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Abstract

Currently there are an estimated 875,000 people with major lower limb loss in the
United States, with numbers projected to increase 1.6-fold by 2050 due to increasing
prevalence of diabetes, obesity, and related dysvascular conditions [1]. Lower limb
amputation often leads to secondary conditions such as knee pain, knee osteoarthritis,
osteopenia, back pain, postural changes, and general deconditioning [2]. For people
with transtibial (below-knee) amputation, prevalence of knee osteoarthritis in the
contralateral limb is 17x higher than in the general population, with 27% of people
with unilateral amputation developing knee osteoarthritis [3]. This large increase in
incidence is likely due to insufficient push-off power from the prosthesis and increased
limb loading on the contralateral side [4].

This thesis presents an ankle-foot prosthesis which increases energy storage and
return, increases peak power, and decreases contralateral limb loading in a low-mass,
quasi-passive device. This is achieved by automatically adjusting prosthesis stiffness
to maximize energy storage across walking speeds. A novel quasi-passive variable stiff-
ness ankle-foot prosthesis is presented with high resolution stiffness adjustment from
352 - 479 Nm/radian, corresponding to biological ankle quasi-stiffness during level
ground walking from 0.75 - 1.5 m/s for a 50th percentile male. This thesis presents
the development of a novel mechanism for varying bending stiffness of leaf springs
which utilizes independently controlled lockable linear actuators which constrain rela-
tive sliding of parallel leaf springs relative to a mechanical ground to control bending
stiffness. The detailed device design and analysis of the variable stiffness ankle-foot
prosthesis is described, including a parametric model for approximating device stiff-
ness, contact stress analysis, fatigue life calculations, and bolted joint analysis. The
benchtop testing results demonstrate that the device successfully achieves the tar-
geted stiffness range, device mass, and structural integrity.

A study was conducted with 7 participants with unilateral transtibial amputation
in order to evaluate the kinetic and kinematic effects of the variable stiffness prosthesis
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during walking compared to a passive energy storage and return foot. During the
experiment, subjects walked on an instrumented treadmill at the speeds of 0.75 m/s,
1.0 m/s, 1.25 m/s, and 1.5 m/s while force and motion data was recorded. This thesis
presents results from the clinical study which demonstrate a 15.5 - 19.3% greater peak
ankle angle during walking across all speeds with the variable stiffness ankle compared
to a passive control, 5.4 - 14.8% greater peak joint power, 10.5 - 23.7% greater energy
return, and a 4.0 - 6.7% lower contralateral limb knee external adduction moment
across walking speeds.

This thesis presents the first of its architecture variable stiffness ankle-foot pros-
thesis utilizing a novel locking parallel leaf spring mechanism for stiffness control. The
prosthesis has a lower device mass compared to existing powered and quasi-passive
devices, and increases biomimetic functionality beyond standard passive prostheses.
This thesis presents significant clinical results demonstrating the benefits of such a
device on the biomechanics and energetics of people with transtibial amputation while
walking. This device has the potential to improve health outcomes in people with
transtibial amputation by normalizing biomechanics and increasing energy storage
and return, and decreasing contralateral limb loading and unwanted knee external
adduction moment. This prosthesis has the potential to expand access to high per-
formance prosthesis technology by creating a device that is low mass, low power, and
lower cost compared to fully powered devices.

Thesis Supervisor: Hugh Herr, Professor, Program in Media Arts and Sciences
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Chapter 1

Thesis Overview

1.1 Thesis Objective

The objective of this thesis is to design and develop a low-mass ankle-foot prosthesis

to increase energy return and peak power across walking speeds in order to decrease

contralateral limb loading during walking and to decrease potential risk factors for

knee osteoarthritis development.

1.2 Specific Aims

The specific aims of this work are as follows:

• Design and develop a low-mass quasi-passive ankle-foot prosthesis with ad-

justable ankle stiffness through rigorous precision mechanical design and through

exploiting biomechanical properties of human gait to allow for optimized stiff-

ness control during walking and standing.

• Validate device performance through mechanical and mechatronic benchtop

testing to characterize mechanical properties, verify system behavior, predict

reliability, and confirm device safety.

• Evaluate the biomechanical impacts of walking with a stiffness-optimized pros-

thesis across various speeds on persons with unilateral transtibial amputation
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through a clinical study.

1.3 Thesis Contributions

The major contributions of this thesis are summarized below. Details of thesis con-

tributions are presented in Chapters 2-5.

• Developed novel mechanism for adjusting the stiffness of leaf springs [5].

• Designed and evaluated variable stiffness ankle-foot prosthesis to match biolog-

ical levels of ankle quasi-stiffness during walking [6].

• Designed and conducted clinical study with n=7 study participants with unilat-

eral trans-tibial amputation to evaluate the effects of adjusting device stiffness

on biomechanics of walking.

• Demonstrated a statistically significant increase in energy storage, increase in

peak power, and decrease in contralateral limb loading and knee external ad-

duction moment across walking speeds in clinical study.

1.4 Thesis Outline

This thesis presents the mechanical and mechatronic design of a novel quasi-passive

variable stiffness ankle-foot prosthesis (VSA) for walking speed adaptation. In this

thesis I present the device design, benchtop device validation, and human study re-

sults. The aim of this research is to evaluate the performance of the VSA prosthesis

design and to collect extensive clinical data on the effect of the prosthesis during level

ground walking at variable speeds for persons with transtibial amputation. I present

results from the clinical study which demonstrate device functionality while walking

at variable speeds and demonstrate an improvement in kinematics and kinetics for

a person with transtibial amputation walking with the novel prosthesis compared to

a standard passive prosthesis. Results from the study demonstrate that this quasi-

passive ankle-foot prosthesis increases range of motion, increases energy return, in-
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creases peak power, and decreases contralateral knee external adduction moment for

people with unilateral transtibial amputation through the use of a robust, low-mass,

low-power device. This thesis comprises 5 chapters. Chapter 2 reviews important

principles of the biomechanics of human walking, prior art in the field, and the fun-

damental principles behind the motivation of adjusting prosthesis stiffness during

walking. Chapter 3 presents the design, analysis, and benchtop evaluation of the

variable stiffness prosthesis. Chapter 4 describes the clinical study design, presents

clinical results, and discusses implications of such results. Finally, Chapter 5 discusses

future directions and conclusions of this research.
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Chapter 2

Introduction and Background

Currently there are an estimated 875,000 people with major lower limb loss in the

United States, with numbers projected to increase 1.6-fold by 2050 due to increasing

prevalence of diabetes, obesity, and related dysvascular conditions [1]. Lower limb

amputation often leads to secondary conditions such as knee pain, knee osteoarthritis,

osteopenia, back pain, postural changes, and general deconditioning [2]. Furthermore,

it has been shown that energy expenditure during walking increases by 10-55% for

people using transtibial prostheses [7]. Altered biomechanics, asymmetry in gait, and

poor prosthetic fit contribute to energetic inefficiencies of walking and the aforemen-

tioned musculoskeletal pathologies [2]. This chapter outlines existing technological

options for lower limb prosthesis users, an overview of the relevant biomechanical

functionality and pathology, and motivation for this thesis.

2.1 Prior Art

This section outlines existing ankle-foot prostheses. These prostheses are categorized

as powered devices, which use electromechanical transmissions to add positive power

to the user’s stride; passive devices, which store and return energy passively; and

quasi-passive devices, which use electrical energy to change device state or mechanical

behavior but do not perform net positive work on the user during walking.
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Figure 2-1: Mass of existing prostheses. Passive (blue), quasi-passive (green),
and powered (grey) prostheses.

2.1.1 Powered Prostheses

Powered prostheses exist that can largely normalize gait during walking, providing

physiologic levels of ankle work and power during walking, and decreasing metabolic

cost of walking compared to passive devices (Figure 2-3) [12]. Despite the potential

advantages of such devices, it is estimated that 5% or less of the population with

below-knee amputation use robotic prostheses, primarily due to the high cost and

lack of reimbursement by insurance [13, 14]. Powered prostheses are also high in

mass, with the only existing common commercial powered ankle prosthesis having

a device mass of 1.95 kg (Figure 2-3a) [9]. Figure 2-1 shows the masses of existing

prostheses, current powered devices range in mass from 1.95 - 2.3 kg. Mass added

distally has a large impact on the metabolic cost of transport; mass added to the foot

increases metabolic cost of walking by 12%/kg [15]. Therefore, device mass should

be a critical consideration during the design of lower limb prostheses.
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Figure 2-2: Passive prostheses provide low peak power during walking. (a)
Joint angle, (b) joint torque, and (c) joint power during walking from passive pros-
thesis, biological limb, and powered prosthesis (data from [8])

.

2.1.2 Passive Prostheses

The majority of people with lower limb amputation in the United States use energy

storage and return (ESR) prostheses, which are lower in mass than powered devices
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(a) (b) (c)

Figure 2-3: Powered ankle-foot prostheses. (a) Ottobock Empower [9], (b) Pow-
ered ankle from Chinese University of Hong Kong [10], and (c) Powered ankle from
Vanderbilt [11].

(a) (b) (c)

Figure 2-4: Passive prostheses. (a) Ottobock Taleo [16], (b) Fillauer AllPro [17],
and (c) Ossur Pro-Flex [18].

but provide more limited functionality (Figure 2-4). ESR prostheses act as a spring

to store and return energy during gait and have been shown to help normalize biome-

chanics of those with lower limb amputation [19]. This type of prosthesis is much

lower in mass than powered prostheses, ranging in mass from 406 - 688 grams (Fig-

ure 2-1). ESR prostheses are able to largely match biological levels of joint angle and

torque during stance at a single walking speed (Figure 2-2a and 2-2b). However, these

devices provide much lower levels of peak power during walking than the biological

ankle or powered prostheses (Figure 2-2c). Additionally, passive prostheses are unable

to adapt to changing walking speeds or terrain, and are optimized for performance at

a single walking speed. This lack of functionality means that widely used prosthetic
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feet are unable to match fundamental behavior of the human ankle-foot complex.

2.1.3 Quasi-Passive Prostheses

(a) (b) (c)

Figure 2-5: Quasi-passive prostheses. (a) Ossur Proprio Foot [20], (b) Fillaur
Motion Foot SLX [21], and (c) University of Michigan VSPA Foot [22].

Commercial quasi-passive prostheses exist that control joint angle during swing

to increase ground clearance (Figure 2-5a) [20], and that use computer controlled

hydraulic dampers to adjust joint stability and range of motion during stance to adapt

to terrain (Figure 2-5b) [21,23,24]. Quasi-passive research devices include: a variable

stiffness foot that varies forefoot bending stiffness though adjustment of the fulcrum

point of a beam in bending using a belt drive to change the position of a sliding fulcrum

[25], a variable stiffness prosthetic ankle-foot that uses a lead screw driven actuator

to change the effective length of a cantilever beam in bending (Figure 2-5c) [22],

an energy recycling prosthesis that captures energy from heel strike and returns the

additional energy during push-off [26], and a neurally-controlled 2-degree-of-freedom

prosthesis which provides position control to the user during swing [27]. Existing

quasi-passive devices range in mass from 0.8 - 1.2 kg (Figure 2-1). Quasi-passive

devices have the potential to optimize the properties of a prosthesis to adapt to terrain

and environment, while keeping device mass, size, power consumption, auditory noise,

and cost to a much lower level than fully powered systems, though no device currently

exists which successfully optimizes energy storage and peak power across walking

speeds. No commercial devices exist that adjust quasi-stiffness of the ankle prosthesis
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during walking as the biological ankle does, and existing research devices remain too

high in mass and current device architectures do not take advantage of the large

energy storage exhibited in passive ESR prostheses.

2.2 Biomechanics Overview

This section summarizes key biomechanical phenomena that are important for un-

derstanding the work presented in this thesis, including stiffness modulation of the

biological ankle during walking and gait pathologies typically seen in prosthesis users.

2.2.1 Stiffness Modulation of Biological Ankle

One critical property of the biological ankle-foot complex that has demonstrated im-

portance during walking is variable joint compliance [28]. For persons with intact

biological ankle-foot complexes, the stiffness of the ankle joint is automatically con-

trolled by the nervous system through contracting and co-contracting the muscles

in series with the Achilles tendon to modulate stiffness [29]. The Achilles tendon

acts as a large series spring that stores and releases energy during walking [29]. This

modulation of series spring stiffness contributes to very efficient power generation and

energy storage in the ankle [28, 30]. Furthermore, ankle quasi-stiffness – the torque

exhibited over a certain change in joint ankle during a stride or portion of the stride

– changes based on walking speed and an individual’s body mass and height [31].

Figure 2-6 shows joint angle (a) and moment (b) plotted over gait cycle for slow,

medium, and fast walking speeds [32]. Figure 2-7a presents this same data plotted

with joint angle on the x-axis and moment on the y-axis - the slope of the dashed

lines represent the quasi-stiffness of the biological ankle for each speed, demonstrating

the increase in quasi-stiffness of the ankle as walking speed increases [32, 33]. Fig-

ure 2-7b presents the stiffness for slow, medium, and fast walking speeds as well as

standing [32,33]. While few variable stiffness prostheses exist, the stiffness of passive

ESR prostheses has been shown to impact biomechanics and energetic of walking for

people with transtibial amputation. Decreasing prosthesis stiffness increases range of
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motion, increases energy storage and return, increases propulsion from the prosthesis,

and decreases collision forces on the sound limb [34–36].

Figure 2-6: Biomechanics of the ankle during walking. (a) Joint angle of the
biological ankle during walking at various speeds (data from [32]), (b) Joint moment
during walking
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Figure 2-7: Stiffness of biological ankle during walking. (a) Torque/angle
curve of the biological ankle during walking at various speeds (data from [32,33]), (b)
corresponding quasi-stiffness of ankle.

2.2.2 Contralateral Limb Loading Correlated with Knee Os-

teoarthritis

For people with unilateral transtibial amputation (TTA), prevalence of knee os-

teoarthritis (OA) in the contralateral limb is up to 17x higher than in the general

population, with 27% of people with unilateral TTA developing knee OA [3]. Interest-

ingly, while the prevalence of knee OA and knee pain are significantly more likely in

the contralateral limb for people with unilateral TTA, the prevalence of knee pain on

the prosthesis side is 20% of the prevalence for the general public [37]. Osteoarthritis

is a degenerative joint disease effecting the cartilage in joint, with the knee being

the most frequently affected joint [38]. Knee OA most commonly effects the medial

compartment of the knee, where loads are the highest during walking [38]. As ex-

ternal adduction moment (EAM) of the knee increases during walking, loads on the
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medial compartment of the knee increase [38]. In fact, the magnitude of knee external

adduction moment (EAM) during walking has been shown to be a strong predictor

of knee OA development [38, 39]. Specifically, the magnitude of the 1st peak of knee

EAM is strongly correlated with knee OA [38]. It has been hypothesized that the

large increase in contralateral knee OA and decrease in prosthesis side knee pain is

due to gait asymmetry, increased loading on the contralateral limb, and decreased

loading on the prosthesis side [2, 37]. Specifically, there is an increase in knee EAM

in people with unilateral TTA, which is likely associated with the increase in knee

pain and knee OA [4,40]. This increase in contralateral limb loading is hypothesized

to be due to decreased push off power from the prosthesis side during step transi-

tions [4]. Figure 2-8a (from [4]) demonstrates that as the leading limb is contacting

the ground during heel strike, the trailing limb is pushing off, which works to re-direct

the center of mass and decrease the impact of the leading limb. For a prosthesis with

insufficient push-off power, such as ESR prostheses, there is insufficient push-off from

the trailing (prosthesis side) limb, which increases impact loads on the leading (con-

tralateral) limb, increasing ground reaction forces and knee EAM (Figure 2-8c, d, and

e). It has been demonstrated that prostheses which provide higher levels of push-off

power can decrease knee EAM and vertical GRF on the contralateral limb, further

demonstrating the correlation between prosthesis push-off power and contralateral

limb loading [4, 41].
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Figure 2-8: Increased push-off power from prosthesis decreases contralateral
limb loading. (Figure from [4])

2.3 Thesis Aim

The aim of this thesis is to develop a low-mass, quasi-passive ankle-foot prosthesis

that increases peak stance power and decreases contralateral limb loading across a

range of walking speeds. This thesis aims to develop a prosthesis which provides

higher levels of peak power during walking, while keeping device mass and size to a

minimum. Specifically, I aim to develop a quasi-passive device which improves walk-

ing kinematics and kinetics by varying prosthesis stiffness based on walking speed,

restoring an important physiological function of the biological ankle-foot complex.

I hypothesize that through optimal tuning of prosthesis ankle joint stiffness during

walking to more closely replicate the stiffness of the biological ankle at a given walk-

ing speed, gait symmetry will improve, range of motion of the ankle will increase,

and peak power and energy return from the prosthesis will increase. I hypothesize

that increasing peak power will lead to a decrease in contralateral limb loading and

knee EAM, potentially decreasing risk factors for developing knee OA. I hypothesize
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that standard ESR prostheses are overly stiff for most walking speeds, and therefore

are wasting potential energy storage and return. I hypothesize that by decreasing

prosthetic stiffness for a given walking speed to match biological ankle stiffness, we

will see an increase in joint angle for a given ground reaction force, and therefor in-

crease energy storage and return and subsequently peak power. In other words, I aim

to harness the 𝜃2 term in energy storage (Equation 2.1) in order to increase energy

storage in early stance and increase energy return and therefore peak power, and

subsequently decrease unwanted contralateral limb external adduction moment. The

approach for increasing energy storage and return through a quasi-passive prosthesis

is illustrated in Figure 2-9. For some arbitrary stiffness 𝑘1, we have some angular dis-

placement that occurs for a given torque on the spring, and the energy that is stored

by this spring is the integral of torque over angle, which is the blue shaded portion

of the plot. If stiffness is decreased to 𝑘2, we see a larger angular displacement for

the same torque value, and the energy storage, shown by the green shaded region, is

larger. Larger energy storage and return will correspond to greater power. Therefore,

by adjusting prosthesis stiffness to biological stiffness levels, I hypothesize that we

can increase energy storage and decrease contralateral limb loading. In other words,

a passive prosthesis with a fixed stiffness is overly stiff for the majority of walking

speeds, and therefore is wasting potential energy storage and return.

𝐸 =

∫︁
𝜏𝑑𝜃 ≈ 𝑘𝜃2 (2.1)

This thesis aims to develop a quasi-passive device which optimizes stiffness in order

to decrease detrimental knee EAM on the contralateral limb, improving biomechanics

of walking for people with TTA while doing no net positive work. I believe that by

developing a device that remains lightweight and low-cost, but has the increased

functionality of automatic stiffness control, we can help restore function and decrease

risk of disease development for people with lower limb amputations.
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Figure 2-9: Energy storage in spring. For a given torque, decreasing spring
stiffness leads to an increase in energy storage and return.

40



Chapter 3

Design and Analysis

This chapter presents the design and evaluation of the novel quasi-passive variable

stiffness ankle-foot prosthesis (Fig. 3-1). This chapter first outlines the functional

requirements, design specifications, and details of the developed stiffness adjustment

mechanism, and then provides details on the the overall device architecture, design

calculations and analysis, subsystems design, and system characterization and vali-

dation.

3.1 Device Design

This section describes the mechanical and mechatronic design of the variable stiffness

prosthesis, linear actuators, and electronics and software design. The prosthesis con-

sists of the following subsystems: composite leaf springs, mechanical housing, linear

actuators, and embedded control system and electronics (Fig. 3-2). The prosthesis

interfaces with a prosthetic socket via a standard pyramid adapter. The following

subsections outline the detailed design and mechanical and structural analysis of the

system.
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Figure 3-1: Photos of final variable stiffness ankle-foot prosthesis prototype.
(a) Overall VSA prototype assembly, and (b) custom solenoid driven linear actuators.

Figure 3-2: Variable stiffness ankle-foot prosthesis prototype. Rendering of
final VSA prosthesis prototype including composite carbon fiber leaf springs (base
spring, ground spring, and parallel springs), solenoid driven linear actuators, actuator
housing, and custom embedded system.

3.1.1 Design Specifications

Design specifications were determined based on review of physiological functionality

of the ankle-foot complex, anthropometric data, and comparison with existing state-
42



of-the-art prostheses. The design requirements and achieved values are outlined in

Table 3.1. The total device mass including battery and electronics is 945 grams, the

build height is 162 mm, and the stiffness range is 352 - 479 Nm/rad. The prosthesis

is designed for users with a body mass of up to 88 kg, has a battery life of 11 hours,

and is expected to have a cycle life of at least 2.0 × 106 cycles.

Table 3.1: Device specifications
Specification Requirement Achieved Value Description

Mass < 1000 grams 945 grams Anthropometric data [42]
Build height 162 mm 162 mm Anthropometric data [43]
Stiffness range 350 - 475 Nm/rad 352 ∼ 479 Nm/rad Calculated from [32]
Battery life > 10 hours 10 ∼ 11 hours Standard testing session
Cycle life > 2.0 × 106 cycles 2.0 × 106 steps ISO Standards [44]

Device mass

The variable stiffness ankle-foot prosthesis is designed based on body mass and height

of a 50th percentile male: 78.4 kg and 1.76 m [43]. I estimate the mass of the lower

limb that the prosthesis is replacing based on anthropometric data which indicates

that the lower leg and foot make up 6.1% of total body mass [42]. Data is lacking

on the distribution of residual limb lengths, so I assume the residual limb is 50% the

length and mass of the biological lower leg and foot, for a mass of 2.4 kg. Data suggests

that prosthetic devices attached to the body via a conventional socket are perceived

as an external load, and should therefore have a mass lower than the biological limb

which they are replacing [45]. Additionally, mass added distally to the body has large

negative consequences on metabolic efficiency of walking [15]. Based on this data I

set the target device mass as less than 1000 grams (Table 3.1).

Build height

Design parameters for build height were determined based on similar assumptions to

those for the mass specification, outlined above: a 50th percentile male with a height

of 1.76 m and a lower limb length of 0.50 m [43]. Assuming the residual limb is 50% the
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length of the biological lower leg and foot the maximum device build height would be

250 mm. However, in order to allow for the necessary height for the prosthetic socket

and pyramid adapters, the maximum build height should be 200 mm. Additionally,

in order to facilitate comparison between the developed device and a passive control,

I aim to match the build height of the passive ESR prosthesis (Taleo 27-5 or 27-6,

Ottobock, Duderstadt, Germany) which will be used as a control, for a build height

of 162 mm (Table 3.1) [16].

Stiffness range

The desired stiffness range of the device was specified based on matching biological

ankle joint stiffness of a 50th percentile male for a range of walking speeds from a

slow walk to a fast walk: 0.75 m/s - 1.5 m/s. I used joint torque and joint angle data

from [32] to calculate ankle joint quasi-stiffness for each speed as the slope of line

from heel strike to mid stance (Table 3.1), where the ankle dorsiflexion ankle is at a

maximum.

Battery life

The battery life of the prototype should be sufficient for a typical day of walking,

or about 10-12 hours. Expected battery life was calculated based on the energy

consumption of the actuators, sensors, and embedded system, and the assumption

that the actuators will be utilized 50% of the time during a typical use session (Table

3.1).

3.1.2 Stiffness-Change Mechanism

The variable stiffness prosthesis utilizes a novel stiffness changing mechanism in which

computer-controlled solenoid-driven micro linear actuators lock relative sliding be-

tween parallel composite leaf-springs, increasing the bending stiffness. Each parallel

leaf spring is independently controlled, and locking non-adjacent springs to a me-

chanical ground increases the number of possible stiffness settings. The parallel axis
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theorem explains that the moment of inertia increases as the bending axis is moved

farther from the centroid, as shown in Equation 3.1, where 𝐼𝑐 is the centroidal moment

of inertia, A is the cross-sectional area, and d is the distance between the centroidal

axis and the bending axis. As each leaf spring is locked to the mechanical ground,

springs farther from the bending axis have a greater moment of inertia and there-

fore greater bending stiffness. For example, locking spring 1 to ground is stiffer than

locking spring 5 to ground, due to increasing d. Therefore, each distinct combination

of locked and unlocked springs has a different bending stiffness, such that the total

number of stiffness configurations for the device with 1 ground spring and 5 parallel

springs is equal to 32, as shown in Equation 3.2.

𝐼𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = 𝐼𝑐 + 𝐴𝑑2 (3.1)

𝑛𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛𝑠 =
5∑︁

𝑛=0

𝐶(5, 𝑖) = 32 (3.2)

This novel stiffness-change mechanism enables the design of the variable stiffness

ankle-foot prosthesis with several key functionalities that distinguish it from existing

devices. The locking mechanism architecture allows for rapid state changes between

stiffnesses, and the time of state transitions is constant regardless of the magnitude

of stiffness increase. Changing device stiffness from the lowest to the highest stiffness

setting occurs in the same time as changing device stiffness to the next closest setting.

This allows for rapid state changes during the swing phase of walking, with a state

transition time of approximately 20 ms. The binary state of the solenoid driven

actuators allows for robust control of device properties in a simple actuator package.

3.1.3 Parametric Model

A parametric model was developed in order to approximate the stiffness of the device

for a given spring geometry, as well as the expected stiffness increase when each

spring is locked. The spring assembly is modeled as a ground spring, and 5 parallel

lockable leaf springs. In the lowest stiffness configuration (Fig. 3-3a), when all locking
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actuators are unlocked, the total device stiffness is approximated by the stiffness of

the ground spring in parallel with the 5 lockable springs as in Equation 3.3. In the

highest stiffness configuration (Fig. 3-3b), the total device stiffness is represented as

the ground spring, 5 lockable springs, and 5 actuators in parallel as in Equation 3.4 .

Figure 3-3: Stiffness model. (a) Lowest stiffness configuration is modeled as the
ground spring in parallel with 5 locking springs, (b) highest stiffness state is modeled
as the ground spring in parallel with 5 locking springs and 5 locking actuators.

𝑘𝑢𝑛𝑙𝑜𝑐𝑘𝑒𝑑 = 𝑘𝑔𝑟𝑜𝑢𝑛𝑑 + 𝑘𝑠1 + 𝑘𝑠2 + 𝑘𝑠3 + 𝑘𝑠4 + 𝑘𝑠5 (3.3)

𝑘𝑙𝑜𝑐𝑘𝑒𝑑 = 𝑘𝑔𝑟𝑜𝑢𝑛𝑑 +
5∑︁

𝑛=1

𝑘𝑠(𝑛) +
5∑︁

𝑛=1

𝛿𝑟𝑎𝑡𝑖𝑜𝑘𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 (3.4)

𝛿𝑟𝑎𝑡𝑖𝑜 =
𝛿𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙

𝛿𝑑𝑖𝑠𝑡𝑎𝑙
=

𝜃𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛
2𝜋

(𝑟𝑜 − 𝑟𝑖)2𝜋

𝛿𝑑𝑖𝑠𝑡𝑎𝑙
=

𝑠𝑖𝑛−1( 𝛿𝑑𝑖𝑠𝑡𝑎𝑙
𝑙2

)(𝑟𝑜 − 𝑟𝑖)

𝛿𝑑𝑖𝑠𝑡𝑎𝑙
(3.5)
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Figure 3-4: Parametric model of spring stiffness. (a) Simplified model of base
spring geometry showing variables of interest, leaf springs are modeled as straight
cantilever beam section AB, curved section BC, and straight cantilever beam section
CD (b) parallel spring geometry, (c) total spring assembly.

In Equations 3.3 and 3.4, 𝑘𝑔𝑟𝑜𝑢𝑛𝑑 is the stiffness of the ground spring, 𝑘𝑠1, 𝑘𝑠2, 𝑘𝑠3,

𝑘𝑠4, and 𝑘𝑠5 are the stiffnesses of the five lockable springs, 𝑘𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 is the actuator
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stiffness, and 𝛿𝑟𝑎𝑡𝑖𝑜 is the deflection ratio between the distal (𝛿𝑑𝑖𝑠𝑡𝑎𝑙) and proximal

(𝛿𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙) ends of the springs, which is determined by the geometry of the springs

due to the change in circumference on the inner and outer radius of the spring as it

deflects. Equation 3.5 calculates 𝛿𝑟𝑎𝑡𝑖𝑜, where 𝜃𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 is the angular deflection of

the distal end of the spring, 𝑟𝑜 is the outer radius of the spring, 𝑟𝑖 is the inner radius,

and 𝑙2 is the length of the distal segment of the spring.

Leaf spring stiffness model

The stiffness of the leaf springs is calculated using Castigliano’s Theorem, by taking

the partial derivative of the strain energy with respect to force to calculate deflection

(Equation. 3.6) [46]. The geometry of the leaf springs is simplified as a straight

cantilever beam section in series with a curved section (Fig. 3-4a and Fig. 3-4b).

For the straight portion of the springs the deflection of the spring under load F is

calculated in Equation 3.7, where E is the bulk elastic modulus of the composite

material, I is the moment of inertia, M is the bending moment, and A is the cross-

sectional area. Bending moment of inertia, I, and cross-sectional area, A, of the

ground spring vary along length l, as the spring is tapered.

𝛿 =
𝜕𝑈

𝜕𝐹𝑖

(3.6)

𝛿𝑎𝑏 =

∫︁ 𝑙1

0

1

𝐸𝐼

(︂
𝑀

𝜕𝑀

𝜕𝐹

)︂
𝑑𝑥 +

∫︁ 𝑙1

0

1

𝐴𝐸

(︂
𝐹
𝜕𝐹

𝜕𝐹

)︂
𝑑𝑥 (3.7)

𝛿𝑎𝑏 =
1

2𝐸𝐼
𝐹 (𝑙2 + 𝑅)𝑙21 +

𝐹𝑙1
𝐴𝐸

(3.8)

𝛿𝑐𝑑 =

∫︁ 𝑙2

0

1

𝐸𝐼

(︂
𝑀

𝜕𝑀

𝜕𝐹

)︂
𝑑𝑥 +

∫︁ 𝑙2

0

1

𝐴𝐸

(︂
𝐹
𝜕𝐹

𝜕𝐹

)︂
𝑑𝑥 (3.9)

𝛿𝑐𝑑 =
𝐹𝑙32
3𝐸𝐼

(3.10)

48



I calculate deflection of curved section as the partial derivative of the strain energy

in terms of force, F, integrated over 𝜃 from 0 to 𝜋/4 (Equation 3.11 and Equation

3.12), where M is bending moment, E is modulus of elasticity, and e is eccentricity.

The geometric parameters are shown in Fig. 3-4 for the ground spring (Fig. 3-4a)

and the parallel springs (Fig. 3-4b).

𝛿𝑏𝑐 =

∫︁ 𝜋/2

0

𝑀

𝐴𝑒𝐸

(︂
𝜕𝑀

𝜕𝐹

)︂
𝑑𝜃 +

∫︁ 𝜋/2

0

𝐹𝜃𝑅

𝐴𝐸

(︂
𝜕𝐹𝜃

𝜕𝐹

)︂
𝑑𝜃

−
∫︁ 𝜋/2

0

1

𝐴𝐸

𝜕(𝑀𝐹𝜃)

𝜕𝐹
𝑑𝜃 +

∫︁ 𝜋/2

0

𝐶𝐹𝑟𝑅

𝐴𝐺

(︂
𝜕𝐹𝑟

𝜕𝐹

)︂
𝑑𝜃 (3.11)

𝛿𝑏𝑐 =

∫︁ 𝜋/2

0

1

𝐴𝑒𝐸

(︀
𝐹 (𝑅𝑠𝑖𝑛𝜃 + 𝑙2)

2
)︀
𝑑𝜃 +

∫︁ 𝜋/2

0

𝑅

𝐴𝐸

(︀
𝐹𝜃𝑠𝑖𝑛𝜃

2
)︀
𝑑𝜃

−
∫︁ 𝜋/2

0

1

𝐴𝐸

(︀
2𝐹𝑅𝑠𝑖𝑛𝜃2

)︀
𝑑𝜃 +

∫︁ 𝜋/2

0

𝐶𝐹𝑟𝑅𝑐𝑜𝑠𝜃

𝐴𝐺
𝑐𝑜𝑠𝜃𝑑𝜃 (3.12)

The total deflection for each spring is shown in Equation 3.13, and spring stiffness

is calculated in Equation 3.14.

𝛿𝑡𝑜𝑡𝑎𝑙 = 𝛿𝑎𝑏 + 𝛿𝑏𝑐 + 𝛿𝑐𝑑 (3.13)

𝑘𝑠 =
𝐹

𝛿𝑡𝑜𝑡𝑎𝑙
(3.14)

Actuator stiffness

In order to determine the stiffness of the device when the actuators are locked, I

calculate the stiffness of the actuator assembly. I calculate the stiffness of the ac-

tuator assembly by determining the axial displacement at the pin slot interface on

the leaf spring for a given load, accounting for deflection of the bearing (Equation
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Table 3.2: Spring stiffness parametric model variables and values
Parameter Value Description

E 70 GPa Elastic modulus carbon fiber composite
G 5 GPa Shear modulus carbon fiber composite
C 1.2 rectangular cross-section correction factor
𝐿1 0.08 m Length of segment AB of springs
𝐿2 0.12 m Length of segment CD of springs
R 0.019 m Radius of curvature
𝑟𝑜 0.01986 m Outer radius
𝑟𝑖 0.01814 m Inner radius
b 40.0 × 10−3 width leaf springs
h 1.742 × 10−3 m thickness lockable springs
ℎ1 5.0 × 10−3 m thickness ground spring ℎ1

ℎ2 4.0 × 10−3 m thickness ground spring ℎ2

ℎ3 3.0 × 10−3 m thickness ground spring ℎ3

e 7.3 × 10−4 eccentricity 𝑒 = 𝑅− ℎ
𝑙𝑛( 𝑟𝑜

𝑟𝑖
)

𝛿𝑟𝑎𝑡𝑖𝑜 0.0145 𝛿𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙

𝛿𝑑𝑖𝑠𝑡𝑎𝑙
deflection ratio of leaf spring

𝑘𝑠 1.22 × 103𝑁/𝑚 Stiffness parallel springs
𝑘𝑔 2.56 × 104𝑁/𝑚 Stiffness ground spring
𝑘𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 1.64 × 105𝑁/𝑚 Actuator stiffness

3.15 and Equation 3.16), the shaft (Equation 3.17 and Equation 3.18), axial compres-

sion of the leaf spring (Equation 3.19), and the axial clearance in the slot interface

(Equation 3.20). The total displacement at the actuator/slot interface due to these

displacements is calculated using homogeneous transformation matrices. The para-

metric model was implemented in MATLAB (MATLAB R2021a, MathWorks, Natick,

MA, USA). See Appendix C for details and full model code.

𝛿𝑦𝑏𝑒𝑎𝑟𝑖𝑛𝑔 =
𝐹

𝑘𝑏𝑒𝑎𝑟𝑖𝑛𝑔
(3.15)

𝛿𝜃𝑧𝑏𝑒𝑎𝑟𝑖𝑛𝑔 =
𝐹 (𝑙𝑠ℎ𝑎𝑓𝑡 + 𝑙𝑏𝑒𝑎𝑟𝑖𝑛𝑔/2)

𝐹 (𝑙𝑏𝑒𝑎𝑟𝑖𝑛𝑔/2)

𝑠𝑖𝑛−1(
𝐹/𝑘𝑏𝑒𝑎𝑟𝑖𝑛𝑔
𝑙𝑏𝑒𝑎𝑟𝑖𝑛𝑔/2

)
(3.16)

𝛿𝑦𝑠ℎ𝑎𝑓𝑡 =
𝐹𝑙3𝑠ℎ𝑎𝑓𝑡

3𝐸𝐼
(3.17)

50



𝛿𝜃𝑧𝑠ℎ𝑎𝑓𝑡 =
𝐹𝑙2𝑠ℎ𝑎𝑓𝑡

2𝐸𝐼
(3.18)

𝛿𝑎𝑥𝑖𝑎𝑙 =
𝐹𝑙𝑠𝑝𝑟𝑖𝑛𝑔
𝐴𝐸𝑐𝑓

(3.19)

𝛿𝑠𝑙𝑜𝑡 =
𝐹

𝑘𝑠𝑙𝑜𝑡
(3.20)

Scaling parametric model

Spring stiffness In order to increase the stiffness of the prosthesis, there are several

design variables that may be adjusted. Increasing the thickness of the ground spring

or the parallel springs will increase the overall stiffness of the prosthesis, and scales

with ℎ3.

Stiffness range In order to change the stiffness range that is achievable with the

variable stiffness prosthesis, there are several design variables that may be adjusted.

The possible range of stiffness control can be adjusted by (1) decreasing the clearance

at the pin/slot interface, (2) increasing actuator stiffness, or (3) decreasing stiffness

of the leaf springs will lead to a larger increase in stiffness range between the lowest

and highest stiffness configuration.

Resolution In order to adjust the resolution of stiffness control, I can adjust the

number of lockable leaf springs. Adding additional lockable leaf springs with corre-

sponding locking actuators will allow for a greater number of independent stiffness

states and higher resolution stiffness control. Equation 3.21 demonstrates the num-

ber of independent stiffness configurations which exist for a given number of lockable

springs/actuator pairs.

𝑛𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛𝑠 =
𝑚∑︁

𝑛=0

𝐶(𝑚, 𝑖) (3.21)
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3.1.4 Leaf Spring Design

The leaf spring subsystem consists of a ground spring, base spring, and 5 parallel

leaf springs. Parallel leaf springs are 1.742 mm thick (13 plies), and the ground

spring is tapered with a thickness of 4.96 mm (37 plies) at the proximal end and 2.95

mm (22 plies) at the distal end. The custom leaf springs were fabricated (Ottobock

Manufacturing, Ottobock, Salt Lake City, UT, USA) using unidirectional carbon fiber

sheets with a ply thickness of 0.134 mm. Between each parallel spring a layer of PTFE

with a thickness of 0.127 mm is co-cured to the springs to decrease the coefficient of

friction between the sliding surfaces.

Figure 3-5: Leaf spring design. (a) Carbon fiber composite leaf spring assembly
consists of a ground spring and 5 parallel lockable springs. (b) Close up of slot/hole
configuration. A pin driven by each locking actuator engages with the hole in the
corresponding leaf spring.

Finite element modeling of leaf springs

I modeled stiffness and structural properties of the composite leaf springs in Ansys

Composite PrepPost (ACP, Ansys, Inc., Canonsburg, PA, USA) finite element anal-

ysis (FEA) software. I built an FEA model representing the ply geometry and fiber

orientation of the leaf springs. Bonded contacts are used at the toe to simulate the
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epoxy and bolted joint, and between the ground spring and the housing. Frictional

contacts are used at the sliding surface of each spring, with a coefficient of friction of

0.10. The model is set to large deflection mode, weak springs is turned off, and 100

steps are used. The housing is a fixed support and a ramped vertical load of 700 N is

applied to the toe of the prosthesis to replicate the benchtop test conducted during

device validation.

Stress in carbon fiber springs

I performed stress analysis to estimate the maximum expected stress in the carbon

fiber leaf springs. The maximum expected stress in the carbon fiber springs was

calculated as 480 MPa as an upper bound using standard beam bending equations

and approximating the spring as a cantilever beams shown in Equation 3.22, where

M is the bending moment, c is the maximum distance from the centroidal axis, and

I is bending moment of inertia. The Ansys FEA model predicts a maximum stress

of 350 MPa. Assuming an ultimate stress of unidirectional 0° carbon fiber (𝜎𝑢𝑙𝑡) of

1500 MPa [47], the safety factor to failure is 5. I performed fatigue analysis to ensure

the carbon fiber will likely withstand cyclic loading of up to 2 million cycles at our

expected load, in order to meet the ISO standards for cycle life [44]. Experimental

data from the literature indicates a fatigue limit of 700 MPa for unidirectional 0°

carbon fiber at 107 cycles [48, 49]. This gives us a factor of safety (FOS) of 2 at

our max expected loading, indicating that based on these preliminary conservative

calculations a fatigue failure of the carbon fiber springs is unlikely.

𝜎𝑚𝑎𝑥 =
𝑀𝑐

𝐼
≈ (80𝑁𝑚)(.0025𝑚)

(0.04𝑚)(0.0053𝑚)
12

≈ 480𝑀𝑃𝑎 (3.22)

Contact stress at spring interface

I modeled the contact loading at the interface between the parallel springs (Fig. 3-6)

based on contact mechanics of normal loading and frictional sliding. This loading

can be described as a normal force pressing the springs together combined with a

frictional force due to the relative sliding between the springs. As the thin PTFE
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Figure 3-6: Contact stress at spring interface. Contact stress at leaf spring
interface is calculated using Hertzian contact theory, (a) the contact area between
the springs is modeled as a cylinder in contact with a flat plate, (b) the maximum
contact stress occurs at the inner radius of the ground spring.

Figure 3-7: Subsurface shear stress at spring interface. Subsurface shear stress
plotted relative to contact area half-width, a, and subsurface depth as a ratio of
contact area half-width, z/a. The maximum subsurface shear stress occurs at a depth
of -0.79a.

film is less than 5 times the half-width of the contact area, the stiffness of the contact

area is not affected by the thin film and can be treated as two equal stiffness carbon

fiber components in contact [50]. Because the coefficient of friction is much less than
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1, the effect of frictional force on contact area is very small and can be neglected. I

therefore assume that the normal pressure and tangential traction are independent

and may be superposed [51]. I assume Amontons’ law of sliding friction, and the

tangential traction can be defined by Equation 3.24 [51], where P is the load per unit

length at the contact area (Equation 3.23) and 𝜇 is the coefficient of friction.

𝑃 =
𝐹

𝑙
(3.23)

𝑄 = ∓𝜇𝑃 (3.24)

The spring interface is approximated as a cylinder on a flat plate (Fig. 3-6a).

Because the contact area half-width is < 10× the contact radius, the contact stress

is calculated based on Hertzian contact mechanics [52]. The contact area half width,

a, is calculated in Equation 3.25. The equivalent radius of curvature, 𝑟𝑐 is defined

in Equation 3.26, where 𝑟1 is the radius of the internal leaf spring (convex) and 𝑟2

is the radius of the external leaf spring (concave). The equivalent elastic modulus,

𝐸𝑐, is defined in Equation 3.27, where in this case 𝐸1 is equal to 𝐸2, which is the

bulk elastic modulus of carbon fiber composite, and 𝑣1 is equal to 𝑣2, which is the

Poisson’s ratio of carbon fiber composite.

𝑎 =

√︂
4𝑃𝑟𝑐
𝜋𝐸𝑐

= 0.0017𝑚 (3.25)

𝑟𝑐 =

(︂
1

𝑟1
+

1

𝑟2

)︂−1

= 4.02𝑚 (3.26)

𝐸𝑐 =

(︂
1 − 𝑣21
𝐸1

+
1 − 𝑣22
𝐸2

)︂−1

= 5.49 (3.27)

The contact pressure for a given location x is defined as Equation 3.28, where P

is the normal force per unit length at the line contact. The tangential traction for a

given location x along the cylinder is shown by q in Equation 3.29
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𝑝(𝑥) =
2𝑃

𝜋𝑎2

√
𝑎2 − 𝑥2 (3.28)

𝑞(𝑥) = ∓2𝜇𝑃

𝜋𝑎2

√
𝑎2 − 𝑥2 (3.29)

The maximum contact pressure occurs in the center of the contact at x=0, as

defined by Equation 3.30.

𝑝𝑚𝑎𝑥 =
2𝑃

𝜋𝑎
= 1.19𝑀𝑃𝑎 (3.30)

The stress due to a combination of frictional traction and pressure is given in

Equation 3.31 - Equation 3.34.

𝜎𝑥 = −𝑝𝑚𝑎𝑥{(1 − 𝑥2

𝑎2
)1/2 +

2𝜇𝑥

𝑎
} (3.31)

𝜎𝑧 = −𝑝𝑚𝑎𝑥(1 − 𝑥2

𝑎2
)1/2 (3.32)

𝜎𝑦 = −2𝑣𝑝𝑚𝑎𝑥{(1 − 𝑥2

𝑎2
)1/2 +

𝜇𝑥

𝑎
} (3.33)

𝜏𝑥𝑧 = −𝜇𝑝𝑚𝑎𝑥(1 − 𝑥2

𝑎2
)1/2 (3.34)

𝜏1 =
1

2
{(𝜎𝑥 − 𝜎𝑦)

2 + 4𝜏 2𝑥𝑧}
1
2 (3.35)

𝜏𝑚𝑎𝑥 = 0.3𝑝𝑚𝑎𝑥 = 0.36𝑀𝑃𝑎 (3.36)

The maximum contact stress at the spring interface is estimated to be 1.19 MPa

(Equation 3.30), for a safety factor of 38x above the yield stress of the epoxy in the

composite (𝜎𝑦𝑖𝑒𝑙𝑑𝑒𝑝𝑜𝑥𝑦). This analysis demonstrates that the bending stress dominates

in the carbon fiber and epoxy degradation due to contact stress is not a concern. Fig.
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3-7 shows the subsurface principle shear stress, 𝜏1 (Equation 3.35). The maximum

subsurface shear stress, 𝜏𝑚𝑎𝑥 (Equation 3.36), occurs at a depth of -.79a, which is

beneath the thin film PTFE layer.

Table 3.3: Variables and values for leaf spring contact stress calculations
Parameter Value Description

a 0.0017 m Contact area half-width
F 130 N Load
l 0.04 m Contact area length
P 3.24 𝑘𝑁

𝑚
Load per unit length

Q 324 𝑁
𝑚

Frictional force per unit length
𝜇 0.10 Coefficient of friction
𝑟𝑐 4.02 m Equivalent contact radius
𝑟1 0.02 m Radius of internal leaf spring (convex > 0)
𝑟2 -0.0201 m Radius of external leaf spring (concave < 0)
𝐸𝑐 5.5 GPa Equivalent elastic modulus contact area
𝐸1 10 GPa Elastic Modulus UD carbon fiber composite 90∘ [47]
𝐸2 10 GPa Elastic Modulus UD carbon fiber composite 90∘ [47]
𝑣1 0.30 Poisson’s Ratio UD carbon fiber composite [47]
𝑣2 0.30 Poisson’s Ratio UD carbon fiber composite [47]
𝑝𝑚𝑎𝑥 1.19 MPa Maximum contact stress
𝜏𝑚𝑎𝑥 0.36 MPa Maximum subsurface shear sress
𝜎𝑦𝑖𝑒𝑙𝑑𝑒𝑝𝑜𝑥𝑦 52 MPa Yield stress epoxy [53]

Interspring wear at PTFE interface

I calculated the expected sliding wear rate of the PTFE film at the sliding contact

area between the leaf springs. The wear depth per operating cycle is calculated in

Equation 3.37, where W is the wear rate of PTFE (𝑚𝑚3/𝑁𝑚) [54], l is the sliding

distance per cycle (m), and p is the contact pressure at the interface (MPa).

𝑡𝑤𝑒𝑎𝑟 = 𝑊𝑙𝑝 (3.37)

𝑡𝑤𝑒𝑎𝑟 = 𝑊

∫︁ 𝑙

0

𝑝(𝑥)𝑑𝑥 (3.38)
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Figure 3-8: Contact pressure at sliding interface. Maximum contact pressure at
PTFE coated spring interface.

Figure 3-9: Contact pressure × travel distance. Maximum contact pressure
integrated over travel distance

∫︀ 𝑙

0
𝑃 (𝑥)𝑑𝑥

The worst-case wear scenario is calculated assuming a contact area equal to the

Hertzian line contact. The contact stress is calculated as in in the previous section,

replacing the material properties of PTFE (Table 3.4) in Equation 3.27 and Equation

3.25. Fig. 3-8 shows the maximum contact stress at the PTFE interface for a given

load. As the contact pressure is not at a maximum during the entire linear sliding

distance, we must take the integral of the contact pressure as a function of sliding
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distance over distance from 0 to l, as in Equation 3.38. Fig. 3-9 shows how pl increases

as travel distance increases. For this worst-case wear scenario of line contact, the wear

thickness per cycle is 6.78×10−8 mm, and the expected cycle life, n, is 1.9×106 cycles.

A more realistic scenario is an increasing contact area as wear occurs, so in reality we

expect a lifetime longer than 1.9 × 106 cycles.

Table 3.4: Variables and values for PTFE wear rate calculations
Parameter Value Description

W 35 × 10−5𝑚𝑚3

𝑁𝑚
Wear rate PTFE [54]

𝑡𝑃𝑇𝐹𝐸 0.127 mm Thickness PTFE thin film
l 0.001 m Maximum length of travel
𝐸𝑃𝑇𝐹𝐸 0.60 GPa Elastic modulus PTFE [54]
𝑝𝑚𝑎𝑥 0.29 MPa Maximum contact pressure
𝑡𝑤𝑒𝑎𝑟 6.79 × 10−8 mm Wear thickness per cycle
n 1.9 × 106 cycles Cycle life PTFE

3.1.5 Actuator Design

The linear actuators are driven by a solenoid (STA-50M-STA 151094-234, Johnson

Electric, Hong Kong, China) which drives an attached shaft to an extended or con-

tracted state. The solenoid-driven architecture allows for rapid changing between

binary spring states (locked or unlocked). The pins engage with a slot on each paral-

lel spring, when the pin is engaged is prevents the corresponding spring from sliding

relative to the base spring, increasing the bending stiffness.

Figure 3-10: Actuator design. Rendering of final actuator design, (a) shows actua-
tor in unlocked state, (b) shows actuator in locked state and highlights the solenoid,
actuator housing, hard stop, bearing, and pin.

59



Solenoid selection

The linear actuators are driven by a solenoid (STA-50M-STA 151094-234, Johnson

Electric, Hong Kong, China). The solenoid has a nonlinear output force of at least

2N, a stroke length of 2.5 mm, and a no-load speed of 6 ms/2.5 mm. These solenoids,

with a minimum operating voltage of 6 V, draw electrical current lower than 1 A

during transient transitions. The transient actuation of the actuators occurs within

a duration of less than 30 ms for bi-linear state transition. The solenoid was selected

based on the expected force required to actuate the pin at our desired acceleration

while overs=coming the holding force of the solenoid spring.

𝐹 = 𝜂(𝑚𝑎 + 𝐹𝑠𝑝𝑟𝑖𝑛𝑔) = 𝜂(𝑚𝑝𝑖𝑛 + 𝑚𝑠𝑜𝑙𝑒𝑛𝑜𝑖𝑑𝑠ℎ𝑎𝑓𝑡) (3.39)

Bearing selection

Table 3.5: Variables and values for contact stress calculations at bearing interface
Parameter Value Description

𝑣1 0.29 Poisson’s ratio pin [55]
𝑣2 0.40 Poisson’s ratios bearing [56]
𝐸1 205 GPa Elastic modulus pin [55]
𝐸2 2.5 GPa Elastic modulus bearing [57]
𝐸𝑐 2.9 GPa Equivalent Elastic modulus
𝑟1 2.50 mm Radius pin
𝑟2 -2.534 mm Radius bearing
𝑟𝑐 0.186 m Equivalent contact radius
𝑙 10 mm Length contact area
𝑎 6.77 × 10−4 m Contact area half-width
𝑝𝑚𝑎𝑥 5.6 MPa Maximum contact stress
𝜎𝑦𝑖𝑒𝑙𝑑 50 MPa Yield stress bearing [57]

A sleeve bearing (iGlide P210, igus, Inc., Rumford, RI, USA) supports the end of

the pin within the actuator housing. The bearing was selected in order to support

the loads induced from the loading of the spring while the pin is engaged, the poly-

mer bearing is preferable to a metal bearing due to the intermittent motion of this
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application. A Hertzian model of line contact was used to calculate the maximum

expected contact stress on the bearing. I first determine the expected loads on the

bearings based on the stiffness ratio of the actuator stiffness to total system stiffness

to calculate the portion of the total load on the actuator and therefore on the bearing.

I calculate the maximum contact pressure on the bearing as 5.6 MPa [51]. I selected

the bearing based on this expected load and the unique requirements of intermittent

motion and intermittent load application.

𝑎 =

√︂
4𝑃𝑟𝑐
𝜋𝐸𝑐

= .677𝑚𝑚 (3.40)

𝑟𝑐 =

(︂
1

𝑟1
+

1

𝑟2

)︂−1

= 186.3𝑚𝑚 (3.41)

𝐸𝑐 =

(︂
1 − 𝑣21
𝐸1

+
1 − 𝑣22
𝐸2

)︂−1

= 2.9𝐺𝑃𝑎 (3.42)

The maximum contact pressure occurs in the center of the contact at x=0, as

defined by Equation 3.43.

𝑝𝑚𝑎𝑥 =
2𝑃

𝜋𝑎
= 5.3𝑀𝑃𝑎 (3.43)

Contact stress at pin-slot interface

I modeled the contact stress at the interface between the locking pins and the slots

in the carbon fiber leaf springs. I calculated the portion of the total load seen by the

pin-slot interface during loading by the stiffness ratio between each parallel spring

and the total stiffness from our parametric stiffness model. The portion of the total

load seen by each spring is equivalent to the total load times the stiffness ratio of

the spring of interest to the total stiffness. In order to calculate the maximum stress

at the contact area between the pin and slot, the Hertzian theorem of line contact

is used [52]. I calculate the contact area half-width a (Equation 3.44), equivalent

contact radius 𝑟𝑐 (Equation 3.45), and equivalent elastic modulus 𝐸𝑐 (Equation 3.46)
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using the values in Table 3.6. I calculate an estimated maximum contact stress of

373 MPa (Equation 3.47), which gives us a safety factor of 3.3 above the yield stress

of 4140 PH steel. Fig. 3-12 shows the subsurface shear stress in the bushing, which

is a maximum at a depth of 0.78a, which is within the bushing.

𝑎 =

√︂
4𝑃𝑟𝑐
𝜋𝐸𝑐

= 0.107𝑚𝑚 (3.44)

𝑟𝑐 =

(︂
1

𝑟1
+

1

𝑟2

)︂−1

= 19.1𝑚𝑚 (3.45)

𝐸𝑐 =

(︂
1 − 𝑣21
𝐸1

+
1 − 𝑣22
𝐸2

)︂−1

= 110.5𝐺𝑃𝑎 (3.46)

The maximum contact pressure occurs in the center of the contact at x=0, as

defined by Equation 3.47.

𝑝𝑚𝑎𝑥 =
2𝑃

𝜋𝑎
= 308.6𝑀𝑃𝑎 (3.47)

Figure 3-11: Contact stress at pin - slot interface. Contact stress at slot interface
is calculated using Hertzian contact theory, (a) the contact area between the pin and
the slot is modeled as a cylinder in contact with a flat plate, (b) the maximum contact
stress occurs at the inner radius of the bushing.
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Figure 3-12: Subsurface shear stress at pin-slot interface. Subsurface shear
stress plotted relative to contact area half-width, a, and subsurface depth as a ratio
of contact area half-width, z/a. The maximum subsurface shear stress occurs at a
depth of -0.78a.

Table 3.6: Variables and values for contact stress calculations at pin interface
Parameter Value Description

𝑣1 0.29 Poisson’s ratio pin [55]
𝑣2 0.29 Poisson’s ratios bushing [55]
𝐸1 205 GPa Elastic modulus pin [55]
𝐸2 205 GPa Elastic modulus bushing [55]
𝐸𝑐 112 GPa Equivalent Elastic modulus
𝑟1 2.3 mm Radius pin
𝑟2 -2.6 mm Radius bushing
𝑙 1.742 mm Length contact area
𝑎 0.107 mm Contact area half-width
𝑝𝑚𝑎𝑥 308.6 MPa Maximum contact stress
𝜏𝑚𝑎𝑥 92.6 MPa Maximum subsurface shear stress
𝜎𝑦𝑖𝑒𝑙𝑑 1240 MPa Yield stress 4140 PH [58]

3.1.6 Housing Design

The prosthesis housing is fabricated from 7075 aluminum. The base spring is bonded

to the housing with an adhesive and bolted joint. A pyramid adapter is mounted on

the front of the housing, allowing the prosthesis to be mounted to a prosthetic socket

via standard mounting hardware.
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Finite element analysis of housing

I performed finite element analysis (FEA) on all structural components of the system

using SolidWorks Simulation (SolidWorks, Dassault Systems, Vélizy-Villacoublay,

France). I used a static structural analysis with a load of 1.5x body mass. I deter-

mined that the maximum stress in the housing components is lower than the fatigue

limit of 7075 aluminum for 2 × 106 cycles.

Bolted joint design

The bolted joint between the anterior and posterior housing components as well as the

bolted joint between the pyramid adapter and housing were analyzed to determine

sufficient joint strength for our expected loads. The housing, which encloses the

springs and transfers load from the pyramid adapter to the ground spring, consists

of two components held together with a bolted joint connection. I first calculate the

portion of the force seem by each bolted joint for a force applied to the toe of the

prosthesis (worst case loading scenario). There are two bolted connections at each 𝑟1

and 𝑟2 that we assume will see equal forces.

𝑀 = 𝐹𝑙𝑙 = 2𝐹1𝑟1 + 2𝐹2𝑟2 (3.48)

𝑡𝑎𝑛𝜃 =
𝛿1
𝑟1

=
𝛿2
𝑟2

(3.49)

𝛿1
𝛿2

=
𝑟1
𝑟2

(3.50)

𝑘𝑗𝑜𝑖𝑛𝑡1 = 𝑘𝑗𝑜𝑖𝑛𝑡2 = 𝑘𝑗𝑜𝑖𝑛𝑡 (3.51)

𝐹1 = 𝑘𝑗𝑜𝑖𝑛𝑡𝛿1 (3.52)
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Figure 3-13: Bolted joint analysis housing. Free body diagram to determine
loading on bolts in housing for a worst case scenario loading of a load applied to the
distal end of the prosthesis.

𝐹2 = 𝑘𝑗𝑜𝑖𝑛𝑡𝛿2 = 𝑘𝑗𝑜𝑖𝑛𝑡𝛿1
𝑟2
𝑟1

(3.53)

𝐹1 =
𝑟1
𝑟2
𝐹2 (3.54)

𝐹𝑙𝑙 = 2𝐹1𝑟1 + 2𝐹2𝑟2 = 2𝐹2
𝑟1
𝑟2
𝑟1 + 2𝐹2𝑟2 (3.55)

𝐹2 =
1
2
𝐹𝑙𝑙

𝑟21
𝑟2

+ 𝑟2
(3.56)

𝐹1 =
𝑟1
𝑟2
𝐹2 =

1
2
𝐹𝑙𝑙𝑟1

𝑟21 + 𝑟22
(3.57)

We now have the force on each bolted joint as a function of the applied load on the

prosthesis. We now can calculate the force seen by both the bolt and the material by

calculating the stiffnesses of each component. Equation 3.58 is used to calculate the
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Table 3.7: Variables and values for bolted joint analysis housing
Parameter Value Description

𝐹𝑙 1133 N Applied load on prosthesis
𝐹𝑝𝑟𝑒𝑙𝑜𝑎𝑑 1780 N Bolt preload
𝑙 180 mm Moment arm applied load to bolted joint
𝑟1 30 mm moment arm to bolted connection 1
𝑟2 10.5 mm moment arm to bolted connection 2
𝛼 0.524 rad Half-apex angle
𝐸𝑏𝑜𝑙𝑡 210 GPa Young’s Modulus of bolt (steel)
𝑑𝑏𝑜𝑙𝑡 4.134 mm Minor diameter of bolt
𝐴𝑏𝑜𝑙𝑡 1.34 × 10−5𝑚2 Cross sectional area of bolt
𝐿𝑏𝑜𝑙𝑡 20 mm Length of bolt
𝜎𝑦𝑖𝑒𝑙𝑑 720 MPa Yield stress of bolt (Class 10.9 Alloy Steel) [59]
𝐸𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 70 GPa Young’s Modulus of housing material (7074-T6 Al)
𝑑ℎ𝑜𝑙𝑒 6 mm Diameter of clearance hole in housing material
𝑑𝑤𝑎𝑠ℎ𝑒𝑟 12.5 mm Diameter of washer
𝑡 11 mm Thickness of housing material section
𝑘𝑏 1.41𝐸 + 08𝑁/𝑚 Bolt stiffness
𝑘𝑚1 2.23𝐸 + 09𝑁/𝑚 Material stiffness section 1
𝑘𝑚2 1.47𝐸 + 09𝑁/𝑚 Material stiffness section 2
𝑘𝑗𝑜𝑖𝑛𝑡 1.03𝐸 + 09𝑁/𝑚 Material stiffness total bolted section
𝐹1 3028 N Force on bolted connection 1
𝐹2 1060 N Force on bolted connection 2
𝐹𝑏1 415 N Force on bolt 1
𝐹𝑏2 145 N Force on bolt 2
𝐹𝑚1 2613 N Force on material 1
𝐹𝑚2 1228 N Force on material 2
𝜎𝑏𝑜𝑙𝑡 164 MPa Stress on bolt
𝐹𝑂𝑆𝜎 4.40 Safety factor for yield stress of bolt
𝐹𝑂𝑆𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 6.11 Safety factor for separation of bolted joint

material stiffness of the housing in the bolted joint connection [59]. Equation 3.59

calculates the total stiffness of the material based on the two housing components

loaded in series. The stiffness of the bolt is calculated in Equation 3.60 [59]

𝑘𝑚 =
𝜋𝐸𝑑𝑡𝑎𝑛𝛼

𝑙𝑛 (2𝑡𝑡𝑎𝑛𝛼+𝐷−𝑑)(𝐷+𝑑)
(2𝑡𝑡𝑎𝑛𝛼+𝐷+𝑑)(𝐷−𝑑)

(3.58)
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𝑘𝑚𝑡𝑜𝑡 = (
1

𝑘𝑚1

+
1

𝑘𝑚2

)−1 (3.59)

𝑘𝑏 =
𝐴𝑏𝐸𝑏

𝑙
(3.60)

𝑘𝑗𝑜𝑖𝑛𝑡 = 𝑘𝑚 + 𝑘𝑏 (3.61)

𝐹𝑏𝑜𝑙𝑡 =
𝑘𝑏

𝑘𝑗𝑜𝑖𝑛𝑡
𝐹𝑡𝑜𝑡𝑎𝑙 (3.62)

𝐹𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 =
𝑘𝑚
𝑘𝑗𝑜𝑖𝑛𝑡

𝐹𝑡𝑜𝑡𝑎𝑙 (3.63)

𝐹𝑏1 =
𝑘𝑏

𝑘𝑗𝑜𝑖𝑛𝑡
𝐹1 (3.64)

𝐹𝑚1 =
𝑘𝑚
𝑘𝑗𝑜𝑖𝑛𝑡

𝐹1 (3.65)

I use these equations to calculate the force seen by each the bolt and the material

of the bolted connection when a load is applied to the system. The load in each bolt

(𝐹𝑏1 and 𝐹𝑏2) is seen as an elongation force on the bolt. A failure mode of the bolted

joint will occur if the elongation force is greater than the preload force such that the

material held together by the bolted joint is allowed to separate, subjecting the bolts

to a shear load. Therefore the preload force in the bolt must be greater than the

portion of the applied force that is seen as an elongation force on the bolt for all

loading scenarios. We must also consider the stress in the bolt under the loading of

the bolt preload as well as elongation force on the bolt.

𝜎𝑏𝑜𝑙𝑡 =
𝐹𝑝𝑟𝑒𝑙𝑜𝑎𝑑

𝐴𝑏𝑜𝑙𝑡

+
𝐹𝑏𝑜𝑙𝑡

𝐴𝑏𝑜𝑙𝑡

(3.66)
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Table 3.8: Variables and values for bolted joint analysis pyramid adapter
Parameter Value Description

𝐹𝑙 1133 N Applied load on prosthesis
𝐹𝑝𝑟𝑒𝑙𝑜𝑎𝑑 8322 N Bolt preload
𝑙 180 mm Moment arm applied load to bolted joint
𝑟3 20 mm moment arm to bolted connection 1
𝛼 0.524 rad Half-apex angle
𝐸𝑏𝑜𝑙𝑡 210 GPa Young’s Modulus of bolt (steel)
𝑑𝑏𝑜𝑙𝑡 8.4 mm Minor diameter of bolt
𝐴𝑏𝑜𝑙𝑡 5.5 × 10−5𝑚2 Cross sectional area of bolt
𝐿𝑏𝑜𝑙𝑡 12.5 mm Length of bolt
𝜎𝑦𝑖𝑒𝑙𝑑 720 MPa Yield stress of bolt (Class 10.9 Alloy Steel) [59]
𝐸𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙1 110 GPa Young’s Modulus of pyramid (Ti)
𝐸𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙2 70 GPa Young’s Modulus of housing (7075-T6 Al)
𝑑ℎ𝑜𝑙𝑒 11 mm Diameter of clearance hole in housing material
𝑑𝑤𝑎𝑠ℎ𝑒𝑟 20 mm Diameter of washer
𝑡1 3.5 mm Thickness of housing material section 1
𝑡2 9 mm Thickness of housing material section 2
𝑘𝑏 9.31𝐸 + 08𝑁/𝑚 Bolt stiffness
𝑘𝑚1 8.84𝐸 + 09𝑁/𝑚 Material stiffness section 1
𝑘𝑚2 4.59𝐸 + 09𝑁/𝑚 Material stiffness section 2
𝑘𝑗𝑜𝑖𝑛𝑡 3.95𝐸 + 09𝑁/𝑚 Material stiffness total bolted section
𝐹1 10197 N Force on bolted connection 1
𝐹𝑏1 2400 N Force on bolt 1
𝐹𝑚1 7794 N Force on material 1
𝜎𝑏𝑜𝑙𝑡 194 MPa Stress on bolt
𝐹𝑂𝑆𝜎 3.72 Safety factor for yield stress of bolt

𝜎𝑏1 =
𝐹𝑝𝑟𝑒𝑙𝑜𝑎𝑑 + 𝐹𝑏1

𝐴𝑏𝑜𝑙𝑡

(3.67)

This process is repeated for the bolted joint between the pyramid adapter and the

housing. Fig. 3.1.6 shows the loading on the bolted joint, where 𝐹3 is the elongation

force on the bolt for applied loads 𝐹𝑙. 𝑟3 is the moment arm between the elongation

force and the pivot point of the pyramid adapter. 𝑙 is again the moment arm between

the load and the pivot point.
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Figure 3-14: Bolted joint analysis pyramid adapter. Free body diagram for
bolted joint analysis to determine loads on pyramid adapter.

3.1.7 Control System and Electronics Design

As the novel actuator architecture exhibits unique electromechanical properties, de-

signing a custom embedded system for the VSA provides significant benefits in order

to reduce redundancy and optimize performance compared to using a generic motor

driver system. We therefore designed and implemented a custom embedded system

to drive the solenoid actuators, interface with the onboard sensors, and to enable

running closed-loop control. The variable stiffness prosthesis has higher controllable

degrees-of-freedom compared to standard powered prostheses, with five individual

actuators, and therefore has unique requirements for the embedded system. This sys-

tem demonstrates much lower current requirements and a faster transient response

than continuous rotary actuation, and therefore the use of traditional motor drivers

in the variable stiffness ankle would cause system redundancy and inefficiency.
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Figure 3-15: Embedded system. Prototype of the designed and fabricated embed-
ded system for the VSA.

Figure 3-16: Low-level finite state machine of the VSA driver. The energy
efficient control scheme only requires energy for the actuator when the actuator is
actively engaging in State 6 (green) or disengaging in State 3 (red). During State 1,
State 2, State 4, and State 5 (grey), no additional power is required to hold actuator
position due to the device architecture.

Approximation of actuator dynamics

The proposed actuator exhibits complex electromechanical dynamics. With an electri-

cal solenoid, mass of mechanical pin, and quasi-static magnetic interaction, modeling
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dynamics of the system becomes significantly complex. Additionally, utilizing the

full characterization of electromechanical dynamics into the controller would require

high-bandwidth closed-loop control on the order of > 10𝑘𝐻𝑧 as well as sensing of the

mechanical states of the actuators. Given the engineering trade-offs of such an imple-

mentation, we created a simplified model of the actuator dynamics with a constant

input voltage and pre-determined minimum actuation time for each direction of actu-

ation. This approach guarantees convergence of the system to the desired final state

from a known initial state and enables the desired performance of the mechatronics

system without necessitating additional mechanical state sensing modalities.

Embedded system hardware

The embedded system hardware for the variable stiffness ankle is shown in Fig. 3-15.

We designed the hardware with an emphasis on 1) the unique actuators character-

istics, 2) scalability to ensure compatibility with future iterations of the variable

stiffness ankle, 3) multiple sensors for thorough analysis of the system behaviors, and

4) a researcher-friendly user interface. On the actuator driving front-end, three dual

channel motor driver chips (DRV8847PWR, Texas Instruments, Dallas, TX, USA)

control five solenoid actuators with a maximum root-mean-square (RMS) current of

1 A. There are six driving output channels to allow for the use of additional actuators

during potential future iterations of hardware. The current output of each channel is

monitored through a serial current sensing resistor (10 mOhm) and an instrumental

amplifier (INA186A3, Texas Instruments, Dallas, TX, USA). The embedded system

is also equipped with a strain-gauge interface front-end including a precision 24-

bit analog-to-digital-converter (ADC, ADS1220IPW, Texas Instruments, Dallas, TX,

USA) and active analog excitation driver (OPA376, Texas Instruments, Dallas, TX,

USA) powered with a separate low-noise power conditioning chip (TPS79301, Texas

instruments, Dallas, TX, USA) for the strain-gauge installed on the leaf spring. A

commercial inertial measurement unit (IMU) protoboard (ISM303DHCX, Adafruit

Industries, New York, NY, USA) is used for possible kinematics estimation. A 32-

bit commercial prototyping microprocessor board (Teensy 4.1, PJRC, Portland, OR,
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USA) controls all the drivers and peripherals on the board. Use of the commercial

board enables greater accessibility to control system and enables faster development

and iteration. The embedded system is designed to operate with a bandwidth of

2kHz to interface with all sensors and control actuators while the actual bandwidth

could be lower depending on the desired control algorithm. The operating voltage of

the system is in between 6-24V. The system is powered by a 4-cell (14.8 V) lithium

polymer battery with a battery capacity of 650 mAh. A wide-range switched mode

power supply (LMR50410Y-Q1, Texas Instruments, Dallas, TX, USA) converts to

lower voltage level to operate the digital/analog peripherals on the board. The over-

all footprint of the system is 83.95 mm by 43.94 mm.

Onboard sensors

Sensors onboard the system monitor device parameters. A strain gauge (CEA-06-

250UTA-350, Micro Measurements, Raleigh, NC, USA) is mounted to the ground

spring, which allows for measuring spring strain during device use. An IMU (ISM303DHCX,

Adafruit Industries, New York, NY, USA) on the embedded system allows for the po-

tential to estimate walking speed and terrain during walking. Current sensors measure

the current for each actuator.

Baseline control architecture

We established a baseline control architecture to ensure maximal efficiency of the

variable stiffness ankle. The binary solenoid actuator should only be actuated when

binary state transition is required. The actuator should be locked when the variable

stiffness ankle prosthesis on stance phase of the gait bearing a subject’s weight. We

devised a simple finite state machine (FSM) to incorporate the safety conditions above

on low-level controller for future high-level control development as shown in Fig. 3-16.

A pre-determined time constant was utilized to estimate individual actuator states.

We tuned voltage level and time constants of individual actuators empirically.
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3.2 Benchtop Evaluation Methods

This section describes the methods and results from benchtop device evaluation.

3.2.1 Mechanical Evaluation

Stiffness characterization

Figure 3-17: Test fixture. Custom test fixture integrates directly with material
testing system for stiffness and stress evaluation tests.

I evaluated the stiffness of the prosthesis through benchtop testing performed on

a material testing system (Model 5969 Material Testing System, Instron, Norwood,

MA). For each of the 32 distinct stiffness settings, the device was loaded to a maxi-

mum load of 700N at a rate of 50N/s, and deflection of the prosthesis at the point of

load application was measured. In order to conduct the benchtop evaluation experi-

ments, a custom test fixture was designed to directly integrate with a material testing

system (Figure 3-17). The test fixture applies the load in line with the load cell in

order to remove moment induced errors from the load cell (Figure 3-18). A digital

inclinometer (AXISENSE-2 USB90, TE Connectivity, Schaffhausen, Switzerland) is

used to measure the angular deflection of the prosthesis during benchtop testing.
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Figure 3-18: Test fixture design. Prosthesis testing test fixture is designed to
isolate moment loads from the load cell in order to minimize measurement errors.

Stress measurements

Strain in the leaf spring was measured with a strain gauge installed on the ground

spring, the gauge is configures in a half-bridge type I circuit. Details of strain gauge

are outlined in Table 3.10. Strain was measured during benchtop testing on the

custom Instron test fixture.

3.2.2 Electromechanical Evaluation

Actuator characterization

We performed electromechanical characterization of the actuator. First, we charac-

terized the minimum required actuation time to engage and disengage the actuators

for a given input voltage. We then observed transient current response of the ac-

tuator with the determined minimum actuation time of the actuator. Total energy

consumption analyses were made based on the transient response analyses. During

the actuator characterization, the embedded system ran with a bandwidth of 5 kHz.
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3.3 Device Validation Results

3.3.1 Mechanical Characterization

Device mass

The mass of the device is presented in Table 3.9. The total device mass of 945 grams

includes the battery and electronics, and excludes the cosmetic foot cover.

Max strain and stress

Max strain in the leaf springs was measured directly from a strain gauge mounted on

the ground spring during bench top testing to validate mechanical modeling results

of the spring design. A maximum strain of 0.16% was measured, corresponding to

a maximum stress value of 210 MPa (Fig. 3-20). I calculate strain (in microstrain)

from the raw strain gauge reading as in Equation 3.68. Stress is calculated from the

strain reading as in Equation 3.69.

Table 3.9: Device Mass.
Component Mass (g) Qty

Leaf springs 370 1
Housing 170 1
Battery 78 1
Hardware 67 Various
Pyramid adapter 53 1
Embedded system 37 1
Actuator assembly 26 5
Urethane bumper 22 1
Electronics case 18 1

Total 945

Stiffness characterization

Fig. 3-19a shows the torque angle plot of the variable stiffness ankle prosthesis from

the data collected during benchtop Instron testing. Fig. 3-19b shows the correspond-
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ing stiffness for each independent stiffness state. There are 32 distinct stiffness states,

with the range of stiffnesses from lowest to highest stiffness settings creating a 36%

increase in joint stiffness of the ankle. The target stiffness range of 352 Nm/rad - 479

Nm/rad was validated during benchtop testing.

Figure 3-19: Stiffness range of variable stiffness prosthesis. (a) Torque – an-
gular displacement curves of variable stiffness ankle-foot prosthesis from benchtop
validation, (b) rotational stiffness of VSA at each stiffness state.

𝜖 =
−4𝑉𝑟

𝐺𝐹 [(1 + 𝑣) − 2𝑉𝑟(𝑣 − 1)]

(︂
1 +

𝑅𝐿

𝑅𝐺

)︂
(3.68)
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Figure 3-20: Strain gauge data. Measured strain and calculated stress values from
benchtop testing.

Table 3.10: Strain gauge.
Parameter Value Description

𝜖 Strain
𝑉𝑟 Voltage ratio
𝑅𝐿 10 𝑚Ω Lead resistance
𝑅𝐺 350 Ω Grid resistance [60]
𝑣 0.5 Poisson’s ratio of strain gauge [60]
GF 2.015 Gauge factor of strain gauge [60]
𝐸 135 GPa Elastic modulus of carbon fiber [47]
𝜎 Stress in carbon fiber

𝜎 = 𝐸𝜖 (3.69)

ISO standards

The structural analysis and initial benchtop evaluation suggest that the device would

successfully meet ISO standards for structural evaluation of a prosthesis (Table 3.11).

Further testing is necessary to evaluate if the prosthesis meets ISO standards for

ultimate static loading and cyclic loading.
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Table 3.11: ISO Standards
Parameter ISO Standard Analysis meets standard?

Ultimate static test 3.4 − 4.6× body mass [44] Yes
Cyclic test (load) 0.05 − 1.36× body mass [44] Yes
Cyclic test (# cycles) 2 × 106 cycles [44] Yes

3.3.2 Electromechanical Characteristics

Actuator analysis

Table 3.12 summarizes the electromechanical characteristics of the system includ-

ing minimum required actuation times for engaging and disengaging actuators, peak

current during actuation, quiescent current, and idle power of the embedded sys-

tem running at bandwidth of 1 kHz. A higher actuation voltage corresponds to

faster actuation and higher actuation force, while actuation current levels increased

proportionally to actuation voltage. A higher input voltage for the embedded sys-

tem consumes greater idle energy due to the efficiency difference of the input-stage

switched mode power supply (SMPS) converter. During actuation, a higher input

voltage generally consumes more energy, although 9 V input voltage consumes less

energy during actuator engagement than 6 V. Fig. 3-21 shows the transient electri-

cal response of the actuator. The electromechanical evaluation demonstrates that for

the selected battery voltage of 12 V, the battery life is approximately 10 hours if we

assume 1 actuator state change every 10 steps, and 11 hours of standby power.

Table 3.12: Summary of electromechanical characteristics.
Voltage T Engage T Disengage Peak Current Peak Current E Engage E Disengage Quiescent Idle

(V) (ms) (ms) Engage (mA) Disengage (mA) (mJ) (mJ) Current (mA) Power (mW)

6 7.6 20.4 382 413 15.5 48.8 99 594
9 3.4 10.6 537 617 13.45 56.9 71 638
12 2.6 7.4 685 815 17.3 69.2 57 684
15 2 5.8 813 1020 22.0 87.0 47 705
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Figure 3-21: Electrical transient characteristics of the actuator. (a) Transient
current response of linear actuator for a given voltage level. (b) Accumulated transient
energy consumption of the actuator for a given voltage level.

3.4 Discussion

3.4.1 Design

This chapter presents the development of a novel mechanism for varying bending stiff-

ness of leaf springs and the detailed design and analysis of a variable stiffness ankle-

foot prosthesis for walking speed adaptation. I describe the fundamental concepts

behind the stiffness control mechanism, and mathematically describe the method for

achieving high-resolution stiffness control. I present mechanical design analysis of the

device including parametric model for approximating device stiffness, contact stress

analysis, fatigue life calculations, and bolted joint analysis.
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3.4.2 Device Evaluation

Mechanical evaluation

The benchtop testing results demonstrate that the device successfully achieves the

targeted stiffness range, device mass, and structural integrity. The benchtop stiffness

characterization of the system demonstrates the high-resolution stiffness control of

the prosthesis. The mass of the variable stiffness prosthesis is lower than all exist-

ing commercial quasi-passive devices, and lower mass than all research platforms. I

demonstrate that the VSA prosthesis successfully matches biological levels of ankle

stiffness for a person of our target body mass ranging from a slow walk (0.75 m/s) to

a fast walk (1.5 m/s).

Electromechanical system

We also show that the proposed embedded system concept and low-level control

architecture can provide stable control of the electromechanical actuators. The results

demonstrate that the simplified dynamic model of the actuator provides effective

means to construct the control system with minimal sensors. Lower input voltages

generally consume less energy in the idle state and during transient actuation. While

the electro-magnetic-mechanical system shows multi-order complex dynamics, the

results demonstrate that the dynamics can be simplified with a constant actuation

time and voltage to ensure stable end-state after actuation.

3.5 Future Work

Future work on the design of the system includes implementing closed loop real-time

control, further testing and analysis on fatigue life of the system, and expanding the

parametric model and design process to design devices for additional weight categories

of users. In future iterations of the design, the embedded system can be greatly

reduced in size and the continuous power consumption of the electronics can be greatly

reduced through design optimizations of the electronics.
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3.5.1 Real-Time Closed Loop Control

Walking speed optimization

Future work includes development of a real-time closed loop control system for stiff-

ness control of the prosthesis. Prior art has demonstrated the detection of terrain and

estimation of walking speed through the use of a single foot-mounted IMU [61–63]. By

implementing similar techniques, we can estimate walking speed and terrain (steps,

ramps) in real-time onboard the embedded system. This control system will deter-

mine optimal stiffness based on walking speed or terrain. A state machine in Figure

3-22 explains how this controller would function. Sensors onboard the prosthesis in-

clude a strain gauge and an IMU. Using the IMU we can estimate walking speed and

terrain, and determine the optimal stiffness state for the conditions. Based on the de-

sired stiffness state, the embedded system will send a command to the motor drivers

to control the position of each actuator to that corresponding to the desired stiffness

state. The strain gauge onboard the embedded system allow for future kinematics

estimation onboard the device, in order to estimate walking speed and terrain in real

time.

Figure 3-22: Control diagram.
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Energy maximization

Another possible control strategy is to control device stiffness in order to maximize

energy storage. Through the strain gauge measurement and known stiffness state

of the prosthesis, we can estimate joint angle of the prosthesis and calculate energy

storage.

User input

Another possible control paradigm is a user-controlled model in which the user is able

to select prosthesis stiffness directly. In this paradigm, the user would have access

to an adjustment through a mobile application or other user interface. Prior work

has demonstrated that prosthesis users are able to select their preferred prosthesis

stiffness with high repeatability [64].

3.5.2 Product Design Considerations

The variable-stiffness prosthesis can be scaled in order to correspond to users of

different body masses, as discussed in Section 3.1.3. In addition to body mass, the

device design will change based on foot size. In order to adjust to users of different

masses, J-springs may be designed for each category of weight and activity category,

similar to how passive protheses are manufactured. Figure 3-23 shows the standard

weight categories that Ottobock uses for it’s passive devices [16], as well as the stiffness

range that should be implemented in a variable stiffness prosthesis for that weight

range [32]. Foot size may be adjusted independently of body-mass range, by installing

the base spring corresponding to foot size during assembly of the device.

82



Figure 3-23: Stiffness Range.

Figure 3-24: Product design. Designing variable stiffness prosthesis for various
body masses and foot sizes.
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Chapter 4

Clinical Evaluation

This chapter presents the clinical evaluation methods, results, and analysis. I first

go over the experimental methods, data collection procedures, details of study par-

ticipants, and statistical and data analysis methods. I then present kinematic and

kinetic results from the study, discussion, and future work.

4.1 Experimental Methods

A study was conducted with 7 participants with unilateral transtibial amputation in

order to evaluate the kinetic and kinematic effects of the variable stiffness prosthesis

during walking compared to a passive ESR control foot. This study was approved

by the MIT Committee on the Use of Humans as Experimental Subjects (protocol

number: 1609692618A010, approval date: November 1, 2018), and written informed

consent was obtained. During the experiment, subjects walked on an instrumented

treadmill (FIT, Bertec, Columbus, OH) at the speeds of 0.75 m/s, 1.0 m/s, 1.25

m/s, and 1.5 m/s. Participants walked for 30 seconds for each trial for a total of 28

trials were performed. Study conditions included the variable stiffness prosthesis at 6

distinct stiffness states, as well as a standard passive ESR prosthesis of the subject’s

prescribed size and category (Taleo 27-5 or 27-6, Ottobock, Duderstadt, Germany).

The order of the trials for each stiffness state was randomized.
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4.1.1 Data Collection

A 12-camera motion capture system (Vero, Vicon Industries, Inc., Hauppauge, NY)

was used to collect kinematic data (100 Hz). A custom full-body marker set based on

the open source ’3DGaitModelwithSimpleArms’ marker set was used for kinematic

data collection, with 5 markers on each foot, 7 on each shank, 7 on each thigh, 4 on

the pelvis, 5 on the torso, 4 on each upper arm, 4 on each lower arm, 4 on each hand,

and 5 on the head. A split belt treadmill with integrated force plates (FIT, Bertec,

Columbus, OH) was used to collect kinetic data (1000 Hz). Video was recorded for

each trial. Data from onboard sensors on the prosthesis (strain gauge, IMU, current

sensors) was logged for each trial (500 Hz).

4.1.2 Study Participants

Seven people with unilateral transtibial amputation (body mass: 81.5 ± 4.4 kg,

height: 1.81 ± 0.08 m, age: 49.9 ± 4.0 years, time since amputation: 18.7 ± 15.5

years, sex: male) participated in the study. Details the of study participants are

outlined in Table 4.1.

Table 4.1: Study participant information.
Identifier Body mass Height Leg length Age Years since Sex

(kg) (m) (m) (years) amputation

Subject 1 82.6 1.83 1.00 49 30 Male
Subject 2 86.5 1.91 1.05 51 29 Male
Subject 3 74.8 1.73 0.88 58 6 Male
Subject 4 78.5 1.81 0.92 46 5 Male
Subject 5 83.7 1.70 0.84 50 8 Male
Subject 6 86.1 1.91 0.98 48 44 Male
Subject 7 78.6 1.78 0.94 47 9 Male

4.1.3 Data Analysis

I processed the data using OpenSim (OpenSim 4.3, Simbios, Stanford, CA). I scaled

the mass and inertial properties of the lower leg on the prosthesis based on standard
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residual limb dimensions and properties [65]. I adjusted the mass of the lower leg

segment to reflect the difference in mass between the variable stiffness device and the

ESR device. AddBiomechanics was used to optimally scale the model and run inverse

kinematics calculations [66]. Inverse dynamics was performed in OpenSim (OpenSim

4.3, Simbios, Stanford, CA). A 3rd order zero-lag low-pass Butterworth filter was

used to filter kinematic (6 Hz) and kinetic (12 Hz) data. The data was segmented

into individual gait cycles for each trial, and gait cycles were excluded if the force

and torque data was greater than 2 standard deviations from the mean value. The

optimal stiffness state for each subject for each speed is defined as the VSA stiffness

which minimized contralateral limb external adduction moment.

4.1.4 Statistical Methods

A Shapiro-Wilk test is first performed on all paired results to test for normality of

the differences between pairs. For all groups the Shapiso-Wilk test does not reject

the null hypothesis, indicating that the distribution of the differences between paired

results do not significantly differ from a normal distribution, and it is valid to apply

a paired sample t-test to this data. All data is analyzed with a paired t-test with

a significance level of 0.05. Statistical analysis is performed in Matlab (MATLAB

R2021a, MathWorks, Natick, MA, USA).

4.1.5 Kinematic and Kinetic Analysis

Prosthesis ankle power

Power of the prosthesis is calculated using a unified deformable model due to the

tendency of inverse dynamics calculations to inaccurately quantify joint power for a

deformable prosthesis without a fixed ankle joint [67, 68]. Prosthesis power is calcu-

lated as is Equation 4.1, where 𝐹𝑔𝑟𝑓 is the ground reaction force, 𝑀𝑔𝑟𝑓 is the ground

reaction moment, 𝜔𝑢𝑑 is the angular velocity of the unified deformable segment, which

is equivalent to the angluar velocity of the shank, and 𝑣𝑢𝑑 is the linear velocity of the

unified deformable segment [68].
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𝑃𝑝𝑟𝑜𝑠𝑡ℎ𝑒𝑠𝑖𝑠 = 𝐹𝑔𝑟𝑓 · 𝑣𝑈𝐷 + 𝑀𝑔𝑟𝑓 · 𝜔𝑈𝐷 (4.1)

𝑣𝑈𝐷 = 𝑣𝑈𝐷 + 𝜔𝑈𝐷 × 𝑟𝑈𝐷𝑐𝑜𝑝 (4.2)

Center of mass collision work

Center of mass collision work is calculated as the time integral of center of mass power

for the leading limb during collision during the step transition. Center of mass power

is determined by taking the dot product of ground reaction force and center of mass

velocity, as in Equation 4.3.

𝑊𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛 =

∫︁ 𝑡2

𝑡1

𝑃𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛 =

∫︁ 𝑡2

𝑡1

𝐹𝑔𝑟𝑓𝑙𝑒𝑎𝑑𝑖𝑛𝑔 · 𝑣𝑐𝑜𝑚 (4.3)

Center of mass push-off work

Center of mass push-off work is calculated as the time integral of center of mass power

for the trailing limb (prosthesis side) during the step transition. Center of mass power

is determined by taking the dot product of ground reaction force and center of mass

velocity, as in Equation 4.4.

𝑊𝑝𝑢𝑠ℎ−𝑜𝑓𝑓 =

∫︁ 𝑡2

𝑡1

𝑃𝑝𝑢𝑠ℎ−𝑜𝑓𝑓 =

∫︁ 𝑡2

𝑡1

𝐹𝑔𝑟𝑓𝑝𝑟𝑜𝑠𝑡ℎ𝑒𝑠𝑖𝑠 · 𝑣𝑐𝑜𝑚 (4.4)

External adduction moment of the knee

External adduction moment of the contralateral limb is calculated through inverse

dynamics (Opensim). The internal OpenSim inverse dynamics tool is used to calculate

joint torques.
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4.2 Clinical Pilot Study Results

4.2.1 Results Across All Subjects

Results from the study are summarized in Table 4.2. The variable stiffness prosthesis

demonstrates an increase in peak joint angle, increase in peak power, increase in

energy storage and return, and a decrease in contralateral limb external adduction

moment for each walking speed compared to the passive prosthesis. Additionally,

we see a decrease in the 1st peak of the contralateral limb ground reaction force,

a decrease in center of mass collision work on the leading limb, and an increase in

center of mass push-off work by the trailing limb across all walking speeds. Figure

4-1 shows the mean value for each VSA stiffness setting as well as the passive Taleo

device averaged across all subjects for each speed. Figure 4-2 shows the mean value

across gait cycle for all subjects for the optimal VSA stiffness compared to the Taleo

at each speed.
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Table 4.2: Results for the optimal VSA stiffness and prescribed Taleo at each walking
speed. Mean ±s.d., percent change, and significance level are shown for each condition
at each speed. Statistically significant results (p<0.05) are indicated with a *.

Variable Prosthesis Walking Speed
0.75 m/s 1.0 m/s 1.25 m/s 1.5 m/s

Peak ankle
angle (rad)

Taleo 0.32±0.05 0.34±0.05 0.35±0.07 0.36±0.06
VSA 0.38±0.04 0.39±0.04 0.40±0.06 0.42±0.06
% change +19.3% +16.8% +15.5% +17.4%
Significance p<0.001* p=0.008* p=0.02* p<0.001*

Peak
prosthesis
power
(W/kg)

Taleo 1.44±0.29 2.29±0.55 3.06±0.64 3.97±0.91
VSA 1.66±0.25 2.56±0.42 3.03±0.56 4.18±1.06
% change +14.8 % +11.5% -1.0% +5.4%
Significance p=0.02* p=0.02* p=0.84 p=0.36

Prosthesis
energy stored
(J/kg)

Taleo 0.19±0.05 0.21±0.05 0.24±0.05 0.25±0.06
VSA 0.23±0.04 0.26±0.05 0.28±0.04 0.30±0.04
% change +24.8% +21.3% +19.0% +17.6%
Significance p<0.001* p<0.001* p=0.002* p=0.005*

Prosthesis
energy return
(J/kg)

Taleo 0.14±0.04 0.17±0.06 0.19±0.05 0.21±0.07
VSA 0.17±0.03 0.21±0.04 0.21±0.04 0.24±0.08
% change +23.6% +23.7% +10.5% +16.4%
Significance p=0.04* p=0.01* p=0.21 p=0.06

1st peak
EAM
(Nm/kg)

Taleo 0.58 ±0.25 0.55 ±0.23 0.58 ±0.21 0.69 ±0.23
VSA 0.54 ±0.24 0.51 ±0.23 0.56 ±0.24 0.64 ±0.22
% change -6.0% -5.9% -4.0% -6.7%
Significance p=0.01* p=0.006* p=0.19 p=0.03*

1st peak
GRF (N/kg)

Taleo 10.11±0.55 10.30±0.43 10.96±0.80 12.17±0.90
VSA 10.08±0.61 9.93±0.66 10.47±0.62 11.77 ±0.80
% change -0.3% -3.6 % -4.4 % -3.3%
Significance p=0.55 p=0.06 p=0.006* p=0.005*

COM
collision work
(J/kg)

Taleo 0.04±0.01 0.08±0.03 0.13±0.03 0.22±0.04
VSA 0.03±0.02 0.06±0.02 0.10±0.03 0.20±0.04
% change -15.6% -18.7% -25.2% -8.8%
Significance p=0.09 p=0.03* p=0.02* p=0.01*

COM
push-off work
(J/kg)

Taleo 0.13±0.03 0.15±0.04 0.17±0.04 0.19±0.04
VSA 0.15±0.03 0.18±0.04 0.21±0.04 0.23±0.06
% change +20.2 % +21.9% +21.7% +20.4%
Significance p<0.001* p<0.001* p=0.002* p=0.003*
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Figure 4-1: Mean values across subjects. Mean values for maximum dorsiflexion
angle, peak power, energy return, contralateral knee EAM, center of mass collision
work, and center of mass push-off work. Data shown for the 6 evaluated VSA stiff-
ness states (blue) and the passive control Taleo (gray). The optimal stiffness across
subjects which is defined as minimizing EAM is highlighted (dark blue). Error bars
represent ±1 standard deviation.
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Figure 4-2: Mean values across gait cycle for all subjects. Mean joint angle,
prosthesis power, contralateral vertical gorund reaction force, and contralateral knee
EAM averaged between all subjects for optimal VSA (blue) compared to passive Taleo
(black). Mean value is plotted with solid line and ±1 standard deviation is shaded.

Joint angle

There is an increase in maximum joint angle of the prosthesis across speeds for the

VSA compared to the passive device. The optimal VSA stiffness at each speed shows

an increase in range of motion of 19.3%, 16.8%, 15.5%, and 17.4% at 0.75 m/s, 1.0

m/s, 1.25 m/s, and 1.5 m/s, respectively. The increase in joint angle compared to

the passive control is statistically significant (paired t-test, p<0.05) at all evaluated

walking speeds (0.75 m/s, 1.0 m/s, 1.25 m/s, and 1.5 m/s). Figure 4-3 presents mean

peak joint angle for the optimal VSA stiffness compared to the passive ESR device
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Figure 4-3: Joint angle. Peak dorsiflexion angle of the prosthesis during walking
for optimal VSA stiffness (blue) compared to Taleo (gray). * indicates statistically
significant (p<0.05) increase in joint angle.

averaged across the 7 subjects.
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Peak ankle power

Figure 4-4: Prosthesis power. Peak joint power in the prosthetic ankle during
walking at the optimal VSA stiffness (blue) compared to the Taleo (gray). * indicates
statistically significant (p<0.05) increase in joint power.

The VSA optimal stiffness compared to the passive device demonstrates an in-

crease in peak power of 14.8 %, 11.5%, -1.0%, and 5.4% at 0.75 m/s, 1.0 m/s, 1.25

m/s, and 1.5 m/s, respectively. This increase in power is statistically significant

(paired t-test, p<0.05) at 0.75 m/s and 1.0 m/s. Figure 4-4 presents the mean peak

joint power for the optimal VSA stiffness compared to the passive ESR device for the

7 subjects.

Energy return

There is an increase in energy return across speeds for the VSA compared to the

passive device. The optimal VSA stiffness at each speed shows an increase in energy
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Figure 4-5: Energy return. Energy return from the prosthetic ankle during walk-
ing at the optimal VSA stiffness (blue) compared to the Taleo (gray). * indicates
statistically significant (p<0.05) increase in energy return.

return of 23.6%, 23.7%, 10.5%, and 16.4% at 0.75 m/s, 1.0 m/s, 1.25 m/s, and 1.5

m/s, respectively. This increase in energy return is statistically significant (paired

t-test, p<0.05) at 0.75 m/s and 1.0 m/s. Figure 4-5 presents mean energy return for

the optimal VSA stiffness compared to the passive ESR device for the 7 subjects.

Contralateral limb external adduction moment

The results from our pilot study demonstrate a decrease in contralateral limb knee

EAM across speeds. The optimal VSA stiffness at each speed shows a decrease in

EAM of 6.0%, 5.9%, 4.0%, and 6.7% at 0.75 m/s, 1.0 m/s, 1.25 m/s, and 1.5 m/s,

respectively. This decrease is statistically significant (paired t-test, p<0.05) at 0.75

m/s, 1.0 m/s, and 1.5 m/s. Figure 4-6 shows the mean value across the 7 subjects of

the first peak of contralateral knee EAM of the optimal VSA stiffness compared to
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Figure 4-6: 1st Peak EAM contralateral limb. Peak contralateral knee EAM
during walking at the optimal VSA stiffness (blue) compared to the Taleo (gray). *
indicates statistically significant (p<0.05) decrease in contralateral knee EAM.

the passive device.
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Peak vertical ground reaction force contralateral limb

Figure 4-7: 1st peak GRF contralateral limb. Peak vertical GRF of the con-
tralateral limb during walking at the optimal VSA stiffness (blue) compared to the
Taleo (gray). * indicates statistically significant (p<0.05) decrease in vertical GRF.

Additionally, there is see a decrease in the vertical ground reaction force of the

contralateral limb during step transitions across walking speeds. The average 1st peak

of the contralateral ground reaction force across the 7 subjects is decreased by 0.3%,

3.6 %, 4.4 %, 3.3% for 0.75 m/s m/s, 1.0 m/s, 1.25 m/s, and 1.5 m/s, respectively.

This decrease is statistically significant (paired t-test, p<0.05) at 1.25 m/s and 1.5

m/s. Figure 4-7 shows the mean value across the 7 subjects of the first peak of

contralateral leg vertical GRF of the optimal VSA stiffness compared to the passive

device.
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Figure 4-8: COM collision work. Center of mass collision work by the contralat-
eral limb during step transition while walking at the optimal VSA stiffness (blue)
compared to the Taleo (gray). * indicates statistically significant (p<0.05) decrease
in COM collision work.

Center of mass collision work

Center of mass collision work, another metric of the impact on the contralateral

limb during step transitions, is decreased for all speeds. There is a decrease of 15.6%,

18.7%, 25.2%, and 8.8% at 0.75 m/s m/s, 1.0 m/s, 1.25 m/s, and 1.5 m/s, respectively.

This decrease is statistically significant (paired t-test, p<0.05) at 1.0 m/s, 1.25 m/s,

and 1.5 m/s. Figure 4-8 shows the mean value across the 7 subjects of the center of

mass collision work for the optimal VSA stiffness compared to the passive device.

Center of mass push-off work

Center of mass push-off work from the trailing limb (prosthesis side) increases across

all speeds with the optimal VSA compared to the Taleo. There is an increase in total
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Figure 4-9: COM push off work. Push off work on the center of mass by the
prosthesis limb during walking with the optimal VSA stiffness (blue) compared to
the Taleo (gray). * indicates statistically significant (p<0.05) increase in COM push
off work.

push-off work of 20.2 %, 21.9%, 21.7%, and 20.4% at 0.75 m/s m/s, 1.0 m/s, 1.25

m/s, and 1.5 m/s, respectively. This change is statistically significant (paired t-test,

p<0.05) at all speeds (0.75 m/s, 1.0 m/s, 1.25 m/s, and 1.5 m/s). Figure 4-9 shows

the mean value between the 7 subjects of the center of mass push-off work for the

optimal VSA stiffness compared to the passive device.

4.2.2 User Preference

User preference was also recorded during the study. 4.3
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Table 4.3: Stiffness preference.
S1 S2 S3 S4 S5 S6 S7

0.75 m/s
Optimal 1 4 1 2 1 1 1

Preference 2 3 5 2 4 4 4

1.0 m/s
Optimal 2 5 1 3 1 1 1

Preference 2 4 4 4 4 3 3

1.25 m/s
Optimal 5 4 1 5 3 2 3

Preference 3 5 3 4 5 5 5

1.5 m/s
Optimal 3 1 2 4 6 1 1

Preference 4 4 2 4 6 5 5

4.2.3 Gait Symmetry

We see an improvement in gait symmetry at the knee across speeds. Figure 4-10,

Figure 4-11, and Figure 4-12 show prosthesis side and contralateral limb joint angles

across gait cycle while walking with the optimal VSA compared to the Taleo. We

see a slight increase in agreement between prosthesis side and contralateral limb

knee angles with the VSA compared to the Taleo (Figure 4-11), as determined by

the 𝑅2 values, though this difference is not statistically significant. The correlation

coefficient values between prosthesis side knee angle and contralateral knee angle for

each walking speed are shown in Table 4.4.

Table 4.4: Gait symmetry.
0.75 m/s 1.0 m/s 1.25 m/s 1.5 m/s

VSA 0.97 0.98 0.97 0.95
Taleo 0.96 0.97 0.95 0.95
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Figure 4-10: Ankle joint angles prosthesis side compared to contralateral
side. Mean ankle joint angles across subjects of prosthesis side (blue) and contralat-
eral side (gray) while walking with the VSA (top row) compared to the Taleo (bottom
row). Shaded regions show ±1 standard deviation above and below mean.
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Figure 4-11: Knee flexion angles prosthesis side compared to contralateral
side. Mean knee flexion angles across subjects of prosthesis side (blue) and con-
tralateral side (gray) while walking with the VSA (top row) compared to the Taleo
(bottom row). Shaded regions show ±1 standard deviation above and below mean.
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Figure 4-12: Hip flexion angles prosthesis side compared to contralateral
side. Mean hip flexion angles across subjects of prosthesis side (blue) and contralat-
eral side (gray) while walking with the VSA (top row) compared to the Taleo (bottom
row). Shaded regions show ±1 standard deviation above and below mean.
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4.2.4 Comparison to Biological Kinematics

I analyze joint angles of the ankle, knee, and hip compared to a reference dataset

of biological joint angles while walking across speeds [32]. Figure 4-13, Figure 4-14,

and Figure 4-15 show prosthesis side joint angles and contralateral side for the VSA

and Taleo. Dashed lines indicate ±1 standard deviation typical joint angles from a

reference dataset of healthy people with intact biological limbs [32].

Figure 4-13: Ankle joint angles compared to reference dataset. Prosthesis side
joint angles (top row) for VSA (blue) and Taleo (gray), dashed lines represent mean
±1 standard deviation of typical joint angles for each walking speed. Reference data
from [32].
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Figure 4-14: Knee flexion angles compared to reference dataset. Prosthesis
side joint angles (top row) for VSA (blue) and Taleo (gray), dashed lines represent
mean ±1 standard deviation of typical joint angles for each walking speed. Reference
data from [32].
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Figure 4-15: Hip flexion angles compared to reference dataset. Prosthesis side
joint angles (top row) for VSA (blue) and Taleo (gray), dashed lines represent mean
±1 standard deviation of typical joint angles for each walking speed. Reference data
from [32].
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4.2.5 Comparison to Powered Prosthesis

I also analyze the external adduction moment and peak vertical ground reaction force

with the VSA compared to walking data with powered prosthesis and compared to

biological levels reported in the literaure [41]. Table 4.5 presents vertical ground

reaction force data while walking at a range of speeds for biological controls, people

walking with powered prostheses, and passive devices from [41], as well as the passive

and VSA data from the present study. Table 4.6.

Table 4.5: 1st Peak contralateral limb vertical GRF (N/kg).

Speed Data from [41] Current study
(m/s) Control Passive Powered %∆ Passive VSA %∆

0.75 9.79 ±0.27 9.97 ±0.21 9.76 ±0.13 -2.1% 10.11 ±0.55 10.08 ±0.61 -0.3%
1.0 9.86 ±0.37 10.39 ±0.40 9.75 ±0.22 -6.2% 10.30 ±0.43 9.93 ±0.66 -3.6%
1.25 10.62 ±0.39 11.33 ±0.67 10.52 ±0.75 -7.2% 10.96 ±0.80 10.47 ±0.62 -4.4%
1.5 11.58 ±0.75 12.77 ±1.10 11.41 ±1.28 -10.7% 12.17 ±0.90 11.77 ±0.80 -3.3%

Table 4.6: 1st Peak contralateral limb knee EAM (Nm/kg).

Speed Data from [41] Current study
(m/s) Control Passive Powered %∆ Passive VSA %∆

0.75 0.39 ±0.13 0.41 ±0.13 0.39 ±0.08 -5.1% 0.58 ±0.25 0.54 ±0.24 -6.0%
1.0 0.34 ±0.14 0.42 ±0.12 0.42 ±0.09 -0.8% 0.55 ±0.23 0.51 ±0.23 -5.9%
1.25 0.38 ±0.11 0.50 ±0.14 0.47 ±0.10 -5.5% 0.58 ±0.21 0.56 ±0.24 -4.0%
1.5 0.44 ±0.14 0.61 ±0.16 0.49 ±0.06 -20.6% 0.69 ±0.23 0.64 ±0.22 -6.7%

4.3 Individual Subject Results

This section presents the results for each subject. Figures 4-16 - 4-42 plot joint

angles of the ankle, knee, and hip, plot dorsiflexion angle, power, vertical GRF, and

contralateral EAM across gait cycle, and plot metrics of interest for each stiffness

compared to the passive ESR control foot at each speed.
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4.3.1 Subject 1

Results from Subject 1 are shown in Figure 4-16, Figure 4-17, and Figure 4-18. Figure

4-16 plots prosthesis side and contralateral side joint angles for the ankle, knee, and

hip while walking with the VSA and the Taleo across speeds. Figure 4-17 shows joint

angle, prosthesis power, contralateral vertical GRF, and contralateral knee EAM for

each evaluated walking speed. Figure 4-18 shows mean values of maximum dorsi-

flexion angle, peak power, energy return, contralateral knee EAM, center of mass

collision work, and center of mass push-off work for each evaluated VSA stiffness and

the Taleo for each walking speed.

Figure 4-16: Subject 1 joint angles. Data is plotted for ankle angle, knee angle,
and hip flexion across gait cycle for each speed, for VSA joint angles (blue), VSA
contralateral limb (blue dashed), Taleo joint angles (gray), and Taleo contralateral
limb (gray dashed).
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Figure 4-17: Subject 1 joint angle, power, GRF, and EAM. Data from optimal
VSA (blue) and Taleo (gray) across gait cycle for each walking speed. Plots show
dorsiflexion angle, prosthesis power, contralateral vertical GRF, and contralateral
knee EAM.
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Figure 4-18: Subject 1 results. Results across speeds for all evaluated VSA stiff-
nesses (blue) compared to Taleo (gray): maximum dorsiflexion angle, peak power, en-
ergy return, contralateral knee EAM, COM collision work, and COM push-off work.
Optimal VSA stiffness is highlighted (dark blue). Error bars represent ±1 standard
deviation.
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Figure 4-19: Subject 1 gait parameters. Gait parameters across speeds for all
evaluated VSA stiffnesses (blue) compared to Taleo (gray): step width, knee EAM
moment arm, stride length, step length, and step length ratio. Optimal VSA stiffness
is highlighted (dark blue). Error bars represent ±1 standard deviation.
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4.3.2 Subject 2

Results from Subject 2 are shown in Figure 4-20, Figure 4-21, and Figure 4-22. Figure

4-20 plots prosthesis side and contralateral side joint angles for the ankle, knee, and

hip while walking with the VSA and the Taleo across speeds. Figure 4-21 shows joint

angle, prosthesis power, contralateral vertical GRF, and contralateral knee EAM for

each evaluated walking speed. Figure 4-22 shows mean values of maximum dorsi-

flexion angle, peak power, energy return, contralateral knee EAM, center of mass

collision work, and center of mass push-off work for each evaluated VSA stiffness and

the Taleo for each walking speed.

Figure 4-20: Subject 2 joint angles. Data is plotted for ankle angle, knee angle,
and hip flexion across gait cycle for each speed, for VSA joint angles (blue), VSA
contralateral limb (blue dashed), Taleo joint angles (gray), and Taleo contralateral
limb (gray dashed).
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Figure 4-21: Subject 2 joint angle, power, GRF, and EAM. Data from optimal
VSA (blue) and Taleo (gray) across gait cycle for each walking speed. Plots show
dorsiflexion angle, prosthesis power, contralateral vertical GRF, and contralateral
knee EAM.
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Figure 4-22: Subject 2 results. Results across speeds for all evaluated VSA stiff-
nesses (blue) compared to Taleo (gray): maximum dorsiflexion angle, peak power, en-
ergy return, contralateral knee EAM, COM collision work, and COM push-off work.
Optimal VSA stiffness is highlighted (dark blue). Error bars represent ±1 standard
deviation.
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Figure 4-23: Subject 2 gait parameters. Gait parameters across speeds for all
evaluated VSA stiffnesses (blue) compared to Taleo (gray): step width, knee EAM
moment arm, stride length, step length, and step length ratio. Optimal VSA stiffness
is highlighted (dark blue). Error bars represent ±1 standard deviation.
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4.3.3 Subject 3

Results from Subject 3 are shown in Figure 4-24, Figure 4-25, and Figure 4-26. Figure

4-24 plots prosthesis side and contralateral side joint angles for the ankle, knee, and

hip while walking with the VSA and the Taleo across speeds. Figure 4-25 shows joint

angle, prosthesis power, contralateral vertical GRF, and contralateral knee EAM for

each evaluated walking speed. Figure 4-26 shows mean values of maximum dorsi-

flexion angle, peak power, energy return, contralateral knee EAM, center of mass

collision work, and center of mass push-off work for each evaluated VSA stiffness and

the Taleo for each walking speed.

Figure 4-24: Subject 3 joint angles. Data is plotted for ankle angle, knee angle,
and hip flexion across gait cycle for each speed, for VSA joint angles (blue), VSA
contralateral limb (blue dashed), Taleo joint angles (gray), and Taleo contralateral
limb (gray dashed).
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Figure 4-25: Subject 3 joint angle, power, GRF, and EAM. Data from optimal
VSA (blue) and Taleo (gray) across gait cycle for each walking speed. Plots show
dorsiflexion angle, prosthesis power, contralateral vertical GRF, and contralateral
knee EAM.
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Figure 4-26: Subject 3 results. Results across speeds for all evaluated VSA stiff-
nesses (blue) compared to Taleo (gray): maximum dorsiflexion angle, peak power, en-
ergy return, contralateral knee EAM, COM collision work, and COM push-off work.
Optimal VSA stiffness is highlighted (dark blue). Error bars represent ±1 standard
deviation.
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Figure 4-27: Subject 3 gait parameters. Gait parameters across speeds for all
evaluated VSA stiffnesses (blue) compared to Taleo (gray): step width, knee EAM
moment arm, stride length, step length, and step length ratio. Optimal VSA stiffness
is highlighted (dark blue). Error bars represent ±1 standard deviation.
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4.3.4 Subject 4

Results from Subject 4 are shown in Figure 4-28, Figure 4-29, and Figure 4-30. Figure

4-28 plots prosthesis side and contralateral side joint angles for the ankle, knee, and

hip while walking with the VSA and the Taleo across speeds. Figure 4-29 shows joint

angle, prosthesis power, contralateral vertical GRF, and contralateral knee EAM for

each evaluated walking speed. Figure 4-30 shows mean values of maximum dorsi-

flexion angle, peak power, energy return, contralateral knee EAM, center of mass

collision work, and center of mass push-off work for each evaluated VSA stiffness and

the Taleo for each walking speed.

Figure 4-28: Subject 4 joint angles. Data is plotted for ankle angle, knee angle,
and hip flexion across gait cycle for each speed, for VSA joint angles (blue), VSA
contralateral limb (blue dashed), Taleo joint angles (gray), and Taleo contralateral
limb (gray dashed).

120



Figure 4-29: Subject 4 joint angle, power, GRF, and EAM. Data from optimal
VSA (blue) and Taleo (gray) across gait cycle for each walking speed. Plots show
dorsiflexion angle, prosthesis power, contralateral vertical GRF, and contralateral
knee EAM.
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Figure 4-30: Subject 4 results. Results across speeds for all evaluated VSA stiff-
nesses (blue) compared to Taleo (gray): maximum dorsiflexion angle, peak power, en-
ergy return, contralateral knee EAM, COM collision work, and COM push-off work.
Optimal VSA stiffness is highlighted (dark blue). Error bars represent ±1 standard
deviation.
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Figure 4-31: Subject 4 gait parameters. Gait parameters across speeds for all
evaluated VSA stiffnesses (blue) compared to Taleo (gray): step width, knee EAM
moment arm, stride length, step length, and step length ratio. Optimal VSA stiffness
is highlighted (dark blue). Error bars represent ±1 standard deviation.
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4.3.5 Subject 5

Results from Subject 5 are shown in Figure 4-32, Figure 4-33, and Figure 4-34. Figure

4-32 plots prosthesis side and contralateral side joint angles for the ankle, knee, and

hip while walking with the VSA and the Taleo across speeds. Figure 4-33 shows joint

angle, prosthesis power, contralateral vertical GRF, and contralateral knee EAM for

each evaluated walking speed. Figure 4-34 shows mean values of maximum dorsi-

flexion angle, peak power, energy return, contralateral knee EAM, center of mass

collision work, and center of mass push-off work for each evaluated VSA stiffness and

the Taleo for each walking speed.

Figure 4-32: Subject 5 joint angles. Data is plotted for ankle angle, knee angle,
and hip flexion across gait cycle for each speed, for VSA joint angles (blue), VSA
contralateral limb (blue dashed), Taleo joint angles (gray), and Taleo contralateral
limb (gray dashed).
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Figure 4-33: Subject 5 joint angle, power, GRF, and EAM. Data from optimal
VSA (blue) and Taleo (gray) across gait cycle for each walking speed. Plots show
dorsiflexion angle, prosthesis power, contralateral vertical GRF, and contralateral
knee EAM.
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Figure 4-34: Subject 5 results. Results across speeds for all evaluated VSA stiff-
nesses (blue) compared to Taleo (gray): maximum dorsiflexion angle, peak power, en-
ergy return, contralateral knee EAM, COM collision work, and COM push-off work.
Optimal VSA stiffness is highlighted (dark blue). Error bars represent ±1 standard
deviation.
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Figure 4-35: Subject 5 gait parameters. Gait parameters across speeds for all
evaluated VSA stiffnesses (blue) compared to Taleo (gray): step width, knee EAM
moment arm, stride length, step length, and step length ratio. Optimal VSA stiffness
is highlighted (dark blue). Error bars represent ±1 standard deviation.
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4.3.6 Subject 6

Results from Subject 6 are shown in Figure 4-36, Figure 4-37, and Figure 4-38. Figure

4-36 plots prosthesis side and contralateral side joint angles for the ankle, knee, and

hip while walking with the VSA and the Taleo across speeds. Figure 4-37 shows joint

angle, prosthesis power, contralateral vertical GRF, and contralateral knee EAM for

each evaluated walking speed. Figure 4-38 shows mean values of maximum dorsi-

flexion angle, peak power, energy return, contralateral knee EAM, center of mass

collision work, and center of mass push-off work for each evaluated VSA stiffness and

the Taleo for each walking speed.

Figure 4-36: Subject 6 joint angles. Data is plotted for ankle angle, knee angle,
and hip flexion across gait cycle for each speed, for VSA joint angles (blue), VSA
contralateral limb (blue dashed), Taleo joint angles (gray), and Taleo contralateral
limb (gray dashed).
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Figure 4-37: Subject 6 joint angle, power, GRF, and EAM. Data from optimal
VSA (blue) and Taleo (gray) across gait cycle for each walking speed. Plots show
dorsiflexion angle, prosthesis power, contralateral vertical GRF, and contralateral
knee EAM.
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Figure 4-38: Subject 6 results. Results across speeds for all evaluated VSA stiff-
nesses (blue) compared to Taleo (gray): maximum dorsiflexion angle, peak power, en-
ergy return, contralateral knee EAM, COM collision work, and COM push-off work.
Optimal VSA stiffness is highlighted (dark blue). Error bars represent ±1 standard
deviation.
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Figure 4-39: Subject 6 gait parameters. Gait parameters across speeds for all
evaluated VSA stiffnesses (blue) compared to Taleo (gray): step width, knee EAM
moment arm, stride length, step length, and step length ratio. Optimal VSA stiffness
is highlighted (dark blue). Error bars represent ±1 standard deviation.
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4.3.7 Subject 7

Results from Subject 7 are shown in Figure 4-40, Figure 4-41, and Figure 4-42. Figure

4-40 plots prosthesis side and contralateral side joint angles for the ankle, knee, and

hip while walking with the VSA and the Taleo across speeds. Figure 4-41 shows joint

angle, prosthesis power, contralateral vertical GRF, and contralateral knee EAM for

each evaluated walking speed. Figure 4-42 shows mean values of maximum dorsi-

flexion angle, peak power, energy return, contralateral knee EAM, center of mass

collision work, and center of mass push-off work for each evaluated VSA stiffness and

the Taleo for each walking speed.

Figure 4-40: Subject 7 joint angles. Data is plotted for ankle angle, knee angle,
and hip flexion across gait cycle for each speed, for VSA joint angles (blue), VSA
contralateral limb (blue dashed), Taleo joint angles (gray), and Taleo contralateral
limb (gray dashed).
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Figure 4-41: Subject 7 joint angle, power, GRF, and EAM. Data from optimal
VSA (blue) and Taleo (gray) across gait cycle for each walking speed. Plots show
dorsiflexion angle, prosthesis power, contralateral vertical GRF, and contralateral
knee EAM.
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Figure 4-42: Subject 7 results. Results across speeds for all evaluated VSA stiff-
nesses (blue) compared to Taleo (gray): maximum dorsiflexion angle, peak power, en-
ergy return, contralateral knee EAM, COM collision work, and COM push-off work.
Optimal VSA stiffness is highlighted (dark blue). Error bars represent ±1 standard
deviation.
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Figure 4-43: Subject 7 gait parameters. Gait parameters across speeds for all
evaluated VSA stiffnesses (blue) compared to Taleo (gray): step width, knee EAM
moment arm, stride length, step length, and step length ratio. Optimal VSA stiffness
is highlighted (dark blue). Error bars represent ±1 standard deviation.
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4.4 Optimal Prosthesis Stiffness

4.4.1 Dimensionless Numbers

Froude number We use the Froude number to compare relative walking speeds

between subjects of different heights and leg lengths. The Froude number is a dimen-

sionless number which represents the ratio of centripetal force to gravitational force

in an inverted pendulum model of walking [69]. The Froude number scales propor-

tionally with walking speed and inversely with leg length. The walk to run transition

typically occurs at a Froude number of 0.5 [69]. The Froude number is calculated as

in Equation 4.5, where 𝑣 is walking velocity (𝑚
𝑠
), 𝑔 is the acceleration due to gravity

(𝑚
𝑠2

), and 𝑙𝑙𝑒𝑔 is leg length (𝑚) from the ground to the greater trochanter of the femoral

head.

𝐹𝑟 =
𝑣2

𝑔𝑙𝑙𝑒𝑔
(4.5)

Stiffness ratio This thesis presents a new dimensionless number called the stiffness

ratio which represents the ratio of prosthetic ankle stiffness to leg length and body

weight. Equation 4.6 defines the stiffness ratio 𝐾𝑟, where 𝑘𝜃 is the rotational stiffness

of the prosthetic ankle (𝑁𝑚
𝑟𝑎𝑑

), 𝑙𝑙𝑒𝑔 is leg length (𝑚) from the ground to the greater

trochanter of the femoral head, 𝑔 is the acceleration due to gravity (𝑚
𝑠2

), and 𝑚𝑏𝑜𝑑𝑦 is

body mass (kg). A stiffness factor of 1 indicates a prosthesis stiffness that is equal to

the product of leg length and body weight.

𝐾𝑟 =
𝑘𝜃

𝑙𝑙𝑒𝑔𝑔𝑚𝑏𝑜𝑑𝑦

(4.6)

4.4.2 Optimal Prosthesis Stiffness

Figure 4-44 demonstrates the relationship between walking speed (as represented by

the dimensionless Froude number) to optimal prosthetic ankle stiffness (as represented

by dimensionless stiffness factor).

𝐾𝑟𝑜𝑝𝑡𝑖𝑚𝑎𝑙 = 0.306𝐹𝑟 + 0.467 (4.7)
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Figure 4-44: Optimal Stiffness. Linear model approximates the optimal prosthesis
stiffness as represented by the dimensionless stiffness ratio for a given dimensionless
walking speed.

𝑘𝜃𝑜𝑝𝑡𝑖𝑚𝑎𝑙
= 𝑙𝑙𝑒𝑔𝑔𝑚𝑏𝑜𝑑𝑦 (0.306𝐹𝑟 + 0.467) (4.8)

Equations 4.7 and 4.8 approximately describes the optimal stiffness as defined by

the lowest knee EAM, the correlation coefficient of this linear model is 𝑅 = 0.33.

Additional work is needed to develop a more robust model of optimallity.

4.5 Discussion

This study demonstrates the performance of the variable stiffness ankle during level

ground walking at various speeds and provides preliminary evidence of potential ad-

vantages of the quasi-passive variable stiffness ankle-foot prosthesis. The presented

137



results demonstrate an increased prosthesis range of motion, increase in peak ankle

power, increase in stored and returned energy, and a decrease in external adduction

moment of the contralateral limb while walking with the variable stiffness prosthe-

sis compared to the passive device, across evaluated walking speeds. The optimal

prosthesis stiffness, which we define by the condition which minimizes the first peak

of EAM, generally increases with increasing walking speed. This trend agrees with

the behavior of the biological ankle-foot complex, which demonstrates an increase in

quasi-stiffness as walking speed increases. By optimizing prosthesis stiffness based

on walking speed, energy storage and subsequent energy return is increased, lead-

ing to increased peak power in a quasi-passive device. This is an exciting result that

demonstrates the importance of maximizing energy storage in passive or quasi-passive

devices in order to decrease unwanted contralateral limb loading. This result could

have important implications for how prostheses are designed, and demonstrates the

importance of adaptable prosthesis stiffness.

4.6 Future Work

4.6.1 Clinical Impacts

Long-term clinical studies are necessary in order to determine the impact of the

achieved reduction in contralateral limb loading on long-term health outcomes. Prior

research on changing prosthesis stiffness has demonstrated that prosthesis users can

detect a change on prosthesis stiffness of 7.7 ± 1.3% with an accuracy of 75% [64].

Further research is needed on the relationship between user preference, perception,

and optimality.

4.6.2 Diversity of Study Participants

The current study presents results from study participants who range in body mass

from 74.8-86.5 kg, range in height from 1.70 - 1.91 m, range in age from 46 - 58

years, and all participants were male (Table 4.1). Future studies should explore if
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the results demonstrated in the present study apply to participant groups of varied

weight, height, age, and sex.

4.6.3 Optimal Stiffness

Further studies are needed to determine a predictive model for optimal prosthesis

across walking speeds. The presented data shows a decrease in optimal prosthesis

stiffness at fast walking speeds (as defined by minimization of knee EAM) for several

subjects, additional testing is needed to explore this phenomena.
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Chapter 5

Conclusion

This chapter presents the novel contributions of this thesis, concluding remarks, and

a description of potential future directions.

5.1 Thesis Contributions

The work presented in this thesis (1) determines a method for increasing energy

storage and peak power in a quasi-passive system; (2) develops a novel quasi-passive

variable stiffness ankle-foot prosthesis; and (3) demonstrates biomechanical benefits of

the presented device compared to standard prostheses. Details of these contributions

are summarized below:

• Developed novel mechanism for adjusting the stiffness of leaf springs [5].

• Designed and evaluated variable stiffness ankle-foot prosthesis to match biolog-

ical levels of ankle quasi-stiffness during walking [6].

• Designed and conducted clinical study with n(7) study participants with unilat-

eral trans-tibial amputation to evaluate the effects of adjusting device stiffness

on biomechanics of walking.

• Demonstrated a statistically significant increase in energy storage, increase in
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peak power, and decrease in contralateral limb loading and knee external ad-

duction moment across walking speeds in clinical study.

5.2 Conclusions

This thesis presents the first of its architecture variable stiffness ankle-foot prosthesis

utilizing a novel locking parallel leaf spring mechanism for stiffness control. This pros-

thesis design has a lower device mass compared to existing powered and quasi-passive

devices, and increases biomimetic functionality beyond standard passive prostheses.

This thesis presents clinical results demonstrating the benefits of such a device on

the biomechanics and energetics of people with transtibial amputation while walking.

This prosthesis has the potential to expand access to high performance prosthesis

technology by creating a device that is low mass, low power, and lower cost compared

to fully powered devices. This device has the potential to improve health outcomes

in people with transtibial amputation by normalizing biomechanics and increasing

energy storage and return, and decreasing contralateral limb loading and unwanted

knee EAM.

5.3 Future Work

This research motivates additional studies to further explore the effect of a quasi-

passive variable stiffness device on the biomechanics and energetics of variable speed

walking. Additionally, this device has the potential to enable explorations of the im-

pact of prosthesis stiffness on biomechanics in a variety of scenarios such as across

varied terrain, various ground surfaces, and running. Potential design improvements

include further minimizing device mass, expanding the device design to be customiz-

able to any body mass, exploring the optimal stiffness range for a given body mass

and height, and improving robustness of the device.
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Appendix A

Appendix A

A.1 Engineering Drawings
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Appendix C

Appendix C

C.1 Parametric Model

% Stiffness Model

% Castigliano’s Thm

% Shigley’s ch 4-4 & 4-5

% Emily Rogers 03/25/2020

%% Parallel springs

E=70*10^9;

F=700;

L2=.12;

L1=.08;

G=5*10^9;

C=1.2;

R=.019;

ro=.01986;

ri=.01814;

b=.04;

h = .001742; % section thickness
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A=b*h;

I=(b*h^3)/12; % area moment of inertia of thin springs

rn=h/log(ro/ri);

e=((rn+ri)/2)-rn;

%% bending moment

fun= @(theta) (1./(A.*E.*e)).*(F.*((R.*sin(theta)+L2).^2));

delta_1_bc = integral(fun,0, pi/2);

delta_1_cd = (1./(3.*E.*I)).*(F.*L2.^3);

delta_1_ab = (1./(2.*E.*I)).*(F.*(L2+R).*L1.^2);

%% axial load

fun= @(theta) (R./(A.*E)).*(F.*(sin(theta)).^2);

delta_2_bc = integral(fun,0, pi/2);

delta_2_ab = (F*L1)/(A*E); % shigley eq 4-29

%% coupling term

fun= @(theta) -(1./(A.*E)).*(2.*F.*R.*(sin(theta)).^2);

delta_3_bc = integral(fun,0, pi/2);

%% transverse shear

fun= @(theta) ((C.*R.*F.*cos(theta))./(A.*G)).*(cos(theta));

delta_4_bc = integral(fun,0, pi/2);

%% Total deflection parallel springs

delta_bc=delta_1_bc+delta_2_bc+delta_3_bc+delta_4_bc;

delta_ab=delta_1_ab+delta_2_ab;

delta_cd=delta_1_cd;

delta_parallel=delta_ab+delta_bc+delta_cd;

k_parallel=F/delta_parallel;
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%% Ground spring

R2=.021;

ro2=.023;

ri2=.019;

b2=.04;

h2 = .004; % section thickness

A2=b2*h2;

I2=(b2*h2.^3)/12; % area moment of inertia of thin springs

rn2=h2/log(ro2/ri2);

e2=((rn2+ri2)/2)-rn;

%% Bending

% A varies w/ cross section A(x)=b*(.004+.001.*(x./L2))

fun= @(x) (1./(2.*E.*((b2.*(.004+.001.*(x./L1)).^3)./12))).*(F.*(L2+R2).*L1.^2);

delta_1_ground_ab = integral(fun,0, L1);

fun= @(theta) (1./(A2.*E.*e2)).*(F.*((R2.*sin(theta)+L2).^2));

delta_1_ground_bc = integral(fun,0, pi/2) ;

fun= @(x) (1./(E.*((b2.*(.003+.001.*(x./L2)).^3)./12))).*(F.*(x).^2);

delta_1_ground_cd = integral(fun,0, L2);

%% axial load

fun= @(x) (F.*L2)./(b2.*(.004+.001.*(x./L1)).*E); % shigley eq 4-29

delta_2_ground_ab = integral(fun,0, L1);

fun= @(theta) (R2./(A2.*E)).*(F.*(sin(theta)).^2);

delta_2_ground_bc = integral(fun,0, pi/2);

%% coupling term

fun= @(theta) -(1./(A2.*E)).*(2.*F.*R2.*(sin(theta)).^2);
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delta_3_ground_bc = integral(fun,0, pi/2) ;

%% transverse shear

fun= @(theta) ((C.*R2.*F.*cos(theta))./(A2.*G)).*(cos(theta));

delta_4_ground_bc = integral(fun,0, pi/2);

%% total ground spring

delta_ground_ab=delta_1_ground_ab+delta_2_ground_ab;

delta_ground_bc=delta_1_bc+delta_2_ground_bc+delta_3_ground_bc+delta_4_ground_bc;

delta_ground_cd=delta_1_ground_cd;

delta_ground=delta_ground_ab+delta_ground_bc+delta_ground_cd;

k_ground=F/delta_ground;

%% total stiffness unlocked

k_total=k_ground+5*k_parallel; % total stiffness N/m

lin_deflection=F/k_total;

rot_deflection=asin(lin_deflection/(L2));

rot_k=F*(L2)/rot_deflection;

%% Actuator Stiffness

syms x y z

F=100;

clearance=.0004;

E=210*10^9;

d=.0047;

I=pi*(d^4)/64;

l_shaft=.01;

% k bearing
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E_1=205*10^9; %E steel

v_1=0.29; % v shaft

d_1=5.0;

R_1=d_1/2;

% teflon

E_2=2.5*10^9; %E teflon

v_2=0.4; % v bearing

d_2=-5.068

R_2=-d_2/2;

sigma_yield=50*10^6;

l_bearing=.01;

P=F/l_bearing;

R_c = .001*(1/((1/R_1)+(1/R_2)));

E_c=1/(((1-v_1^2)/E_1)+((1-v_2^2)/E_2));

b=((4*P*R_c)/(pi*E_c))^.5

E_c1=1/(((1-v_1^2)/E_1));

E_c2=1/(+((1-v_2^2)/E_2));

delta_1=((2*P)/(pi*E_c1))*(log(2*d_1/b)-1/2);

delta_2=((2*P)/(pi*E_c2))*(log(2*d_1/b)-(v_1/(2*(1-v_1))));

delta_system=2*(delta_1+delta_2)

k_bearing=F/delta_system

k_rotbearing=(F*(l_bearing/2))/asin((F/k_bearing)/(l_bearing/2));

Pb=[0;0;0;1];

Tbearing=F*(l_shaft+(l_bearing/2));

thetaz_bearing=Tbearing/k_rotbearing;

dy_bearing=F/k_bearing

aHb=rotation(z,thetaz_bearing)

Hb=translation(l_bearing/2,dy_bearing,0);

% shaft deflection
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thetaz_shaft = F*(l_shaft^2)/(2*E*I);

dy_shaft =F*(l_shaft^3)/(3*E*I);

Pc=[l_shaft;0;0;1];

cHc=rotation(z,thetaz_shaft)

Hc=translation(0,dy_shaft,0);

% axial compression of spring

A_spring=(1.75*10^-3)*(40*10^-3);

l_spring=.2;

E_cf=135*10^9;

k_axial=(A_spring*E_cf/l_spring)

dy_spring=F/k_axial

Ph=[0;0;0;1]

He=translation(0,dy_spring,0);

% axial clearance in pin/slot interface

dy_clearance = clearance;

Hf=translation(0,dy_clearance,0);

% deflectionof slot/bushing

E_1=200*10^9; %E steel

v_1=0.27; % v shaft

d_1=.005;

R_1=d_1/2;

E_2=210*10^9; %E steel

v_2=0.27; % v bearing

sigma_yield=1241*10^6;

l=.0025;

d_2=-.0051;

R_2=d_2/2;
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P=F/l;

R_c = 1/((1/R_1)+(1/R_2));

E_c=1/(((1-v_1^2)/E_1)+((1-v_2^2)/E_2));

b=((4*P*R_c)/(pi*E_c))^.5

E_c1=1/(((1-v_1^2)/E_1));

E_c2=1/(+((1-v_2^2)/E_2));

delta_1=((2*P)/(pi*E_c1))*(log(2*d_1/b)-1/2);

delta_2=((2*P)/(pi*E_c2))*(log(2*d_1/b)-(v_1/(2*(1-v_1))));

delta_system=2*(delta_1+delta_2)

k_slot=F/delta_system

Hg=translation(0,delta_system,0);

P=[0;0;0;1]

delta_total=aHb*Hb*cHc*Hc*He*Hf*Hg*P

k_actuator=F/delta_total(2,1)

deflectionratio=(asin(delta_ground/L2)/(2*pi))*(.00173)*2*pi/delta_ground

k_locked=deflectionratio*5*k_actuator+k_total

increase=k_locked/k_total
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