
	  

	  

ABSTRACT 
 

BOATWRIGHT, WILLIAM ALEXANDER. Feasibility Study of a Human-Center 
Quantified Subjective and Objective Design Evaluation Method For Powered Lower-
Limb Prostheses. (Under the direction of Dr. He Huang). 
 

Current evaluation of advanced lower limb prostheses has been primarily based 

on the quantified performance of the prosthesis user in clinics or well-controlled 

environments. The demand on the user, their satisfaction and preference, in real 

environments has been less emphasized, but is important to understand in order to make 

the advanced technology useful. The objective of this research was to develop a user-

center design evaluation process for powered lower-limb prostheses that involved 

modeling the user’s movement-to-movement performance and subjectivity using a 

common input design space, including the user, the environment, prosthesis control 

parameters, and the interactions of these three entities. This was done by evaluating a 

prototypical transfemoral prosthesis and its controller in supporting the user’s sit-to-stand 

task.  

Seventeen subjects wearing our powered prosthesis were asked to rise from a 

seated position from a chair with multiple chair height settings. The movement-to-

movement performance was quantified by leg loading symmetry, and was obtained along 

with the user’s subjective satisfaction. Then, models that map the prosthesis control 

parameters (machine), the user’s physical condition (human), chair height (environment), 

and their interaction to the objective and subjective response of the user were built. The 

subjective responses were binned to positive and negative responses and were modeled 

with a binomial multiple logistic regression model. Loading symmetry was modeled with 

a multivariable linear regression model. 



	  

	  

The results showed that the preferred prosthesis control parameters varied 

between user and the environment that they are operating in. Additionally, prosthesis 

knee joint root mean square angular jerk was determined to be a significant factor in 

determining both subjective and objective performance outcomes. This showed that not 

only are the user, machine, and expected operating environment important design factors 

but also how the user and machine are able to interact within a given environment. 

Finally, the study showed that the prosthesis control parameters that support symmetrical 

sit-to-stand performance of the user might not necessarily satisfy the user. It implies that 

“optimal” prosthesis design should consider both objective measurement of task 

performance and subjective preference within the range of operating environments. This 

study provides not only a novel process to evaluate the prosthetic technology, but also 

informs the future design of usable powered prosthetic legs. 
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I. INTRODUCTION: 
 

Major lower limb loss affects more than 600,000 people in the United States and 

severely restricts patients’ abilities to perform basic activities of daily living [1]. Robotic 

lower-limb prostheses have recently become clinically available and have shown great 

promise in restoring mobility in patients with lower limb amputations. These prostheses 

are able to emulate muscular function and contribute to more natural gait by providing 

net positive joint power [2]. 

Finite state control has been the most popular method for mid-level robotic lower-

limb prosthesis control [3]. More specifically, finite state impedance (FSI) control has 

been used to successfully provide amputees the ability to perform a variety of locomotion 

tasks by controlling prosthesis impedance based on known interactions with the 

environment [4]. The tasks that this control type excel at are rhythmic movements such as 

level-ground walking, constant grade ramp ascent and descent, and constant height stair 

ascent and descent [5], [6], [7], [8], [9]. Furthermore, additional control algorithms can 

allow cadence modulation and ramp grade adjustments, which adjust the control 

parameters on the fly for a few set conditions as the user’s needs or environment change 

[6], [7]. With control parameters heuristically tuned for each state, the user has the ability 

to adapt to the repeated, consistent, and predictable user-prosthesis-environment 

interactions and perform the desired movement. Users can be fit to the device by tuning a 

number of control parameters so that the prosthesis will work within the constraints of the 

user’s gait. 

Despite this progress, most insurance companies still consider robotic lower-limb 

prostheses investigational or experimental devices and will not cover expenses associated 
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with them due to the lack of literature showing significant long-term clinical advantage 

[10], [11]. This leaves a small market for these devices consisting of high functional level 

veterans and the wealthiest amputees. Therefore, there is strong evidence that the design 

evaluation techniques currently used are less than adequate in sufficiently proving the 

advantages of lower-limb robotic prosthetic devices. 

A device that is as expensive and complex as a robotic lower-limb prosthesis 

should be designed with the user as the focal point. Usability is "the extent to which a 

product can be used by specified users to achieve specified goals with effectiveness, 

efficiency and satisfaction in a specified context of use" [12]. Alternatively, usability 

could be said to be “a good fit between the technology and the person, the technology and 

the activities being undertaken, the technology and other devices [in use], and between 

the technology and the environment.” [13] Usability was rarely discussed in prosthetic 

limb design until recently when an article was published to highlight the need for 

usability studies in order to develop highly functional upper-limb prostheses that are 

acceptable to users [14]. Because of the large differences between designers and the end-

users, we believe a user-centered design approach for robotic lower-limb prostheses, 

specifically active transfemoral prostheses (ATP), is essential. While usability itself 

cannot be directly measured, usability parameters such as user subjective preference and 

objective performance measures can be [15]. 

Current design evaluation techniques for robotic lower-limb prosthetic devices 

and controllers normally consist of combinations of kinematics, kinetics, and metabolics 

within controlled environments such as clinics and laboratories. While the value of these 

evaluation techniques is undeniable, it is believed that combining these techniques with 
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the evaluation of the users’ subjectivity in the form of quantitative numerical rating scales 

within the context of the expected operating environments will provide a more complete 

picture of the efficacy of these devices. Without taking a user’s subjectivity into account, 

it is impossible to know the distress placed on the user for a given task for the given 

controller within a given environment. 

As is common with upper-limb prostheses, not considering a user’s subjective 

expectations of assistive technology devices such as lower-limb prostheses can lead to 

device abandonment [17]. Device abandonment isn’t as large of an issue for lower-limb 

prosthesis design as it is for upper-limb devices because both lower-limbs are required to 

perform most locomotion tasks, whereas extent of amputation (unilateral vs. bilateral) is a 

large contributing factor to abandonment of upper-limb devices [18]. However, it is still 

an important consideration for robotic lower-limb device design, especially considering 

their higher cost, increased weight, and their potential to move in discord with the user. 

User subjectivity could be the limiting factor in further acceptance of these devices. 

In order to improve powered prosthesis usability, we propose the use of a user-

center design evaluation method that attempts to model movement-to-movement 

subjective and objective performance movement outcome measures using a common 

factor input design space that includes the user, the environment, prosthesis control 

parameters, and the interactions of these three entities.  A single case feasibility study of 

the user-center design evaluation method is presented here. We used our prototypical 

ATP and a sit-to-stand (STS) finite state impedance (FSI) control mode modified slightly 

from one found within literature as the platform for design evaluation in the study. The 

STS movement fit all of the desired criteria for the studied movement task. It is a highly 
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coordinated discrete movement, and is considered to be the most difficult movement 

performed on a daily basis [19]. It is a movement that has a large net positive power 

requirement at the knee joints and has the potential to be greatly aided by use of an ATP. 

Studies have shown that peak knee joint torque requirements change depending on chair 

height [20], [21], [22]. Lastly, the environment is innately variable depending on the 

chairs available in a given room. Due to the immense complexity of the human-machine-

environment interaction for this movement task, we believe it will serve as a good 

platform for this type of design evaluation method.  

The main goal for this work is for this type of summative design evaluation 

method to become the paradigm for robotic prosthesis device evaluation, and that with 

this method and the information it provides, device/control developers will have the 

ability to better assess their design usability and decrease costs over time by ensuring that 

the user base, clinicians, and insurers will be accepting and supporting of the devices and 

controllers prior to their release to the market. This work is novel and is the first time to 

our knowledge that anyone has tried to model users’ movement-to-movement 

performance and subjectivity using a common input design space. 
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II. USER-CENTER DESIGN EVALATION METHOD OVERVIEW:  
 

Figure 1 is a flow chart depicting the proposed design evaluation method. It 

consisted of experimental, model development, and model application sub-sections. Each 

sub-section served as an individual chapter of this thesis.  
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Figure 1  –  Flow chart depicting the proposed user-center design method involving the 
targeted human user base, the designed device, and the expected operating environment. 
The sections indicated by the dashed lines separate the process into three discrete steps. 
The first step is the experimental section, the second step is model development, and the 
third step is model application.   
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III. EXPERIMENT: 
 

METHODS AND MATERIALS: 
 

Powered Transfemoral Prosthesis Prototype 
 

The device that was evaluated was a powered transfemoral prosthesis prototype, 

shown in Figure 2, which was previously developed within our lab in order to allow an 

increased range of motion while also providing similar maximum torque as our previous 

prototype [23]. Its most similar analogue to a device in industry and literature is the 

ÖSSUR® POWER KNEE™. A slider crank mechanism was used in order to attempt to 

replicate the biomechanics of the human knee. A brushless DC motor (EC 4-Pole 30, 

Maxon, Switzerland) drove the joint by rotating a ball screw (SKF 10mm x 2mm).  

 
 
 

 
Figure 2  –  Prototypical powered prosthesis and able-bodied subject adapter 
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The prosthesis was tethered and controlled with LabVIEW (National Instruments, 

TX, USA) running on a PC with an Intel® Xeon® CPU ES-1603 0 2.8GHz processor. 

Magnetic encoders (RMB20VB10BC1 and RMB201C10BC10, RLS, Slovenia) were 

attached to either side of the knee to measure angle (𝜃) and angular velocity (𝜃) 

respectively.  A load cell (Mini58, ATI Industrial Automation, Apex, NC) was attached 

below the knee unit, at the fixed ankle joint, to measure forces and moments at the ankle. 

All prosthesis sensor signals were sampled at 100 Hz with 16-bit resolution using 

a multifunction data acquisition (DAQ) card (PCI-6259, National Instruments, TX, 

USA). 

A 90-degree socket, which can also be seen in Figure 2, was used in order to test 

able-bodied subjects. All able-bodied subjects wore the prosthesis on the left side. 

 

Control Development 
 

The controller architecture was based on that of Sup et. al [6]. Four mid-level 

activity control modes, standing, stand-to-sit, sitting, and STS, were developed for use in 

this study. The mid-level controller emulated an ideal massless rotational spring-damper 

system for each state of the control modes and fed the desired torque values to the low-

level control to achieve the desired prosthesis knee joint torques. The following equation 

describes the function of the mid-level controller. The desired torque is equal to the 

product of spring stiffness, k, and the difference between the current knee flexion angle 

and the equilibrium knee angle plus the product of the damping factor, b, and the current 

knee joint angular velocity. 

𝜏!"# = 𝑘 𝜃 − 𝜃!" + 𝑏𝜃 
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The standing activity mode functioned the same as the one described in [6]. 

The stand-to-sit mode was added for increased simplicity during the experiment 

but was not a focus of the study. The mode was built to function similarly to the stand-to-

sit mode presented by Simon et al. [24]. Loading and flexing the prosthesis past a set 

threshold of twenty degrees for at least a quarter of a second achieved this mode. After 

switching into the mode, the stand-to-sit equilibrium angle was adjusted to a constant 

multiple of the current knee angle at each sampling interval to consistently be a value less 

than the current knee angle. This incrementally increased prosthesis desired torque, as the 

user got closer to the final sitting position by causing an increased difference in the 

current prosthesis knee angle and equilibrium angle.  Damping was higher for this state 

than others to prevent abrupt increases in speed. The final knee angle of the stand-to-sit 

task was applied as the sitting task equilibrium position.  The sitting task could not be 

transferred into until the knee flexion angle threshold of 45 degrees was met and the 

vertical force component at the load cell went below the threshold value, which was set to 

be roughly equivalent to the combined weight of the prosthesis and the residual limb of 

the user while sitting.  

The sitting mode consisted of two states, weight bearing and non-weight bearing. 

Similar to the standing mode in [6], the weight-bearing state of the sitting mode was a 

state of relatively high overall impedance.  During the non-weight-bearing state the knee 

acted as a passive dashpot to allow the user to adjust the sitting equilibrium position and 

position the prosthesis as needed for comfort or to prepare for the next sit-to-stand 

movement. Transition between the weight-bearing and non weight-bearing sitting modes 

was regulated by a threshold vertical force at the load cell set to a value roughly 
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equivalent to the combined weight of the prosthesis plus the user’s interfacing limb at rest 

on the force plate while in the seated position. 

The STS mode, which was the evaluated controller mode, consisted of a single 

state and was modeled after the STS transition task presented by Varol et al. [25]. 

Stiffness was modulated as a piece-wise function of knee angle during the movement to 

create prosthesis desired torque-angle profiles similar to that of an able-bodied individual 

[26]. It also allowed smoother transitions near the seated position as compared to what a 

single stiffness value would allow. This underlying piece-wise stiffness versus angle 

profile was modified depending on prosthesis starting knee angle so that the prosthesis 

would behave similarly at any chair height based on the position of the knee. Figure 3 

shows an example of how the piece-wise stiffness versus angle profile was modified 

between movements. Damping was held constant at a low value to help ensure stability. 

Equilibrium position was set at the standing knee angle of five degrees. An adjustable 

stiffness gain was used to scale the stiffness-angle profile as the user desired. The 

following equation shows the change in mid-level controller function for the sit-to-stand 

task. 

𝜏!"# = 𝑘!"#$𝑘(𝜃) 𝜃 − 𝜃!" + 𝑏𝜃 
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Figure 3  –  Demonstration of the underlying piece-wise stiffness vs. angle profile 
generation for each sit-to-stand movement. Each function contains two pieces. The first 
piece at the start of the movement consists of a portion of a line from the initial knee 
angle and stiffness value up to the piece-wise intercept shown in the figure. This piece 
terminates at the designated final stiffness value. The second piece consists of a zero-
slope line from the termination point of the first piece through the end of the movement. 
The dashed lines are for guidance. The 90-degree movement is shown in a darker grey. 
The 70-degree movement is shown in light grey. The second pieces of each movement 
are slightly offset at 0.7 for further clarity. 

 
 
 

Activating a hand trigger while in the sitting weight-bearing phase initiated the 

STS task. The hand trigger allowed the user to initiate the movement exactly when 

desired. Standing was achieved when the prosthesis knee angle was less than ten degrees 

and remained there for a quarter of a second. A state diagram of the upper-level controller 

used during this study is shown in Figure 4. 
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Figure 4  –  State chart of high-level and mid-level controller functionality. Activity 
modes are shown in large, light grey boxes. Mid-level control states are shown in the 
dark grey boxes. State and mode transfer conditions are shown in italic text within the 
figure. 𝜽𝒌𝒏𝒆𝒆 indicates the prosthesis knee flexion angle. GRF indicates the vertical force 
component at the prosthesis load cell. Thresholds are explained further within the text. 

 
 
 

Experimental Setup 
 

Testing was performed on a Bertec Instrumented Treadmill (Bertec Limited, 

Edinburgh, Scotland, UK). Force plate data was sampled at 1000Hz. An adjustable chair 

and stage were fabricated to span the treadmill and allow the subject to be within the 

handrails and over the force plates while sitting. The adjustable chair served as a way to 

test the users in the expected real-world operating environment. The chair was on a hinge 

in order to avoid interference between the chair and the subject. The backrest on the chair 
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enforced the subjects to perform the STS movements from a consistent starting position. 

The experimental setup can be seen in Figure 5. 

 
 
 

 
Figure 5  –  Experimental setup consisting of a Bertec Instrumented Treadmill, Custom 
Prototypical Powered Prosthesis, Custom Able-Bodied Socket, Adjustable Chair and 
Hand Rails. 

 
 
 
An eight-camera Vicon (Vicon, Oxford, UK) system was used for motion capture. 

Motion capture data was sampled at 100Hz. A marker set was used to capture the motion 

of the torso, pelvis, right and left thigh, right and left shank, and right and left foot 

segments. The following markers were placed: three torso segment markers (TRSO1, 

TRSO2, TRSO3), left and right acromia (RACR, LACR), C7 and L5 vertebrae (C7, L5); 

on the pelvis, left and right greater trochanter (LGTR, RGTR), left and right anterior 

superior iliac spines (LASIS, RASIS), left and right posterior superior iliac spines 

(LPSIS, RPSIS); on the right and left thighs, three segment markers (RTH1, RTH2, 
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RTH3, LTH1, LTH2, LTH3), medial and lateral femoral epicondyles (RMEP, RLEP, 

LMEP, LLEP); on the right and left shanks, three segment markers(RSK1, RSK2, RSK3, 

LSK1, LSK2, LSK3) , medial and lateral malleoli (RMML, RLML, LMML, LLML), on 

the right and left feet; the first and fifth metatarsal tuberosities (R1ST, R5TH, L1ST, 

L5TH), calcanei (RCAL, LCAL), and the second phalangeal mediae/proximales joints on 

each foot (RTOE, LTOE). One additional marker was placed on the sound side shank at 

the tibial tuberosity (RTTB). Prosthesis femoral epicondyle markers were placed on the 

knee axis of rotation of the prosthesis. The prosthesis foot markers were placed 

approximately, in relation to the sound side foot. The marker set up is shown in Figure 6. 
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Figure 6  –  Quasi full-body marker set up. Consists of TRSO1, TRSO2, TRSO3, RACR, 
LACR, C7, L5, LGTR, RGTR, LASIS, RASIS, LPSIS, RPSIS, RTH1, RTH2, RTH3, 
LTH1, LTH2, LTH3, RMEP, RLEP, LMEP, LLEP, RSK1, RSK2, RSK3, LSK1, LSK2, 
LSK3, RLML, RMML, LLML, LMML, R1ST, R5TH, L1ST, L5TH, RTOE, LTOE, 
RCAL, LCAL and RTTB markers. Markers are highlighted with blue circles. See text for 
explanation of abbreviations. 

 
 
 

Data Processing 
 

All data acquisition devices were synchronized by the use of a pulse signal. 

Motion capture marker data was processed in MATLAB (Mathworks, MA, USA) and 

was gap-filled using a rigid body transformation spline filling method. Marker data was 

filtered with a zero-phase fourth order low pass Butterworth filter with a cut-off 

frequency of 6 Hz. Individual movements were extracted from the motion capture trials 

by hand at the beginning of C7 marker movement and ending at the stabilization of the 

sound side hip and knee joints. 
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EXPERIMENT: 
 
  17 able-bodied (AB) subjects were tested under University North Carolina Chapel 

Hill IRB approval. The subjects served as a cross-section of the hypothetical user base for 

the device. Subject height and weight information is shown in Figure 7.  

 
 
 

 
Figure 7  –  Subject height and weight distribution 

 
 
 
Each subject was first given a brief scripted overview on the basic premise of the 

experiment, the function of the controller, and the experimental procedure so as to not 

influence subjectivity or reveal the details of the study. At this time a question was 

presented to the subject, “Did the prosthesis do what you wanted it to do in relation to 
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your intact leg?” The available responses were: 1, not at all; 2, mildly; 3, moderately; 4, 

mostly; and 5, exactly. 

The subject then donned the ATP. Subjects were required to use the able-bodied 

subject adapter socket and height-adjusting shoe as shown in Figure 2. The height-

adjusting shoe increased the length of the sound-side leg to offset the increased thigh 

length on the prosthesis side due to the ATP and any residual shank size differences. The 

ATP ankle and knee pyramid connectors were adjusted and aligned at standing with the 

help of the subject. 

STS training and controller tuning then began starting at the lowest of three chair 

heights, twenty-two inches. The goal of this portion of the experiment was to arrive at 

subjectively optimal stiffness values in relation to the previously presented question for 

the three chair heights at the subject’s everyday comfortable STS movement speed. These 

values would then be used during the testing portion of the experiment. Data outside of 

the chosen stiffness values were not recorded during this portion of the experiment. 

The subject was instructed to initialize each movement at a given chair height the 

same way. He or she was told to sit back in the chair to a hip flexion angle of roughly 

ninety degrees and to start each movement with their back in contact with the backrest to 

avoid any preloading at the start of the movement. Initial foot position was constrained 

by placing pieces of tape on each edge of the treadmill to mark the foot starting positions. 

The tape was placed so that the initial ankle angle on both sides was zero degrees at the 

current chair height. During training, the user was given the option to use the treadmill 

handrails as needed, but ultimately the movements would be performed with a rigid upper 

body with arms folded across the chest. The subject was also requested to perform the 
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movement in a continuous, normal manner and to consistently perform the movements 

with as equal of a weight distribution as possible. 

The stiffness gain was initially set to a low value in order to familiarize the 

subject with the feeling of the ATP switching into the STS task. As the user started 

performing movements and got an idea of what to expect, the stiffness, of which the 

numerical value was blind to the user, was incrementally changed with the user 

performing multiple movements at each value. The decision to increase or decrease the 

stiffness value was made by the subject with guidance from the experimenter on how the 

change could possibly effect the movement. As the tuning got to a point where the user 

felt like the ATP was performing within the upper echelon of his or her subjectivity, or as 

well as possible in some cases, for the subjective response question, a scan of 

neighboring stiffness values was done to ensure that the chosen value was in fact the best. 

This process was then repeated for the middle chair height, twenty-five inches, and the 

high chair height, twenty-eight inches. The subject was allowed to rest as needed between 

movements during this process. 

Then the subject was given an extended rest period of roughly thirty minutes 

while motion capture markers were placed. A quasi-full-body marker set was used to 

capture motion of the trunk, pelvis, right and left thigh, right and left shank, and right and 

left foot segments.  

Once the markers were placed, the testing portion of the experiment and data 

capture began. The subject was asked to perform five movements at all combinations of 

tuned stiffness gain values and chair heights for a total of nine test settings. Three out of 

the nine settings were tuned settings (e.g. the low chair height and the subjective 
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optimum, comfortable speed stiffness gain value for that chair height). The other six 

settings were not tuned (e.g. the high chair height and the subjective optimum, 

comfortable speed stiffness gain value for the lowest chair height). All combinations of 

stiffness gain values and chair heights were tested in order to ensure that a large range of 

human-machine-environment interactions that would be representative of what the users 

could experience outside of an ideal environment was achieved and to ensure that there 

was no multicollinearity between the independent test variables. The medium chair 

height, medium chair height tuned stiffness gain value setting was used to start and end, 

and bookend the testing process. This resulted in a total of ten trials. The order of the 

remaining test settings was randomized for each subject. The subject remained blind to 

all stiffness values.  

The first four movements of the five were to familiarize the user with the test 

setting. The last movement was used as the data point for model generation for each 

setting. If during the last movement the user felt as though the resulting movement was 

due to a blatant error in pressing the STS task transition trigger, they were allowed to 

perform the movement again. The subject was required to respond to the subjective 

response question after each movement.  

Approximately five minutes of rest was given between each test condition. 
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RESULTS: 
 

The tuning process resulted in eight out of the seventeen subjects desiring higher 

stiffness gain values at the lower chair height and incrementally less as the chair height 

was raised. The range of stiffness gains varied widely. Some subjects preferred a smaller 

range, with AB9, AB13 and AB14 preferring the smallest range of 0.1. Some preferred a 

larger range, with AB15 and AB16 preferring the largest range of 0.35.  All subjects 

preferred different stiffness gain values for each chair height except for AB12, who 

desired the same stiffness gain value for the medium and high chair heights. The tuning 

results suggested that there was a significant difference between subject preferred 

stiffness gain values for at least one chair height pair per the results of a one-way 

repeated measures analysis of variance (rANOVA) test with a Box’s Conservative 

Epsilon F-statistic adjusted p-value of 0.010. The p-level was adjusted due to the 

assumption of sphericity not being able to be held. Tuning results are shown in Figure 8. 

It should be kept in mind that the prosthesis desired torque-angle profiles were not 

only determined by the stiffness gain value, but were also dependent on the chair height 

and in turn the prosthesis initial knee angle. Just because a user may have preferred a 

slightly higher stiffness gain value at a higher chair height than a lower chair height, does 

not necessarily mean that the higher chair height desired torque-angle profile was larger 

in magnitude than the lower chair height desired torque-angle profile. 
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Figure 8  –  Subject tuned stiffness gain values. Stiffness preference varied widely 
between subjects. *Eight out of seventeen subjects desired higher stiffness gain values at 
the lower chair height and incrementally less as the chair height was raised. Differences 
in order within other subjects could be explained based on subject varying sensitivity to 
desired knee torque and varying strategies between chair heights. The largest range of 
desired stiffness gains exhibited was 0.35 by subjects AB15 and AB16. The smallest 
range was 0.1 by AB9, AB13 and AB14. 

 
 
 
Prior to model building, the experimental results were explored. In total, there 

were one hundred and fifty-three observations, nine for each subject. The tenth trial was 

only used to ensure that user subjectivity and performance for a specific condition did not 

change drastically over the course of the experiment. Eight out of nine of the subject 

AB10 observations were found to exhibit an unusual STS loading trend indicating that a 

unique tactic was used by this subject to perform the movements. Vertical ground 
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reaction force degree of asymmetry (GRF DOA) (i.e. the percentage of the total load that 

had to be compensated for by one side or the other), versus a ratio of percent body weight 

supported by the prosthesis and vertical ground reaction force on the prosthesis side force 

plate at the time of GRF DOA calculation is shown in Figure 9 to highlight the trend. The 

eight outlying observations can be seen bunched closer to the y-axis. Subject AB10 was 

excluded from the model generation process for this reason. This resulted in one hundred 

and forty-four remaining observations.  

 
 

 

 

Figure 9  –  Justification for exclusion of AB10. Eight out of the nine movements 
performed by subject AB10 showed an unusual loading trend. GRF DOA versus the ratio 
of percent body weight supported on the prosthesis side and the ground reaction force on 
the prosthesis side at the moment in time that GRF DOA was calculated. It is suspected 
that this was due to a movement tactic that was unique to that subject. The subject was 
excluded from model generation. The data points bordering the y-axis represent are the 
eight movements. 
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The resulting mean GRF DOA score for all remaining observations was 34.943. 

The distribution of GRF DOA scores was relatively normal. The resulting mean 

subjective response score was 3.986. The distribution of subjective scores was negatively 

skewed, which is similar to what was shown in literature for subjective response 

distributions [15]. The mean absolute difference in GRF DOA between bookending trials 

for the remaining subjects was 10.075 with a standard deviation of 10.173. The mean 

difference between the bookending trial subjective responses for the remaining subjects 

was 0.625 with a standard deviation of 0.719. Two subjects reported scores that were 

different by two points between the first and last trial. There were no obvious trends in 

either GRF DOA or subjective response between subjects. 

DISCUSSION: 
 
 The results of the experiment indicated that subjects subjectively preferred 

different stiffness gain values for at least one pair of chair heights by results of a 

rANOVA hypothesis test with a conservatively adjusted F-statistic and resulting p-value. 

For most other F-statistic adjustments, the p-value was less than 0.01. This meant that 

users of this device and controller combination were subjectively sensitive to a change in 

at least three inches and at most six inches of chair height for a given control tuning. This 

was for chairs that were flat with a hard surface and does not indicate what the effects of 

other chair surfaces such as inclined surfaces or couch cushions have on the user’s ability 

to perform the movement. It is assumed that varied seating surfaces would only increase 

the user’s sensitivity to a given control tuning. This shows that it was important, at least 

in the users’ perspective, that stiffness gain values were modified so that the device did 

what they wanted it to do for a given STS movement. 
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 In addition to stiffness gain value order being dependent on initial knee angle, 

differences in order could be explained by varying user sensitivity to increased desired 

knee torque and slight tactical modifications between chair heights. 

During the tuning process, the experimenter was not blind to the stiffness gain 

parameter tuning process and was the one increasing and decreasing the parameter on the 

subject’s request. However, the experimenter was careful to remain impartial and to not 

allow any preconceptions on the tuning process to affect tuning results. This can be seen 

in the variety of the ordering and ranges of the stiffness gain values. The subjects chose 

all the tuning values with the experimenter attempting to strictly provide strategic advice 

and ask guiding questions to help the subject determine how they felt about a specific 

tuning versus other tunings. A knob with a limited range could have been used for 

potentially less biased tuning results. However, safety was also an important 

consideration and the experimenter ensured that the prosthesis was not tuned 

inappropriately whereas, a knob would not have. A large range of stiffness gain values 

was tested for each chair height setting to try and avoid subjects choosing a stiffness gain 

value that was not a global optimum but a local optimum. 

Also during the tuning and testing processes, movement speed was not regulated. 

In able-bodied STS movements, movement speed does affect the knee torque required to 

complete a movement [27]. However, speed is difficult to regulate, especially in an 

instance when a user is continually trying to complete a movement using a device that is 

foreign to them for which the control parameters and the environment are changing. It 

was emphasized through the tuning and experimental processes that the stiffness gain 

values were supposed to be their subjective optima in relation to the subjective question 
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at a comfortable movement speed at each chair height in order to try and eliminate 

movement speed compensation by the user due to the given test setting as much as 

possible.  

The damping impedance parameter was not examined during the study and was 

held fixed. However, it is believed that the movement is a movement that requires low 

joint damping until the end, when energy needs to be dissipated from the system to help 

ease the user into the standing position. This feature wasn’t added to the controller for 

increased ease of tuning and to ensure that the prosthesis was behaving the same between 

users with exception to the stiffness gain parameter used for tuning. 

There were multiple motion capture marker occlusions during the testing portion 

of the study. The addition of the adjustable chair setup within the motion capture volume 

blocked a lot of the lower portions of the rear cameras’ fields of view. The treadmill 

handrails had to be left in place due to the possibility of bad tunings and to avoid falls 

during testing. The forward momentum generation portion of the movement when the 

hips were flexing caused occlusions on the front of the trunk and the pelvis. The marker 

setup that was chosen was used to minimize occlusions as much as possible by placing 

markers so that the chair would be in the way as little as possible. The thigh, shank, and 

foot segment markers were consistent. Rigid-body gap filling was used to retain occluded 

marker data quality on the respective segments as much as possible.  

Subject AB10 was removed from the model generation process. From the 

experimenter’s perspective, subject AB10 had the most difficult time getting accustomed 

to using the STS controller and device. This was likely due to an issue with either fit of 

the device or the height-adjusting shoe, or discomfort that was difficult to diagnose. This 
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issue likely caused the subject to develop an altered movement and loading tactic through 

the tuning process to minimize vertical load potentially by generating excess momentum 

with their trunk and vaulting themselves out of the chair. 

The mean GRF DOA score of the remaining experimental observations was 

34.943 and was less than, but maybe not significantly less than, what is reported in 

literature for studies analyzing ÖSSUR® POWER KNEE™STS performance in relation 

to other non-powered prostheses [28], [29]. It is assumed that any slight improvements 

over the POWER KNEE™ in GRF DOA for this mode were due to the user being able to 

initiate the STS task on demand by the use of the hand trigger versus not being cognizant 

of when the device is going to enter the task. The prototypical device and control design 

were at least similar in performance to the ÖSSUR® POWER KNEE™ for performing 

the STS task. 

Using able-bodied subjects lead to some challenges. Prosthesis length was 

maintained constant in order to be able to more directly compare the effect of changing 

the stiffness gain values and chair heights between users. The length of the prosthesis was 

still rather large for most able-bodied subjects due to the intact thigh of able-bodied users. 

The height-adjusting shoe could have caused increased difficulty and decreased stability 

for shorter subjects who required higher inserts. Also, chair height was limited to a 

minimum of twenty-two inches due to interference of the intact limb on the prosthesis 

side. However, taking into account the added height of the prosthesis and the height-

adjusting shoe this lead to starting knee flexion angles similar to those of standing up 

from a kitchen chair.  
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The subjects recruited to participate in the study resulted in slight positive 

correlation between stature and weight. Ideally, the subject base should have had subjects 

that were of all weight and stature combinations. 

In this study it is assumed that if the device is doing “what the user wants”, then 

they would be willing to use the device more and it would prevent eventual abandonment 

or would increase the likelihood that a user would choose to use a specific device. When 

extending this design evaluation method to the actual amputee user base there is a 

possibility that the population may have difficulty discerning movement-to-movement 

subjective preference because of different baseline expectations. However, it is likely that 

with adjustments to the subjective response question and experimental protocol, this 

would be a non-issue. 
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IV. MODEL DEVELOPMENT: 
 

METHODS: 
 

After obtaining the motion capture data, force plate data, and subjective response 

experimental results for all subjects, models were generated to explain the relationships 

between the users’ subjectivity and performance and significant factors that were 

common to both models including a subject covariate, a device design parameter, an 

environmental condition, and a component of the human-device-environment interaction.  

Loading symmetry, in this case GRF DOA, was chosen as the clinical, objective 

performance measure due to its heavy presence in studies comparing prosthetic devices 

for the STS movement and in studies examining STS biomechanics [28], [29], [30]. 

Maximum vertical acceleration of the body center of mass during a sit-to-stand 

movement occurs at the point in which the sum of the left and right vertical ground 

reaction forces is highest for able-bodied subjects [31]. This is the point at which GRF 

was extracted for calculation of GRF DOA by the following equation. GRF DOA is equal 

to the difference between the sound side limb vertical GRF and the prosthesis side 

vertical GRF divided by the total vertical ground reaction force. Positive GRF DOA 

indicated more loading on the sound side and negative more loading on the prosthesis 

side. 

𝐺𝑅𝐹𝐷𝑂𝐴 =
𝐺𝑅𝐹!"#$% − 𝐺𝑅𝐹!"#$
𝐺𝑅𝐹!"#$% + 𝐺𝑅𝐹!"#$

∗ 100 

The subjective question response results were converted into a binary result and 

were used as the subjective outcome measure. “4, mostly” and “5, exactly” were binned 
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as positive responses. “1, not at all”, “2, mildly”, and “3, moderately” were binned as 

negative responses based on the numerical value descriptors.  

Since GRF DOA was a continuous measure, multivariable linear regression by the 

ordinary least squares method was used to model the relationship between the inputs and 

the output. Since subjective response was discrete in nature, and converted to a binary 

response, binomial multiple logistic regression by the maximum likelihood estimation 

method was used to model the relationship between the inputs and the output. These were 

the simplest models available to try to generate the simple but meaningful relationships 

that were desired. 

Stiffness gain value was deemed the device design factor because it was the only 

device related experimental independent variable. Chair height was deemed the 

environmental condition because it was the only environment related experimental 

independent variable. 

The next step was to identify the subject covariate and human-device-

environment interaction factors. A group of anthropometric measurements were used as 

the group of potential subject covariates. A group of kinematic time-series features were 

used as the group of potential human-device-environment interaction factors.  

The factors were iteratively inserted into each model by a supervised forward 

selection process that included examining their significance and their effect on Akaike 

information criterion (AIC) in the respective models, their effect on the multivariable 

adjusted 𝑅! value for the linear regression model, and the area under the receiver 

operator characteristic curve (AUC) calculated by the trapezoidal rule for the logistic 
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regression model. It was important that the factors made sense so that the relationships 

were easily describable.  

Once the models were finalized, all combinations of factors were examined for 

multicollinearity. Residuals were also examined to ensure model validity. 

RESULTS: 
 

Both models were iteratively created with the same sets of factors by the 

previously described model generation methods to examine factor significance between 

models and relative model quality with each additional factor. See Table 1 for AIC for 

both models with each additional factor. The factors that were used to take the place of 

the subject covariate, the device controller parameter, the expected environment, and the 

human-device-environment interaction that were significant in both models were the 

body mass index (BMI)-gender interactions (Female:BMI and Male:BMI), stiffness gain 

control parameter (kGain), chair height(in) (ChairHt), and prosthetic knee joint root mean 

square (RMS) angular jerk during the observed movement (KneeJerkRMS) respectively. 

 
 
 

Table 1 - Akaike Information Criterion For Both Models As Factors Were Added 

Factors GRF DOA Model AIC Subjective Response Model AIC 

kGain 978.754 143.828 

kGain+ChairHt 975.717 136.097 

kGain+ChairHt+Female:BMI

+Male:BMI 
928.115 134.868 

kGain+ChairHt+Female:BMI

+Male:BMI+KneeJerkRMS 
903.445 122.197 
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The following equation is the Wilkinson notation equation for the final GRF DOA 

multivariable linear regression model.   

  

𝐺𝑅𝐹𝐷𝑂𝐴  ~  𝑘𝐺𝑎𝑖𝑛 + 𝐶ℎ𝑎𝑖𝑟𝐻𝑡 + 𝐾𝑛𝑒𝑒𝐽𝑒𝑟𝑘𝑅𝑀𝑆 + 𝐹𝑒𝑚𝑎𝑙𝑒:𝐵𝑀𝐼 +𝑀𝑎𝑙𝑒:𝐵𝑀𝐼 

 

It indicates that GRF DOA was equal to a combination of the indicated coefficient 

weighted factors plus an intercept as shown in Table 2.   

The next equation is the Wilkinson’s notation equation for the final subjective 

response binomial multiple logistic regression model. The logistic function was written 

out below the Wilkinson’s notation equation. 

 

𝑙𝑜𝑔𝑖𝑡(𝑃 𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 )  ~  𝑘𝐺𝑎𝑖𝑛 + 𝐶ℎ𝑎𝑖𝑟𝐻𝑡 + 𝐾𝑛𝑒𝑒𝐽𝑒𝑟𝑘𝑅𝑀𝑆 + 𝐹𝑒𝑚𝑎𝑙𝑒:𝐵𝑀𝐼 +𝑀𝑎𝑙𝑒:𝐵𝑀𝐼 

 

𝑙𝑜𝑔𝑖𝑡 𝑃(𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒) = 𝑙𝑛
𝑃(𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒)

1− 𝑃(𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒) 

 

These equations indicate that the natural logarithm of the probability of a positive 

subjective response and the probability of a negative subjective response was equal to a 

combination of coefficient weighted factors plus an intercept as shown in Table 3. 

When examining the model factor coefficients, it is important to keep in mind the 

magnitude of the corresponding inputs. For example, kGain ranged from 0.4 to 1.4 for a 

total range of one through all outputs whereas, ChairHt ranged from 22 to 28 for six 

times the range of kGain. The corresponding factor coefficients for kGain and ChairHt 
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were -5.183 and 0.536 respectively. Even though significance was roughly the same for 

both factors, the coefficients reflect this difference in magnitude.  

Eighteen observations were removed based on high Cook’s distance and/or high 

leverage compared to the overall observation set in the GRF DOA model resulting in one 

hundred and twenty-six observations. This was at a penalty to subjective response model 

fit but resulted in a large increase in GRF DOA model fit. After removal of outliers 

residuals were re-examined to ensure model validity. The GRF DOA model residuals 

were normally distributed and did not increase or decrease as a function of the fitted 

value. These features of the residuals can be seen in Figures 10 and 11 respectively.  
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Figure 10 – Ground reaction force degree of asymmetry model residuals plotted along a 
linearized normal distribution (dashed line) with mean and standard deviation of the set 
of residuals. 
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Figure 11 - Ground reaction force degree of asymmetry model residuals plotted versus 
the model fitted values. The residuals do not appear to be abnormal for ordinary least 
squares linear regression. 

 

 

Table 2 - Vertical Ground Reaction Force Degree of Asymmetry Multivariable Linear 
Regression Model 

 Factor: Coefficient Estimate  t-Statistic Significance 
Intercept -11.643 -1.1669 - 
kGain -20.507 -4.037 *** 

ChairHt 0.907 2.915 * 

KneeJerkRMS 0.014 5.319 *** 

Female:BMI 0.747 2.662 ** 

Male:BMI 1.365 4.958 *** 

  
 

  
Number of Observations 126! Adjusted R-Squared 0.462 
1 Subject AB10 excluded based on subject’s unusual prosthesis loading technique. 18 more observations 
removed based on high leverage and/or cook's distance. Significance Levels: - no significance; *<0.05; 
**<0.01; ***< 0.001 
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Table 3 - Subjective Response Binomial Multiple Logistic Regression Model 

 Factor: Coefficient Estimate t-Statistic Significance 
Intercept -11.488 -3.31 *** 

kGain -5.183 -3.019 ** 

ChairHt 0.356 2.915 ** 

KneeJerkRMS 3.28E-03) 3.405 *** 

Female:BMI 0.225 2.556 * 

Male:BMI 0.236 2.671 ** 

  
  

Number of Observations 126! Model Deviance 110.197 
1 Subject AB10 excluded based on subject’s unusual prosthesis loading technique. 18 more 
observations removed based on high leverage and/or cook's distance. Significance Levels: * <0.05; 
** <0.01; ***< 0.001 

 
 
 
 For both models, KneeJerkRMS, which represented the user-device-environment 

interaction, was the most significant factor. The least significant factor in the GRF DOA 

model was ChairHt, while the gender-BMI interactions were the least significant factors 

in the subjective response model. There was only a small difference in the BMI-gender 

interaction coefficients in the subjective response model while the interaction coefficients 

were much larger for the GRF DOA model. 

The intercept was not significant in the GRF DOA model. This indicated that the 

intercept was not significantly different from zero and that the zero-condition in which all 

factors are zero is indeterminate. Removing the intercept from the model changes the 

model to a zero-intercept model and fixes it at zero. This is not recommended unless 

underlying characteristics of the model are known and it makes sense. In this case, it does 

not make sense because the zero-condition is never reachable given the model factors. On 

the other hand, the intercept for the subjective response model was significant, which 

again isn’t entirely necessary.  
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 The multi-factor adjusted 𝑅! value for the GRF DOA model was 0.462. Model 

goodness of fit and predictive power for the subjective response logistic regression was 

examined by plotting receiver operator characteristic (ROC) curves ranging from the null 

model, without factors, to the full model, with all factors, as each factor is added to the 

model. Area under the curve (AUC) increased with the addition of each factor showing 

that each factor contributed to overall model goodness of fit and predictive power. The 

final model resulted in an AUC of 0.813. The ROC curves are shown in Figure 12. 

 
 
 

 
Figure 12 - Subjective response model receiver operator characteristic curves showing 
logistic regression model performance as factors are added ranging from the null model 
to the final model. Area under the curve (shown in front of the model factors) was 
calculated using the trapezoidal rule and ranged from 0.5 for the null model to 0.813 for 
the final model.  
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DISCUSSION: 
 

Overall, this was a small number of subjects for this type of work. For model 

building alone, there were enough observations to identify common significant factors 

between both models. However, this left no additional observations for external 

validation of the models. This would have helped further validate model fit and predictive 

power, and potentially highlight any further issues with the models. 

Both models were reasonably well fit with respect to their application. Each 

model increased in relative strength as each additional factor was added. While 

explaining 46% of the variability in the observations doesn’t appear to be a great fit, it is 

satisfactory for modeling human performance such as GRF DOA. The subjective 

response model was also considered to be a good fit with an AUC value of above 0.8. 

kGain was responsible for scaling the desired torque through the movement. The 

kGain coefficients were negative in both models indicating that higher kGain values 

decreased both the GRF DOA and the probability that the user was subjectively positive 

about the movement. This makes sense in terms of the GRF DOA model because a higher 

kGain value allowed the prosthesis to provide more torque through the movement and in 

turn potentially more support. On the other hand, this could have made users feel 

uncomfortable due to it being more than they needed to complete the movement and 

negatively affected their subjective outcome. 

An increase in ChairHt increased GRF DOA and increased the probability of a 

user having a positive subjective response. It was unexpected that GRF DOA would 

increase with increased ChairHt because the movements should have been easier to 

accomplish at the higher chair height. A possible explanation is that users only used the 
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device as much as they needed to complete their movement goal. It may not have been 

possible to complete the movement from the lower chair height without the reliance of 

the device but for the high chair it may have been. However, at the higher chair heights 

the user was still using the device both on an as needed basis for support and because 

they were requested to attempt to maintain symmetry. The increase in probability that the 

user provided a positive subjective response for higher chair heights makes sense. 

Movements from higher chair heights placed less physical demand on the users. 

KneeJerkRMS can be thought of as being similar to prosthesis knee joint 

movement smoothness. Lower KneeJerkRMS corresponds to a smoother movement. Jerk 

is the result of a fluctuating force, or in the case of angular jerk, fluctuating torque acting 

on a mass. It is believed that this value was a proxy for how well mechanical energy was 

transferred at the human device interface, or in other words how firmly or loosely the 

user dynamically coupled his or herself with the prosthesis through adaptation of their 

residual limb impedance. For optimal mechanical energy transfer the mechanical 

impedances at the points of interaction would match and the user, the device, and the 

environment would be firmly coupled, resulting in a smoother movement. However, in 

some instances a user may want to loosen their “grip” on the device and prevent the 

transfer of undesirable vibration and shock [32], which would result in a less smooth 

movement. While the direct point of interaction for the prosthesis was the limb-socket 

interface, the knee joint was the common rotational axis of the residual limb and the 

slider-crank mechanism that the motor acted on to control the device. Without having 

sensing within or near the socket to get a sense of the interaction dynamics, and some 

sense of the underlying physiological effects of the intact portion of the interacting limb it 
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is impossible to know what the true cause and effect relationships between the user-

device-environment interaction and the subjective and objective outcomes are. 

Lower overall KneeJerkRMS values could have represented an individual user’s 

ability to actively adjust their residual limb impedance for a given setting, optimize 

energy transfer, and use the device more effectively (i.e. their skill level). It also could 

have been related to a user’s ability to perform at a given setting. More difficult settings 

may have resulted in lower KneeJerkRMS values because of the user’s increased reliance 

on the device. Lower KneeJerkRMS values contributed to decreased GRF DOA. The 

probability that a user responded positively increased as KneeJerkRMS was higher 

indicating that the user thought the device did what they wanted more often when they 

didn’t need to actively engage with the device to perform the movement.  

Larger stature and weight caused increased movement difficulty. Larger stature 

resulted in higher initial knee angles as well as a longer distance between the sitting base 

of support, the chair, and the standing base of support, the user’s feet, which increased 

difficulty and required more coordination. Increased weight increased difficulty of the 

movement due to an increased amount of mechanical work required to perform the 

movement. Either could have caused a need for increased reliance on the device. For the 

GRF DOA model, the BMI-gender interaction factor coefficients were both positive and 

reflect the increased difficulty for larger users. The coefficients were not the same, which 

was likely due to the innately different anthropometry of males and females and its effect 

on movement difficulty. For the subjective response model, the coefficients were roughly 

the same, which makes sense because there shouldn’t have been too large of a 

movement-to-movement difference in subjectivity between male and female subjects. 
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Unfortunately, having BMI as a factor in the models distorted the statistical relationships 

between stature and weight and the outcomes. 

The largest weakness of the models was the assumption that all movement 

observations were independent. The best attempt was made to set up the experiment so 

that this would be possible by randomizing test settings between subjects and examining 

bookending trials for baseline drift. However, since there were multiple observations 

from each subject, it is possible that they were not totally independent. This could have 

been due to differences in skill between the users, users losing or gaining confidence 

within the testing period, users changing tactics within testing, or that there was further 

learning trial-to-trial.  
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V. MODEL APPLICATION: 
 

METHODS: 
 
 Once the models were generated, the next step was to determine how the models 

would be applied to examine the usability of the evaluated design. In reality this would be 

dependent on the design criteria that were chosen at the onset of the design process. For 

the subjective response logistic regression model, a threshold was chosen to decide what 

output probability would be deemed a positive or negative response. For the objective 

performance linear regression model, an acceptable performance threshold needed to be 

determined in order to define the region of acceptable performance.  

After these values were determined, mean model predicted performance values 

and positive subjective response probabilities were calculated for a three hundred by 

three hundred grid of chair height and stiffness gain value combinations for three 

different BMI and KneeJerkRMS values for each gender. The thresholds were applied to 

the model outputs and the clusters of acceptable performance and positive subjective 

response points were outlined using Delaunay Triangulation to define regions of 

acceptable performance and positive subjective response. The regions of overlap of the 

interpolated acceptable performance and positive response regions were then identified. 

In this overlapping region of the input space, the design was deemed satisfactory from 

both the clinical perspective and the user perspective.   

RESULTS: 
 

In this case, since the examined device was a powered transfemoral prosthesis. A 

degree of asymmetry value slightly lower than what is recorded in literature for the 

ÖSSUR® POWER KNEE™, a device that this design would be in direct competition 
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with, was used as the acceptable performance threshold, 40% [28], [29]. Since powered 

prostheses are high cost devices, the subjective threshold that produced the most 

conservative positive subjective response boundary, for which false positives were 

minimized was used, 0.745. This threshold resulted in a true positive rate of 0.742 and a 

false positive rate of 0.273.  

These values, when applied as thresholds to the interpolated model output spaces 

resulted in one five-dimensional, or two four-dimensional gender specific, positive 

subjective and acceptable performance common input-output boundary spaces. To help 

visualize the model input-output spaces, two gender specific 3x3 boundary plots were 

generated, shown in Figures 13 and 14, for which BMI and KneeJerkRMS were fixed at 

the gender specific means and plus and minus one standard deviation. 
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Figure 13 - Model outputs of acceptable vertical ground reaction force degree of asymmetry (GRF DOA) and positive 
subjective response boundaries for male subjects with the same model inputs. The sub plots are views of gender specific four-
dimensional input/output spaces. The sub plots were generated by fixing body mass index (BMI) and prosthesis root-mean-
square (RMS) angular knee jerk at the gender specific mean and plus and minus one standard deviation values. The positive 
subjective region, shown in blue, is the region that the subjective response model produced output values greater than 0.745 
per the previously decided upon threshold based on our hypothetical design criteria. The acceptable GRF DOA region, shown 
in red, is the region that the GRF DOA model produced a value of less than 40% based on our hypothetical design criteria. The 
overlapping region is shown in purple. As RMS jerk increased, the region of positive subjective response increased and the 
acceptable GRF DOA region decreased. As BMI increased, the region of positive subjective response increased and the region 
of acceptable GRF DOA decreased. Higher chair heights correspond with larger overlap and a broader range of prosthesis 
stiffness gain values that produce both a positive response and acceptable GRF DOA performance. Higher prosthesis stiffness 
gains increase the possibility that a user will have acceptable GRF DOA at a given chair height but could cause further 
negative subjectivity. 
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Figure 14 - Model outputs of acceptable vertical ground reaction force degree of asymmetry and positive subjective response 
boundaries for female subjects with the same model inputs. The observations for the female gender boundary plots are 
generally the same as for the male plots. However, in the female boundary plots, there was one sub plot with no overlapping 
region and the lower body mass index (BMI) subject plots showed no change in the acceptable performance region with 
increasing prosthesis knee angular root mean square (RMS) jerk. 
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The red portions of the boundary plots indicated the region of GRF DOA 

acceptable performance. The blue portions of the boundary plots indicated the region of 

positive subjective response. Areas of boundary overlap are indicated in purple.  

The boundary plots show that as chair height increased, the range of stiffness gain 

values that a subject could use in order have both acceptable performance and positive 

subjective response increased. Also, as stiffness gain value increased, the range of chair 

heights that the controller could provide both positive subjective response and acceptable 

performance increased.  

From top to bottom, subject BMI was incrementally increased by one standard 

deviation. As BMI was increased, the region of acceptable performance decreased and 

the region of positive subjective response increased. Also, the region of overlap 

decreased in size and moved up containing higher stiffness gain values at each chair 

height.  

From left to right, movement prosthesis knee joint angular RMS jerk was 

incrementally increased by one standard deviation. It is best to think of each row as a 

range of interactions that a user of a single size may experience while using the device. 

As KneeJerkRMS increased, the region of acceptable performance decreased except in 

the case of the lower BMI female subject subplots in which the regions remained the 

same. The regions of positive subjective response increased. Also, the regions of overlap 

decreased in size as RMS jerk increased and moved up to contain higher stiffness gain 

values for each respective chair height. 

The high KneeJerkRMS, high BMI female subplot contained no region of 

acceptable performance and in turn no region of overlap. 
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DISCUSSION: 
 

The overlapping regions quantified the usability of the evaluated device for the 

STS movement. They were the regions in which the device was a good fit for users of a 

specific size performing the task at hand within the expected operating environment. 

They were the regions of the design space that a given user could effectively achieve the 

movement goal with satisfaction. The plots are direct evidence that for this device, 

prosthesis control parameters that supported symmetrical sit-to-stand performance of the 

user did not necessarily satisfy user subjectivity. In other words, acceptable performance 

did not always result in positive subjectivity. 

The trend of the overlapping regions makes sense. At lower chair heights, from 

which standing up is more difficult, the user is more sensitive to the control parameter 

resulting in a smaller range of usable stiffness gain values. As chair height increases, the 

user is less sensitive to the control parameter resulting in a larger range of usable stiffness 

gain values. 

Even though the regions of acceptable performance or positive subjective 

response may have spanned the design space on their own for the controller and device, 

results indicated that the evaluated device should not be prescribed in its current state to 

upper-percentile BMI users because the regions of overlap are slim and oftentimes do not 

span the environmental range of operation.  

Therefore in this case, there may be reason to make a revision to the design or to 

further examine the sub-population that is not having success using the device, or both. 

For example, there is a possibility that the upper percentile BMI users could require more 

training because of the increased difficulty they experienced performing the movements 
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with the device. With more training there is a possibility that the users could expand their 

regions of overlap to span the environmental range of operation. Alternatively, maybe 

there is a simple mechanical fix like increasing the size of the prosthesis in either the 

thigh or the shank for this sub-population. Once the corrective action is made, the design 

evaluation method could be iterated again for users of the sub-population of concern to 

make sure the corrective action was successful. One of the greatest features of this design 

evaluation method is its versatility.  

There is a possibility that within the interpolated model output regions there are 

combinations of input values for which a user could not perform a movement (e.g. it is 

unlikely that a lower percentile BMI user could successfully complete a movement at the 

highest stiffness gain value and the lowest chair height even though the model predicted 

that movement performance with respect to GRF DOA would be acceptable). On the 

other hand, it is believed that combinations of input values within the regions of overlap 

are likely to lead to successful movements. 

The dearth in the quantity of female subjects in the study was partly responsible 

for the apparent large visual differences between the boundary plots. The standard 

deviation in RMS Jerk and BMI for the female subjects was larger in comparison to the 

male subjects skewing the comparability of the two sets of sub plots. There is reason to 

believe that had there been more female subjects, the female BMI-gender interaction 

factor coefficient may have been closer to the male BMI-gender interaction factor 

coefficient and the gender specific standard deviation in BMI would have been lower 

resulting in less drastic changes in the acceptable performance boundaries as BMI 
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changed. It does make sense that the BMI-gender interaction factors would be roughly 

equal for the subjective model so there is reason to believe that they are fairly accurate.  

The fact that preference and performance conflicted in this case raises the 

question of what the direct performance analogue is to the device doing “what the user 

wants”.  A direct analogue is perhaps more stability related. STS is often described as a 

movement of transferring the body center of mass from a large base of support to a 

narrow base of support [33]. Without a powered ankle on the prosthesis side, there was 

an absence of braking torque to counter-act the forward momentum of the movement on 

that side. This absence of braking torque had to have been compensated for in order to 

maintain the body center of mass over the smaller standing base of support. For this 

reason, it is possible that anterior-posterior and/or medial-lateral center of pressure 

excursion could be better analogues. Unfortunately, there was no benchmark for them in 

literature in relation to prosthesis use and the STS movement.  

It is also possible that the way that GRF DOA was calculated in this study, as well 

as in many others, is an oversimplification that isn’t adequate for prosthesis user STS 

performance analysis. Able-bodied STS movements are relatively symmetric [30]. 

However, this assumption can’t be made for prosthesis users. Larger stiffness gain values 

could provide more support at the time of max vertical ground reaction force but also 

could cause instability for the remaining portion of the movement causing them to feel 

negatively about the movement. It is possible that symmetry across the entire movement 

would be a more reliable measure.  

Lastly, this design evaluation method doesn’t take into account the change of 

users’ needs over time, which is another issue that needs to be addressed for more usable 
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devices. This study focused on a younger user-base ranging from 20 to 39 years of age. 

The proposed design evaluation method could potentially be expanded multiple times 

over different age groups to explore the change in needs over time. 
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VI. CONCLUSION: 
 

The proposed user-center design evaluation method proved to be an effective tool 

for producing an easily visualized measure of device usability for the evaluated device 

and control mode. User movement-to-movement subjectivity was effectively modeled 

with respect to the users’ performance. The study showed that the prosthesis control 

parameters that support symmetrical sit-to-stand performance of the user at various 

environmental conditions might not necessarily satisfy the user. On the other hand, if the 

user is satisfied it may not indicate that the device is adequately supporting the user in 

performing the movement. This implies that optimal prosthesis design should consider 

both objective measurement of task performance and subjective preference within the 

range of expected operating environments.  

This study not only provided a novel process to evaluate prosthetic technology, 

but also informs the future design of usable powered prosthetic legs. The method is 

versatile and could also be applied to other wearable robotic devices and human-robot 

interfacing systems.  

Future work should include external model validation to verify model predictive 

accuracy, application of the method to the amputee population and to varying age groups, 

and also to attempt to further understand the varied interactions between the human, 

machine, and environment through the use of additional sensors. 
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