuators are required, however, to achieve 

these results. They must be precisely synchronized, and the combined weight and size of an 

additional motor is not practical in the field of prosthetics. 
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2.2 Control 

Methods of robotic control suitable to interaction with humans will now be reviewed.  

2.2.1 Control of Prostheses 

Body Powered Prostheses: The majority of upper limb prostheses are body powered. Body 

powered prostheses are traditionally stimulated by switches or Bowden cables, which transmit 

position and force information to another joint, providing feedback at the same time. Most 

body powered prosthesis arrangements allow a closed loop to the user: something that 

electrically powered prostheses struggle to do. Perhaps their largest drawback, and the largest 

reason that electrically powered prostheses are still explored, is that this arrangement typically 

forces the user to control one joint at a time, using a switch to alter the degree of freedom to 

be moved. This control paradigm is used because there are limited motions, such as biscapular 

abduction or glenohumeral rotation, that are not typically used for other functional activities. 

The number of these joints decreases with the level of amputation, while the number of joints 

needed to be controlled in the prosthesis increases with the level of amputation. Thus, it is 

hoped that by using electrically powered prostheses simultaneous independent movement of 

numerous joints may be achieved. 

  Electrically Powered Prostheses: Electrically powered prostheses are typically controlled using 

open-loop velocity control. This control paradigm is used for DC motors because it presents 

an easily realized control scheme, because the voltage applied across a motor is roughly 
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proportional to the speed of the motor. The user typically controls the speed of the prosthesis 

by changing muscle myoelectric amplitudes, triggering electromechanical switches, or pressing 

against force sensitive resistors. 

 Doubler and Childress (1984) found proportional position control to be preferable to 

proportional velocity control for pursuit tracking tasks when using force transducers as input 

signals. Proportional position control is more difficult to implement with DC electric motors 

because it requires some form of feedback to regulate the position of the prosthesis. As a 

result, it is not commonly employed. With the introduction of microcontrollers in the field of 

prostheses (Lake & Miguelez, 2003) proportional position control has become a more readily 

available option. The Hosmeri NY Electric Elbow and the Liberating Technologiesii Boston 

Digital Arm System use velocity control, whereas the Motion Controliii Utah Arm 3 has the 

option of position control or velocity control. No commercially available electric prostheses 

allow the user to control the force generated by the prosthesis or the relationship between 

movement and force. 

Selection: If a person has a unilateral amputation, they will tend to use their remaining limb 

to do virtually all tasks that require dexterity or power. If their dominant arm has been 

amputated, they will quickly become proficient with the other one. Thus, for a person with a 

unilateral amputation, control of the prosthesis is only important for those tasks that require 

co-manipulation between the limbs. The majority of these persons prefer body powered 

prostheses for functionality, unless the person has a high-level amputation. For persons with a 
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high-level unilateral amputation, a hybrid system has found success in which an electric hand 

and a body powered elbow are used (Childress & Weir, 2004). If a person has a bilateral 

amputation, it is common to fit them with one body powered prosthesis and one electrically 

powered prosthesis, using the body powered prosthesis for fine manipulation and the 

electrically powered prosthesis for power. An added advantage in using this hybrid system for 

persons with a bilateral amputation is that control of the body powered prostheses is 

decoupled from control of the electrically powered prosthesis, allowing the use of more 

control sites (Weir, 2003). 

2.2.2 Impedance Control 

Expectations for control of upper limb prostheses have always been high because of the 

standard established by able-bodied dexterity. Factors to be improved include the number of 

joints that may be manipulated, as well as the ability to simultaneously and accurately control 

motion of those joints. Another factor that plays an integral role in able-bodied movement 

and that is not implemented in prostheses is the control of impedance, or the relationship 

between forces and movements. 

Impedance plays an integral role in regulating human movement. The modulation of 

impedance in able-bodied persons allows various optimization paradigms to be used including 

reduction of power consumption, minimization of trajectory error in the presence of 

perturbations, and smooth movement(Hogan, 1985a). Control of impedance may be useful in 

designing biomimetic (life-like) actuators, and the ability to modulate impedance based on the 
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task seems beneficial. Muscle architecture appears to intrinsically modulate the impedance of 

joints based on position and speed, while allowing humans to change that impedance 

depending on the task (Kandel, Schwartz & Jessell, 2000). 

Impedance control, as defined by Hogan (1985a),  is a generalization of stiffness control, 

first developed by J.K. Salisbury (1980). In impedance control, forces are generated in response 

to the difference between the sensed and desired position. To properly generate this force, 

accurate position sensing and accurate torque generation are required, as shown in Table 2.1. 

Because the input signal to the controller is position, impedance control is a subset of motion 

control. In user-modulated impedance control, the user determines the desired position and 

the desired impedance, where the impedance is the relationship between position 

perturbations and resultant force. The desired position and impedance are fed to the actuator, 

which calculates a torque based on the desired impedance and the difference between the 

actual position of the limb segment and the desired position. The torque required to 

compensate for the internal dynamics of the system, detailed in Appendix 12.4, should also be 

included in the generated torque, but it is seldom included in practice for the sake of 

simplicity. The actuator generates the calculated torque and the position of the limb segment 

is fed back to the actuator controller, as illustrated in Figure 2.1. 
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Table 2.1 
Alternative Control Paradigms 

 

 

 

Figure 2.1: Impedance Control 

The user defines the desired motion and impedance. 

The actuator generates a torque based on the difference between the actual and desired 

motion, and the intended impedance. 

The actuator senses the actual motion. 

     

There are generally three variables in impedance control: a static stiffness term Kc a dynamic 

viscosity term bc and an inertial term Jc. The generated torque is a function of these terms: 

 ( )*
gen c c cT K b Jθ θ ω α= − + +  (2.1) 
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where Tgen is the torque generated, θ is the actual position, and θ* is the desired position. 

Rotational damping coefficient bc of the impedance controller is often set to obtain a critically 

damped system, such that unstable oscillations do not occur. Stiffness term Kc defines the 

tradeoff between precise movement trajectories and allowable forces, as previously illustrated 

in comparing a pencil with an egg. It is desirable to vary this parameter depending on the task. 

Controller inertial coefficient Jc effectively acts as a sensitivity gain: if the controller inertia is 

decreased, a given input signal will produce a larger response, and if the controller inertia is 

increased, the signal will produce a smaller response. Thus, the inertial term of the impedance 

controller changes the sensitivity of the controller such that precise movements and large 

sweeping movements may be produced when needed. The user would ideally independently 

control all three of the modulating parameters: Kc, bc, and Jc, in addition to motion. In 

practice, however, independently controlling these three variables would make control too 

burdensome in the field of prosthetics. bc can be set to create a critically damped response 

2cb KJ= . Determining whether to modulate ,cK  ,cJ  or some function of the two is not so 

easily accomplished. Historically they have been preset by the programmer (Hogan, 1987) or 

calculated based on sensed loads, independent of the task at hand (Blaya & Herr, 2004). Hogan 

(1985a) has advocated various metrics that may be used to reduce the number of variables. The 

author has shown is Appendix 12.3, however, that these metrics do not reduce the number of 

variables, or are not truly optimal. In addition, the user must then control which metric is to 

be used. As a result, it seems best to determine empirically which portion of impedance is 



  37 

 2.2 Control 

most valuable to be modulated by the user, or some predetermined relationship of variables, 

leaving the other variables at a predetermined relationship or constant value.  

Implementation of impedance control does not require any additional sensors to be placed 

on patients. Patients are already fit with two myoelectric (MES) sensors on agonist/antagonist 

muscle pairs. MES signals are created as a byproduct of muscle contraction and are broadly 

proportional to the amplitude of contraction. They are commonly used in agonist/antagonist 

muscle pairs to control prostheses. The sum of a pair, which controls movements in both 

directions, could be used to control impedance as well. Thus, impedance control may be 

quickly integrated into prosthetic systems. 

 

Hogan’s impedance modulation. Hogan’s laboratory has allowed the user to modulate the 

stiffness term, but only for a very small range of stiffness (.5-7Nm/rad), and only in a 

constrained environment. (Abul-Haj & Hogan, 1987, Abul-Haj, 1987, Abul-Haj & Hogan, 

1990a, Abul-Haj & Hogan, 1990b, Popat, et al., 1993). A frameless DC motor with a 7:1 belt 

drive and spur gear transmission was used to supply torque. Backlash was reduced by 

eccentric bushings on the gear shaft. The actuator was backdrivable, with a 9Nm stall torque, 

and a 13 rad/sec no-load speed. This actuator is very fast and weak compared to actuators in 

traditional prostheses, and a result of the very low gear ratio. The low gear ratio allows for 

more precise torque control. Torque was measured by strain gauges on a restraining gear, 

position was measured by a potentiometer, velocity was measured by differentiating the 
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position, and current was measured by the motor amplifier. The user was able to modulate 

the stiffness between 0.5 and 7 Nm/rad by co-contracting their muscles; the damping 

coefficient was fixed at .5, and inertia was fixed at .05 kg m2 (similar to that of able-bodied 

humans). The maximum MES levels were calculated every time the subject donned the socket.  

 Co-contraction modulation was observed when impedance control was used, but not when 

velocity control was used. It was also observed that impedance control smoothed velocity 

transitions, although no kinematic differences existed between the two controllers (Abul-Haj 

& Hogan, 1990a). No difference between impedance control and velocity control was 

observed when cutting meat, donning a sock, or rolling dough.  

There are several points worthy of comment. First, in any control paradigm, there is both a 

motion paradigm and an impedance paradigm. For the motion paradigm, traditionally 

velocity control is used, although position control may be also used. For a given motion 

paradigm, an impedance paradigm is overlaid: either one that may be modulated, or one that 

is always stiff. Unfortunately, in the experiments just described, position control was used as 

the motion paradigm for impedance modulation control, but velocity control was used as the 

motion paradigm for a constant stiff impedance paradigm. Thus, the results obtained may be 

caused not by the impedance paradigm, but rather by the difference in motion paradigm. 

Second, able-bodied subjects modulate their stiffness between 2 and 120 Nm/rad, as detailed in 

12.1.1. Confining the range of impedance modulation to 0.5 – 7 Nm/rad is really an example 

of a low impedance paradigm, not a modulated impedance paradigm. Finally, it is doubtful, in 
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the author’s experience, whether an actuator with a true stiffness of 7 Nm/rad would even be 

capable of cutting meat: The difference between the desired and actual position would have to 

be very large to generate sufficient torques. 

2.2.3 Admittance Control 

 Admittance control is similar to impedance control, in that the relationship between 

movement and forces rather than independent components is regulated. In admittance 

control, however, force is input, and position is output, as illustrated in Figure 2.2. 

 

 

Figure 2.2: Admittance Control 

Motion is generated instead of force, and force is sensed instead of motion 

 

Obtaining admittance control is not as challenging as obtaining impedance control, since 

accurate position is easily obtained using reduction gear transmissions. For rigid systems 

precise modeling of the internal dynamics is required (Clover, 1999, Huang & Schimmels, 

2004, Schimmels, 1997, Schimmels & Peshkin, 1994, von Albrichsfeld & Tolle, 2002). 

Methods of compensating for internal dynamics are reviewed in Appendix 12.4. 
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A popular example of admittance control is the HapticMaster (Van der Linde, Lammertse, 

Frederiksen & Ruiter, 2002), which has accurate force control, a large dynamic range of 

controllable forces, and a quick response time. 

2.2.4 Choosing Between Impedance Control and Admittance Control 

There has been some debate over whether or not environments behave as an impedance or an 

admittance (Hogan, 1985a, Hogan, 1985b, Hogan, 1985c, Robinson, 2000) and if the causality 

of various elements such as friction make one method of control better than the other. The 

elements required to obtain each control paradigm are perhaps more important. For instance, 

increased compliance will allow reflected inertia to be minimized but will decrease the 

saturation envelope of large torque oscillations. Although neither impedance control nor 

admittance control require increased compliance, increased compliance lends itself to 

impedance control, and as a result, impedance control is often thought to be better at 

minimizing reflected inertia, and worse at large-amplitude high frequency control. It should 

be emphasized that these are merely attributes of the physical system used: compliance may 

be introduced in an admittance actuator to achieve these same results, and use of a direct drive 

motor may allow decreased compliance in impedance control. In looking at the causality of 

actuators and environments it is easy to become caught up in the impedance versus admittance 

debate. There is, however, a simple distinction to make between the two of them: any time 

position control is desired, impedance control should be used. Any time force control is 

desired, admittance control should be used. This choice does not seem intuitive at first, 
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because impedance controlled actuators generate force, and thus seem likely to be used for 

force control. The fact remains that impedance control senses position, and as such, is 

primarily intended for use as a position controller. The opposite is true of admittance control. 

Accurate positions may be obtained using admittance control: they do, because they do 

generate position. Accurate forces may be generated using impedance control: they do after 

all, control force. But both modes of control are inherently set up to do what they do best, 

and given that there are two available options, it does not make sense to use one in the realm 

where the other excels. 
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2.3 Technologies 

Upper-limb prostheses are typically used to grasp an object, position it, and then leave it in 

that position while the user performs a task (Heckathorne, 2004). As a result, commercial 

electric prosthetic elbows use a non-backdrivable gear transmission to conserve power during 

those times when the prosthesis is not moving. A prosthesis with a backdrivable gear 

transmission continuously consumes power (IR2) during such a task, whereas a prosthesis with 

a non-backdrivable transmission may be shut off when the prosthesis is not moving. 

Commercially available prostheses move slowly (2-5 rad/sec), but advances in technology are 

allowing them to increase their speed. Non-backdrivable transmissions present a dangerous 

environment to the user during collisions at high speeds (Zinn, Khatib, Roth & Salisbury, 

2004a) due to the high impact forces they can create, and as such, despite the controller design 

used, new mechanical designs must be chosen that limit the impedance of the prosthesis at 

high frequencies to ensure safety. 

High fidelity versions of conceptually classical robots have often been used for interaction 

with persons because they are capable of achieving high torques and speeds. Many term these 

robots as having low-impedance if their actuator’s impedance is low in the controllable 

bandwidth. At uncontrollable high frequencies that result from unplanned collisions, 

however, conventional robots – even ones with high force fidelity – have high impedance and 

become hazardous to persons. The problem is exasperated by the low torque densities 
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common in electromagnetic motors, which require high gear ratios to obtain acceptable 

torque densities. These high gear ratios significantly amplify the inertia of the actuator, 

creating high impedance systems. Perhaps the most common remedy in conventional robotics 

is to soften the blow of the robot with a compliant cover. As Zinn et al. have illustrated 

(Zinn, Roth, Khatib & Salisbury, 2004b), however, more than five inches of cushioning 

would be needed to generate sufficient compliance to make a robot such as the Puma 560 safe 

when interacting with persons. This bulkiness is unacceptable for many human-robot 

applications.  

Several methods are being investigated to achieve safer robot interaction with humans, 

including electromagnetic motor alternatives, inertia reduction, passive impedance 

modulation, joint torque control, and increased actuator compliance. These methods are 

examined below. All of these methods attempt to minimize one or more of the components 

of impedance. Impedance (Z) is generally considered to have stiffness (k), viscous (b), and 

inertial (m) components, although many methods focus solely on the stiffness or inertia of the 

system. 

2.3.1 Electromagnetic Motor Alternatives:  

Popular torque generating alternatives to electromagnetic motors include pneumatic or 

hydraulic motors, McKibben muscles, shape memory alloys, and electroactive polymers 

(Hollerbach, Hunter & Ballantyne, 1991, Hunter, Hollerbach & Ballantyne, 1992). All of 

these actuators have been investigated in anthropomorphic systems to some degree, but they 
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have largely failed because of practical issues such as power consumption, low efficiency, slow 

response time, weight, and volume. Pneumatic actuators are especially appealing because they 

are intrinsically compliant (and thus have low impedance at high frequencies). Both 

pneumatic actuators and hydraulic actuators, however, require compressed sources of air or 

fluid that are practically difficult to obtain and recharge. Pneumatic actuators have been used 

in prostheses in the past, but are currently not used because of these self-containment and 

accessibility difficulties.  

2.3.2 Inertia reduction 

One way to reduce the impedance of an actuator is to reduce the inertia of the actuator, a 

technique used by the PHANToM arm (Massie, 1993), WAM hand (Salisbury, Townsend, 

Eberman & DiPietro, 1988), and the base stage of the DM2 (Zinn et al., 2004b). The inertia 

may be reduced by placing the actuators at the base of the robot and using a cable system to 

transfer power to the endpoint. This placement of the motors successfully reduces the inertia 

of the endpoint, as illustrated in Figure 2.3, although at higher frequencies the impedance 

remains high. The physical characteristics of cabling make large gear ratios difficult to obtain 

(Williamson, 1995), reducing torque density and thus power efficiency. In addition, the nature 

of cabling electric prosthetic components makes them impractical in prosthetic situations. 
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Figure 2.3: Different solutions to minimize high frequency impedance 

 

 

2.3.3 Passive impedance modulation 

Several groups have created actuators that decouple the stiffness of an actuator from its force 

or position through nonlinear springs (English & Russell, 1999a), spring length reduction 

(Hollander, Sugar & Herring, 2005), or other approaches (Bicchi & Tonietti, 2004, Morita & 

Sugano, 1996, Ozawa & Kobayashi, 2003). These approaches successfully limit the impedance 

of the actuator. They all, however, require a second motor to decouple the stiffness from the 
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motion of the actuator. This additional motor increases the size, weight, and power 

consumption of the robot. 

2.3.4 Joint Torque Control 

Joint Torque Control (JTC) attempts to create high fidelity torque control by using high 

performance motors with minimal friction coupled with advanced controllers to achieve high 

torque performance at each joint in their controllable bandwidth. A recent example is the 

German DRL II (Butterfass, et al., 2004). The impedance of JTC controlled actuators above 

the controllable bandwidth, however, remains high, as shown by the “High Gain Torque 

Feedback” line in Figure 2.3, and it is precisely at this region where the effects of inertia 

dominate. As a result, JTC controlled actuators are still unsafe for unexpected collisions with 

humans.  

 Direct drive motors (Asada & Youcef-Toumi, 1987), a subset of JTC, exclude the gear 

transmission completely in an effort to minimize the motor inertia and achieve high fidelity 

torque control. They offer excellent force control by minimizing friction and backlash. 

Kotoku, Husler, Tanie and Fujikawa (1990) produced a direct drive motor that used adaptive 

impedance. Hogan (1987) originally used this method to implement control as well. Hogan 

used a parallel link mechanism to increase the torque and reduce the inertia of the actuator. 

Hogan indirectly used current control by driving the motor with transconductance amplifiers 

with high-gain internal current feedback. Control of the torque using electrical current offers 

a simple and practical way to generate torque, but the size and weight requirements of the 
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motor are not practical in prostheses, and the backdrivable nature of the actuator means that 

they need to continuously consume power to maintain position, another limitation in 

prostheses.  

 

2.3.5 Increased Compliance 

Compliance may be used in two different manners: passively and actively, as illustrated in 

Figure 2.4. If passive compliance is used, the actuator is controlled by position control and a 

compliant element is inserted on the end of the actuator. Because position control is 

monitored before the insertion of the compliant element, stability is maintained (Cannon & 

Schmitz, 1984). The introduction of compliance reduces control instabilities when the 

actuator transitions from free movement to constrained movement. A popular illustration of 

the introduction of compliance is the Honda P3 robot (Hirai, 1999).  Hirai acknowledged that 

increased compliance achieved impact absorption at the cost of difficulty in determining the 

position of the robot with respect to coordinate axes. Attempting to adequately achieve both 

goals simultaneously, his group choose a compliance such that in the absence of any external 

forces the output of the gear transmission maintained the correct position, but that in the 

presence of large ground reaction forces, would yield enough to sufficiently absorb those 

forces (Hirose, et al., 1995). Passive compliance does reduce contact instabilities, but the 

magnitude of compliance is fixed: it may not be modulated by the controller. Thus adaptive 
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impedance control may not be achieved solely by the introduction of a physically compliant 

member. 

 

Figure 2.4: Intentional Compliance in Robots 

Traditional position feedback is used, but a spring is placed on the end of the 

actuator. The compliance of the spring may not be changed, as used in the 

Honda P3. 

The spring is instrumented, and the force output fed back to the motor to create a 

Series Elastic Actuator. The overall compliance of the actuator may be varied 

since the force on the spring is monitored, as pioneered by Pratt and Williamson, 

and used in this proposal. 

 

The intentional increase of instrumented compliance in electromagnetic motors has been 

investigated in the past (Andeen & Kornbluh, 1988), and has recently gained support through 

the work of Pratt et al. (Pratt, et al., 1995), who have termed the concept a series elastic 

actuator. The concept has recently been explored by other groups (Okada, Nakamura & Ban, 

2001, Okada, Nakamura & Hoshino, 2000, Zinn et al., 2004b), and is illustrated in Figure 2.5. 
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Figure 2.5: Series Elastic Actuator  

Control system consists of proportional gain Ktorque and derivative gain Dtorque. The 

dominant feature of the motor is inertia, given the high gear ratio N:1. Spring has stiffness 

Kspring, and interacts with the end-point of the actuator, with inertia Iep. 

 

Figure 2.5 initially appears to be a classic example of non-collocated control (Cannon & 

Rosenthal, 1984) because there is compliance between the sensor and the motor. It should be 

kept in mind, however, that the sensor in parallel with the compliant element is a torque 

sensor, not a position sensor. Position control is collocated, because the position sensors used 

(Hall effect sensors) are located on the motor. Force control is likewise collocated, even in the 

presence of a non-backdrivable transmission. The position on the input and output of the gear 

transmission are the same despite stiction. The torsional spring converts this accurate position 

into an accurate torque. The force at the input and output of the torsional spring are identical, 

preserving collocated control and ensuring a stable system. 

It should be noted that although this torsional spring is compliant compared to traditional 

actuators, it is still stiff enough such that it appears rigid to the casual observer. In fact, the 

“compliant” torsional spring used in this proposal (350 Nm/rad) has a stiffness larger than the 

maximum stiffness of a human joint under co-contraction [3–120 Nm/rad] (DeGoede & 
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Ashton-Miller, 2003, Popescu, Hidler & Rymer, 2003).  That level of compliance is still 

significant in the field of robotic control, and compliance has historically decreased the stable 

bandwidth in control loops for robotics. Compliance becomes even more problematic in the 

presence of stiction and backlash (Armstrong-Hélouvry, Dupont & Canudas de Wit, 1994), 

which are typically present in non-backdrivable transmissions. As such, Williamson and Pratt 

were forced to use a backdrivable reciprocal ball screw journal to avoid backlash and large 

levels of stiction. Backdrivable transmissions are not practical in prostheses, because they 

consume too much power. A backdrivable prosthetic limb may not maintain a fixed position 

in the presence of an external force without consuming power, and thus the prosthesis must 

be continuously powered. The author has solved this problem through the introduction of a 

non-backdrivable backlash free gearing system: Harmonic Drives. The author has shown that 

non-backdrivable series elastic actuators may be realized, providing a means to produce 

adaptive impedance control in a manner that may be practically used in prostheses (Sensinger, 

2005, Sensinger & Weir, 2005, Sensinger & Weir, 2006d).       

Harmonic Drives ©, which have some compliance in their middle gear, have also been used 

for torque control. Unfortunately, the torque ripples caused by the sinusoidal nature of their 

elliptical rotation have disrupted sensor readings enough to make torque control unfeasible. 

Godler et al. has created a tuning algorithm that attempts to correct this problem, but the 

method does not satisfactorily reduce torque ripple for small torque loads (Godler, 

Hashimoto, Horiuchi & Ninomiya, 2001, Godler, Horiuchi, Hashimoto & Ninomiya, 2000, 
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Godler, Ninomiya & Horiuchi, 2001). The author has further reduced torque ripple, but still 

found it to be unsatisfactory for torque control (Sensinger, 2005, Sensinger & Weir, 2006c).    

Increasing compliance is desirable for two distinct reasons:  1) increased compliance 

increases force fidelity in the controllable frequency bandwidth, allowing for near-zero 

impedance, and 2) increased compliance limits the impedance of the actuator to the stiffness of 

the spring at frequencies above the controllable bandwidth, as illustrated in Figure 2.3. This 

impedance limiting permits the inclusion of high impedance dynamics on the motor side of 

the spring, such as a power conserving non-backdrivable transmission, with no effect on the 

overall output impedance of the system. The introduction of compliance does not come 

without cost, however. The inclusion of compliance impairs the ability of the actuator to 

generate large-amplitude, high-frequency torque oscillations. Each of these reasons is further 

explained below. 

High Fidelity Force Control: High proportional gains decrease the effects of nonlinearities 

such as stiction, improving force fidelity. If proportional gains are set too high, however, the 

system becomes unstable. A simple definition by Whitney (1976) will be sufficient to illustrate 

the stability region: 

 0 1Control plantK Kτ< <  (2.2) 

where τ is the sampling period, KControl is the controller gain, and Kplant is the combined 

stiffness of the actuator and environment. For a given sampling time, in order to increase the 
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proportional controller gain it is necessary to decrease the actuator or environmental stiffness. 

It should be noted that the overall stiffness of the robot, from a control perspective, is not 

changed: it is merely shifted from the physical system to the controller. This increase in 

controller gain minimizes plant nonlinearities such as friction, creating better force fidelity. 

 This increased force fidelity does come at a cost, however. All actuators have a torque-speed 

saturation envelope, an example of which is shown in Figure 2.6a. This envelope, when 

examined in light of the stiffness of the actuator, may also be thought of as a force-frequency 

force envelope (torque frequency = spring stiffness * speed), as shown in Figure 2.6b. It may 

be seen that by reducing the stiffness of the actuator, the torque-frequency saturation for a 

given force is reduced. Thus, through the introduction of compliance, the torque-frequency 

saturation envelope of the actuator is lowered. Provided the actuator is operating beneath the 

envelope, increased compliance does not introduce any deleterious effects: it is only when the 

actuator reaches saturation that performance is reduced. 
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Figure 2.6: Effect of Compliance on Torque Frequency Saturation. 

All motors have a speed-torque saturation nonlinearity (a), which limits the speed of the 

motor, dependent on the applied torque. The speed of the motor, combined with the 

stiffness of the actuator, illustrates the torque frequency of the actuator (Torque 

frequency = spring stiffness * speed). As seen in b) decreasing the stiffness decreases 

the torque-frequency saturation envelope for a given applied torque. As long as the motor 

is used inside the envelope, no decrease in torque frequency is observed for decreased 

stiffness. 

 

Impedance Saturation above controllable bandwidth: The impedance of the actuator given 

in Figure 2.5 may be approximated by the second order model below: 

 
( )

2 2
( )

2 2( )

K s N JF s motorspring

X s s N J K N K Dsmotor spring

=
+ + +

 (2.3) 

At high frequencies, the s2 terms dominate and the impedance reduces to:   
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≈ ≈ →∞  (2.4) 
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As a result, by intentionally decreasing the stiffness of the actuator, the impedance of the 

actuator is limited to the stiffness of the spring above the controllable bandwidth: not to the 

stiffness or inertia of the non-backdrivable gear transmission. Despite the fact that the 

impedance of series elastic actuators is saturated by the stiffness of the spring, allowing for the 

presence of a non-backdrivable transmission, series elastic actuators have historically used a 

backdrivable transmission.  

In summary, there are various ways to obtain accurate torque control, a necessary 

requirement to implement impedance based position control. Few of these options may 

be practically realized in prostheses. Non-backdrivable series elastic actuators appear to 

be a reasonable compromise between obtaining high fidelity impedance control and 

practically implementing the design in prostheses.   
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3 Socket-Residual Limb Interface Rotational Stiffness 

The performance of prosthetic components depends on the interface between the prosthesis 

and the user, illustrated in Figure 3.1. For example, in the presence of a perturbation or static 

load, a stiff prosthetic elbow will still be displaced if the prosthetic elbow is in series with a 

compliant socket-residual limb interface. Many biomimetic control paradigms used in 

prostheses (Abul-Haj & Hogan, 1990a, Popat et al., 1993, Sensinger & Weir, 2006b, Sensinger 

& Weir, 2006d) assume a rigid socket-residual limb interface. If the socket-residual limb 

interface is compliant, or the socket-residual limb interface stiffness may be modulated by the 

user, such control paradigms become superfluous. These examples illustrate the need that 

engineers have for knowledge of the rotational stiffness of the socket-residual limb interface, 

to ensure that they do not over-design prostheses at the expense of increased cost, complexity, 

and development time. Specifically, what is the rotational stiffness of a socket-residual limb 

interface, and how much influence does co-contraction by the subject have on the rotational 

stiffness?  
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Figure 3.1: Socket-residual limb interface compliance between socket and residual limb.  

The interface is not rigid: some compliance is present (illustrated here by a pair of 

springs), and affects control of the prosthesis. 

 

Clinical fitting of subjects and socket design are also improved by properly understanding 

the effect of variables that significantly influence socket-residual limb interface stiffness. 

Questions such as what effect does the amputation length have on stiffness, does myodesis 

improve stiffness, how large of an effect does creating a distal window in the socket have on 

stiffness, and what effect does the conformity of the fit have on the prosthesis, may be 

answered if an accurate model of the socket-residual limb interface stiffness is available. 

The rotational stiffness of the socket-residual limb interface is a function of the material 

properties and anthropomorphic parameters of the residual limb. Accordingly, the first 

portion of this paper will develop mathematical and finite element models of the socket-

residual limb interface and analyze the sensitivity of the models to each of the variables. The 

second portion of the paper will empirically measure the rotational stiffness of the socket-

residual limb interface for four subjects with a transhumeral amputation, using fluoroscopy 

(X-Ray movie frames) to measure bone deformation. These results are compared to the 
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models, using X-Ray slides to obtain accurate anthropomorphic measurements of the 

parameters.  

3.1 Modeling 

Modeling of the socket-residual limb interface rotational stiffness significantly depends on the 

value used for Young’s modulus (E). Young’s modulus is a measure of the ratio of stress to 

strain, for small strains. Numerous studies have characterized Young’s modulus for soft tissue 

using mechanical indentation tests and ultrasound. Zheng et al. (2001)  present a good review 

of many of the studies that specifically examine residual limb soft tissue. Although tissue 

deformation is nonlinear (Silver-Thorn, 1999, Zheng, Mak & Lue, 1999), the variance in linear 

Young’s modulus due to co-contraction (Krouskop, Dougherty & Vinson, 1987) is 

significantly larger than any recorded nonlinear effects. Mak et al. (1994) have shown that 

there is no difference in Young’s modulus between the amputated limb and the intact  limb. 

There is a large difference, however, depending on age and gender. Older subjects (57-78 years 

old in the study) can only change their Young’s modulus by 24%, whereas younger subjects 

(25-35 years old in the study) can change their Young’s modulus by 43% (Mak et al., 1994), 

presumably because older subjects cannot co-contract their muscles as much as younger 

subjects. Male subjects had a mean modulus 40% higher than female subjects (Zheng & Mak, 

1999). Krouskoup et al (1987) have demonstrated that subjects with a trans-radial (below 

elbow) amputation can modulate their Young’s modulus from 6kPa to 100 kPa by co-
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contracting their muscles. In a similar study of able bodied subjects, Zheng et al. (1999) found 

a Young’s modulus range of 10-60 kPa on the forearm.  No studies have been done of trans-

humeral (above-elbow) residual limb soft tissue, but the range of Young’s modulus for trans-

radial is the same as for transfemoral, and as a result, this range seems applicable to trans-

humeral soft tissue.  

It may be thought that myodesis, in which residual muscle is attached to the residual bone, 

is required to allow for modulation of the stiffness. This is not the case, however. It is unlikely 

that all of the subjects in Krouskoup’s study (Krouskop et al., 1987) had myodesis, yet a 

Young’s modulus range was found of 6-100 kPa. Zheng et al. (2005)has been able to achieve 

pattern recognition results using the morphological shape of trans-radial residual limb tissue, 

indicating that the muscle tenses, rather than merely shifting. Abboudi et al. (1999), using a 

similar pressure dependent recognition system, have measured a pressure range of 0-55 kPa for 

subjects without myodesis. As a result, it seems likely that all subjects can modulate the 

stiffness of their residual limb.  

 

3.1.1 Mathematical Modeling 

 The stiffness of an object may be represented as a function of the area, depth, and Young’s 

modulus of the object. The force exerted by a discrete volume within the object is equal to the 

stiffness, multiplied by the amount of deformation. The force may be represented by the 

following equation: 
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EA d

F
d

∆
=  (3.1) 

where F is the force exerted by the tissue against the socket, E is Young’s modulus, A is the 

area under consideration, d∆ is the deformation of tissue, and d is the original depth of the 

tissue to the bone, as illustrated in Figure 3.2.  

 

 

Figure 3.2: Deformation of tissue when a load is applied to the socket.  

a) Undeformed socket-residual limb interface. b is the diameter of the bone, f is the 

diameter of the soft tissue, and s is the length of the socket.  

b) Deformed socket-residual limb interface. 

 

To calculate the force exerted at a specific point, A may be separated as the product of length l 

and bone width wb, and the force may be differentiated with respect to length:  

 b
Ew d

dF dl
d

∆
=  (3.2) 
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d and d∆  are given by the following: 
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 tand l θ∆ =  (3.4) 

 

Substituting equations 3.3 and 3.4 into 3.2, and simplifying: 
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The moment at point l is obtained by multiplying dF by l. The majority of the moment across 

l acts in one direction. There is a small portion, however, that acts in the opposite direction. 

This transition occurs when: 
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The sum of the moments above and below the center of rotation is: 
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When integrated, this equation becomes: 
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By ignoring the portion of the moment that acts in the opposite direction (of which both the 

displacements and moment arm are small, producing small torques) and simplifying the 

trigonometry to act near 0θ = , the equation simplifies to a format that may easily be 

displayed in stiffness form as: 
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 (3.9) 

The tissue directly in front of the bone will deform by the same amount that the bone 

deforms. As a result, equation 4 adequately captures the resulting force caused by the tissue 

directly in front of the bone, because the amount of deformation is known. The amount of 

deformation of the surrounding tissue, however, is unknown. The resulting deformation will 

be greatest near the edge of the bone, and minimal near the skin. The deformation, illustrated 

in Figure 3.3, will be determined by that geometry which minimizes the stored energy, where 

energy is a function both of the compressive and shear forces resulting from the displaced 

tissue.  



  62 

 3.1 Modeling 

 

Figure 3.3: A transverse plane depiction of tissue deformation.  

The deformation at d1 is known, because the bone determines the amount of 

deformation. The deformation at d2, however, is unknown. Some deformation will occur, 

because the tissue is connected to the tissue directly in front of the bone. The amount of 

deformation may be calculated by finding that shape which minimizes the total energy 

stored at that segment. 

 

 

Biaxial compressive forces and shear forces are applicable to this shape, for which: 
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and  

 
2

2
shear

G
dU dV
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=  (3.11) 

where G is the shear modulus, and equals 
( )2 1

E

υ+
, �x and �y are the strains, dV is the 

discrete volume being analyzed, and γ is the angle of shear deformation. An exponential curve 

was found to best minimize the sum of energy over the entire residual limb. The power of the 
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exponent depends on the subject’s anthropomorphic parameters and the amount of 

deformation at the boundary of the bone. As a result, the equation cannot be algebraically 

solved, but may be solved using discrete algebraic code. The results of this mathematical 

equation are given in the results section. 

3.1.2 Finite Element Modeling 

A finite element model of the socket-residual limb interface was created using Pro/Engineer 

Wildfire 2.0©iv. Static analysis of tetrahedral solid P elements using Multi-Pass Adaptive (MPA) 

element fitting was performed for all analyses. MPA analysis records the maximum error at 

element intersections in Von Misses stress (distortion energy) and strain energy error, 

increasing the order of the polynomials used to fit the geometry until the errors are all less 

than ten percent. The amount of acceptable error may be lowered, but lowering this limit 

results in a dramatic increase in computational time, since the boundary of contact interface is 

complex. The setup is illustrated in Figure 3.4. Contact points were created at equally spaced 

intervals along the interface. The inside of the tissue, which interfaces with bone, was 

grounded, and a force was applied to the end of the prosthesis to realistically mimic a torque 

on the elbow. Analyses were done using upper and lower estimates of both Young’s modulus 

and Poisson’s ratio. 
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Figure 3.4: Finite Element Model 

 A) FEA p-mesh of CAD geometry.  

B) shows the shape of the deformed tissue inside of the socket for a 2.8 Nm load, where 

E=10 kPa and v=0.4. 

 

3.2 Fluoroscopy 

 To empirically measure the rotational stiffness of socket-residual limb interfaces, the 

deformation between the humerus and socket was measured in four subjects using 

fluoroscopy: a type of low-dosage X-ray. The protocol was approved by the Northwestern 

University Institutional Review Board, and all patients signed informed consent forms.  
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3.2.1 Subjects 

Four subjects, including three males and one female, were included in this study. Socket type, 

age, and anthropomorphic data are given in Table 3.1. Graphical representations of their 

residual limb are given in Figure 3.5 

Table 3.1 
Subject Anthropomorphic data 

All measurements are in cm 

 

 

 

Figure 3.5: Graphical representation of subject residual limb.  

Anthropomorphic parameters were measured from X-Ray slides of the residual limb. 
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3.2.2 Apparatus & Procedures 

Fluoroscopy slides (a rapid series of low-radiation X-Rays) were recorded at 5-8 Hz using a 

Philips Easy Diagnost Super 80CP digital RF system. The sampling frequency was verified in 

a separate experiment, described in Appendix 12.2.1. Force data were collected using an 

Omegav LCFA-50 tension/compression load cell and recorded in Matlabvi at 40 Hz. An 

illustration of a slide is given in Figure 3.6.  

 

Figure 3.6: Fluoroscopy images 

a) Fluoroscopy slide of socket-residual limb interface.  

b) Edges obtained on a cropped version using Matlab’s edge command. 

 

The experimental setup for this study did not permit the examination of co-contraction 

modulation by subjects. Because the viewing window of the fluoroscopy machine was small 

(13 cm diameter), subjects had to maintain the position of their residual limb in the presence 
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of force perturbations. As a result, their muscles were always moderately co-contracted to 

maintain this position. 

3.2.3 Data Analysis 

An edge-detecting filter was applied to a cropped version of each slide using Matlab’s edge 

function with a canny filter. The humerus was then manually aligned in each slide. The 

angular deformation of the markers with respect to the aligned humerus was recorded. The 

inertial force on the load cell from the prosthesis was calculated based on the inertia of the 

prosthesis (0.4 kg m2) and the calculated rotational acceleration. Empirical measurement of the 

prosthesis inertia is described in Appendix 12.2.2. The inertial component of forces was 

subtracted from the force data, and the remaining force was compared to the deformation in 

position. Due to the low frequency of oscillation, the inertial load was small for all subjects 

(.01% - 10%).  

Because there is noise present in the marker measurements obtained from the X-Ray slides, 

rotational stiffness may either be found by using a linear least squares regression of the 

compliance, and then inverting the slope to obtain rotational stiffness, or by calculating the 

first principal component using principal component analysis – both techniques yielded the 

same result. This principle is described in more detail in Appendix 12.2.3. 
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3.3 Results 

3.3.1 Mathematical model 

Sensitivity studies were done using the discrete math model to see how significantly it 

diverged from the simple math model, which did not consider the effect of surrounding tissue. 

Each of the anthropomorphic variables was individually varied for each subject, over a range 

larger than that encountered across all four subjects (S = 0.10 – 0.25 m, wb = 0.01 - 0.03 m, wt 

= 0.08 – 0.12 m). Bone and residual limb diameter did not have large effects on the resulting 

rotational stiffness. The socket length, however, did have a significant effect, and the 

rotational stiffness may be accurately represented across subjects as the following function:  

 [ ]2.7 2.75
[0.13 0.15]K ES

−
= −  (3.12) 

Where E is Young’s Modulus and S is the socket length. 

For estimates of the socket-residual limb interface outside of this variable range, such as for 

children, a scaling factor was found between equation 3.9, which did not consider the effect of 

surrounding tissue, and the more robust mathematical model. This scaling factor was found to 

be 5.5, with a r2 value of 0.63. The resulting equation should serve as an estimate for socket-

residual limb interfaces outside of the range of: S = 0.10 – 0.25 m, wb = 0.01 - 0.03 m, wt = 

0.08 – 0.12 m. 
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3.3.2 Mathematical model compared with FEA model 

The math model and FEA model are compared with each other in Table 3.2 for subject A, 

using several values for Poisson’s ratio and Young’s modulus. These sensitivity studies were 

only done for a single subject since each analysis took a substantial amount of time to 

complete. 

Table 3.2 
Results of Math & FEA analysis for a sample subject 

 

K is in units of Nm/rad. These results were calculated for an applied torque of 2.8 Nm 

 

From this table it may be seen that in the math model, rotational stiffness is proportional to 

Young’s modulus for the math model, and almost proportional to Young’s modulus for the 

FEA model. The range of Poisson’s ratio encountered in soft tissue (0.4-0.5) has a small effect 

on the rotational stiffness. The math model corresponds well to the FEA model. 
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3.3.3 Empirical Results 

Stiffness results for each subject are shown in Figure 3.7 - Figure 3.10 Figure 3.10, and the 

mathematical, FEA, and empirical rotational stiffness for each subject are tabulated in Table 

3.3. 

 

Figure 3.7: Empirical rotational stiffness of socket-residual limb interface for subject A 

K=25 Nm/rad, [23-28 Nm/rad] 95% confidence interval. r
2
=0.87 
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Figure 3.8: Empirical rotational stiffness of socket-residual limb interface for subject B 

K=240 Nm/rad, [172-395 Nm/rad] 95% confidence interval. r
2
=0.76 

 

 
Figure 3.9: Empirical rotational stiffness of socket-residual limb interface for subject C 

K=38 Nm/rad, [32-45 Nm/rad] 95% confidence interval. r
2
=0.85. 



  72 

 3.3 Results 

 

 

 

Figure 3.10: Empirical rotational stiffness of socket-residual limb interface for subject C 

K=81 Nm/rad, [78-85 Nm/rad] 95% confidence interval. r
2
=0.97. 

 

Table 3.3 
Modeled and Measured Socket-residual limb interface Rotational Stiffness for 4 subjects 
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3.4 Discussion 

Rotational stiffness of the socket-residual limb interface is proportional to Young’s modulus 

and significantly smaller than the rotational stiffness of conventional prosthetic elbows. As a 

result, even in the presence of a stiff prosthetic elbow the overall rotational stiffness of the 

elbow and socket-residual limb interface may be controlled by co-contraction of the subject. 

Because of this inherent ability of subjects to modulate the stiffness of their socket-residual 

limb interface, it appears that control paradigms that implement impedance control directly 

distal to the socket-residual limb interface are superfluous. These paradigms are still useful, 

however, on joints that are distally removed from the socket-residual limb interface, since 

those joints do not have a low-impedance component directly in series with them. For 

example, the stiffness of the wrist joint is unaffected by the stiffness of a trans-humeral socket-

residual limb interface. Likewise, the stiffness of an elbow joint is unaffected by the stiffness of 

a socket-residual limb interface at higher amputation levels, such as shoulder disarticulation. 

As a result, impedance control still merits investigation. 

Whether Poisson’s ratio is 0.4 (nearly incompressible) or 0.5 (completely incompressible) 

does not have a large effect on the rotational stiffness of the socket-residual limb interface 

compared to the change in rotational stiffness that results as Young’s modulus changes with 

co-contraction. Because the models correspond well with the empirical measurements, local 

estimations of Young’s modulus may be applied to a global socket-residual limb interface. 
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This finding should extend the results found in this paper to other joints, for which Young’s 

modulus is locally known, but where global models have not yet been made.  

3.4.1 Clinical Implications 

The discrete math model accurately captures the main effects of the FE model, with the 

exception of Poison’s ratio. As a result, the adjusted math model (equation 11) provides a 

simple model of the effect of anthropomorphic factors on the socket-residual limb interface 

rotational stiffness. This equation may be used to evaluate prosthetic components, control 

algorithms, and socket techniques. 

For example, the socket-residual limb interface rotational stiffness significantly increases as 

the socket length increases. The effect becomes more dramatic as the socket length increases. 

As a result, creating a distal window in the socket may relieve discomfort without affecting 

the subject’s ability to provide torque. It does, however, decrease the stiffness of the socket-

residual limb interface by 4-20 Nm/rad for every 1 cm of window, depending on the original 

length of the socket. A distal window reduces the stiffness more for long sockets than for 

short sockets. Conversely, salvaging an extra cm of distal bone increases the stiffness of the 

socket-residual limb interface by 4-20 Nm/rad. Likewise, proximally extending the socket 

increases the stiffness by 4-20 Nm/rad. 

As another clinical example, the math models indicate that tissue medial and lateral to the 

bone have a large effect on the stiffness of the socket. As a result, creating large medial and 

lateral windows in the socket will have an impact on the rotational stiffness of the socket-
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residual limb interface. Creating small windows, however, will not affect the stiffness, as long 

as they are limited to the sagittal plane.  

3.5 Conclusion 

The measured socket-residual limb interface stiffness of four subjects is within the modeled 

range of stiffness predicted using math and FE models, using Young’s moduli available in the 

literature. This same technique may be applied to other joints. From these models, it appears 

that persons can modulate the rotational stiffness of their socket-residual limb interface over a 

wide range of values. The floor and ceiling of this range depend significantly on socket length 

and co-contraction levels, but not on residual limb diameter or bone diameter. Measured 

trans-humeral socket-residual limb interface rotational stiffness values ranged from 24-140 

Nm/rad for the four subjects tested in this study. Control paradigms that modulate the 

stiffness of a joint are unnecessary when directly in series with this socket-residual limb 

interface, but may still prove to be useful when implemented in joints that are more distal or 

when the level of amputation is more proximal. 
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4 Improvements to Series Elastic Actuators 

In section 2.3, the case was made for series elastic actuators as an appropriate technology. 

Series elastic actuators provide accurate torque control using simple components already used 

for the most part in prostheses, and they are inherently safe above the controllable frequency 

rage. The analysis of them in section 2.3.5, however, only considered a linear system, and any 

system used in prostheses will most likely have friction and noise in compensation for reduced 

weight and compactness. As a result, further increases in performance may be possible once 

these nonlinearities are acknowledged. Two design decisions will be analyzed below in light of 

these nonlinearities: sensor placement and inner control loop of the motor. 

4.1 Modeling Sensor Placement 

Although it is always advantageous to minimize friction in an actuator, different actuator 

technologies respond better or worse in the presence of friction. Series elastic actuators (SEAs) 

offer substantial improvements for actuators that have high levels of friction (Robinson, Pratt, 

Paluska & Pratt, 1999), yet previous series elastic actuators have used virtually frictionless 

reciprocating ball screw transmissions or low gear ratios to avoid high levels of friction. 

Although reducing friction has improved their performance, it has potentially masked 

optimal sensor placement.  

SEAs have been conventionally instrumented with a displacement sensor in parallel with 

the compliant element, taking advantage of the increased motion of the compliant member to 
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produce a high fidelity signal. In linear series elastic actuators a linear potentiometer is placed 

in parallel with the spring, as illustrated in Figure 4.1a. Linear potentiometers offer cleaner 

signals than load cells, which require high levels of amplification. The higher fidelity of 

potentiometers compared to load cells is not intuitive: potentiometers are often thought of as 

poor sensors. In the presence of large position changes due to the compliant member the 

potentiometers are coupled with, however, they offer precise and clean control.  

Robinson et al. (1999) have demonstrated that any stiction on the motor side of the sensor is 

mitigated by the inclusion of a compliant torsional spring. It is important to note, however, 

that any friction source between the sensor and the environment is not affected by the 

stiffness of the spring or the value of the feedback gain. As a result, a tradeoff exists between 

DC and AC error. A potentiometer will offer high fidelity control, but will not account for 

stiction (DC error). A load cell will offer low fidelity control, but will account for stiction. 

Thus for high levels of stiction, using a low fidelity load cell should increase performance. As 

a result, series elastic actuators should not automatically be fit with a position sensor in 

parallel with the compliant element; anticipated stiction in the design should play a crucial 

role in determining the optimal sensor location. 

 



  78 

 4.2 Modeling Feedback control 

 

Figure 4.1: Sensor placement  

a) Traditional parallel placement of a potentiometer offers a high fidelity signal, but cannot 

differentiate between parallel or distal friction sources and accurate force. 

b) Serial placement of a load cell provides a poor signal due to high levels of required 

amplification, but may provide superior force control if it is placed distal to friction sources 

within the actuator. 

 

4.2 Modeling Feedback control 

Pratt and Williamson (1995) have historically used an inner torque control loop since they are 

ultimately controlling torque. Because series elastic actuators convert the accurate position 

output of a high impedance motor into a reliable force through the compliance of the spring, 

an inner velocity loop would appear to be a better choice. An inner velocity loop will attempt 

to attenuate the inertia of the rotor, effectively providing a flow source. As a result, as long as 
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the motor is not saturated, an internal velocity loop should provide a higher fidelity position 

output with decreased system dynamics. Pratt et al. (2004)  recently demonstrated that this is 

the case. An inner velocity control loop is illustrated in Figure 4.2a. 

 

Figure 4.2: Internal feedback 

a) The inclusion of an inner velocity control loop improves overall force control. The 

velocity signal is an integration of the measured position, obtained by Hall Effect sensors.  

b) Internal position feedback: The inclusion of an inner position control loop should 

improve performance, since internal position control integrates the force error signal, 

rather than differentiating the position signal of the motor Hall effect sensors. 

Differentiating a signal amplifies high frequency (noise) components. 

 

As illustrated in Figure 4.2a, force error, which is proportional to velocity, is fed to the inner 

velocity control loop. Internal velocity control takes the position reading of linear Hall-effect 

sensors in the motor and differentiates it to achieve a velocity signal. Noise, which tends to 

dominate high frequencies, is amplified by differentiating the position signal. Differentiation 
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of the position signal is not required, however: one may also integrate the force error signal 

and use an internal position control loop, as illustrated in Figure 4.2b 

Both of these methods will attempt to attenuate the inertia of the rotor by commanding a 

desired velocity, regardless of rotor inertia. An inner position loop should do so without 

adding increased noise. As a result, it should provide better force fidelity. There is a difference 

in the dynamic response as well, as illustrated by the transfer function for internal velocity 

control (Eq. 4.1) and internal position control (Eq. 4.2). As further shown by an illustrative 

zero-pole diagram and bode plot, using position control should increase both stability and 

phase lag, especially at higher frequencies. 
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Figure 4.3: Effect of inner control loop on system dynamics 

a) Pole-Zero diagram of inner velocity feedback (blue) and inner position feedback 

(green). Poles or zero in common are plotted in black. 

b) Frequency response of inner velocity feedback (blue) and inner position feedback 

(green). 

At low frequencies, the two inner control loops are indistinguishable. At higher 

frequencies, inner velocity control is less stable, but has decreased phase lag. 

 

As a result, using an internal position loop should provide better performance than an 

internal velocity loop. The author has conducted experiments to examine these hypotheses, as 

detailed below. 
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4.3 Experiment Setup 

A linear actuator was constructed using a MicroMovii 1628T012 brushless motor with a 16:1 

planetary gear transmission and a McMaster-Carrviii Acme 0.25″/rev lead screw, as illustrated 

in Figure 4.4. The actuator was non-backdrivable below 5.8 N. Both a 2-quadrant MicroMo 

BLD-3502 servo amp and a 4-quadrant MicroMo MCBL 2805 motion controller were used to 

control the motor at 24V. Due to the lead screw and lack of bearings, this simple and 

inexpensive actuator has substantial amounts of friction that made force control impossible: 

proportional gains high enough to overcome friction proved to be too high to ensure 

stability, and frictional modeling (Johnson & Lorenz, 1992) was of little help. This friction is 

due to lack of bearings in the output shaft. A compliant 2100 N/m compression spring was 

placed in series with the actuator to allow for a higher proportional gain. This introduction of 

compliance created a stable actuator, and in the process provided what may be thought of as a 

worst-case series elastic actuator. Both a Load Cell Centralix VLPB-10lb load cell and an ETIx 

LCP8S-10-10 kΩ  linear potentiometer (F x∝ ∆ ) were used to sense output force. 

All controller gains were tuned using Ziegler and Nichols’s (1942) stability criterion for 

controller gains, as reviewed by Franklin et al. (2002). A 1N step response input against a stiff 

environment was used to tune the feedback terms. This method was chosen to obtain simple 

yet objective comparisons. 
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Figure 4.4: Linear SEA with high levels of friction.  

High levels of friction in shaft made force control difficult, providing an ideal environment 

to examine the strengths and weaknesses of series elastic actuators. 

a) Picture of actual actuator 

b) CAD rendering of actuator 

 

4.4 Results: Sensor placement 

To examine sensor placement, the SEA was fit with a 10 kΩ linear potentiometer. When the 

system was tuned using the linear potentiometer, a proportional gain of 1.68 was achieved, 

significantly lower than the proportional gain of 9 achieved using the low fidelity load cell. 

The results are illustrated in Figure 4.5.  

 



  84 

 4.4 Results: Sensor placement 

 

Figure 4.5: Comparison of sensor placement 

a) Small amplitude oscillations. b) Large amplitude oscillations. c) Step response. 

Notice the high amount of noise present in the load cell sensor compared to the 

potentiometer. Despite this increased noise, the load cell has better resolution and 

decreased phase lag, since it is distal to any friction sources.   

Controller gains for potentiometer: Proportional force gain (K) = 1.68, Derivative force 

gain (D) = 0.382.  

Controller gains for load cell: Proportional force gain (K) = 9.0, Derivative force gain (D) = 

0.3125. 

Controller gains were determined using the Nichols and Zeigler stability tuning method. 
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4.5 Results: Inner control 

Figure 4.6 illustrates the results of force control for the linear SEA. The fact that stable force 

control is achievable at all is impressive given the high levels of friction, but the high levels of 

friction, combined with the introduction of compliance, create a system that is under-damped 

for increasing forces and over-damped for decreasing forces.  

 

Figure 4.6: Force control of a linear SEA with no internal control 

No stable force control was achievable without the inclusion of a spring, illustrating the 

ability of increased compliance to compensate for high levels of friction. High levels of 

friction combined with compliance create an under-damped system for increasing forces 

and an over-damped system for decreasing forces. 

Controller gains: Proportional force gain (K) = 0.258, Derivative force gain (D) = 0.006, as 

determined using the Nichols and Zeigler stability tuning method.  

 

Adding an internal proportional-integral (PI) velocity feedback loop significantly increases 

performance, as illustrated by the improvement of Figure 4.7c compared to Figure 4.6. When 
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an internal position loop is used, the force feedback proportional gain is increased 9 times and 

the -3dB frequency bandwidth is tripled compared to an inner velocity control loop, as shown 

in Table 4.1. Thus, it seems advisable to use inner position control as opposed to inner 

velocity control. 

 

Figure 4.7: Internal Control loops.   

a) Small amplitude oscillations. b) Large amplitude oscillations. c) Step response. 

Controller gains for inner position control: Proportional force gain (K) = 9.0, Derivative 

force gain (D) = 0.3125 

Controller gains for inner velocity control: : Proportional force gain (K) = 1.0, Derivative 

force gain (D) = 0.014 

Controller gains were determined using the Nichols and Zeigler stability tuning method. 

. 
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4.6 Summary of results 

Table 4.1 reports proportional gain and measured -3 dB frequency bandwidth of the various 

control schemes. From these results, it seems apparent that introduction of compliance, 

internal position control, and a sensor in series with the actuator distal to any friction sources 

provide the highest fidelity force control. 

Table 4.1 

Comparison of different control schemes 

 

Inner loop position control, coupled with a load cell and a compliant 

element, provides the highest proportional gain and frequency 

bandwidth. 
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4.7 Discussion 

The addition of an inner position control loop as opposed to an inner velocity control loop 

seems logical. Velocity sensors such as tachometers are only accurate at high speeds. Although 

robotic actuators can operate at high frequencies, they often operate at low velocities, even in 

the presence of reduction gear ratios. As a result, position information acquired through 

encoders or Hall Effect sensors is usually differentiated or filtered to obtain velocity data. It 

makes more sense to use the original, accurate position information obtained by the position 

sensors in the motor. 

The placement of a displacement sensor in series with the actuator distal to any friction 

sources, as opposed to in parallel with the compliant element, also makes sense. At some 

point, there is a tradeoff between noise level and friction. The high levels of friction present in 

this actuator have tipped the balance in favor of noisy torque control. Low levels of friction 

might tip the balance in favor of indiscernible friction. It should also be acknowledged that 

for a linear series elastic actuator, a load cell is substantially more expensive than a linear 

potentiometer. The increase in performance must be balanced against the increase in cost. In 

conclusion, providing an inner position loop and using a sensor distal to all friction sources 

provides increased proportional gain, better force fidelity, and higher controllable 

bandwidths.  
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5 Design of the Prosthetic Elbow 

Two general areas of design will be addressed: design of the physical actuator and the control 

scheme used to operate it. These two areas are intricately linked: mechanical design decisions 

in terms of compliance, friction, and inertia will significantly influence control design. As a 

result, detail has been applied to the mechanical design in an attempt to simplify the control 

design. Specifically, the compliance of the mechanical design has been closely monitored, 

inertia has been reduced wherever possible, and parts have been integrated to reduce the 

number of moving parts, in hope of reducing friction. Detailed reviews of the mechanical and 

controller designs are given below. 

5.1 Mechanical Design Principles 

There are several important factors when designing a series elastic prosthetic elbow. The 

prosthesis must be able to generate accurate torque over the frequency bandwidth used by 

humans, be moderately close in size to a human elbow, and be non-backdrivable to conserve 

power. In terms of prosthetic components, there must be a channel through the prosthesis to 

route wires through the prosthesis, physical and electrical limits of rotation, and some means 

of integration with a prosthetic socket. All of these demands will be addressed below. 

Torque generation: A novel torsional spring is used to convert accurate position control of 

an electric motor to accurate force control. The spring is instrumented with rosette strain 

gauges to sense strain. Based on previous modeling (Sensinger, 2005), a spandrel shape shown 



  90 

 5.1 Mechanical Design Principles 

in Figure 5.1 is used to increase resiliency. The sensors are in parallel with the compliant 

member, rather than distal to it, because the motion is rotary. As a result, distal friction is 

minimal compared to linear actuators. 

 

Figure 5.1: Spandrel Cross section 

Fillets are extended to the edges of the shape, slightly increasing the stiffness while 

significantly decreasing the maximum shear stress, thus increasing the geometric 

resiliency of the shape. 

 

The torsional spring is made from Ph17-4 stainless steel. This particular stainless steel alloy 

was chosen because it has high yield strength in its cold rolled state (1210 MPa) with no need 

for heat-treating. Other alloys such as steel alloy 4340 offer higher yield strengths when heat-

treated (1620 MPa), but the unstable nature of the alloy coupled with the thin geometric shape 

can cause substantial warping during heat-treating. 

 The geometric parameters of the spring have been chosen to prevent the spring from 

plastically deforming for a 20 Nm load. This specification, coupled with other design 

requirements, has given the spring a predicted torsional stiffness of 350 Nm/rad.  

Size reduction: Previous Series Elastic Actuator designs (Pratt & Williamson, 1995, 

Robinson, 2000, Williamson, 1995) have added considerable length to their designs by placing 
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the spring at the output of the gear stage. Torsional springs for this use are traditionally two 

inches or more in length, thus adding significant length to the actuator. Both the frameless 

motor and the gear transmission used in the author’s design have a hollow shaft. These hollow 

shafts have allowed the author to insert the spring back through the transmission and motor, 

thus not adding any additional space to the actuator as illustrated in Figure 5.2a. In addition to 

wrapping the spring through other components, the rotor has been integrated with the rest of 

the design, excluding the need for a shaft. Through similar techniques of parts integration, the 

overall size of the actuator has been further reduced such that it is the same size as the Boston 

Elbow III.  

Non-backdrivable: An upper limb prosthesis user will often pick up an object and carry it 

with them (Heckathorne, 2004). The actuator should be turned off after the proper position 

has been achieved to conserve power. A backdrivable system would consume power during 

the entire time that the object is held, whereas a non-backdrivable system could maintain the 

desired position without power. Because portable power sources have a limited power 

capacity, backdrivable actuators are not practical for use in prosthetics.  

In the presence of compliance, however, a non-backdrivable motor is not desired given 

backlash and stiction traditionally associated with non-backdrivable gear transmissions. These 

unwanted features quickly diminish desired force control, and as such, series elastic actuators 

have traditionally used backdrivable transmissions (Pratt & Williamson, 1995, Robinson, 

2000, Williamson, 1995). The author has found that non-backdrivable series elastic actuators 
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may be used if a backlash free gear transmission is used (Sensinger, 2005, Sensinger & Weir, 

2005).  

There are three ways to achieve a non-backdrivable transmission. In the first method, a high 

gear ratio is used, exploiting the inherent friction in the gear transmission to create a non-

backdrivable transmission. This method is only non-backdrivable for moderate torques and 

does not save energy in typical activities (Sensinger & Weir, 2006d). A subset of this approach 

used in linear actuators is the lead screw. With sufficient pitch, linear forces are always within 

the friction cone, ensuring that the transmission is non-backdrivable for all forces. In the 

second method, a clutch is used to provide a non-backdrivable transmission. A clutch 

increases the inertia of the motor and introduces backlash. As long as the roller clutch is 

placed on the input side of the gear transmission, backlash is significantly attenuated. This 

method can save energy compared to a backdrivable system, provided the inertia of the clutch 

is kept low. Finally, a brake may be used to prevent motion during those times when the 

actuator is not in use. Of these methods, the use of a high ratio gear transmission was used to 

achieve moderate levels of non-backdrivablilty in a rotary actuator for the purposes of this 

thesis.  

The author chose a Harmonic Drive as a non-backdrivable backlash free gear transmission. 

Harmonic Drives are only non-backdrivable for small torques (<6Nm). In order to increase 

the range of non-backdrivable actuation, a custom designed roller clutch has been inserted 

before the input portion of the Harmonic Drive. There is a small amount (3°) of backlash in 
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this roller clutch. The amount of backlash is reduced to less than 0.02° by the high reduction 

gear ratio of the Harmonic Drive, which attenuates position. Recent modeling by the author 

(Sensinger & Weir, 2006d) has indicated that for tasks of daily living, the energy saved by 

inclusion of this roller clutch is negligible, due to the substantial increase in inertia required to 

make the elbow non-backdrivable. The inertia may easily be decreased in future designs, 

however, without affecting mechanical integrity. This decreased inertia will allow the roller 

clutch to provide substantial energy savings.     

5.2 Mechanical Design 

A customized Emoteqxi HT02500 frameless brushless motor capable of producing 2.8 Nm 

stall torque and a 160:1 gear ratio Harmonic Drive LLCxii CSD 20 gear transmission were 

used, controlled by a Faullhauberxiii BLD7010 servo amplifier capable of handling large 

currents and a 13.5 V power supply. The gear transmission is non-backdrivable up to 6 Nm. A 

spandrel shape torsional spring (Figure 5.2e) with a stiffness of 327 Nm/rad was used to 

provide compliance. This cross section is an optimization of the existing cross-shaped 

torsional spring (Figure 5.2d) and provides increased geometric resilience: the ability to absorb 

energy without plastically deforming (Sensinger, 2005, Sensinger & Weir, 2005). 

The torsional spring was instrumented with two Omega SG-4/350-TY31 rosette foil strain 

gauges with a 5-volt power supply to provide torque control. The strain gauges were 

configured in a Wheatstone bridge and fed through an instrumentation amplifier with a 1065 
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differential gain to use the full range of the data acquisition system. Matlab’s Simulink XPc 

and Real-time toolboxes were used at a sampling frequency of 10 kHz to control the actuator.   

Position was measured using Hall effect sensors with 3800 bits/rev. Velocity was obtained 

by differentiating the position signal 








+
= θω

101.0 s

s
and passing it through a 100 unit/sec 

rate limiter. Acceleration was likewise calculated by differentiating the non-rate limited 

velocity, and rate limiting the acceleration at 100 units/sec. This method provides a clean and 

accurate signal, with superior information at low speeds such as those used with a prosthesis, 

which moves between 0 and 2.5 rad/sec.  

Because a frameless motor and a hollow gear transmission were used, the torsional spring 

was passed back through the middle of the actuator, achieving high compliance without 

increasing the size of the actuator, as illustrated in Figure 5.2a-b.  
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Figure 5.2: Prosthetic Elbow  

a) Torsional spring passed back through the middle of the harmonic drive and frameless 

motor. 

b) CAD rendering of SEA prosthetic elbow 

c) Photograph of the SEA elbow  

d) shows the conventional cross section of the torsional spring 

e) shows a more resilient cross shape, termed a spandrel, that may deform more without 

plastically deforming. 

 

Requirements of the prosthesis: Physical and electrical limit switches have been included to 

prevent the torsional spring from deflecting more than 3.3 degrees. Physical limits will allow 

subjects to lift heavier loads than the spring is capable of lifting without breaking the spring. 

A channel has been included to allow proximally located wires to be fed through the 
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prosthetic elbow on their path to prehension devices, and the design allows sufficient space 

for the wires to move as the elbow rotates. Finally, an interface similar to that of the Boston 

Digital Arm has been incorporated to allow the prosthetic elbow to be interfaced with the 

socket. This interface will allow patients who use the Boston Digital Arm to maintain the 

same socket. Schematics of the machined parts are illustrated in Appendix 12.7. Data sheets 

for purchased parts are presented in Appendix 12.11. 

The initial roller clutch design did not properly engage when a load was applied, despite 

numerous modifications to the size of the rollers. As a result, the studies presented in this 

thesis did not employ a non-backdrivable roller-clutch. The prosthetic elbow was still non-

backdrivable below 6 Nm of torque, due to the inherent stiction in the Harmonic Drive. The 

components of the roller clutch remained in place, and as a result, the increased inertia due to 

a roller clutch was present in this design. A second roller clutch was fabricated using a design 

theory created by Otto Bock (Puchhammer, 2006). This design theory is simple and elegant, 

and the resulting roller clutch worked very well. The design theory is a trade secret of Otto 

Bock, and as a result, it is not explained in this thesis. 

5.3 Controller Design 

Control of the actuator may be grouped into three different stages: Signal Processing, 

Impedance Control, and Torque Control, as illustrated in Figure 5.3. Detailed schematics of 

each control block are provided in Appendix 12.8 and Appendix 12.9. 
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Figure 5.3: Expanded Impedance Control Diagram 

Three controller blocks convert subject muscle activity to torque 

Torque is fed back using strain gauges on a compliant torsional spring 

Motion is fed back using Hall effect sensors in the motor 

5.3.1 Signal Processing 

Otto Bock 13E200 MYOBOCK® electrodes calculate the root mean square (RMS) of raw 

myoelectric (MES) activity from a pair of agonist/and antagonist muscles. MES signals are 

created as a byproduct of muscle contraction and are roughly proportional to the amplitude 

of isometric force during muscle contraction (Heckathorne, 1978, Heckathorne & Childress, 

1981). The RMS of muscle voltages corresponds well with isometric exerted force (Basmajian 

& De Luca, 1985). In the Signal Processing block these RMS signals are calibrated to set a noise 

threshold and to make their maximum amplitudes equivalent. The desired position or 

velocity, depending on the motion control paradigm, is proportional to the difference 

between the RMS of the two signals. The impedance signal Z is proportional to the amount 

that they are both activated, which is simply the amplitude of the lesser signal, as illustrated in 

Figure 5.4. Thresholds and buffer zones are calibrated for each subject. 
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Figure 5.4: Extraction of Motion and Impedance from MES RMS Signals 

For MES data, dashed and solid lines represent a pair of muscles (M1, M2) 

Impedance ~ min(M1, M2) 

Motion ~ M1-M2 

Thresholds & buffer zones will be calibrated for each subject 

 

It may make more sense to some persons to think of impedance as the sum of opposing 

muscle forces. Unfortunately, the sum of muscle forces does not decouple impedance from 

velocity. For example, to move a joint while maintaining the same level of impedance, the 

level of force generated by one of the muscles must be increased such that they no longer sum 

to zero. If impedance is defined as the sum of the two muscle forces, this action will result in a 

rise in impedance where none is warranted. If one looks at the minimum level of force, the 

level of impedance will not change.  
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In section 12.1.1 it is observed that the impedance of human joints is dependent on the 

magnitude and direction of velocity: two effects that the above control scheme does not 

mimic. MES signals will ideally be controlled by isometric contractions, which do not have a 

velocity component. Thus, the transfer from muscle contractions to an impedance signal 

shown in Figure 5.4 should be adequate. At the same time, the mechanical properties of the 

motor will introduce a similar velocity dependent torque. As a result, the overall system will 

mimic velocity dependent impedance found in human joints.  

In this control scheme, as impedance increases, the maximum motion signal decreases. This 

effect is also observed in human joints: if a muscle can only generate so much force, and most 

of that force is balanced by the antagonist muscle, less force is available to move the joint. 

Thus low impedance is generally observed during voluntary movements (Popescu et al., 2003). 

5.3.2  Impedance Controller 

The output of the Signal-processing block contains two scalar values: motion and impedance. 

Motion may be adequately represented by a scalar value, and as such may be quickly passed 

on to later control blocks. Impedance must be further broken up into stiffness, viscous 

damping, and inertial terms. Metrics such as trajectory pursuit or maximum power transfer 

have not provided any reduction of independently controlled variables. As a result, each of 

these variables is independently tested in subjects while setting the other impedance variables 

to a predefined constant. 
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5.3.3 Torque Controller 

Based on the difference between the desired and actual motion and the desired impedance, a 

desired torque is sent to the torque controller. A proportional feedback loop ensures accurate 

torque. Speed ω is calculated from Hall effect sensor position information. The motor used 

has 8 poles, or 4 electrical cycles per mechanical revolution. With 6 commutation steps per 

electrical cycle, there are 24 counts per revolution, or 15° resolution. Reduced by a 160:1 gear 

ratio, this resolution equates to 0.09° of resolution, or 3800 bits per revolution. The author 

used this method of position and velocity sensing based on size constraints. Pratt, Willison, 

Bolton, and Hofman (2004) recently used the technique, justifying their reasoning by writing 

that accurate joint position information was not required in the presence of high fidelity force 

recordings. They obtained high fidelity impedance control at low frequencies using the Hall 

effect sensors as velocity sources. 

This design offers a compact series elastic actuator with the capability to modulate 

impedance. Whether or not the design is successful at modulating the impedance, however, 

remains to be seen, and will be examined in the following chapter. 
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6 Impedance Modulation Evaluation 

Series elastic actuators offer very good force control in a constrained environment, because 

the increase in compliance has no effect on overall dynamics while increasing the fidelity of 

the control (Robinson, 2000). The effect of increasing the compliance in an unconstrained 

environment, however, is not as simple: the stiffness of the elastic element linearly affects the 

resonant frequency of the system (Robinson, 2000). Imposing a virtual impedance on an 

unconstrained series elastic actuator becomes even more problematic. As a result, it may be 

useful to model the system before examining a prototype. 

Pratt et al. (2004) have used a series elastic actuator to perform impedance control, but only 

for low (1-2 Hz) frequencies in an unconstrained state. Although this frequency range may be 

adequate given the limited unconstrained frequency range of humans (Chan & Childress, 

1990, Sheridan & Ferrell, 1974), there may also be situations when higher frequencies are 

desired. As such, the author wanted to investigate impedance control at higher frequencies.  

6.1 Plant modeling 

Both Pratt et al. (2004) and the author have found that internal voltage regulation performs 

better than torque regulation. Internal voltage regulation complicates modeling, however, 

because if the electrical wiring of the motor is not included in the model, a velocity source 

will mitigate any dynamic effect of the inertial portion of the rotor, due to the effects of 

derivative causality. The inertial portion of the rotor is a significant term given the high gear 
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ratio. As a result, the model must include the resistance and inductance of the wire, along 

with the inertia and the viscosity of the rotor in order to preserve the effect of the rotor 

inertia on the dynamic response. Such a model is shown in Figure 1 in bond graph form, 

which allows for the fact that each stage of the system is not necessarily a high impedance 

stage. The dynamic characterization is significantly different from that of a simplified model. 

 

Figure 6.1: Bond graph of system prosthetic elbow 

 The motor wiring must be modeled in order to preserve the dynamic effect of the rotor 

inertia, because a velocity source is used to drive the motor. 

 

The strain on the torsional spring is sensed, and fed back to a torque controller, as shown in 

Figure 6.2. The low stiffness of the torsional spring allows for a high proportional gain 

(Ktorque). This high proportional gain in turn increases the torque fidelity of the system. Once 

the actuator is capable of accurately generating a desired torque, a desired impedance, or 

interaction between forces and movements, may be constructed. A force is generated in 
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response to the difference between the desired and actual position, multiplied by the desired 

stiffness (K) of the system. This force is added to a viscous (b) and inertial term (J), using the 

actual velocity and acceleration of the actuator. The viscous term could be applied to the 

difference between desired and actual signals instead of being applied to the actual velocity: 

this would effectively place the viscous element in parallel with spring. Placement of the 

viscous element within the feedback loop would result in a faster response and higher 

overshoot than if the actual velocity is used (Franklin et al., 2002). 

 

Figure 6.2: Control system 

The inner torque control loop senses the torque applied on the compliant torsional spring, 

and feeds the error between the desired and actual force into a proportional gain. The 

outer impedance loop creates an impedance for the actuator to mimic, consisting of 

stiffness K, viscosity b and inertia I. 

 

Due to the complexity of the model and control system, the transfer functions of control for 

this system are lengthy. Simplification does not adequately represent the dynamic response.  
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Root locus plots offer an effective tool to understand the effects of a single variable on the 

dynamics of a system (Franklin et al., 2002). If several variables of interest affect the system’s 

dynamic response, each of these variables may be examined using a root locus plot while 

keeping the other variables constant. Keeping the other variables constant, however, neglects 

the fact that the effect of one variable may be heavily dependent on the value of other 

variables. 

6.2 2D projection of a multivariate root locus 

 One way the author has solved this problem is to choose a range for each variable, and then 

to calculate the poles for numerous iterations, each using a random value of each of the 

variables of interest (Sensinger & Weir, 2006a). In this way, a root locus region may be shown 

over which the system behaves in that range of variables, as shown in Figure 6.3. 
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Figure 6.3: Scatter plot of poles for the random variation of 3 variables 

This technique allows for a root-locus space over which the system dynamics are 

constrained, no matter what the particular value of an individual control variable. 

 

Although this approach shows the range of the system dynamics, it does not address how 

individual variables affect that range. In an effort to answer that question, the author have 

overlaid an additional scatter plot on top of Figure 6.3, in which the variable of interest is set 

to be either the floor or the ceiling of that variable’s range, while all other variables are 

randomly determined. An example of this overlaid approach is shown in Figure 6.4. 
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Figure 6.4: The endpoints of 1 variable overlaid on a scatter plot of all variables 

 

From this figure, it can be seen that this particular variable has a significant effect on both sets 

of poles. As b is increased, the real portion of the outer poles decreases, indicating a decreased 

settling time. The middle pole becomes over-damped as b increases. It is worth noting that b 

does not have a significant effect on the imaginary portion of the poles, indicating that it has 

no significant effect on the rise time. 

Using this approach, the effect of each variable may be determined on each pole, despite 

complicated dynamic equations. A final example showing the effect of 3 variables is shown in 

Figure 6.5. 

 



  107 

 6.2 2D projection of a multivariate root locus 

 

Figure 6.5: Scatter plot, showing the effect of three variables 

Root locus of Impedance terms. Ktorque = 1. 

a) Red(K=100 Nm/rad), Green (K=2 Nm/rad) 

b) Red(b=0 Nm/(rad/sec)), Green (b=10 Nm/(rad/sec)) 

c) Red(J=-.08 kg m
2
) Green (J=.08 kg m

2
)  
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This method is a fairly simple and straightforward approach to obtain a grasp of how the 

system dynamics are affected by multiple variables, taking into account the other variables.  

It may be seen in Figure 6.3 that the system is stable for the range of desired impedances. As 

expected, the system becomes under-damped as the stiffness increases (Figure 6.3a), the 

viscosity decreases (Figure 6.3b), or the inertia decreases (Figure 6.3c).  

It should be noted that negative desired inertias are allowed. This decision was decided based 

on work regarding the IBM TrackPoint(Barrett, Selker, Rutledge & Olyha, 1995),  which 

suggests that a negative inertia of the actuator, coupled with a positive inertia of muscle 

activation of the user, multiply together to create a system with little if any overall inertia. As 

our impedance controlled system remains stable for a negative inertial term, it seemed 

beneficial to allow it.  

 

6.3 Empirical Testing 

 The actuator described in Chapter 5 was tested using a commanded impedance of 

KDesired=100 Nm/rad, bDesired=0 Nm/rad/sec, and JDesired=0 kg m2. The stiffness was also 

lowered to K=2 Nm/rad, keeping both the desired viscosity and inertia at 0. 

The actuator behaves well at low frequencies, as illustrated in Figure 6.6. This observation is 

in agreement with the results of Pratt et al. (2004), in which they successfully created a 

stiffness an order of magnitude less than the actual stiffness of their actuator. As seen in Figure 
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6.7, the ability to generate a stiffness of 2 Nm/rad, over two orders of magnitude less than the 

actual stiffness of 327 Nm/rad, demonstrates the ability of series elastic actuators to provide 

high fidelity force control. The actuator is not able to entirely mitigate the inherent effects of 

damping at that low stiffness level, but still provides effective impedance control.  

 

 

 

Figure 6.6: Unconstrained Impedance Control 

KDesired=100 Nm/rad, bDesired=0 Nm/(rad/sec), ΙDesired = 0 kg m
2
 

b) The error between the desired and actual impedance is: Kerror=0.3 Nm/rad ⋅ θ, berror = 

1.3 Nm/(rad/sec) ⋅ ω , Jerror = 0.2 Nm/(rad/sec
2
) ⋅ α. 
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Figure 6.7: Unconstrained Impedance Control:  

Commanded KDesired=2 Nm/rad, bDesired=0 Nm/(rad/sec), JDesired = 0 kg m
2
 

The error between the desired and actual impedance (shown on the right of the figure) is: 

berror = 0.65 Nm/(rad/sec) ⋅ ω , Jerror = 0.09 Nm/(rad/sec
2
) ⋅ α. There was no significant 

error in stiffness. This stiffness is over 2 orders of magnitude less than the actual stiffness 

of 327 Nm/rad, yet the actuator still does a reasonable job of mimicking the low stiffness. 

It is not able to completely mitigate the inherent damping of the system at this low 

stiffness.  

 



  111 

 6.3 Empirical Testing 

Although the actuator behaves well at low frequencies, however, an unusual oscillation 

develops when the unconstrained system is commanded at frequencies near the natural 

frequency of the system, as illustrated in Figure 6.8.  

 

Figure 6.8: Bode plot of position response of the unconstrained actuator using impedance control 

KDesired = 100 Nm/rad, bDesired = 0, JDesired = 0. 

a) Frequency response of unconstrained actuator.  

b) 4.3 Hz signal 

The system developed secondary oscillations, as shown by the low points in the 

frequency response. Such a signal is illustrated by b). The system is still stable at these 

frequencies, but does not output a pure sine wave. 
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These nonlinear oscillations appear to be a result of backlash at the output of the torsional 

spring. A nonlinear model predicts a similar effect under the same conditions, as illustrated in 

Figure 6.9. Thus, at moderate frequencies, nonlinear oscillations will arise when the 

commanded oscillation is the same magnitude as the amount of backlash in the system: this 

feature is not an instability, however, but merely backlash in the system. Future designs will 

prevent this backlash by using a steel mating part instead of an aluminum mating part, which 

plastically deforms over time. 

 

 

Figure 6.9: The modeled effect of output backlash on the system’s ability to maintain a stiffness 
of 100 Nm/rad 
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6.4 Discussion 

In order to preserve stability, a low torque feedback gain of 1 has been required for Ktorque. 

This feedback gain is an order of magnitude lower than required for the constrained case, 

resulting in loss of fidelity. Introducing a derivative term in the inner torque loop, which 

usually acts as a damper, only amplifies this instability in the unconstrained state. 

Despite these nonlinear dynamics at moderate frequencies, the system is stable, and it has 

adequately performed in an unconstrained state during recent subject testing of user-

modulated impedance control. It is controllable in the 0.5-1 Hz frequency bandwidth of 

human tracking (Chan & Childress, 1990, Sheridan & Ferrell, 1974). Thus, it seems suitable 

for human interfaces. The impedance controller controls stiffness and inertia better than 

viscosity. Using a faster viscous response by placing the viscous element within the feedback 

loop may rectify this problem, and future experiments will investigate this modification to the 

control scheme. 

These findings highlight the limits of previous studies: Popat et al. (1993) only tested 

impedance control on a constrained system, citing subject safety as their motivation, and Pratt 

et al. only looked at unconstrained impedance control at 1-2Hz frequencies. Impedance 

control appears to work well when either constrained (in which case it is essentially force 

control) or at low frequencies, but may not be a good choice for use above 3 Hz, either due to 

signal attenuation (as predicted by modeling) or the development of secondary oscillations (as 

observed during testing).  
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6.5 Conclusion 

Series elastic actuators offer high force fidelity in their controllable bandwidth and intrinsic 

low impedance above their controllable frequency bandwidth, making them useful in 

impedance control and safe for human interaction. The high level of compliance coupled with 

an inertia load make them unsuitable for moderate frequency use in an unconstrained state. 

For use with humans, however, who do position tracking below 2 Hz, they offer a safe and 

high fidelity solution to providing impedance control. 

The terms impedance control and non-backdrivable have traditionally been incompatible. 

There is no conceptual difficulty, however, with accepting a low impedance non-backdrivable 

actuator. These empirical results, coupled with the author previous finding that high fidelity 

force control using a non-backdrivable gear transmission is possible, should allow for the 

syntheses of non-backdrivable transmissions and impedance control in future robotic 

actuators. 
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7 Critical Decisions required to Implement Impedance 

Control 

The prosthetic elbow is capable of modulating impedance over the desired range of values. 

Two questions related to user-modulated impedance control must be answered prior to 

examining whether or not this capability is useful to subjects. These two questions are: what 

underlying motion paradigm should be used, and what should be the default impedance? This 

chapter will address these questions. 

7.1 Questions to Address 

In impedance control, two variables determine the output force generated by the actuator: the 

desired motion, and the desired impedance. Before analyzing desired impedance paradigms, it 

is necessary to select an underlying desired motion paradigm.  

Myoelectric (MES) signals from a pair of agonist/antagonist muscles are often used clinically 

to control the motion of electric prostheses. MES signals are created as a byproduct of muscle 

contraction and are broadly proportional to the amplitude of contraction (Heckathorne & 

Childress, 1981). The velocity of the joint has conventionally been proportional to the 

amplitude of the rectified, 3 Hz -3dB low-pass filtered MES signals (Weir, 2003). This 

relationship between speed and MES signals is called proportional velocity control (PVC). A 

different motion control paradigm, proportional position control (PPC), sets the position of 
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the joint proportional to the amplitude of the rectified, 3 Hz -3dB low-pass filtered MES 

signals. PPC has been found to be better than PVC (Doubler & Childress, 1984, Weir, 1995) 

in pursuit tracking tasks, but these studies used force transducers as opposed to MES signals as 

inputs. The high level of noise present in MES signals may mitigate any inherent advantage in 

PPC.  

Popat et al. (1993) used PVC for their conventional paradigm and PPC for their impedance 

modulation paradigm. Thus, the effects of the impedance paradigm and motion paradigm 

were confounded. In order to decouple the motion paradigm from the impedance paradigm, 

all impedance paradigms were tested in this study using both PVC and PPC to determine 

which motion paradigm is better for impedance control.  

Able bodied subjects typically have minimal stiffness in their elbow joint (Popescu et al., 

2003), most likely because it requires less energy expenditure than continuously co-

contracting their muscles. Using computer based impedance control, however, the relaxed 

state of the subject may be set to an arbitrary impedance: either low if subjects prefer low 

impedance most of the time, or high if subjects prefer high levels of impedance most of the 

time. Although co-contracting muscles to lower stiffness does not mimic human physiology, 

it may provide better control with less energy expenditure than mimicking human 

physiology. While exact values are not necessary for further experiments, an understanding of 

whether low or high impedances are preferred would aide future experiments. 
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 In order to answer this question, it is necessary to decouple the subject’s preferred co-

contraction level from subject’s preferred impedance of the prosthesis. All impedance 

paradigms were tested for two co-contraction states to decouple these two variables. If the 

subject’s co-contraction level changes when the co-contraction state changes, then it may be 

inferred that the subject was willing to change their co-contraction level to maintain a 

preferred impedance. If the co-contraction level does not change when the co-contraction state 

changes, it may be inferred that the subject is either incapable of changing their co-contraction 

state, or that the subject does not have a preferred impedance.  

7.2 Experimental Apparatus 

The protocol was approved by the Northwestern University Institutional Review Board, and 

all patients signed informed consent forms. Four able bodied subjects (mean age 28 +/- 3 

years) including two males and two females were enrolled in this preliminary study. Subjects 

remotely controlled the prosthesis by tensing a pair of agonist and antagonist muscles. The 

amount that subjects co-contracted was set proportional to impedance. The amount one 

muscle was contracted more than the other was set proportional to speed. Otto Bockxiv 

13E200 electromyography (MES) sensors were used to record MES signals. Otto Bock’s 

13E200 electrodes use a 100-400 Hz bandpass filter and a 60 Hz notch filter. The resulting 

signal is rectified and low-pass filtered. The electrodes were located on the lateral head of the 

triceps brachii and the long head of the biceps brachii, over the center of the muscle belly. 
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Subjects wore an elbow orthosis to maintain 90 degrees of elbow flexion, and held onto a 

fixed pole to allow for the use of isometric contractions. 

 Subject’s MES signals were used to calibrate eight thresholds, shown in Figure 7.1. The first 

four thresholds involved the maximum and minimum levels of the agonist and antagonist 

muscles. The final four thresholds involved the maximum and minimum values of the motion 

signal and impedance signal. The voltages corresponding to minimum and maximum muscle 

contraction were proportionally scaled to 0-1 for both muscles. The scaled muscle signals were 

then sent to the motion and impedance blocks, where the maximum and minimum motion 

and impedance were each proportionally scaled to 0-1. Subjects were asked to exert moderate 

contractions with each muscle to calibrate the maximum setting of each muscle, in order to 

avoid fatigue. To determine the minimum thresholds for each muscle, subjects were asked to 

alternate between a moderate contraction of one muscle and a moderate contraction of the 

other muscle. The level they contracted the relaxed muscle was set as the minimum threshold, 

so that impedance would not be activated by involuntary antagonist muscle contraction.  
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Figure 7.1: Calibrating Signal thresholds.  

Maximum and Minimum thresholds were set for each muscle. These thresholds were 

scaled to 0-1, and then fed into Impedance and speed blocks, where maximum and 

minimum thresholds were again calibrated. These thresholds were likewise scaled to 0-1.   

 

To ensure that the thresholds were correctly set, subjects were asked to track a moving 

target on a computer screen while exerting three levels of co-contraction: minimum, medium, 

and maximum. In addition, subjects were asked to co-contract at two different levels shown 

on the screen. The maximum impedance threshold was adjusted to allow subjects to 

accurately but easily control their impedance value without affecting their performance. 

Impedance maximum thresholds ranged from 20 to 40% of the maximum co-contraction 

range. The maximum velocity threshold was set to 80% of the maximum velocity signal, 

allowing subjects to obtain maximum co-contraction at maximum velocity. The minimum 

velocity threshold was set to 0. 
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In order to decouple the motion paradigm from the impedance paradigm, all impedance 

paradigms were tested using both PVC and PPC to determine which motion paradigm is 

better for impedance control. For PVC, the desired velocity was set proportional to the MES 

signals. This velocity signal was then integrated to obtain the desired position necessary to 

implement impedance control. Integration served the added function of inherently low-pass 

filtering the signal, such that no additional filtering was required. For PPC, a position range 

double that of the range of the elbow was set proportional to the range of the MES signals. 

This position signal was then rate limited to 0.6 rad/sec to ensure stability. Rate limiting 

provided more responsive control than implementing a low pass filter. Without rate limiting, 

the elbow could not be accurately controlled using proportional position control, due to the 

high noise levels inherent in the MES signals.  

 All impedance paradigms were tested for two co-contraction states. In the first co-

contraction state, the default impedance corresponded to low impedance, with co-contraction 

raising the impedance. In the second co-contraction state, the default impedance corresponded 

to high impedance, with co-contraction lowering the impedance. This second co-contraction 

state is not biomimetic, in that the derivative of control does correspond to physiological 

systems, where co-contracting always increases impedance. It is impossible to decouple the 

derivative of these variables, and as a result, the derivative had to remain non-biomimetic, in 

an effort to decouple co-contraction from desired impedance.  
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The task was designed to mimic real life situations, in which the majority of tasks are 

unconstrained, but where perturbations may be encountered. Subjects remotely controlled 

the prosthetic elbow while trying to position its endpoint on stationary projected targets. 

Subjects were asked to arrive at the targets as accurately and quickly as possible. A compliant 

perturbation in the middle of the target space impeded movement. The experimental 

apparatus is shown in Figure 7.2.  
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a 

 

b 

 

Figure 7.2: Experimental Apparatus.  

a) A projector projects targets onto the display board. The compact SEA elbow is 

mounted to the display board, and remotely controlled by the subject’s MES signals. A 

fixed compliant perturbation impedes movement. Subjects are fit in an orthosis and they 

grasp a weighted pole to exert isometric contractions. The position of the target changes 

with each trial. 

b) A picture showing the actual setup 
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  The computer displayed a new target at a different location when the subject’s velocity 

reversed direction or stopped near the target. The computer also recorded the time taken to 

arrive from the previous target, the angular error between desired and actual endpoint 

position (based on where the subject stopped or reversed direction), and the average 

impedance throughout the entire movement. Average angular velocity was calculated based 

on the time required to reach the target and the actual distance covered.  

The task was performed for a series of target diameters and trajectory lengths in an attempt 

to provide a Fitts’ law analysis of the task. The resulting data did not meet the requirements 

for a Fitts' model, however: the relationship between time and index of difficulty was not 

sufficiently linear (r2<0.81), and the linear intercept between the two variables was too large 

(b>0.4 s). For the sake of clarity, these results are not presented in this chapter, because they 

are not relevant to the critical decisions required to implement impedance control. These 

results are presented and discussed in Appendix 12.5. 

Subjects were given a practice run for each motion paradigm. Subjects completed the task 

for 50 targets for each combination of paradigms. Only the last 40 targets were analyzed for 

each trial. Subjects were encouraged to try modulating their co-contraction level during the 

first 10 targets to see if it helped or hurt their performance. 

Subjects were independently tested for stiffness modulation and inertia modulation, as well 

as a control paradigm in which the impedance was fixed regardless of co-contraction levels. 
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These impedance paradigms were tested using both motion paradigms and both co-

contraction states. Subjects were blinded to all paradigm variations. The Simulink control 

blocks used to implement this experiment are shown in Appendix 12.8, and the Matlab 

code used to run the experiment is presented in Appendix 12.10. 

7.3 Results  

7.3.1 Performance of Underlying Motion Paradigm 

Speed, endpoint error, and co-contraction levels are compared between proportional position 

control (PPC) and proportional velocity control (PVC) in Figure 7.3. There is a significant 

increase in speed using PVC (p<=0.01) compared to PPC. This increase in speed is largely 

attributable to the fact that the speed of PPC hit a ceiling due to rate limiting. This effect will 

be discussed in section 7.4. There is no significant difference in error between the two motion 

paradigms (p=0.66) or in co-contraction levels (p=0.17), although there does appear to be a 

trend towards higher co-contraction levels in PVC control that might be found to be 

significant by examining larger numbers of subjects. For the purpose of this preliminary 

study, however, the fact that there is a significant increase in speed without a significant 

increase in error is sufficient to recommend PVC as the underlying motion paradigm.  
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Figure 7.3: Boxplot comparison of motion paradigms.   

Proportional velocity control reached targets faster, with similar error to proportional 

position control. The speed ceiling reached in PPC is discussed in section 7.4. 

 

7.3.2 Impedance Baselines 

Figure 7.4 illustrates subject’s co-contraction and impedance ranges using proportional 

position control (PPC). In Fixed Impedance, where co-contraction had no effect on the 

impedance, subjects had low levels of co-contraction. For the Stiffness modulation paradigm, 

there was a noticeable difference in co-contraction levels depending on the co-contraction 

state. When the co-contraction state had a default of low stiffness, subjects co-contracted to 

raise the stiffness. This effect bordered on statistical significance (p=0.058) for four subjects. 

 There was a similar effect in inertia levels, although it was not as pronounced. This effect 

was also not statistically significant (p=.071) for four subjects. Qualitatively, subjects did not 

mind positive inertia, but did not like negative inertia, and these results confirm that: subjects 

co-contracted to maintain positive inertia when given a negative inertia baseline.  
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Figure 7.4: Co-contraction & Impedance Modulation Ranges for Proportional Position Control 

(PPC). 

a) shows the range of co-contraction and impedance modulation for the Fixed Impedance 

paradigm, where co-contraction had no effect on the impedance of the prosthetic elbow.   

b) shows the range of co-contraction and impedance modulation for the Stiffness 

modulation paradigm for two co-contraction states. In the first (Default Low), the default 

stiffness was low, and co-contraction increased the stiffness. In the second (Default 

High), the default stiffness was high, and co-contraction lowered the stiffness. For Default 

Low, subjects co-contracted to raise the stiffness. For Default High, they remained at low 

co-contraction levels. Thus, it appears that subjects preferred higher stiffness. 

c) shows the range of co-contraction and impedance modulation for the Inertia 

modulation paradigm for the two co-contraction states. For Default Low, subjects co-

contracted to make the inertia non-negative. For Default High, subjects did not behave 

differently than the Fixed Impedance paradigm. Thus, it appears that subjects preferred 

non-negative inertia. 
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Figure 7.5 illustrates subject’s co-contraction and impedance ranges using proportional 

velocity control (PVC). In Fixed Impedance, where co-contraction had no effect on the 

impedance, subjects co-contracted more than they did for the same paradigm in PPC. For the 

Stiffness modulation paradigm, there was a noticeable difference in co-contraction levels 

depending on the co-contraction state, although less pronounced than in PPC, in which 

subjects raised the stiffness regardless of the co-contraction state. This effect was not 

statistically significant for four subjects (p=0.17). There was not a noticeable difference in 

inertia levels, and no statistical difference (p=0.31).  
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Figure 7.5: Co-contraction & Impedance Modulation Ranges for Proportional Velocity Control 
(PVC). 

a) shows the range of co-contraction and impedance modulation for the Fixed Impedance 

paradigm, where co-contraction had no effect on the impedance of the prosthetic elbow.   

b) shows the range of co-contraction and impedance modulation for the Stiffness 

modulation paradigm for two co-contraction states. In the first (Default Low), the default 

stiffness was low, and co-contracting increased the stiffness. In the second (Default 

High), the default stiffness was high, and co-contracting lowered the stiffness. For Default 

Low, subjects co-contracted to raise the stiffness. For Default High, they co-contracted 

less than they did for the Fixed Impedance paradigm, which again raises the stiffness. 

Thus, it appears that subjects preferred higher stiffness. 

c) shows the range of co-contraction and impedance modulation for the Inertia 

modulation paradigm for the two co-contraction states. There is not a noticeable 

difference between the two co-contraction states, and thus no apparent preferred inertia 

baseline for this task. 
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7.4 Discussion 

Proportional position control has been found in the past to provide better performance for 

pursuit tracking tasks (Doubler & Childress, 1984, Weir, 1995). It relies on clean, accurate 

command signals, however, such as those provided by position or force transducers (Doubler 

& Childress, 1984, Simpson, 1974). Electromyography signals commonly used to control 

electric prostheses are not clean signals. As a result, either the prosthesis is uncontrollable, or 

the speed of the prosthesis must be severely limited when using proportional position control. 

The author chose to limit the speed to the fastest speed at which the prosthesis could be 

controlled at all. Using a rate limiter allowed for a higher cutoff frequency with less phase lag 

than using a low-pass filter (0.7 Hz -3dB cutoff) to achieve the same stability criterion. 

Whereas it is not surprising that subjects moved at the speed determined by the rate limiter, 

the fact that their accuracy was not improved over velocity control demonstrates that 

proportional velocity control provides better control of the prosthetic elbow. An adaptive 

low pass filter, in which the signal is smoothed more at lower speeds (Jacobsen, Meek & 

Fullmer, 1984), may allow for better accuracy using proportional position control during 

slow movements, but not faster movements such as those tested in this study, as the frequency 

cutoff was determined during movements. In summary, stable proportional velocity control is 

just as accurate, and significantly faster, than stable proportional position control when using 

MES electrodes: thus it should be used as the motion paradigm for MES-based impedance 

control. This finding is in agreement with qualitative feedback from the subjects, who 
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preferred the more stable and faster velocity control. Subjects also felt that this motion 

paradigm was more intuitive: In order to move the elbow from full flexion to medium 

flexion, it made more sense to tense the antagonist muscle than to relax the tension in the 

agonist muscle.  

 It also seemed evident that subjects prefer high stiffness and non-negative inertia, although 

this is not statistically shown. Subjects consciously co-contracted to maintain high stiffness 

levels when presented with a paradigm that made the relaxed state low impedance. This 

finding also makes sense: increased stiffness provides increased position accuracy. In humans, 

increased stiffness requires excessive power consumption, but for a prosthesis, increased 

stiffness can easily be achieved without power consumption by the user, affording more 

accurate control for less work. This effect, while present in PVC, was weaker than in PPC. 

This weaker contrast may be a result of the naturally higher co-contraction levels in PVC, 

which brought subjects closer to their desired impedance regardless of the co-contraction 

state. In the case of inertia control, if subjects naturally co-contracted 50%, then they would 

never encounter a negative inertia, and thus have no reason to alter their co-contraction levels. 

While future studies that test more subjects may suggest differently, this certainly suggests a 

good starting baseline of high stiffness levels and non-negative inertia. 
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7.5 Conclusion 

Using the prosthetic elbow described in previous chapters, a motion paradigm of MES driven 

proportional velocity control was found to provide faster control than MES driven 

proportional position control, without an increase in error. Subjects are willing to co-contract 

to maintain high stiffness and non-negative inertia. Thus, the default stiffness should be high 

(50-100 Nm/rad) and the default inertia should be nonnegative. Future studies will use these 

conditions to evaluate the usefulness of user-modulated impedance control. 
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8 User Modulated Proportional Impedance Control by Able 

Bodied Subjects 

The author has designed a prosthetic elbow that is capable of mimicking a variety of 

impedances. In addition, he has shown that subjects can modulate impedance without 

impairing performance. Whether the ability to modulate impedance improves performance 

compared to using predefined optimal values remains to be seen. Two tasks were evaluated in 

order to assess whether or not subjects prefer to modulate impedance within and between 

tasks, using a variety of impedance modulation paradigms. The protocol was approved by the 

Northwestern University Institutional Review Board, and all patients signed informed 

consent forms. Fifteen subjects (median age 37 +/- 14 years) including eight males and seven 

females were enrolled in this study. 

 The procedure described in section 7.2 was used for Signal Acquisition and 

Calibration. 

8.1 Control Paradigms 

Each component of impedance, including stiffness, viscosity, and inertia, was independently 

modulated by the subject while keeping the other impedance components fixed. The subject 

also used a control paradigm, in which all impedance components were fixed. Impedance 

component ranges included stiffness modulation (K = 2-102 Nm/rad), viscosity modulation 
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(b = 0-10 Nm/(rad/sec), positive inertia modulation (J = 0-0.05 kg m2) and negative inertia 

modulation (J = 0 - -0.03 kg m2), using velocity control as the motion paradigm. The fixed 

state of impedance components when they were not being modulated, or when the subject 

was completely relaxed, were k = 102 Nm/rad, b = 0 Nm/(rad/sec), J = 0 kg m2. These 

default values at the relaxed state, as well as the motion paradigm used, were based on the 

results of Chapter 7. Both the subjects and the experimenters were blind to the variable being 

tested in each paradigm, and the order was randomly determined for each subject. 

8.2 Experimental Tasks 

In order to evaluate the usefulness of impedance modulation for control of a prosthesis, two 

tasks were designed to mimic real life situations, in which the majority of activities are 

unconstrained, but where perturbations may be encountered. In the first task, which was a 

pointing task, subjects remotely controlled the prosthetic elbow while trying to position its 

endpoint on discrete projected targets, as shown in Figure 8.1. Subjects were asked to arrive at 

the targets as accurately and quickly as possible. A compliant perturbation in the middle of 

the target space impeded movement.  
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Figure 8.1. Experimental apparatus for pointing task.  

A projector projects targets onto the display board. The compact SEA elbow is mounted 

to the display board, and remotely controlled by the subject’s MES signals. A fixed 

compliant perturbation impedes movement. Subjects are fit in an orthosis and they 

grasp a weighted pole to exert isometric contractions. The position of the target changes 

with each trial. 

 

The computer displayed a new target at a different location when the subject’s velocity 

reversed direction or stopped near the target. The computer also recorded the time taken to 

arrive from the previous target, the angular error between desired and actual endpoint 

position (based on where the subject stopped or reversed direction), and the average 

impedance throughout the entire movement. The average impedance during three segments of 

movement, including movement initiation, free swing, and movement termination, was also 

recorded. Average angular velocity was calculated based on the time required to reach the 

target and the actual distance covered.  
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One trial consisted of 50 targets. Only the last 40 targets were analyzed for each trial. 

Subjects were encouraged to modulate their co-contraction level during the first 10 targets to 

see if it helped or hurt their performance. Two trials were done for each paradigm. For one of 

these trials, subjects were required to complete the Stroop task (Stroop, 1935) in parallel with 

the pointing task. In this Stroop task, a word was displayed next to the target. The word 

spelled a color, but was projected in a different color. Subjects were given such a word at the 

beginning of the experiment to see if they would intuitively say the text or the color of the 

word. Throughout the remainder of the experiment, subjects were asked to say the opposite, 

in an attempt to add an additional mental load. Whether or not the mental load trial was done 

first or second was randomly determined. 

For the second task, subjects were asked to track a continuously moving target in an 

attempt to simulate a partially constrained task, such as raising the sail on a sailboat. The 

position of the target was determined by a 100 Hz band limited white noise generator, which 

was passed through a 0.3 Hz eighth order low-pass Butterworth filter. A pulley system 

conveyed the output of the prosthetic arm to an unseen weight rack, where 0.08 kg, 0.76 kg, 

or 1.445 kg was supported by the prosthetic arm, depending on its position. This setup is 

illustrated in Figure 8.2. The Simulink control blocks used to implement this experiment 

are shown in Appendix 12.9, and the Matlab code used to run the experiment is 

presented in Appendix 12.10 
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The average impedance over the entire one-minute task was recorded, as well as the average 

detrended error between the actual and desired angular position. 

 

 

 

Figure 8.2: A picture showing the tracking task.  

The prosthetic arm is connected through a pulley system to a weight rack. The arm must 

pull between 75g and 1,435g, depending on the position of the elbow. The user must 

track the target, which continuously moves at 0.3 Hz. The fixed perturbation slides 

backwards for this task, so that it does not interfere with the prosthesis. 

 

At the beginning of the experiment, subjects performed the pointing task once to become 

used to the proportional-velocity-control motion paradigm without any data being recorded 

or analyzed. For each paradigm, the pointing task was done twice in succession: once in 

parallel with the Stroop task and once without (in random order). Subjects then completed 
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the second task, and then a new paradigm was presented. This sequence is illustrated in Figure 

8.3. Subjects were informed each time a new paradigm was presented. 

 

 

Figure 8.3: Experiment Sequence.  

After Signal Acquisition & Calibration, subjects completed the pointing task once to 

become used to the motion paradigm. Then, for each paradigm, subjects completed the 

pointing task twice, and then the tracking task once. For the pointing task, subjects had to 

complete an additional task for one of the trials. The order of these two trials was 

randomly determined.  

8.3 Results 

Inter-subject variables included impedance paradigm and mental load. Between-subject 

variables included age group and gender. There was no statistical difference for speed or error 

based on age (p>0.1), gender (p>0.27), or paradigm order (p>0.19). The addition of the 

mental load task decreased mean speed across paradigms from 0.74 rad/sec to 0.69 rad/sec 

(p=.04)), but had no statistically significant effect on error (p=0.28). With the additional 

mental load task, the spread of co-contraction levels for a given trial of a given subject 

increased dramatically. As a result, any statistical comparisons had p values of around 0.9, 

since the co-contraction levels essentially became white noise. As a result, only the results for 
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the no-mental load condition are presented below, since the addition of a mental load 

effectively prevented subjects from having any control over their co-contraction levels. 

The co-contraction levels of individual targets are shown in Appendix 12.6. 

 

8.3.1 Co-contraction  

The co-contraction levels of individual subjects were analyzed across paradigms for the 40 

trials in the pointing task, using a 1X5 repeated measures ANOVA with a Bonferroni 

correction factor to compare main effects. Every subject had at least one pair of paradigms 

with statistically different (p<0.05) median co-contraction, and 12 subjects had at least one 

paradigm that had a statistically different (p<.05) median co-contraction level than the 

median co-contraction level of all the other paradigms. Four subjects had at least 3 statistically 

different (p<0.05) groupings of paradigm co-contraction levels. Three of these subjects were 

retested on different days, but none of these subjects maintained the distinct groupings of co-

contraction levels between paradigms. Thus, co-contraction results were not repeatable.  

The median co-contraction levels of the subjects are shown in Figure 8.4 for both tasks. The 

difference in co-contraction levels across paradigms is not statistically significant (p>.27) for 

either task using a 1X5 repeated measures ANOVA. 
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Figure 8.4: Impedance Modulation, compared by paradigm.  

p = 0.27 for pointing task and 0.50 for tracking task. Subjects did not have a consensus 

for the optimal impedance 

 

A significant difference in the co-contraction levels between the two tasks is expected if 

subjects modulate impedance levels based on the particular task. The difference between the 

median co-contraction levels of both tasks for each impedance paradigm is shown in Figure 

8.5. There was no statistical significance between the tasks using a paired student’s t-test, 

except for the negative inertia modulation paradigm (p=0.01), in which subjects co-contracted 

more during the tracking task than during the pointing task.  
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Figure 8.5: Impedance Modulation, compared by task.  

There was no difference in the level of impedance modulation between the two tasks, 

except for negative inertia modulation, in which subjects co-contracted more in the 

tracking task, providing inertia that is more negative. 

 

Co-contraction levels were also analyzed within three movement regions for each movement: 

movement initiation, free swing, and termination, as illustrated in Figure 8.6. Subjects co-

contracted more at movement initiation (0.182) and termination (0.210) than during free 

swing (0.088), regardless of paradigm (p=0.011), even when co-contraction had no influence 

on motion control.  
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Figure 8.6: Co-contraction across movement regions. 

Average impedance was recorded for three movement regions: Movement initiation, free 

swing, and movement termination. Subjects co-contracted more during the start and stop 

of each movement than in the middle, regardless of the impedance paradigm. 

 

8.3.2 Performance 

From the results of section 8.3.1, it may be inferred that subjects did not actively modulate 

their impedance to improve their performance. The level that they did modulate their 

impedance, however, may have had an effect on their performance. As a result, median 

performance metrics were compared across impedance paradigms to see if subjects performed 

better using a particular impedance paradigm. A linear regression was also done between 

optimum performance metrics and their corresponding co-contraction levels for each 

paradigm, to see if impedance values affected performance. 
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 Median performance metrics are shown in Figure 8.7. There was a significant difference 

between the paradigms for both error (p=<.001) and speed (p=.001), where error is defined 

as the difference between the desired and actual endpoint position. Using a post-hoc analysis 

of the main effects, it was found that the Fixed and Viscosity paradigms had lower error than 

the other paradigms (p<0.05), and that the speed of the two inertia paradigms was higher 

than that of the others (p<0.02). 

 

Figure 8.7: Impedance paradigm effect on performance.  

 

The co-contraction level corresponding to the optimum performance (minimum error, 

maximum speed) is shown in Figure 8.8. Linear regressions were done between optimum 

performance and the co-contraction level corresponding to it across subjects. There was no 
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significant correlation between co-contraction levels and performance, except for the error of 

the Fixed Impedance paradigm (Error ~ .05* Co-contraction) and the speed of positive inertia 

(Speed ~ 0.91* Co-contraction). 

 

Figure 8.8: Impedance effect on performance.  

Co-contraction had a small, but significant effect on error (Error ~ .05* Co-contraction) for 

the Fixed Impedance Paradigm and a large effect on speed (Speed ~ .91*Co-contraction) 

for positive Inertia. Other than those, co-contraction did not have a significant effect on 

the performance. 

 

8.4 Discussion 

If the default impedance provides poor enough control of the prosthesis, the results of 

Chapter 7 have indicated that subjects are willing to co-contract to change the impedance. 
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However, no consensus was found in this study. In this study, the baseline impedance was set 

to the preferred impedance of the previous study. As a result, it seems likely that subjects are 

either unwilling, or unable to fine-tune their impedance once a generally acceptable 

impedance is obtained.  

For each impedance paradigm, subjects were only allowed to evaluate the preferred 

impedance for 10 movements. It is feasible that if subjects were given several hours to learn 

each impedance paradigm, differences between paradigms might be more apparent, and 

subjects might gain more fine-tune control of the impedance level. Due to the noisiness of 

MES, this is unlikely, but future studies are required to rule this possibility out. 

 It is useful to note that increased co-contraction only had a small impact on performance. 

This means that co-contraction level may be used in the future to control a separate variable. 

MES signals are noisy, however, even when they are severely low-pass filtered. As a result, co-

contraction does not present a viable method for fine-tuning any parameters in a prosthesis. It 

may be used to coarsely adjust a feature, but if an approximation of the ideal parameter is 

known a priori, this prior knowledge will yield a more finely tuned impedance setting than 

having the subject adaptively tune the impedance. As a result, allowing the subject to control 

the modulation of impedance does not seem useful. Having several states of predefined 

impedance, that the user may switch to by flipping a switch, or using co-contraction to act as 

a switch, seems a much easier solution, and one that will provide more accurate control with a 

lower mental load. 
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 The choice of tasks likely also contributed to subject’s lack of impedance modulation. If 

objective tasks had been found in which the impedance was actively modulated, subjects may 

have modulated their impedance. The authors were unable to devise an experiment in which 

impedance modulation was intuitively beneficial, although both of the tasks used in this 

experiment attempted to do so. There are very few tasks that may be objectively measured 

using a bench-top prototype in which impedance modulation makes sense. Giving subjects 

more time to learn each impedance modulation paradigm may have likewise allowed them to 

better use impedance modulation. However, such training sessions were outside the scope of 

this thesis. 

  Subjects qualitatively voiced their preference for fixed impedance, stiffness control, and 

viscosity control. Both positive and negative inertia control were difficult to control. These 

qualitative findings are in agreement with the performance results shown in Figure 8.7 

8.5 Conclusion 

There was no collective agreement on the optimal state of any impedance parameters, most 

likely a result of the inability to fine-tune the impedance using MES signals as a control signal. 

Stiffness control and viscosity control presented the most stable results. Both positive and 

negative inertia control were very difficult to control by the subjects. Future studies should 

allow the user to switch between impedance states, rather than allowing subjects to 

proportionately modulate impedance. 
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9 User Modulated Proportional Impedance Control by 

Subjects with an Amputation 

The experiments described in chapter 8 were also performed on two subjects with a shoulder 

disarticulation and two subjects with a transhumeral amputation. All of these subjects had 

targeted reinnervation, and had controlled electric prostheses using myoelectric sensors for at 

least six months. The protocol was approved by the Northwestern University Institutional 

Review Board, and all participants signed informed consent forms. The protocol was the same 

as the one described in chapter section 8, except that subjects wore the prosthesis for the 

second task. 

 One of the subjects with a transhumeral amputation did not satisfactorily complete the 

signal calibration phase, in which subjects isolate co-contraction from individual muscle 

action. This subject was unable to co-contract while simultaneously controlling movement. 

Of the remaining three subjects, both subjects with a shoulder disarticulation attempted to 

complete the second task, in which the prosthetic elbow was attached to their socket. One of 

them did not feel comfortable wearing the prosthesis since its terminal device was connected 

to a series of weights, however, and as a result, only one of them completed the second task. 

There were technical difficulties with the electrodes used by the second subject with a 

transhumeral amputation, and as a result, although he did complete the second task, he had to 

do so remotely, using Otto Bock electrodes. As a result, his results for the second task are not 
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presented below. The co-contraction levels for the three subjects who remotely completed the 

first task and for the one subject with a shoulder disarticulation who completed the second 

task while wearing the prosthetic elbow are shown below in Figure 9.1. 

 

 

Figure 9.1: Co-contraction levels for subjects with an amputation.  

Co-contraction levels for the three subjects with an amputation are shown with 

point markers. They are overlaid against a background of able-bodied box-plots 

for each paradigm.  

Only one subject was able to complete the second task. 

 

Both subjects with a shoulder disarticulation rarely co-contracted, even during those initial 

movements where they were encouraged to co-contract. The subject with a transhumeral 

amputation, shown with an x marking in Figure 9.1, did co-contract during the initial 
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movements, but only intentionally co-contracted during the fixed Impedance paradigm and 

the viscosity impedance paradigm. Subjects who control prostheses using myoelectric control 

are trained to relax their antagonist muscles. While they may use co-contraction to act as a 

switch, they never intentionally co-contract throughout a movement. As a result, it was likely 

to detrain themselves to intentionally co-contract their muscles. The one subject who 

performed the second task did co-contract more when the prosthesis was attached to his 

socket, but only minimally. 

For the second task subjects had to move 15 N in a tracking task, using a 0.5 m lever arm. 

In retrospect, this weight was too heavy to ask subjects to move in a sinusoidal manner. 

Subjects had to brace themselves to prevent themselves from being tipped over, and one of the 

smallest and lightest subjects was uncomfortable with the amount of torque required, and as 

such did not complete the experiment. Future experiments should use less weight, and adjust 

the lever arm to be anthropomorphically appropriate for the subject. 

10 Conclusions  

The measured socket-residual limb interface rotational stiffness for four subjects with a 

transhumeral amputation ranged from 24-140 Nm/rad. Finite element modeling indicates that 

these subjects should be able to modulate their impedance at least between 14 and 70 Nm/rad 

by co-contracting their muscles. Able-bodied subjects can modulate the stiffness of their elbow 

between 3 and 140 Nm/rad. As a result, the rotational stiffness range of the socket-residual 
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limb interface sufficiently overlaps the range of able-bodied elbows to render impedance 

control of the elbow superfluous. Impedance control of more distal joints is not affected by 

the stiffness of the elbow socket-residual limb interface, however, and still merits 

investigation. Impedance control of the elbow for subjects with a shoulder disarticulation is 

also unaffected by the stiffness of the socket-residual limb interface, and merits investigation. 

  A compact series elastic actuator has successfully been designed and created that 

accurately mimics a range of impedances less than its actual impedance for frequencies less 

than 4 Hz. It has been found that inner position control and a sensor distal to sources of 

friction improve the fidelity of the system. These improvements were not included in this 

design, however, for reasons discussed in Chapter 5. Regardless of whether impedance control 

is implemented or not, the physical impedance of the prosthetic elbow should always be 

limited by inserting a compliant element distal to the gear transmission, to ensure safety to the 

user. 

 A pilot study involving four subjects found that subjects prefer proportional velocity 

control to proportional position control as an underlying motion paradigm to implement 

impedance control. Proportional velocity control may be controlled more accurately at 

higher speeds than proportional position control. This study also found that subjects could 

decouple co-contraction from motion control when presented with an undesirable impedance 

baseline, and that subjects prefer high stiffness and nonnegative inertia. 
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  A study involving fifteen able bodied subjects and four subjects with an amputation found 

that subjects do not actively modulate their impedance when given an acceptable baseline 

impedance. Stiffness control and viscosity control provided the most stable control. Subjects 

with an amputation tended not to co-contract, even during the initial segment of each trial, 

when they were encouraged to co-contract. As a result, they may require additional training 

to learn to use co-contraction as an additional signal in parallel with motion control. 

In summary, allowing subjects to actively modulate their impedance using MES signals, 

while they simultaneously controlled the motion of the prosthesis, did not prove to be useful. 

While allowing subjects to use co-contraction as a switch to change between large groupings 

of impedance may be useful, proportional impedance control of an unconstrained or semi-

constrained prosthesis is not advantageous. 
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11 Future Work 

Although user-modulated proportional impedance control has not proven useful, it may still 

be useful to allow subjects to switch between impedance states such as high and low stiffness, 

using co-contraction as a switch. Viscosity control seems to hold the most promise, followed 

by stiffness control. Future experiments should use a low (2 Nm/rad) and high (70-100 

Nm/rad) stiffness state, or a low (0 Nm/(rad/sec)) and a high (5 Nm/(rad/sec)) viscosity state. 

 Now that the design concepts of the prosthetic elbow have been proven, it would be useful 

to create a second generation of prototypes that may be taken home by subjects and worn for 

several months. This would allow subjects with an amputation sufficient time to adjust to the 

new paradigms, and assess if they like them in real activities of daily living. By monitoring the 

amount of time they stay in each state, it would be possible to quantitatively assess how much 

they used each state. 

 Adjustable impedance control also seems useful in body-powered prostheses, especially for 

the wrist. Future research may design a wrist capable of adjusting both the stiffness and the 

viscous friction by turning two disks. The impedance could be set for a particular task, and 

then left alone while the subject performed the task.  

 The intentional insertion of compliance allows for energy storage. As a result, forces may 

be exerted that do not fluctuate with small movement perturbations, removing the need for 

external power sources. This concept lends itself to a subset of body-powered terminal devices 
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termed voluntary closing (VC) terminal devices, where the user generates a force to close the 

terminal device. These devices typically have clutches to allow the user to relax once they 

have grasped an object: otherwise, the user would constantly have to exert force on the 

terminal device to preserve the force. These clutches are seldom successful, however, because 

all force is lost if any amount of slip is present. The terminal devices function more poorly 

with time as clutch parts wear down, and as a result, they can seldom be used to grasp 

noncompliant objects, such as a piece of paper. This problem may be solved by inserting a 

compliant element distal to the clutch – in effect making the terminal device itself compliant. 

By introducing a nonlinear stop, higher forces may be exerted. For moderate to low forces, 

however, the force will remain stable even in the presence of small position perturbations. 

Future work will investigate the implementation of this design. 

 Finally, although it now seems apparent that user-modulated proportional impedance 

control is not useful, a converse paradigm may prove interesting. Instead of having the subject 

change the inertia, it may be useful for the prosthesis to appear to have the same inertia, 

regardless of the load in the terminal device. This may be accomplished by implementing a 

load-sensitive continuously variable transmission. The author has created a design that simply 

accomplishes this goal in a body-powered prosthetic elbow and a body-powered prosthetic 

terminal device (Sensinger & Weir, 2007), and future research will fabricate these devices and 

explore subject’s perception of them. 
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12 Appendices 

12.1 Expanded Physiology Review 

12.1.1 Muscle Physiology 

The physical properties of muscles have a substantial impact on control of movement. Thus, 

examining the physical attributes of muscles may form an important foundation in the 

understanding of human control of movement. The properties of muscle described here are 

explored in greater detail by Kandel, Schwartz and Jessell (2000). 

 Humans use muscle to generate contractile force. Muscles are linked to bone across one or 

more joints by tendons, which are moderately compliant. Bones provide the structural 

framework of motion, and muscles act in antagonistic pairs to move bones. The tendons of 

muscles tend to be inserted close to joints, allowing large forces and small movements by the 

muscle to be translated to larger movements and smaller forces by the limb segment. 

 A muscle is composed of parallel bundles of fibers. Each of these fibers is in turn composed 

of smaller bundles of fibers termed muscle fibers. Each muscle fiber contains bundles termed 

myofibrils. Muscles are activated when electrical action potentials, traveling through nerves, 

reach a chemical synapse on the muscle fibers termed an endplate. Most muscle fibers are 

activated by one motor neuron in one place. The group of muscle fibers activated by the same 

motor neuron is called a motor unit. When an action potential reaches the endplate of a 
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muscle fiber, acetylcholine, a neurotransmitter, is released in sufficient quantity to depolarize 

the postsynaptic membrane of the muscle fiber to its threshold. Acetylcholineterase is released 

shortly after, so that the muscle fiber is ready for the next action potential. Because of this 

process, muscle fibers fire in an all or none manner for each action potential. Whereas the 

action potential of each motor neuron synchronously depolarizes all of its muscle fibers, the 

action potentials of motor neurons in a given muscle tend to activate asynchronously for non-

minimal forces, the sum of which appears to be a smooth generation of force in the presence 

of mechanical damping, inertia, and compliance.     

 Once the muscle fiber membrane has been depolarized, a large-current motor unit action 

potential (MUAP) slowly propagates away from the endplate throughout the muscle fiber. 

The action potential encounters longitudinally repeating sarcomers in each myofibril. As the 

action potential propagates across each sarcomere, a chemical reaction takes place that 

incrementally ratchets a subcomponent of the sarcomere called myosin across a thinner 

component called actin. This sliding of the two sub-filaments creates contractile force in 

muscle. Each ratcheting movement is approximately 0.06µm long. All of the myofibrils in a 

muscle unit tend to ratchet at the same rate. 

 In addition to the contractile elements detailed above, each muscle unit has connecting 

filaments called connectins that form an elastic structure along the length of the muscle, 

creating some of the spring-like nature of muscle fibers. Connnectins align the thick and thin 
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filaments of sarcomers when they no longer overlap. Collagen also surrounds each muscle 

fiber, helping to distribute tension and sarcomere length changes evenly.   

 The total contractile force produced at the tendon is a product of three factors: the rate of 

stimulation of the muscle nerve, the length of each sarcomere, and the velocity of cross-bridge 

motion.   

Rate of stimulation: If an action potential is produced before the muscle fiber has a chance to 

relax, the muscle fiber exerts even more force for several action potentials, and then levels out 

to a mean value with a ripple for each action potential. Increasing the rate of action potentials 

increases the mean force until fused tetanus is achieved. For fused tetanus, the action potential 

rate is so fast that a constant force without ripple is observed.   

Length of sarcomere: As the sarcomere length decreases and cross bridges begin to form, the 

generated force increases linearly with the number of cross bridges. This linear increase in 

force is masked by the passive force generated by the elastic structural part of the muscle, 

which acts nonlinearly in this area. As the sarcomere length continues to decrease, the force 

remains constant because there are no remaining attachment sites for the myosin heads (and 

thus the number of crossbridges remains constant). As the sarcomere length decreases even 

more, force decreases linearly as the progressive overlap precludes the binding of advancing 

myosin heads. See Figure 12.1 for an illustration.   
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Figure 12.1: Force Length relationship 

The amount of force generated by muscle fibers depends on the position of the myosin 

and actin filaments, and the amount of passive force due to structural components of 

muscle.  

Figure traced from (Kandel et al., 2000) 

 

Velocity: As the velocity of the contraction increases, the percentage of myosin that are in the 

process of transitioning, and are thus unattached, increases. As a result, force decreases with 

velocity. For negative velocities that occur during lengthening, known as eccentric 

contractions, force increases. In other words, as velocity increases in a given direction, the 

limb is capable of generating less force in the direction of movement, and more opposition 

force, as shown in Figure 12.2. In light of this force / velocity relationship, the impedance of 

human joints is velocity dependent, both in terms of the magnitude and direction of the 

velocity. The monotonic trend of force from negative velocities to zero velocities to positive 

velocities will have an important impact on the intrinsic stability of movements, as described 
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later on. The relationship between force and velocity is relatively independent of the 

relationship between force and length. 

 

Figure 12.2: Illustration of Force vs. velocity 

A person can generate more force during an eccentric contraction than during a 

concentric contraction, creating a velocity dependent effect on the impedance of a joint. 

 

Motor units tend to be recruited in order from weakest to strongest. Size-ordered 

recruitment makes the random activation of a large force motor unit during a fine motor task 

less likely by ensuring that the increment of force generated by successively activated motor 

units will be approximately proportional to the force at which each individual unit is 

recruited. In order to increase the rate of applied torque, the central nervous system will often 

activate the agonist muscle with a higher rate of action potentials than is required, and shortly 

after activate the antagonistic muscle, so that the sum of the two muscles creates the required 

torque in a shorter space of time than would be possible if only the agonist muscle was used. 

Thus, increased joint stiffness during rapid movements is not only a reflexive means of 

postural stability, but also a means to increase the performance of the system. 
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The relationship between force, velocity, and length creates an intrinsically stable system in 

the presence of perturbations if co-contraction is present. This inherent stability is necessary 

because the fastest reflexes having a delay of 50 ms. If a pair of muscles about a joint are co-

contracted and a perturbation occurs, the muscle that pulls in that direction is shortened, and 

thus the force that it exerts intrinsically decreases, whereas the muscle that opposes the 

perturbation is lengthened, which intrinsically increases its force. The same is true of velocity: 

the muscle that acts in the same direction of the perturbation increases its velocity, decreasing 

its force, whereas the muscle opposing the perturbation increases its force the faster it is 

lengthened. Thus, perturbations are intrinsically damped by the inherent nature of coupled 

muscles.   

Feedback: There are four types of somatic sensation: discriminative touch, proprioception, 

nociception, and temperature sense. Of these, discriminative touch (size, shape, texture) and 

proprioception (sense of the position of limb segments in space without the aid of vision) are 

integral in kinematically interacting with an environment. Discriminative touch receptors 

sense pressure and vibration. Some discriminative touch receptors respond to changes in these 

parameters, whereas others respond to continuous pressure. Some discriminative touch 

sensors also sense stretch of skin, which is useful for proprioception as well. Proprioceptive 

sensors include muscle spindle receptors, Golgi tendon organs, and receptors in joint capsules. 

Muscle spindle fibers are sensitive to changes of length, whereas Golgi tendon organs are more 
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sensitive to changes in muscle tension. Golgi tendon organs offer precise feedback regarding 

the tension in muscles. 

 Stretch reflexes resist the lengthening of muscle, similar to but not the same as the intrinsic 

length resisting characteristics of muscle. Most stretch reflexes are monosynaptic circuits, 

meaning that the sensory neuron and motor neuron are directly connected to each other, 

decreasing delay time. The lack of an interneuron in between the two neurons makes the 

reflexes less plastic to modification by the brain. An example is illustrated in Figure 12.3. 

 

Figure 12.3: Stretch Reflex 

The central nervous system modulates alpha and gamma motor neurons (Mn), as well as 

interneurons (In). Spindle fibers in the muscle act as a feedback servo controller, keeping 

the position constant for a given equilibrium position. 
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12.1.2 Control of Movement 

Given an understanding of the physical properties of muscles and the feedback sensors 

available, it will now be possible to examine control of voluntary movement. Three 

mechanisms influence human joint kinematics as traditionally understood:  

• A feedforward control process which encodes a solution to the inverse dynamics of the 

desired movement trajectory and the forces which act on the musculoskeletal system 

• A feedback control process (reflexive system) which corrects for errors in the 

feedforward control process as well as environmental perturbations 

• Overall impedance of the musculoskeletal system, which includes the stiffness derived 

by the antagonist muscle pairs, as well as the viscosity components induced by the 

muscles and other viscoelastic components and the compliance of the muscles.  

It is often thought that the feedforward control process acts in advance of the movement. 

Through methods not yet clearly identified, the feedforward process calculates neural signals 

to move one point on the body to a different location. The feedback system then provides a 

closed loop process, in case the feedforward method is based on faulty dynamic assumptions, 

or fails to take into account environmental perturbations. The interplay of these two 

processes is not well understood, but their combination does produce fairly accurate results 

(Bhushan & Shadmehr, 1999, Todorov & Jordan, 2002). Because the feedforward process 

occurs before the movement it is not hampered by response delays. The feedback process is 

hampered by response delays that may exceed 200 ms (Bhushan & Shadmehr, 1999). As such, 
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the mere combination of these two systems is unable to keep a limb on target in the presence 

of unexpected environmental perturbations.   

Before looking at the role that impedance plays between the first two mechanisms in the 

presence of perturbations, it will be useful to examine a different paradigm of movement: the 

Equilibrium Point Hypothesis. The Equilibrium Point Hypothesis was first developed by 

Feldman (1966a, 1966b).  Feldman’s model relies on tuning of feedback circuits to achieve 

accurate position. A variant of Feldman’s λ model is Bizzi’s α model, which uses input signals 

to achieve accurate endpoint positions rather than feedback (Bizzi, Polit & Morasso, 1976). 

Bizzi’s model will be described first, since his model looks only at the foundation of 

movement, whereas Feldman’s model looks at movement in its entirety. 

 Bizzi’s α model: The α model relies on the intrinsic spring-like nature of muscles, and more 

importantly, on the changing stiffness of muscles as their length changes. By modulating the 

tension in two antagonistic muscles, a new endpoint position is obtained, as illustrated below 

in Figure 12.4. Perhaps the strongest evidence that Bizzi gives for this proposal is an 

experiment that uses deafferented monkeys in which proprioceptive feedback has been 

deprived (Bizzi, Hogan & Mussaivaldi, 1992). In this experiment, monkeys were asked to 

move their limb from one position to another. The monkeys were not able to see their limb. 

Unknown to the monkeys, their limb had already been passively moved to the endpoint 

trajectory. If monkeys use a forward dynamics trajectory, it follows that they would 

overshoot the target, as illustrated below in Figure 12.5a. If, however, monkeys use a set of 
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equilibrium positions to achieve their trajectory, then they would likely move backwards 

because the virtual endpoint initially had them at the starting point, as illustrated in Figure 

12.5b. Bizzi et al. did indeed find that their limbs initially moved towards the starting point 

before moving to the end position, signifying that the monkeys followed a virtual set of 

endpoint positions. 

 

Figure 12.4: Equilibrium Point Shift 

Dashed lines are antagonist muscles of solid lines 

Bold lines are stronger stiffness of each muscle, as modulated by the activation of the 

muscle 

By making both muscles stiffer, the stability force is greater in the presence of a 

perturbation. 

By shifting the stiffness of one muscle relative to another, a new equilibrium position is 

achieved. 
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Figure 12.5: Predicted Trajectories in the absence of proprioceptive feedback 

The monkeys think they start at position θ*, but they actually start at position θ’, which is 

the desired endpoint position. The dashed line represents the path they would have taken 

if they had started at position θ*. 

a) Predicted Trajectory if monkeys use an Internal Dynamics Model 

b) Predicted trajectory if monkeys use equilibrium points 

 

 Feldman’s λ model: Spindle fibers in muscles send position information to a stretch reflex, 

which in turn increases the activation of a muscle if the spindle is lengthened, and decreases 

activation of the muscle if the spindle is shortened. The stretch reflex thus acts as a feedback 

servo, maintaining a steady state position. Feldman has hypothesized that changing the 

equilibrium point of the stretch reflex controls movement while quickly attenuating 

perturbations. Feldman has proposed that the central nervous system controls some 

independent parameter, λ, in addition to the length of the muscle to elicit force in muscles. If 

λ is not altered, muscles act like static springs. If λ is altered, smooth movement occurs. λ may 

be thought of as the virtual or desired position. The generated force may be thought of as 
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some impedance function of the difference between the actual and desired position. Although 

not instantaneous, the quick response time of the stretch reflex may modulate movement by 

changing the desired position and receiving feedback of the actual position (Feldman, 1986). 

Synthesis of the two models: In many ways the α and λ equilibrium point models are 

analogous to the forward dynamics and feedback system commonly thought to exist in 

motion control. The person desires to move to a specified position. They generate a signal to 

do so, but rather than generating the torques required to move their limb to that position, 

they use the α model to create an equilibrium point at which point the torques will be equal 

to zero, thus simplifying control. Rather than using complex strategies such as the 

minimization of jerk to keep their limb on target, they use the λ equilibrium point model of 

control for feedback, which acts much more quickly than any higher-level controller could 

operate. Finally, the intrinsic properties of muscle, such as inherent stiffness and damping, 

coupled with the force-length and force-velocity relationships of muscle further smooth 

movement and resist perturbations. 

Although the equilibrium point hypothesis illustrates an elegant and compelling model of 

human movement, recent studies have shown that the equilibrium point hypothesis does not 

perform as well as internal dynamics models. Work by Popescue and Rymer (2000) has shown 

that for small movements and low stiffness, resulting position errors cannot be explained by 

the equilibrium point hypothesis. Hinder and Milner (2003) have shown that for large 

movements and large stiffness, where the equilibrium point hypothesis is supposed to work 
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best, the hypothesis still cannot predict accurate trajectories in the presence of velocity 

controlled perturbations. The results obtained by Bizzi and Feldman may be due in part to 

the intrinsic spring-like characteristics of muscles. It may also be possible that monkeys use 

some sort of equilibrium point hypotheses, whereas humans predominantly use internal 

dynamics to allow movement that is more adaptable.  

Work in Sainburg’s laboratory has recently shown that the nondominant limb may 

primarily use feedback control, whereas the dominant limb may primarily use internal 

dynamic control (Sainburg & Schaefer, 2004). As a result, specialization of the dominant arm 

for controlling limb and task dynamics is specifically related to feedforward control 

mechanisms, and the nondominant arm has more effective load compensation response than 

the dominant arm (Bagesteiro & Sainburg, 2003). 

As a result, the equilibrium point hypothesis may still be valid in the non-dominant arm. 

Regardless of whether the equilibrium point hypothesis or internal dynamic argument is 

correct, impedance of muscles significantly contributes to motion control.  

The Role of Impedance: Numerous studies (Stroeve 1998; Bhushan and Shadmehr 1999; 

Novak, Miller et al. 2000; Novak, Miller et al. 2002; Novak, Miller et al. 2003) have examined 

the role that the higher-level cortex plays in smoothing movements in the presence of 

environmental perturbations. Unfortunately, neither the higher-level cortex nor neural 

reflexes can provide instantaneous correction in the presence of perturbations. Impedance 
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must thus be integrated into models of movement control to correctly understand responses 

to perturbations. 

 It is difficult to create a simple yet accurate model of muscle impedance due to the nonlinear 

properties of muscle described in section 12.1.1. Hill’s lumped parameter model (Hill, 1938) 

attempted to portray these nonlinearities by modeling a contractile element in series with an 

elastic element, with both of these elements in parallel with another elastic element. The 

contractile element acts as an active force generator, the series elastic element acts as the 

combined stiffness of tendons and crossbridges, and the parallel elastic element acts as the 

passive tissue that contributes to muscle force. The series elasticity is usually modeled as a 

linear spring. The elastic element due to passive tissue is often modeled in the form of an 

exponential function that increases with extension, though it is seldom modeled in practice 

because it only affects the impedance of long muscles. Other nonlinearities exist, in muscle. If 

active muscle is rapidly stretched, yielding may occur. In addition, muscle force shows 

hysteresis when measured during increasing neural activation compared with decreasing 

activation. Fatigue also causes hysteresis. The Hill model does not predict yielding and cannot 

evaluate varying cross-bridge persistence, which is observed  in the presence of hysteresis 

(Krylow, Sandercock & Rymer, 1995).   

Stroeve (1998) found that the intrinsic stiffness of the musculoskeletal system is ten times 

lower than the stiffness that the Hill model predicts. Extension for dynamic components that 

add impedance at lower frequencies is needed to compensate for this discrepancy. This 
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conclusion was reached by developing a neuromusculoskeletal model of the human arm that 

incorporated feedforward and feedback control, and then comparing the model to 

experimentally collected myoelectric data and arm impedance.    

 Hogan (1984) simulated a musculoskeletal system to examine the effect of impedance 

modulation and reflex mechanisms on stability in the presence of perturbations. Reflex 

mechanisms expend minimal energy and have long delays. Antagonist muscle contractions 

expend substantial energy and have no delay. Hogan optimized the interaction of these two 

terms using dynamic optimization theory. It was assumed in the model that modulation of 

joint stiffness was accomplished solely through co-contraction of antagonist muscle groups 

and that the torsional stiffness required by ligaments, which is relatively small compared to 

gravitational loads, was insignificant. The dynamic optimization strategy used minimized the 

summation of the time integral of the instantaneous power consumed by the muscle and the 

square of deviation from the desired posture. An infinitesimal perturbation was added to the 

system to observe its stability, as a system will appear stable at its bifurcation point unless it is 

perturbed. The results of this optimization indicated that simultaneous activation of agonist 

and antagonist muscles was observed under normal physiological conditions, and that the 

level of antagonist co-contraction increased as gravitational torques increased. Neither 

feedback control nor stabilization by impedance modulation was found to be superior. A 

combination of the two provided the optimal solution under a wide range of conditions. 
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 Mah (2001) validated this simulation by observing joint impedance during dynamic 

movement. Arm impedance was measured during large, slow perturbations and then 

compared to other models based on fast perturbations. Results were generally similar to the 

fast perturbation models, though there were several important deviations that needed to be 

incorporated into the model. It was found that joint impedance undergoes marked changes in 

magnitude that depend on the direction of movement. In addition, it was found that joint 

impedance has a strong dependence on joint angle, which is consistent with the mechanical 

properties discussed in section 12.1.1 but a factor that has not previously been considered. 

Mah’s results agreed with those of Hogan, in that modulation of impedance acted as an energy 

conserving force field to constrain movement. This constraint of energy conservation allows 

for simplification of computations on a neural level and provides a balance between energy 

conservation and response time. Mah found that, rather than consuming more energy, 

optimum impedance actually conserved energy in humans.   

 Impedance plays an integral role in regulating human movement. The modulation of 

impedance allows for different optimization paradigms to be used, ranging from reduction of 

power consumption to minimization of trajectory error in the presence of perturbations to 

smooth muscle movement. Control of impedance will be useful in designing biomimetic 

actuators, and the ability to modulate impedance based on the task seems useful. Perhaps the 

most useful finding in observations of human impedance is that, similar in concept to 

subsumption architecture proposed by Brooks and Connell (Brooks, 1991, Brooks & Connell, 
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1986), muscle architecture intrinsically modulates the impedance of joints based on position 

and speed, while allowing humans to change that impedance depending on the task. 

 

12.2  Fluoroscopy Notes 

12.2.1 Verifying sampling frequency of Fluoroscopy machine 

There was initially some doubt regarding the precision and accuracy of the fluoroscopy 

machine’s sampling time. By accessing time stamps on the digital images, it was possible to 

determine that the actual sampling frequency was different from the one the technician had 

thought he had entered in, and that X-Ray slides were occasionally named in improper order, 

although their time stamps remained in the correct order.  

Between the time the problem was noticed and the time the answer was found, a small 

experiment was done to verify the precision and accuracy of the machine. In this experiment, 

a clock with a steel hand was constructed to capture the actual sampling time in picture 

format. The clock was controlled by a MicroMo 1728 brushed motor with a 512 bit/rev 

encoder and a 159:1 gear transmission. The position of the motor was regulated by a MicroMo 

MCDC 2805 motion controller. The clock hand spun at 0.9 revolutions per second. The 

precision of the clock was verified by recording its motion using a Canon Power Shot S45 

camera to take a movie at 15 Hz. 
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Two sets of data were recorded using the fluoroscopy machine. The machine was set to 

have a sampling frequency of 6 Hz. A sample fluoroscopy image of the clock is shown in 

Figure 12.6a. The clock hand was outlined using Matlab’s edge command with a canny filter, 

shown in Figure 12.6b.  

The outline contains both the outline of the clock hand, as well as the outline of the motor 

shaft. Because the motor is 24 mm long, any small rotation relative to the X-Ray machine will 

elongate the outline of the motor shaft in the plane of the fluoroscopy machine. This 

elongation, in turn, will skew the center of the motor shaft, which in turn will bias the 

orientation of the clock hand. In order to remedy this problem, a circular area must be erased 

originating from the center of rotation, and containing the skewed outline of the motor shaft. 

In order to do this, each image was overlaid on top of each other, as shown in Figure 12.6c. 

The center was found, and then a circular area was deleted from each outline, originating in 

the center and encircling the motor shaft. The remaining portion of the image is shown in 

Figure 12.6d. Once the motor shaft had been removed, principal component analysis of the 

outline was used to determine the orientation of the clock hand.  
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Figure 12.6: Clock 

a) An X-Ray image of the clock.  

b) Image is outlined using Matlab’s edge command with a canny filter.  

c) By superimposing all of the images, the center of rotation may be found. 

d) A circle originating at the center of rotation is erased to delete the outline of the motor 

shaft. The outline of the shaft may be skewed if the image is taken at a slight slant, so it 

is necessary to erase the shaft outline so that it does not skew the PCA fit. 

 

The results are tabulated for both runs in Table 12.1. From these results, it may be concluded 

that the sampling frequency of the fluoroscopy machine is both precise and accurate, 

especially when making allowance for any variance caused by actual motor position variation 

and principal component analysis variation. 

Table 12.1 
Measured Sampling frequency of fluoroscopy machine 
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12.2.2 Measuring inertia of a body-powered prosthesis 

An object’s inertia may be empirically calculated by measuring the frequency at which the 

object swings as a pendulum. The relationship between oscillation frequency and inertia is 

shown in Equation 12.1. 

 
2

24

mgl
J

τ

π
=  (12.1) 

Where τ is the period of oscillation, m is the mass of the object, g is the gravitational 

acceleration constant, and l is the distance between the center of mass and the center of 

rotation. The center of mass may easily be obtained by finding the intersection of two plumb 

lines when the object is hung from two different points. 

12.2.3 Calculating the slope of data 

The slope of a line may be calculated using a linear least squares regression, in which: 

 1 2x nS x x x= + +…  (12.2) 

 2 2 2
1 2xx nS x x x= + +…  (12.3) 

 1 1 2 2xy n nS x y x y x y= + +…  (12.4) 

and the slope is estimated by  
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 ˆ xy x y

xx x x

nS S S

nS S S
β

−
=

−
 (12.5) 

Linear least squares regression is robust to Gaussian noise in y, but it is not robust to Gaussian 

noise in x. If there is noise in x, Sxx will become biased. This bias results from the fact that in 

squaring a signal combined with noise, the resulting signal’s noise is no longer centered on 

zero. As a result, the estimated slope will always be less than the actual slope in the presence 

of noise, no matter how many data points are collected. The magnitude of this bias is 

proportional to the variance of the Gaussian noise.  

If only one of the signals contains noise, this problem may easily be remedied by switching 

x and y, fitting the curve, and then taking the inverse of the slope. Such a method is robust to 

noise in x. 

Principal component analysis may be used instead, as it is robust to noise in both x and y. 

For the socket-residual limb interface work presented in this thesis, both methods were 

employed, and the same result was obtained with each method. 

12.3  Review of Metrics to Optimize Impedance Control 

The use of impedance control or admittance control, as detailed in section 1.1, may improve 

actuator interaction with the environment. At the same time, they introduce additional 

variable that must be controlled. To further complicate control, the desired impedance or 

admittance of a system is seldom a scalar value: it usually has both a magnitude and a phase 
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component, which in physical systems result from damping, compliance, and inertia terms. 

Although modulation of impedance by the user is desirable, giving them control of three 

separate variables in addition to motion is practically unfeasible and probably not beneficial 

from an information content perspective. As a result, several optimizations of impedance will 

be explored below in an attempt to simplify the control of impedance.   

Trajectory Pursuit: Hogan (1985c) distinguished trajectory pursuit from power transfer, 

concluding that the two objectives inherently conflict. Trajectory pursuit is defined as the 

minimization of deviations from desired motions while simultaneously minimizing interface 

forces. Some tradeoff p between minimized deviations, which requires maximum actuator 

impedance, and minimized forces, which requires minimum actuator impedance, must exist: 

 pZZ EA =  (12.6) 

Thus for environments that are unyielding, the actuator should have a low impedance. For 

environments that do not resist trajectory pursuit, the actuator should have a high impedance. 

Hogan advocated that this requirement conflicts with maximum power transfer, and this 

claim will be investigated below. Unfortunately, the result of trajectory pursuit optimization 

does not reduce the control degrees of freedom because it suggests that impedance as a whole 

be modulated. 

Maximum power transfer: Maximum power transfer may provide a useful metric to optimize 

impedance control, allowing coupling of the stiffness and inertial term of the impedance 
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controller. The concept of maximum power transfer was first introduced by Moritz von 

Jacobi (1801-1874), the older brother of the more well known Carl Jacobi, while attempting 

to maximize the efficiency of his electric boat. Jacobi modeled a voltage source in series with 

an internal resistor and a variable load resistor, as illustrated in Figure 12.7a. He concluded 

that in order to maximize power transfer from the voltage source to the variable resistor, the 

resistance of the load resistor should be matched to that of the internal resistor. Edison later 

showed that if the internal resistor may be varied, as illustrated in Figure 12.7b, the internal 

resistor should not be matched to the load resistor. Instead, it should be minimized in order to 

maximize power transfer to the load resistor (Calvert, 2001).  

 

Figure 12.7: Series Circuit - Maximum power transfer through RL 

a) If RL may be varied, match RL to Ri to maximize power transfer through RL 

b) If Ri may be varied, minimize Ri to maximize power transfer through RL  

 

This distinction is worth noting because, although it may easily be shown and has been 

demonstrated for almost a century, Edison’s addition is seldom taught, and as such, the 
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potential exists to match Ri to RL in an attempt to maximize power transfer. Thus, when 

looking at the transfer of power, it is important to define which resistor may be varied, as 

well as for which resistor maximum power is desired.  

Hogan (1985a, 1985b, 1985c) has modeled the interaction between an actuator and its 

environment as the interaction between two impedances1. Because impedance control is a 

subset of position control, Hogan used a current source in parallel with two impedances. This 

alteration effectively states that the force at the junction between the actuator and its 

environment is constant, rather than the velocity. The model is similar to that in Figure 

12.8a&b. 

                                                

1 Hogan actually modeled the interaction between actuator impedance and environmental admittance, in order 

to preserve causality. The same results are obtained in these derivations whether impedance or admittance is 

used. Because his following derivations did not exploit the causal nature of his restriction, impedance notation 

will be used instead of admittance notation (1/impedance) because it simplifies the notation. 
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Figure 12.8 Parallel circuit – Maximum power transfer through ZE 

a) If ZE may be varied, match ZE to *

AZ  to maximize power transfer through ZE  

b) If ZA may be varied, maximizing power transfer through ZE becomes difficult 

 

In his calculations, Hogan did not adequately clarify between the impedance for which power 

transfer was desired and the variable impedance: a distinction Edison has shown to be critical. 

As a result, Hogan’s conclusion that the actuator impedance should be matched to the 

environmental impedance to maximize power transfer is incorrect. In addition, Hogan only 

gave the example of linear dissipative elements, not addressing the complexities of power 

transfer through impedances. Even if Edison’s contribution is acknowledged, if the intricacies 

of impedance are not addressed one comes to the conclusion that in order to optimize power 

transfer to the environment while varying the impedance of the actuator, the resistance of the 

actuator should be maximized; a result that infringes on common sense. In spite of this 

maximum power transfer as a metric is still worth pursuing. 
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The topic of maximizing power transfer when the environmental impedance may be 

adjusted will not be explored because this topic has no bearing on modulating the impedance 

of the actuator. The impedance of the environment, regardless of the actuator impedance, 

should always be matched to the impedance of the actuator if maximum power transfer to the 

environment is desired.  

12.3.1 Exploration of Impedance Metrics 

 Although Hogan dealt with impedances, his examples only used dissipative resistance, and 

as a result, several issues did not need to be addressed in the review of Hogan’s work. A fuller 

representation of impedance will now be used. Impedance may be thought of a general form 

of resistance, in which effort and flow are related across the frequency spectrum:  

 fZe )(ω=  (12.7) 

Impedance is commonly used in electrical circuits, in which resistance (R), inductance (L), and 

capacitance (C) play a role: 

 







−+=

C
LjRZ E

ω
ω

1
 (12.8) 

Impedance also has its place in rotational physical systems, in which rotational damping (c), 

inertia (J), and compliance (C) play a role: 
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The concept of power itself is not as trivial for impedances as it was for resistances. The 

instantaneous power across an impedance is still equal to the product of effort and flow. 

Because the reactance components may store energy, however, this number will not be a 

useful metric. Average power is given by ( ) ( )IVeVIeP ** ℜ=ℜ= , where V* and I* are the 

complex conjugates of V and I. The average power will provide a more useful metric of the 

average power distributed to the environment than instantaneous power. 

 

Maximum Power Transfer for Admittance Control: Although the author has chosen impedance 

control as a control paradigm, it will be useful to examine admittance control, both to 

facilitate future work and to illustrate that it is indeed possible to extract simple impedance 

relationships without simplifying analysis of impedance. An example of force generation is 

given in Figure 12.9, in which ZA is the impedance of the actuator and ZE is the impedance of 

the environment. 
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Figure 12.9 Series Impedance Circuit - Maximum Average Power Transfer Through ZE 

 

The current through the circuit is  

 
EA ZZ

V
I

+
=  (12.10) 

and the voltage across ZE is  

 V
ZZ

Z
V

EA

E

E
+

=  (12.11) 

The average power is  
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Thus for admittance control, to maximize average power transfer to the environment, the 

actuator resistance should be minimized, and the compliance and rotary inertia should 

conform to the following relationship:  

 E

EA

A J
CC

J
22 11

ωω −=−  (12.13) 



  191 

  

The relationship between the inductance and capacitance of the actuator for maximum power 

transfer does not provide any added constraint over that of trajectory pursuit. In addition, the 

introduction of frequency has complicated the problem, in that a frequency of interest must 

be selected as well. It does not thus appear as though maximum power transfer will provide a 

useful metric when it is dealt with in its entirety. For the sake of completeness, maximum 

power transfer for impedance control is analyzed below to see if it provides additional 

constraints.   

Maximum Power Transfer for Impedance Control: An example of motion generation is given 

in Figure 12.10. 

 

Figure 12.10 Parallel Impedance Circuit - Maximum Average Power Transfer Through ZE 

 

The voltage across ZE is   

 I
ZZ

ZZ
V

EA

EA

E
+

=  (12.14) 

and the current through ZE is  



  192 

  

 I
ZZ

Z
I

EA

A

E
+

=  (12.15) 

The average power is  
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The magnitudes of RA, CA, and JA that maximize P are not simple expressions, and as such, for 

impedance control, it does not appear that a simple relationship between the stiffness and 

inertial term will be found.  

 

12.4  Internal Dynamics Compensation 

Due to the physical compliance typically found in impedance control, an internal dynamics 

model is not necessary to generate appropriate forces (Hogan, 1987, Robinson, 2000, 

Williamson, 1995). Although this statement is true, an accurate model of the internal 

dynamics will improve the performance of almost any actuator, and as such, several different 

internal dynamic parameters will be examined, including inertial, gravitational, and stiction 

effects, to see if they should be included in the controller of a series elastic actuator.  

Inertia: The internal inertia of the actuator will be included in the internal dynamics of the 

actuator, although the coupled inertia of the actuator and environment has the potential to be 

an input signal in determining the impedance of the actuator.  

Gravity: Gravity introduces an instability in rotational robots unless the limb segment is at 

a stable minimum with respect to gravity (Strogatz, 1994). In the field of prosthetics, it will be 

too difficult to determine the position of the limb with respect to gravity, given that the user 

may rotate the limb into a different plane, such that the angular position of the actuator no 

longer corresponds to the gravitational position. As a result, an internal dynamics component 
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due to gravity will not be included, though it is hoped that the user will adapt to maintain a 

position in the presence of gravity, just as they would do with an intact limb. 

Friction: Friction is a nonlinear feature that, although difficult to model, will have a 

substantial impact on the performance of the actuator. Properly modeling friction allows for 

increased feedback gains, greater sensitivity, and smoother performance. Stiction plays a 

significant role in compliant systems such as series elastic actuators (Armstrong-Hélouvry, 

1993). Armstrong-Helouvry, Dupont, and Canudas de Wit (1994) present a good overview of 

friction. The static and Coulomb friction model typically used was first developed by 

Leonardo Da Vinci (1519). Reynolds later added a viscous effect (1886), as shown in Figure 

12.11a. Negative viscous friction, known as the Stribeck effect, has also been observed, as 

illustrated in Figure 12.11b. 
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Figure 12.11: Common Friction Models 

Negative Viscous Friction is also known as Stribeck Friction. It is due to the transition 

between boundary lubrication to fluid lubrication. 

Static Friction is known as Stiction 

 

Various other components may be added, perhaps the most common ones being time 

constants to account for frictional memory. Although these features may be modeled in the 

study of tribology, the simple model shown in Figure 12.11a should be sufficient to model the 

actuator described in this proposal.  

 A version of this model, shown in Figure 12.11, may be used to reduce algorithm 

complexity. This model, designed by Karnopp (1985), accounts for stiction while avoiding the 

search for the switching point. In this method, the frictional force is not always a function of 

the velocity: for a small neighborhood near zero velocity, the frictional force is a function of 

the applied force, as given by: 
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This model allows for the change in causality that appears to develop around the zero velocity 

region, allowing stable control, as shown in Figure 12.12. 

 

 

Figure 12.12: Computationally simple friction model 

This model allows for computational simplicity 

 

Acquisition of Internal Dynamic parameters: Johnson and Lorenz (1992) have suggested a 

simple way to acquire the necessary internal dynamic parameters. A proportional, derivative, 

and integral feedback loop is used, determined by the Ziegler and Nichols tuning method 

(1942). A series of trajectories with the same velocity distribution are averaged with respect to 

velocity, as illustrated in Figure 12.13.  
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Figure 12.13: Velocity Profile: 

Position trajectories are generated based on this velocity profile. By changing the length 

of time of the velocity profile, the position and acceleration are altered. 

Results may then be averaged with respect to velocity to obtain a force vs. velocity plot. 

These forces may then be accounted for in an internal dynamics model. 

 

The torque signal sent to the actuator is examined with respect to velocity. Any hysteresis 

may be accredited to the inertia of the actuator, and an appropriate inertial term obtained by 

measuring the height of hysteresis. Once inertia has been accounted for, viscous damping may 

be accounted for by measuring the slope of torque with respect to speed. Ts and TC may then 

be identified by observing the remaining signal of a third trial. 

The placement of the internal dynamics model is important (Johnson & Lorenz, 1992). 

Feedback gains should be amplified by the difference between the desired and actual signal. In 

contrast with this placement, internal dynamics gains should be amplified by an actual signal. 

Johnson and Lorenz have shown that better results are obtained near low velocities if internal 

dynamics are calculated from the feedback signal as opposed to the desired signal, with both 

options shown in Figure 12.14.  
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Figure 12.14: Placement of Internal Dynamics Compensation 

The Internal Dynamics Compensation block may use the desired motion signals or the 

actual motion signals to calculate internal dynamic forces. If the trajectory is known a 

priori, internal dynamic compensation forces may be calculated before the task. For real-

time execution, a feedforward model has the same processing time as a feedback model. 

 

12.5  Pilot Study notes 

Fitts' law (Fitts, 1954, Guiard & Beaudouin-Lafon, 2004) was initially used as the performance 

metric for the pilot study presented in chapter 7 of this thesis. Fitts’ law provides a 

relationship between trajectory distance, accuracy required, and response time. As a result, it 

is able to distil several variables attributable to performance to a single number for a given 

pointing device and control scheme. It presents a standardized approach (ISO9241-9) that 

allows other laboratories to compare the results of different experiments in a quantitative 

way. As a result, it seemed an ideal performance metric. Soukoreff and MacKenzie (2004) offer 

an excellent review on standardization suggestions for ISO9241-9. 
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In accordance with ISO9241-9, data were collected over a range of an Index of Difficulty 

(ID), where 







+= 1log 2

D

A
ID , A is the arc length between movements, and D is the diameter 

(width) of the acceptable target. Arc length and diameter for this particular experiment are 

illustrated in Figure 12.16. Two parameter sets are presented below in Figure 12.16 to 

illustrate ID range. Target choice is selected to ensure an index of difficulty range of 2 to 8 in 

accordance with ISO9241-9, as illustrated in Figure 12.17. 

 

 

Figure 12.15: Experiment B Setup 

Targets are projected from a digital projector. The data bit ID is determined 

by the diameter D of the target and the arc length A between targets. 
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Figure 12.16: Trajectory & Accuracy Range due to Index of Difficulty Range 

Trajectory arc length A and target diameter D are altered to vary index of difficulty ID. 

In order to obtain an Index of Difficulty of 8, very large trajectories and very small targets 

must be used. 
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Figure 12.17: Index of Difficulty Range 

In accordance with Fitts’ experiments, a range of ID values are chosen from 2 – 8 with an 

average of 5 and a normal distribution. 

 

Although the diameter of successful motions is varied, studies have found that individual 

subjects have predefined preferences for how accurate a trajectory must be, regardless of target 

diameter. To account for this fact, D is corrected for each data bit after testing by finding the 

standard deviation of movement for a given data bit and correcting as follows: 4.133eD σ= . 

This correction is in part why at least 15 movements for each data bit have been found to be 

necessary. A is recalibrated as the mean movement distance for a given data bit. To assess 

differences in control paradigms, these measures will be synthesized into a single index termed 

throughput:
1 1

1 1 ij

y x
e

i j ij

ID
TP

y x MT= =

 
=   

 
∑ ∑ , where y is the number of subjects, x represents the 



  202 

  

number of movement conditions, and MT is the movement time. Throughput has units of bits 

per second.  

In order to evaluate if Fitts’ law may be applied to the data, least-squares linear regression is 

used to find the intercept (a) and slope (b) parameters of the Fitts’ law equation 

Pr *edictedMT a b ID= + . If the intercept is positive, it should be between -0.2 and 0.4 seconds, 

and preferably closer to 0. Likewise the r2 value of linearity of fit should be greater than 0.81 

(Soukoreff & MacKenzie, 2004).  For the four subjects tested in this study, none of the 

paradigms met both acceptance criteria, and most paradigms failed both acceptance criterion, 

as illustrated in Figure 12.18. 
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Figure 12.18: Fitts Law applied to 4 subjects 

The majority of subjects did not meet the acceptance criterion in their movement to be 

analyzed using Fitts' law, either in terms of linearity of fit or in terms of Y intercept. 

 

The failure of the Y intercept to be close to 0 is likely a result of the maximum speed of the 

prosthetic elbow of 2.5 rad/sec, combined with the angular distances the prosthetic elbow was 

required to travel. It is likely, in retrospect, that the prosthesis was unable to maintain 

constant acceleration during the movement, but quickly reached peak velocity. This 
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observation is especially true of Position control, where velocity was rate limited to 0.6 

rad/sec, but also true of velocity control, indicating that faster prostheses are needed to 

correctly mimic human elbow physiology. Increased speed comes at the cost of decreased 

precision, however, given a finite level of control of the prosthesis, and thus most subjects 

clinically prefer a lower maximum speed setting than that capable by the motor. Thus, more 

accurate user intent to create better precision is ultimately required to use a prosthetic elbow 

in a Fitts' task. 
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12.6  Co-contraction values for individual targets 

The average impedance for each of the 50 targets is shown in each subplot of Figure 12.19 for 

able-bodied subjects and in Figure 12.20 for subjects with an amputation. The independent 

axis corresponds to target number: the average impedance of the first target for a given trial is 

shown on the left, and the average impedance of the 50th target for a given trial is shown on 

the right.  

For each subplot, the set of green dots represent the trial where the Stroop task was 

performed simultaneously with the pointing task. The set of blue dots represent the trial 

where the  Stroop task was absent. The red asterisk represents the average impedance for the 

tracking task. The gray line marks the tenth target. Calculations were performed on targets 

11-50. Targets 1-10 were not analyzed, allowing subjects to experiment with co-contraction. 

Subjects should have co-contracted at least some of the time in the first 10 trials to evaluate the 

paradigm. Some subjects, however, rarely co-contracted, even in the first 10 trials. 



  206 

  

 

Figure 12.19: Impedance for individual targets, for able bodied subjects 

See text above the figure for a description of the graph  
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Figure 12.20 : Impedance for individual targets, for subjects with an amputation 

See text above the set of figures for a description of the graph 

 

The average impedance was also measured for three distinct regions of each target movement: 

movement start (10°), swing (25°), and movement stop (10°), shown in Figure 12.21. 
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Figure 12.21: Co-contraction across movement regions. 

Average impedance was recorded for three movement regions: Movement initiation, free 

swing, and movement termination. Subjects co-contracted more during the start and stop 

of each movement than in the middle, regardless of the impedance paradigm. 

 

The individual results are shown for the no mental load paradigm (in which the Stroop task 

was absent), in Figure 12.22 for able-bodied subjects and Figure 12.23 for subjects with an 

amputation. The set of green dots corresponds to movement start, the set of blue dots 

corresponds to swing, and the set of red dots corresponds to movement stop. 
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Figure 12.22 Impedance for individual target regions, for able bodied subjects 

See text above the figure for a description of the graph 
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Figure 12.23 Impedance for individual target regions, for subjects with an amputation 

See text above the set of figures for a description of the graph 

Figure 12.24 is presented as a visual aid to illustrate what co-contraction levels were distinct 

between impedance paradigms for individual subjects. Black lines between paradigms indicate 

that the co-contraction levels across the 40 target movements were not statistically different, at 

the p = 0.05 level, between the two paradigms. If a subject has no black lines between any 

paradigms (subject AS comes close), it indicates that they maintained a different level of co-

contraction for each impedance paradigm. If a subject has black lines between every single 

combination of paradigms (subject DCS comes close), it indicates that they did not have any 

distinction in co-contraction levels between any paradigms. 
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Figure 12.24: Co-contraction distinctions between paradigms for individual subjects 

See text above figure for a description of the text 

While individual subjects had different levels of co-contraction between impedance paradigms, 

the group as a whole did not have a statistically different level of co-contraction between 

impedance paradigms. Three of the subjects who had several distinct levels of co-contraction 

(JL, AS, CH) were retested to see if they would maintain the same groupings of co-

contraction. None of the three subjects maintained the same groupings of co-contraction. 

 

Figure 12.25: Repeated trials for 3 subjects who demonstrated initial co-contraction distinction 
between impedance paradigms 
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See text above Figure 12.24 for a description. Subjects did not demonstrate repeatable 

distinctions. 

 

12.7  Mechanical Design 
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12.8 Pilot Matlab Control 
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12.8.1 Controllers 
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12.8.1.1 Signal Processing 
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12.8.1.2 Movement selection 
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12.8.1.3 Control 
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12.8.2 Processing 
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12.8.2.1 Fitt 
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12.8.2.2 Tracking 
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12.9 Remaining Subject Matlab Control 
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12.9.1 Controllers 
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12.9.1.1 Signal Processing 
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12.9.1.2 Movement selection 
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12.9.1.3 Control 
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12.9.2 Processing 

 

12.9.2.1 Fitts 
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12.9.2.2 Track 
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12.10 Matlab Code 

12.10.1 Calibration.m 
function K=Calibration(Kold) 
% Function K = Calibration Kold 
% This function corrects projects misalignment and calibrates scale 
% It creates an appropriate Homogeneous transform matrix 
% XY origin positioning is performed first 
% Rotation is performed next: the x axis should be horizzontal. 
% The Y axis is sheared 
% X and Y scaling are performed 
% 
% This function calls script setscreen 

  

  
    global figure_handle;    
    global hline vline;     % horizontal & vertical crosshair lines 
    global x y;              
    global phi;             % Rotation angle 
    global sh;              % Y shear 



  275 

  

    global Sx Sy;           % X and Y scaling 
    global res;             % Resolution of adjustments 
    global sec;             % The current adjustment section 
    global flag;            % Flag to determine if the current adjustment is 

done 
    global length;          % length of pointer 

  
%   ---------------------------------------------------------------------- 
    figure_handle = figure('KeyPressFcn',@printfig);    % Set figure up to 

accept keyboard input 

  
    setscreen;                                          % Script to size 

screen 
%   ----------------------------------------------------------------------- 
%   Initialize variables 
    x    = 0; 
    y    = 0; 
    phi  = 0;               % Rotation angle 
    sh   = 0;               % Y shear 
    Sx   = 1;               % X scaling 
    Sy   = 1;               % Y scaling 
    res  = 4;               % Set resolution of adjustments 
    flag = 0;               % Flag to determine if the current adjustment is 

done 
    length = 53.4;          % Length of pointer 
%   -----------------------------------------------------------------------     
%   Create crosshair 
    hline = line([-length,length],[y,y]); 
    vline = line([x,x],[-length,length]); 
    set(hline,'erasemode','normal','Color','w','LineWidth',1); 
    set(vline,'erasemode','normal','Color','w','LineWidth',1); 
%   ----------------------------------------------------------------------- 
%   Section 1: Adust origin 
    sec = 1; 
    tit = title('Adust origin x & y coordinates (4 6 8 2, 7 inc res, 1 dec 

res, 5 enter)','Color','w','Rotation',90,'HorizontalAlignment','right') 
    while(flag==0) 
        K = transform(Kold,x,y,phi,sh,Sx,Sy); 
        redraw(K); 
    end 
    flag = 0; 
%   -----------------------------------------------------------------------     
%   Section 2: Rotate Z axis 
    sec = 2; 
    set(tit,'string','Rotate Y axis (4 6) (Level vertical)') 
    while(flag==0) 
        K = transform(Kold,x,y,phi,sh,Sx,Sy); 
        redraw(K); 
    end 
    flag = 0; 
%   -----------------------------------------------------------------------     
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%   Section 3: Skew Y axis 
    sec = 3; 
    set(tit,'string','Skew X axis to horizontal (4 6)') 
    while(flag==0) 
        K = transform(Kold,x,y,phi,sh,Sx,Sy); 
        redraw(K); 
    end 
    flag = 0; 
%   -----------------------------------------------------------------------     
%   Section 4: Scale X axis 
    sec = 4; 
    set(tit,'string','Scale Y axis(8 2)') 
    while(flag==0) 
        K = transform(Kold,x,y,phi,sh,Sx,Sy); 
        redraw(K); 
    end 
    flag = 0; 
%   -----------------------------------------------------------------------     
%   Section 5: Scale Y axis 
    sec = 5; 
    set(tit,'string','Scale X axis (8 2)') 
    while(flag==0) 
        K = transform(Kold,x,y,phi,sh,Sx,Sy); 
        redraw(K); 
    end 
    close all; 
%end----------------------------------------------------------------------- 

  
function printfig(src,evnt) 
%   This function figures out which button you pushed 
    global figure_handle;    
    global x y;              
    global phi;             % Rotation angle 
    global sh;              % Y shear 
    global Sx Sy;           % X and Y scaling 
    global res;             % Resolution of adjustments 
    global sec;             % The current adjustment section 
    global flag;            % Flag to determine if the current adjustment is 

done 

  
    vert = 0;               % Vertical adustment (keyboard 8 or 2) 
    hor = 0;                % Horizontal adjustment (keyboard 4 or 6) 
    cc = get(figure_handle,'CurrentCharacter'); 
    switch (cc) 
        case('8')           % Up 
            vert = 2^res; 
        case('2')           % Down 
            vert = - 2^res; 
        case('4')           % Left 
            hor = -2^res; 
        case('6')           % Right 



  277 

  

            hor = 2^res; 
        case('7')           % Coarser resolution 
            res = res + 1; 
        case('1')           % Finer resolution 
            res = res - 1; 
        case('5')           % End section adustment 
            flag = 1; 
    end 
%   ----------------------------------------------------------------------- 
%   Match motion to corresponding translation/rotation 
    switch(sec) 
        case(1)             % Translate origin 
            x = x - vert; 
            y = y + hor; 
        case(2)             % Rotate 
            phi = phi - hor/10; 
        case(3)             % Shear Y 
            sh = sh + hor; 
        case(4)             % Scale X 
            Sx = Sx + vert; 
        case(5)             % Scale Y 
            Sy = Sy + vert; 
    end 
%end----------------------------------------------------------------------- 

  
function redraw (K) 
%   This function moves the crosshair to the new position & orientation 
    global hline vline length; 

  
%   Transform lines     
    h1 = K*[[-length length] 
            [ 0   0  ] 
            [ 1   1  ]]; 

  
    v1 = K*[[ 0   0  ] 
            [-length length] 
            [ 1   1  ]];      
%   Move lines         
    set(hline,'xdata',[h1(1,1),h1(1,2)],'ydata',[h1(2,1),h1(2,2)]); 
    set(vline,'xdata',[v1(1,1),v1(1,2)],'ydata',[v1(2,1),v1(2,2)]); 
    drawnow;         
%end----------------------------------------------------------------------- 

  
function K = transform(Kold,x,y,phi,sh,Sx,Sy) 
% This function creates the Homogeneous transformation matrix 

  
%   X & Y Translation 
    Txy =  [[1 0 x] 
            [0 1 y] 
            [0 0 1]]; 
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%   Rotation 
    Rz =   [[cos(phi) -sin(phi)  0] 
            [sin(phi)  cos(phi)  0] 
            [0         0         1]]; 

  
%   Y shearing        
    Hshy = [[1 sh 0] 
            [0 1  0] 
            [0 0  1]]; 

  
%   X scaling         
   Hsx =   [[Sx 0 0] 
            [0 1  0] 
            [0 0  1]]; 

      
%   Y scaling           
   Hsy =   [[1 0 0] 
            [0 Sy 0] 
            [0 0  1]]; 

  
%   Homogeneous transformation matrix 
    K = Kold*Txy*Rz*Hshy*Hsx*Hsy; 

  
%end----------------------------------------------------------------------- 

 

12.10.2 Fmain.m 
function fmain(K,tg,ml1) 
% function fmain(K,tg) 
% This function Initiates a Fitts Law task 
% It starts the execution of the host program (Fitt_host)  
% and the precompiled and loaded target program (Fitt_target) 
% K is the homogeneous transformation matrix of the projector to the screen 
% tg is the address of the XPc target 
% ml is the mental load: 0 = none, 1 = yes. 
% This function calls scripts setscreen, target, mlt and Econ 
% This function creates global variables used by function Fitt 
% K may be found by running function Calibration 

  
    global K2;              % Homogeneous transformation matrix 
    global tg2;             % XPC Target address 
    global i;               % Target index number 
    global Num;             % Number of Targets 
    global fhold;           % Flush out old averages 
    global figure_handle;   % Figure handle 
    global target_handle;   % Target handle 
    global mlt_handle;      % Mental Loading task word handle 
    global force_below;     % Handle of Force below threshold 
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    global force_above;     % Handle of Force above force threshold 
    global corner;          % Corner of Force bar 
    global fbc;             % Coordinates for force below 
    global fac;             % Coordinates for force above 
    global ml;              % Use a mental task (1) or not (0) 
    global choice;          % Mental load word & color 
    global time             % Time of last mental task loading 
    global stime;           % time simulation started;     
    global tflag            % Has the sound started yet? 
    global shape;           % The pixels in each target  
    global bs1;             % Sound to play when index is reached; 
    global results;         % Results is a structure including: 
                            %   apos        Actual position 
                            %   time        Time of target aquisition 
                            %   diameter           Diameter of target 
                            %   force       Max force 
                            %   imp         A substructure containing various 

impedance states 
                            %   perturbation    Is the perturbation out (1) 

or not (0) 
    ml=ml1; 
    K2 = K;               

    tg2= tg; 
    load bs; 
    bs1 = bs;                                           % Sound to play when 

force index is reached; 
    Num = 52;                                           % Number of trials 
    Length = 53.4;                                      % Radius of pointer 
    results(1).pos = 30*pi/180;                                 % Initial 

target pos 
    results(1).diameter = 1;                            % Initial target 

diameter 
    shape(1).pixels = target(K,results(1).pos,1,Length);% Generate target 

pixels 

  
% Set display options ----------------------------------------------------- 
    figure_handle = figure(1); 
    target_handle = 

plot(shape(1).pixels(:,1),shape(1).pixels(:,2),'.','MarkerSize',20,'Color','w

','EraseMode','background'); 
    setscreen;                                          % Set up the screen 
    mlt_handle = text(0,0,' '); 
    

set(mlt_handle,'FontSize',20,'FontWeight','bold','HorizontalAlignment','Left'

,'Rotation',90); 

     
% Generate desired targets ------------------------------------------------ 
    D = .5;                 % Diameter of target 
    theta = 30;             % Distance between targets 
    for(i=2:Num)     
        % Initialize a target that can't happen to prime the while loop 
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        dir = round(rand)*2-1;                              % Either 1 or - 1         
        while ((30>(results(i-1).pos*180/pi + dir*theta)) |(125<(results(i-

1).pos*180/pi + dir*theta))) % Make sure target is in 180 deg workspace 
            dir = round(rand)*2-1;                              % Either 1 or 

- 1         
        end 

  
        results(i).pos = results(i-1).pos + dir*theta*pi/180;   % Store 

target position 
        results(i).diameter = D;                                % Store 

diametor of target 
        shape(i).pixels = target(K,results(i).pos,D,Length);    % Generate 

target pixels 

         
          results(i+1).time = 0;                % Record time 
        results(i).apos = 0; 
        results(i).Istart = 0; 
        results(i).IFS1 = 0; 
        results(i).IBP = 0; 
        results(i).IP = 0; 
        results(i).IAP = 0; 
        results(i).IFS2 = 0; 
        results(i).Istop = 0; 
        results(i).Itotal = 0; 
    end 
    i = 2;                                                      % target to 

start with 
    tflag=1; 
    time = now; 
    stime= now;                                                 % Time 

simulation started 
    choice = 0;                                                 % Mental load 

display to start with 

  
% Run Simulink ------------------------------------------------------------     
    Fitt_host;                                                  % Load host         
    +tg;                                                        % Start 

target. Make sure Target is NOT connected.  
    set_param('Fitt_host','SimulationCommand','start');         % Start host     

 

12.10.3 Fitt.m 
function [sys,x0,str,ts] = Fitt(t,x,u,flag) 
%   function [sys,x0,str,ts] = Fitt(t,x,u,flag) 
%   This function is called by model Fitt_host  
%   It records the status of the variables 
%   It displays the target, mental loading task, and force bar  
% 
%   This function uses global variables created by function fmain  
%   and calls script mlt and function nid 
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% 
%   u(1)  = Index 
%   u(2)  = Reset 
%   u(3)  = actual position 
%   u(4)  = Impedance, start section 
%   u(5)  = Impedance, Free swing section 
%   u(6)  = Impedance, Before Perturbation section 
%   u(7)  = Impedance, Perturbation section 
%   u(8)  = Impedance, After Perturbation section 
%   u(9)  = Impedance, Free swing 2 
%   u(10) = Impedance, Stop section 
%   u(11) = Impedance, Entire movement 
%   u(12) = nID (name ID) 
% 
%   sys(1) = Reset 
%   sys(2) = last target 
%   sys(3) = Target 

  
    global K2;              % Homogeneous matrix 
    global tg2;             % target 
    global i                % Target index number 
    global Num              % Number of targets 
    global fhold;           % Flush out old averages 
    global figure_handle;   % Handle of figure     
    global target_handle;   % Handle of the target   
    global mlt_handle;      % Handle of the mental loading task 
    global force_above;     % Handle of force below 
    global force_below;     % Handle of force above 
    global corner;          % Corner of Force bar 
    global fbc;             % Coordinates for force below 
    global fac;             % Coordinates for force above     
    global ml;              % Use a mental task (1) or not (0) 
    global choice;          % Mental load word & color 
    global time             % Time of last mental task loading 
    global stime;           % time simulation started;     
    global tflag            % Has the sound started yet? 
    global shape;           % The pixels in each target  
    global bs1;             % Sound to play when index is reached. 
    global flag_sound;      % Play the sound? 
    global results;         % Results is a structure including: 
                            %   apos        Actual position 
                            %   time        Time of task initiation 
                            %   diameter           Diameter of target 
                            %   imp         A substructure containing various 

impedance states 

     
    switch flag, 
      case 0,   % Initialization % 
        [sys,x0,str,ts]=mdlInitializeSizes; 
      case 2,   % Update - this is where the heart of the program is  
        sys = mdlUpdate(t,x,u); 
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      case 3,   % Output   
        sys = mdlOutputs(t,x,u);     
      case 1,4,9,'Stop',   % Terminate  
          name=nid(u(12)); 
          name=['results\F',name]; 
          if(ml==0) 
              name=[name,'N']; 
          else 
              name=[name,'M']; 
          end 
          if(exist([name,'.mat'])==2) 
              disp(['@@@@@@@@ WARNING! ',name,' already exists. File has been 

renamed ',name,'2 @@@@@@@@@']); 
              name=[name,'2']; 
          end 
        save(name,'results'); 
        -tg2; 
        close(figure_handle); 
      otherwise 
        error(['unhandled flag = ',num2str(flag)]); 
    end 
%end Fitt------------------------------------------------------------------ 

  
function sys = mdlUpdate(t,x,u) % Update the system 

  
    global K2;              % Homogeneous matrix 
    global tg2; 
    global i                % Target index number 
    global Num              % Number of targets 
    global fhold;           % Flush out old averages 
    global figure_handle;   % Handle of figure 
    global target_handle;   % Handle of the target   
    global mlt_handle;      % Handle of the mental loading task 
    global mlt_handle;      % Handle of the mental loading task 
    global force_above;     % Handle of force below 
    global force_below;     % Handle of force above 
    global corner;          % Corner of Force bar 
    global fbc;             % Coordinates for force below 
    global fac;             % Coordinates for force above     
    global ml;              % Use a mental task (1) or not (0) 
    global choice;          % Mental load word & color 
    global time             % Time of last mental task loading 
    global stime;           % time simulation started;     
    global tflag            % Has the sound started yet? 
    global shape;           % The pixels in each target  
    global bs1;             % Sound to play when index is reached. 
    global results;         % Results is a structure including: 
                            %   apos        Actual position 
                            %   time        Time of target aquisition 
                            %   diameter           Diameter of target 
                            %   force       Max force 
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                            %   imp         A substructure containing various 

impedance states 
    sys = []; 
    Length = 53.4;          % Radius of pointer 

  
% Beep if it's time to begin tracking 
    if((now-stime>5e-5)&&tflag) 
        sound(bs1,10000); 
        tflag=0; 
    end 
% Display targets --------------------------------------------------------- 
    if(u(1)~=i & u(1)>=2) % Time for a new target 
        results(i+1).time = now;                % Record time 
        results(i).apos = u(3); 
        results(i).Istart = u(4); 
        results(i).IFS1 = u(5); 
        results(i).IBP = u(6); 
        results(i).IP = u(7); 
        results(i).IAP = u(8); 
        results(i).IFS2 = u(9); 
        results(i).Istop = u(10); 
        results(i).Itotal = u(11);         

  
        if(u(1) > Num)  % Done with the experiment 
            set_param('Fitt_host','SimulationCommand','stop'); 
        else 
            flag_sound=0; 
            fhold = 0;                                      % Flush out 

target PC averages & maxes for trial 
            i = u(1);                                       % Update the 

index 
            results(i).time = now;                          % Record time 

  
            

set(target_handle,'xdata',shape(i).pixels(:,1),'ydata',shape(i).pixels(:,2));         

% Draw the new target 
            if (ml)                                         % If a mental 

load word should be displayed 

  
                xt = (Length+2)*sin(pi/2-results(i).pos);   % Figure out 

where to place word 
                if(abs(results(i).pos-pi/2)>10*pi/180) 
                    yt = (Length+2)*cos(pi/2-results(i).pos); 
                else 
                    yt = -12+(Length)*cos(pi/2-results(i).pos); 
                end 
                q = K2*[xt; yt; 1]; 
                xt = q(1); 
                yt = q(2); 
                mlt;                                        % Pick a word 
                drawnow; 
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                time = now;                                 % Start mental 

loading clock 
            end 
        end 
    end 

  
    if(u(2)==0)                                             % target PC 

averages & maxes have been flushed 
        fhold = 1; 
    end 

  
% mental loading ---------------------------------------------------------- 
%    if(ml&&(u(1)<=Num))                                 % If a mental load 

is displayed 

  
%        if(now  - time > 2e-5)                          % Time to update 

word (2.5 sec) 
%            xt = (Length+2)*sin(pi/2-results(i).pos);   % Figure out where 

to place word 
%            if(abs(results(i).pos-pi/2)>10*pi/180) 
%                yt = (Length+2)*cos(pi/2-results(i).pos); 
%            else 
%                yt = -12+(Length)*cos(pi/2-results(i).pos); 
%            end 
%            q = K2*[xt; yt; 1]; 
%            xt = q(1); 
%            yt = q(2); 
%            mlt;                                        % Pick a word 
%            drawnow; 
%            time = now; 
%        end 
%    end 

  
%end mdlUpdate ------------------------------------------------------------ 

  
function sys = mdlOutputs(t,x,u)  
    global i; 
    global results; 
    global fhold; 
    x(3) = results(i).pos; 
    x(2) = results(i-1).pos; 
    if(fhold==0)                                % Flush out thresholds 
        x(1)= 0; 
    else 
        x(1) = 1; 
    end 
    sys = x; 
%end mdlOutputs------------------------------------------------------------ 

  
function [sys,x0,str,ts]=mdlInitializeSizes 
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    global fhold; 
    global flag_sound;      % Play the sound? 
    sizes = simsizes; 
    sizes.NumContStates  =  0; 
    sizes.NumDiscStates  =  1; 
    sizes.NumOutputs     =  3; 
    sizes.NumInputs      = -1;                  % Automatically detect 
    sizes.DirFeedthrough =  0; 
    sizes.NumSampleTimes =  1; 

  
    sys = simsizes(sizes); 
    x0  = 0; 
    str = []; 
    ts  = [-1 0];                               % Inherited sample time 
    figure(1) 
    results(1).time = now; 
    fhold = 0; 
    flag_sound = 0; 
% end mdlInitializeSizes 

 

12.10.4 Tmain.m 
function tmain(K,tg) 
% function tmain(K,tg) 
% This function Initiates a tracking task 
% It starts the execution of the host program (track_host)  
% and the precompiled and loaded target program (track_target) 
% K is the homogeneous transformation matrix of the projector to the screen 
% tg is the address of the XPc target 
% 
% This function calls scripts setscreen and target 
% This function creates global variables used by function track 
% K may be found by running function Calibration 

  
    global K2;              % Homogeneous matrix 
    global tg2;             % target 
    global Length;          % length of pointer; 
    global figure_handle;   % Figure handle 
    global target_handle;   % Target handle 
    global stime;           % Start the stopwatch; 
    global tflag            % Has the sound started yet? 
    global bs1;             % Sound to play when index is reached. 
    global dpo;             % Pre-generated desired position trajectory 
    global tresults;        % Results is a structure including: 
                            %   error   Difference between desired and actual 

position 
                            %   forcei  force index of exceeded threshold 
                            %   speed   average speed 
                            %   imp     average impedance 
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    load dp3;                % Load pre-generated desired position directory. 

This is created by model targ_gen 
    dpo=dp3;                 % Make dp a global variable 
    K2 = K;                 % Make K a global variable 
    tg2 = tg;               % make tg a global variable 

     
    load bs; 
    bs1 = bs;                                           % Sound to play when 

force index is reached; 

         
    Length = 53.4;                      % Radius of pointer 
    shape = target(K,1,1,Length);       % Generate target pixels 
% Set display options ----------------------------------------------------- 
    figure_handle = figure(1); 
    target_handle = 

plot(shape(:,1),shape(:,2),'.','MarkerSize',20,'Color','w','EraseMode','backg

round'); 
    setscreen;                          % Set up the screen 
    % Create force bar 

  
    tflag=1; 
% Run Simulink ------------------------------------------------------------     
    traj_host;                                                  % Load host         
    stime = now;                                                % Start clock 
    +tg;                                                        % Start 

target. Make sure Target is NOT connected. 
    set_param('traj_host','SimulationCommand','start');         % Start host 

 

12.10.5 Track.m 
function [sys,x0,str,ts] = track(t,x,u,flag) 
%   function [sys,x0,str,ts] = track(t,x,u,flag) 
%   This function is called by model track_host  
%   It records the status of the variables 
%   It displays the target and force bar  
% 
%   This function uses global variables created by function tmain  
%   and calls function nid 
% 
%   u(1) = error 
%   u(2) = average speed 
%   u(3) = average impedance 
%   u(4) = nid (Name ID) 
% 
%   sys(1) = dpos 

  
    global K2;              % Homogeneous matrix 
    global tg2;             % target 
    global Length;          % length of pointer;     
    global figure_handle;   % Figure handle 
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    global target_handle;   % Target handle 
    global stime;           % Start the stopwatch 
    global tflag            % Has the sound started yet? 
    global bs1;             % Sound to play when index is reached. 
    global dpo;             % Pre-generated desired position trajectory 
    global p;               % Interpolated position for current time 
    global tresults;        % Results is a structure including: 
                            %   error   Difference between desired and actual 

position 
                            %   forcei  force index of exceeded threshold 
                            %   speed   average speed 
                            %   imp     average impedance 
    switch flag, 
        case 0,   % Initialization % 
            [sys,x0,str,ts]=mdlInitializeSizes; 
        case 2,   % Update - this is where the heart of the program is  
            sys = mdlUpdate(t,x,u); 
        case 3,   % Output   
            sys = mdlOutputs(t,x,u);     
        case 1,4,9,'Stop',   % Terminate  
            if(~isempty(u(1))) 
                tresults.error = u(1); 
            end 
            if(~isempty(u(2))) 
                tresults.speed = u(2); 
            end 
            if(~isempty(u(3))) 
                tresults.imp = u(3); 
            end 
            name=nid(u(4)); 
            name=['results\T',name]; 
            if(exist([name,'.mat'])==2) 
                disp(['@@@@@@@@ WARNING! ',name,' already exists. File has 

been renamed ',name,'2 @@@@@@@@@']); 
                name=[name,'2']; 
            end 
            save(name,'tresults'); 
            -tg2; 
            close(figure_handle); 
        otherwise 
        error(['unhandled flag = ',num2str(flag)]); 
    end 
%end Fitt------------------------------------------------------------------ 

  
function sys = mdlUpdate(t,x,u) % Update the system 
%   u(1) = reset 
%   u(2) = error 
%   u(3) = average speed 
%   u(4) = average impedance 
%   u(5) = nid (Name ID) 
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    global K2;              % Homogeneous matrix 
    global tg2;             % target 
    global Length;          % length of pointer;     
    global target_handle;   % Target handle 
    global stime;           % Start the stopwatch 
    global tflag            % Has the sound started yet? 
    global bs1;             % Sound to play when index is reached.     
    global dpo;             % Pre-generated desired position trajectory 
    global p;               % Interpolated position for current time 
    global tresults;        % Results is a structure including: 
                            %   error   Difference between desired and actual 

position 
                            %   forcei  force index of exceeded threshold 
                            %   speed   average speed 
                            %   imp     average impedance 

  
% Update results ----------------------------------------------------------     
    if(~isempty(u(1))) 
        tresults.error = u(1); 
    end 
    if(~isempty(u(2))) 
        tresults.speed = u(2); 
    end 
    if(~isempty(u(3))) 
        tresults.imp = u(3); 
    end 
% Beep if it's time to begin tracking 
    if((now-stime>5e-5)&&tflag) 
        sound(bs1,10000); 
        tflag=0; 
    end    
% Update target -----------------------------------------------------------     
    elap=now-stime; 
    if(elap>7e-4) 
        set_param('traj_host','SimulationCommand','stop'); 
    else 
        p= dpo(round((elap)*1.6667e+6)); 
        shape = target(K2,p,1,Length);          % Generate target pixels 

     
        set(target_handle,'xdata',shape(:,1),'ydata',shape(:,2));   % Draw 

the new target 
        drawnow 
    end 
    sys = []; 

     
%end mdlUpdate ------------------------------------------------------------ 

  
function sys = mdlOutputs(t,x,u)  
%   sys(1) = dpos 
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    global p;                               % Interpolated position for 

current time 
    x(1) = p; 
    sys = x; 
%end mdlOutputs------------------------------------------------------------ 

  
function [sys,x0,str,ts]=mdlInitializeSizes 
    global p; 
    sizes = simsizes; 
    sizes.NumContStates  = 0; 
    sizes.NumDiscStates  = 1; 
    sizes.NumOutputs     = 1; 
    sizes.NumInputs      = -1;              % Inherited number of inputs 
    sizes.DirFeedthrough = 0; 
    sizes.NumSampleTimes = 1; 
    p = 0; 
    sys = simsizes(sizes); 
    x0  = 0; 
    str = []; 
    ts  = [-1 0];                           % Inherited sample time 
    figure(1) 
    results(1).time = now; 
 % end mdlInitializeSizes 

12.10.6 Setscreen.m 
% Script setscreen 
% This script formats figure figure_handle in terms of: 
% size, scaling, color, and refresh rate 
% 
% This script is called by functions Calibrate, fmain, and tmain 
% This script assumes the computer is using 2 monitors. 

  
    v = get(0,'MonitorPosition');   % Get the combined size of the 2 monitors 
    set(figure_handle,'position',[v(2,1) v(1,4)-v(2,4) v(2,3)-v(2,1)+1 

v(2,4)],'menubar','none','numbertitle','off','name','Experiment B 

screen','Renderer','OpenGL'); 
    set(figure_handle,'color',[0 0 0]); % [1 1 1] is white, [0 0 0] is black 

     
    ar = 60;                            % Set X/Y +/- scale     

  
    %   Set axis 
    r = (v(2,3)-v(2,1))/(v(2,4)-v(2,2)); 
    axislimits = [-ar ar -10 ar+15]; 
    axis(axislimits); 

  
    axis equal;                         % Make circles look like circles, not 

ellipses 
    axis manual;                        % Make axes permenent 
    axis off;                           % Don't display axes 
    q=gca; 
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    set(q,'OuterPosition',[-.2 -.2 1.4 1.4]);       % Get rid of the figure 

borders 
    %   Speed up animation 
    set(figure_handle,'BackingStore','off','Interruptible','off')  
    axes_handle=gca; 
    set(axes_handle,'DrawMode','fast'); 

12.10.7 nid.m 
function name = nid(paradigm) 
% function name = nid(paradigm) 
% This function determines what to name the results file 
% It is called by Fitt and track 
switch(paradigm) 
    case(1) 
        name='A'; 
    case(2) 
        name='B'; 
    case(3) 
        name='C'; 
    case(4) 
        name='D'; 
    case(5) 
        name='E' 
end 

12.10.8 mlt.m 
% Script mlt creates a mental loading task 
% It is called by functions fmain and Fitt 
   ochoice = choice; 
   while(ochoice == choice) 
       choice = 1+round(11*rand); 
   end 
   switch (choice) 
       case(1) 
         set(mlt_handle,'Color','b','String','RED','position',[xt yt]); 
       case(2) 
         set(mlt_handle,'Color','b','String','GREEN','position',[xt yt]); 
       case(3) 
         set(mlt_handle,'Color','b','String','WHITE','position',[xt yt]); 
       case(4) 
         set(mlt_handle,'Color','r','String','BLUE','position',[xt yt]);             
       case(5) 
         set(mlt_handle,'Color','r','String','GREEN','position',[xt yt]);             
       case(6) 
         set(mlt_handle,'Color','r','String','WHITE','position',[xt yt]);             
       case(7) 
         set(mlt_handle,'Color','g','String','BLUE','position',[xt yt]);             
       case(8) 
         set(mlt_handle,'Color','g','String','RED','position',[xt yt]);                        

       case(9) 
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         set(mlt_handle,'Color','g','String','WHITE','position',[xt yt]);             
       case(10) 
         set(mlt_handle,'Color',[1 1 1],'String','RED','position',[xt yt]);                

       case(11) 
         set(mlt_handle,'Color',[1 1 1],'String','BLUE','position',[xt yt]);                                    

        case(12) 
         set(mlt_handle,'Color',[1 1 1],'String','GREEN','position',[xt yt]);                        

   end 

 

12.11 Data sheets 

Emoteq Corporation: Division of Allied Motion Technologies (12 /16/2004 

HT02500-X0X         NUPRL 

 

 

 



  292 

  

 

 



  293 

  

 

 



  294 

  
 



  295 

  
 



  296 

  
 



  297 

  
 



  298 

  
 



  299 

  

 



  300 

  
 



  301 

  
 



  302 

  
 



  303 

  

Vita 

Jonathon W. Sensinger 

Born in Syracuse, New York, USA 

EDUCATION: 

University of Illinois at Chicago  
Bachelor of Science in the field of Bioengineering 
GPA: 4.96/5.00, May 2002 

 
Northwestern University 
Masters of Science in the field of Biomedical Engineering 
GPA: 3.8/4.0, June 2005 
 
Northwestern University 
Doctor of Philosophy in the field of Biomedical Engineering 
June 2007 
 

EXPERIENCE: 

Prosthetics Research Laboratory: Northwestern University, Evanston, 2003 - 2006   

• Research Assistant in the Mechatronic upper limb division 
• Designed and tested non-backdrivable Series Elastic Actuators (SEA) for use in a prosthesis. Design 

was awarded a provisional patent. 
• Created closed-form equations to characterize the unique torsional member used in rotary SEA. 
• Created torque reduction technique to implement Harmonic Drive torque sensing. 
• Formed and moderated weekly research meeting 

 

Neural Engineering Center for Artificial Limbs: Rehabilitation Institute of Chicago, Chicago, 2005 

- present   

2007 – present: Research Engineer. 

2005-2006 – no formal affiliation 



  304 

  

• Applied SEA concepts to a prototype plunger mechanism in conjunction with NECAL, led by 
Dr. Todd Kuiken 

• Obtained provisional patent for design (Prosthetic Haptic Interface for Reinnervated Skin. 
Application No.60/707,481; August 11, 2005 

• Performed experiments to evaluate ability of subjects with targeted sensory reinnervation to 
discriminate pressure. 

 

EXCEL: Northwestern University, 2005   

• Designed and taught Linear Algebra and Matlab course for 16 freshmen. Designed syllabus and 
assignments, instructed students, and graded results. 

• Created four real-world application projects including a Wheatstone bridge, chemical distillation, 
Biomechanical shape-roll over shape, and acoustic instrument modeling project. For each project 
students had to obtain their own parameters through research, create appropriate Matlab code, and 
present comprehensive reports. 

• Challenged and inspired students to think outside the box through introducing new thought 
paradigms on all quizzes and exams, thus forcing students to apply existing principles to 
completely new problems. 

• Inspired student to create “I love Matlab” tee-shirt. 
 

Biomechanics Research Lab: University of Illinois at Chicago, 1999 - 2002   

• Design of an orthotic glove for patients with minimal muscle function in the hands. Innovative use 
of Nitinol wire as an actuator in design to minimize weight and volume while increasing 
ergonomics of use and cosmetic appeal.  Design received interest by Dean of Research and received 
identification disclosure number CV44. The invention has been demonstrated to Johnson and 
Johnson, who is interested in further development of the project. 

• Biomechanical study of the Finger Joint system during surgical repair.  Created a biomechanical 
model of the index and little finger during A2 and A4 pulley proximal and distal partial resection, 
to assess the proper procedure for surgical venting. Created new algorithms to accurately filter and 
process the data in an accurate and concise manner. Results presented at the Orthopedic Research 
Society 2002 conference and the Surgery of the Hand 2002 conference, and will be submitted to 
the Journal of Hand Surgery for publication.  Interest in this technique led DePuy to fund a 
secondary study, using the technique to diagnose their MCP joint prosthesis. 

 

Research and Design Engineer : CNY Prosthetics, May 2002 – September 2002 

Designed and fabricated prototypes for: 

• lockable wrist unit with large torque capabilities and fine resolution 



  305 

  

• movable umbrella pin for transfemoral sockets 
• Cord Knee with ankle linkage 

 

Technical briefings: 

• Development of a Recessed Fulcrum Prosthetic Socket  
• Transtibial synostosis utilizing a VASS system  
• Narrow Medial-Lateral Socket Justification 

 

Research and Design Engineer Intern: CNY Prosthetics, May 2001 – July 2001 

Researched optimization of current terminal devices in regards to material properties and 
geometry. Created innovative prototypes in most of the areas of prosthetics.  Examples include a 
specialized hand for use with karate weapons, a kinematically linked joint system, and a knee 
prosthesis design to allow user feedback quicker and more reliable than the Seattle Knee. Worked 
closely with CEO John Tyo and patients to produce realistic and usable designs using novel 
materials and techniques. 

 

BIBLIOGRAPHY: 

Papers 

Sensinger, J.W., & Weir, R.F.ff. (2007). User-Modulated Impedance Control of a Prosthetic Elbow in 
Unconstrained, Perturbed Motion. IEEE Transactions on Biomedical Engineering, TBME-00028-2007, 
accepted for publication 
 
Sensinger, J.W., & Weir, R.F.ff. (2007). Modeling and Measurement of Rotational Stiffness in Trans-
humeral Socket-residual limb interface. IEEE Transactions on Biomedical Engineering, TBME-00053-
2007, submitted for publication 

 
Sensinger, J.W., & Weir, R.F.ff. (2006). 2D Projection of a Multivariate Root Locus. IEEE/ASME 
Transactions on Mechatronics, MT06-100, submitted for publication 
 
Sensinger, J.W., & Weir, R.F.ff. (2006). Improved Torque Fidelity in Harmonic Drive Sensors through the 
Union of Two Existing Strategies. IEEE/ASME Transactions on Mechatronics, 11 (4), 457-461. 

 

Conferences 

Sensinger, J.W., & Weir, R.F.ff. (2007). Inherently Compensating Body Powered Elbow. 12th World 
Congress of the International Society of Prosthetics and Orthotics (Vancouver). 
 



  306 

  

Sensinger, J.W., & Weir, R.F.ff. (2007). User-Modulated Impedance Control of a Prosthesis. 12th World 
Congress of the International Society of Prosthetics and Orthotics (Vancouver). 
 
Sensinger, J.W., & Weir, R.F.ff. (2007). Trans-humeral socket residual-limb interface stiffness. 12th World 
Congress of the International Society of Prosthetics and Orthotics (Vancouver). 
 
Sensinger, J.W., Lock, B.A., Weir, R.F.ff., & Kuiken, T.A. (2007). Targeted Sensory Reinervation Subject 
Force Perception. 12th World Congress of the International Society of Prosthetics and Orthotics 
(Vancouver). 
 
Sensinger, J.W., & Weir, R.F.ff. (2006). Impedance Control Using a Compact Series Elastic Actuator. 
IEEE/ASME International Conference on Mechatronic and Embedded Systems and Applications (Beijing, 
China). 
 
Sensinger, J.W., & Weir, R.F.ff. (2006). Improvements to Series Elastic Actuators. IEEE/ASME 
International Conference on Mechatronic and Embedded Systems and Applications (pp. 160-166). 
Beijing, China. 
 
Sensinger, J.W., & Weir, R.F.ff. (2006). Non-backdrivable Impedance Control. Robotics: Science and 
Systems; Robotic Systems for Rehabilitation, Exoskeleton, and Prosthetics Workshop (Philadelphia, PA. 
 
Sensinger, J.W., & Weir, R.F.ff. (2006). User-modulated Impedance Control. Biomedical Engineering 
Society Annual Meeting (pp. 167-172). Chicago, IL. 
 
Sensinger, J.W., Lock, B.A., Weir, R.F.ff., & Kuiken, T. (2006). Physiological differences in targeted 
hyper-reinervation subject's force perception. Biomedical Engineering Society Annual Meeting (Chicago). 
 
Sensinger, J.W., & Weir, R.F.ff. (2006). Biomimetic Control of Traditional Prostheses. American Academy 
of Orthotists and Prosthetists Scientific Symposium (Chicago). 
 
Kuiken, T.A., Sensinger, J.W., & Weir, R.F.ff. (2006). Phantom Limb Sensory Feedback through nerve 
transfer surgery. American Academy of Orthotists and Prosthetists Scientific Symposium (Chicago). 
 
Sensinger, J.W., & Weir, R.F.ff. (2005). Design and Analysis of Non-backdrivable Series Elastic 
Actuators. IEEE 9th International Conference on Rehabilitation Robotics (Chicago). 
 
Sensinger, J.W., & Weir, R.F.ff. (2005). Non-Backdrivable Series Elastic Actuator For Use In A Prosthetic 
Elbow. Myoelectric Controls Symposium (New Brunswick). 
 
Kuiken, T.A., Sensinger, J.W., & Weir, R.F.ff. (2005). Phantom Limb Sensory Feedback through nerve 
transfer surgery. Myoelectric Controls Symposium (New Brunswick. 
 
Gonzalez, M.H., Sensinger, J.W., Chow, J.C., & Amirouche, F. (2003). Effect of Partial Resection of A2 
and A4 Pulleys on Finger Joint Torques and Radii. American Society for Surgery of the Hand Annual 
Meeting (Chicago). 
 

Periodicals 

Sensinger, J.W. (2005). May the Force Be with You: Physiologically appropriate prostheses. Capabilities, 
13 (2), 2-5. 



  307 

  

 
Sensinger, J.W. (2005). Series Elastic Actuators: Providing Safe Power in Electric Prostheses. 
Capabilities, 14 (1), 8-9. 

 

Theses  

Sensinger, J.W. (2005). Design & Analysis of a Non-backdrivable Series Elastic Actuator for use in 
prostheses. MSC Thesis, Biomedical Engineering (p. 135). Evanston: Northwestern University. 
 
Sensinger, J.W. (2007). User-Modulated Impedance Control Using Two-Site Proportional Myoelectric 
Signals. Ph.D. Thesis, Biomedical Engineering (p. 307). Evanston: Northwestern University. 

 

 

                                                

i
 Hosmer Dorrance Corporation, Campbell, CA 

ii
 Liberating Technologies, Inc., Holliston, MA 

iii
 Motion Control, Inc., Salt Lake City, UT 

iv
 Pro/Mechanica© is a trademark of Parametric Technology Corporation, Needham, MA 

v
 Omega, Stanford, Connecticut 

vi
 Matlab is a product of Mathworks, Natick, Massachusetts 

vii
 MicroMo Electronics, Clearwater, Florida 

viii
 McMaster-Carr, Atlanta, Georgia 

ix
 Load Cell Central, Monroeton, Pennsylvania 

x
 ETI, Carlsbad, California 

xi
 Emoteq, Inc. a division of Hathaway, Tulsa Oklahoma 

xii
 Harmonic Drive LLC., Hauppauge, New York 

xiii
 Faullhauber, Clearwater, Florida 

xiv
 Otto Bock, Minneapolis, Minnesota 


