DEVELOPMENT OF ROBOTIC LOWER-LIMB PROSTHETIC
AND ORTHOTIC DEVICES

by

SAROJ THAPA

XIANGRONG SHEN, COMMITTEE CHAIR
HWAN-SIK YOON
EDWARD SAZONOV

A THESIS

Submitted in partial fulfillment of the requirements
for the degree of Master of Science
in the Department of Mechanical Engineering
in the Graduate School of
The University of Alabama

TUSCALOOSA, ALABAMA

2015

Copyright Saroj Thapa 2015
ALL RIGHTS RESERVED

ABSTRACT
Human lower limbs serve important biomechanical functions, e.g., supporting human body
weight, providing power for locomotion, etc. A large number of individuals, however, live with
the impairment of such functions. Such functional impairment may be associated with limb loss
caused by amputation, or functional degeneration associated with aging or musculoskeletal/neural
pathologies (e.g. stroke). Consequently, such individuals are more likely to suffer from impaired
mobility and live in a sedentary lifestyle, seriously affecting their independence and quality of life.
The research in this thesis seeks to address this problem through the development of
actively-powered robotic assistive devices that restore or augment the lost or weakened limb
functions. Specifically, two assistive devices are presented, including a robotic knee orthosis that
assists the wearer’s knee motion in sit-to-stand transfer and other locomotive functions, and a
robotic transtibial prosthesis that restores the lost ankle-foot functions for below-knee amputees.
In the development of these devices, the design specifications were determined according
to the desired locomotive functions and related biomechanical data. Subsequently, the actuation
approaches were selected, along with the corresponding actuation mechanisms. The devices have
been proven to provide the desired kinematic and kinetic performances through detailed analysis.
In the following detailed design phase, 3D solid models were created for the robotic systems and
individual components. Finite-Element Analysis was also performed to ensure the strength and
rigidity of the structure under load. Finally, prototypes of the devices were fabricated and
assembled, and experiments have been devised to measure their kinetic performances in use.
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LIST OF ABBREVIATIONS AND SYMBOLS
STS

Sit To Stand

FEA

Finite Element Analysis

CAE

Computer Aided Engineering
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Computer Numerical Control
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Computer Aided Manufacturing
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Direct Current
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Knee and Ankle Foot Orthosis
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Ankle Foot Orthosis

SEA

Series Elastic Actuator
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Body Center of Mass
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CHAPTER 1:
1.1

INTRODUCTION

Motivation
In 2014, an estimated 52.5 million U.S. adults (about 1 of 5) are reported to be affected by

arthritis, a joint disorder problem particularly common in the knee [34]. By 2030, this number is
expected to increase sharply to 67 million. In elderly people aged 65 years and older, even if the
person is not affected by arthritis, they are more likely to have a knee problem due to old age.
Unless completely disabled, these people have the most difficulty in sit-to-stand phase, which
requires the highest power among different phases of locomotion. On the other side, there are
nearly 2 million people living with limb loss in the United States [32]. Approximately 185,000
lower extremity amputations occur in the United States each year [33]. Peripheral vascular disease,
diabetes, and trauma are the major causes of below knee amputation – infection, foot ulcer and
cancer being the minor factors.
Due to the lower-limb disability, the affected population is more likely to live a sedentary
life. In consequence, muscle strength declines and they even harbor different kinds of diseases.
Besides, the cost of time and manpower in the care of these population is significant.
To address the issue, there has been lots of research and developments of orthosis and
prosthesis devices. And all of these devices are focused on assisting in walking, running and stair
climbing. In the case of orthosis, only a few research studies have been conducted solely for the
purpose of STS transfer [9-11]. As a whole, all of the currently available devices (prosthetic and
orthotic) are prone to heavy weight, bulky size and passive nature. Further, due to tethered or
stationary power supply, these devices are restricted to laboratory experimentation only.
In response to the above issues, this thesis aims to design active knee orthosis and ankle
foot prosthesis devices. A study by [10] shows that elderly individual can perform STS
1

movement even with poor motor function, if the motion is triggered by some outside methods,
the orthosis will generate limited amount of torque to assist in STS transfer. This principle is
favored by the fact that to maintain lower muscle strength, excessive assistance is undesirable. In
contrast, the ankle foot prosthesis will be designed to meet the peak torque requirements.
1.2

Objective
There are two major objectives of this research. The first objective is to design a

prototype knee orthosis which will assist in STS transfer. Basically, the orthosis should be
compact, lightweight and portable in terms of power supply, with an ease to don-doff with little
or no assistance for acceptance by wide number of users. The feasibility of microcontroller
controlled DC motor will be studied for the desired application.
The second objective is to design a prototype of ankle foot prosthesis for slow walking.
The prosthesis should be within an acceptable range to replace an amputee’s lost limb in terms of
size, weight and power generation. It should meet the requirement to supply the peak torque
required during toe-off.
Design concept will be first replicated in CAD software and tested for mechanical
integrity by using computational tools before manufacturing. When the design concept is verified
for usefulness then a prototype will be built.
1.3

Organization of the document
The thesis comprises of five chapters. Chapter 2 includes an overview of current orthosis

and prosthesis devices which focuses on mechanical design aspects of STS transfer knee orthosis
and below knee prosthesis for walking. Chapter 3 presents details on design and development of
an orthosis prototype. This chapter includes conceptualization, design and analysis, manufacture
2

and control theory of the device, which is an active orthosis powered by DC motor. Similarly,
Chapter 4 consists of details on the design and development of an ankle foot prosthesis. Chapter
5 discusses the future work on both the orthosis and prosthesis devices with concluding remarks.
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CHAPTER 2:
2.1

LITERATURE REVIEW

Existing orthotic devices
Use of orthotic devices can be traced to ancient times such as the use of splints and

braces. Early active orthoses were basically the modification of standard braces, equipped with
some sort of active assistance. At present, most of the devices are exoskeletons which serve to
enhance the performance of the user. If not, they are focused on improving the gait cycle of
patients who suffer from diseases which affect their normal gait pattern. Recently, there has been
little research and development of devices for sit-to-stand assistance. Some of the noteworthy
lower-limb orthosis are mentioned below:
a)

Active Leg Exoskeleton (ALEX) is a powered leg orthosis which is mainly designed for

rehabilitation of patients with walking disabilities. There is an electric motor which drives a lead

Figure 2-1: Active Leg Exoskeleton (ALEX)
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screw that acts as an actuator at the hip and knee joints. The orthosis comprises of ‘assist-asneeded’ principle, which basically resists the undesirable motion and assists the desirable
motion. Motor is equipped with an encoder to sense joint angle and can generate about 100Nm
peak torque at device’s knee and hip joints [1].
Due to high friction and damping force in the lead screw, it has a back-drivability issue
[3], a function that allows the patient to drive the device if they can without much resistance
from the device. Complex algorithms were implemented to overcome this issue. As the device is
supported on external structure, it is not portable.
b)

Yobotics developed a portable, unilateral knee orthosis called Roboknee. It uses an off-

the-shelf knee brace with linear series actuator attached at the upper and lower portion of the
knee brace. The actuator has a ball screw and compression springs driven by a DC motor. The
device weighs 1.13 kg with an additional 4 kg battery power supply. This device assists patients
or disabled persons by powering the knee to perform walking and stair climbing. It can also be

Figure 2-2: Roboknee testing (left) and design (right)
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normally used as exoskeleton by a healthy user for load carrying tasks. The linear actuator can
provide a continuous force of 565 N, maximum force of 1330 N, continuous power of 164 W
and maximum power of 634 W. The 100 watt-hour per kg nickel metal hydride battery can run
the motor for 30-60 minutes of heavy usage. But, the user cannot sit down wearing this device
and it takes 10 minutes to don and doff by the user [4]. In addition, power to weight ratio of
battery is low.
c)

Hybrid Assistive Leg (HAL) is a powered exoskeleton initially introduced as a lower

limb assistive device to assist the elderly and people with lower-limb disabilities. The latest
edition of this exoskeleton is HAL-5, a full-body exoskeleton for the arms, legs and torso. It
fulfills both performance augmentation as well as rehabilitative purposes. It has been tested to
assist paraplegic patients in sit-to-stand and stand-to-sit activity [5]. It powers the hip and knee
joints using a DC motor coupled to a harmonic drive. The lower limb and full body models
weigh 15 kg and 21 kg respectively [6]. The device weight is self-supported by the exoskeleton.

Figure 2-3: Configuration of HAL-5
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The battery power supply has approximately 160 min continuous operating life. When used as
performance augmentation by a healthy user, wearing HAL can have a user lift up to 40 kg more
than they normally could [8]. For sit-to-stand activity, a tension coil spring is installed in the
knee joints of the HAL with the stiffness of 26480 N/m and the initial tension of 123.6N [5]. But
it is very expensive, with a yearly leasing price of about $2750 and $3670 [8].
d)

Jonathon et.al. developed a sit-to-stand knee-ankle-foot-orthosis, an assistive orthotic

device that compensates populations with lower extremity weakness. It tries to replicate the
function of quadriceps muscles, substituting the knee joint with additional moment during sit-tostand activity. It can be attached to pre-existing KAFOs with minor modifications. A 900-450 N
gas compression spring drives a pulley positioned concentric to the KAFO knee joint, connected
by cable. The prototype was designed to generate 0.71 Nm/kg torque at the knee and kinetic

Figure 2-4: Assistive KAFO prototype
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calculations which resulted in a peak torque of 63 Nm during STS, a torque value required by a
90 kg patient. The device can be remotely triggered using a push button. However, no results of
testing on disabled patients is found in literature [9].
e)

Yoshiyuki et. al. [10] developed a handrail system to assist elderly and Parkinson disease

patients in STS movement. In contrast to common assistive devices for STS, it uses upper limbs
to assist the lower limbs. The system consists of a handrail supported on a frame and actuated by
two AC servo motors. The handrail position is moveable and tailored for individuals. The motor
driven linear actuator has a stroke length of 650 mm and designed to move a load of 490 N with
a maximum velocity of 125 mm/s. The handrail can guide the user to 5 predefined STS trajectory
motions, controlled by a personal computer.

Figure 2-5: STS assistance system
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2.2

Existing prosthetic devices

A short description of some of the currently available ankle foot prosthesis are presented
below:
a)

Biomechatronics group at MIT designed a powered ankle foot prosthesis based on the

Series Elastic Actuator (SEA) [21, 22]. The SEA has a 150 W DC brushed motor driving a 3 mm
pitch ball screw via a timing belt and a series spring. Output force from SEA can be controlled by
varying compression of the series spring. The series spring has a total spring constant of 1200
KN/m.
A unidirectional spring parallel to SEA helps reduce the load borne by SEA and provides
offset rotational stiffness when the ankle angle is larger than zero degrees. A standard elastic
leaf spring prosthetic foot, Flex Foot LP Vari-Flex is used. The authors claim that the prosthesis
improved amputee’s metabolic cost of transfer (COT) from 7% to 20% compared to the
conventional passive elastic prosthesis and even increased walking speed by 16%.

Figure 2-6: AFO developed by MIT
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b)

SPARKy is the short form of Spring Ankle with Regenerative Kinetics, developed by the

Arizona State University Human Machine Integration Lab. All prosthesis have only one DOF i.e.
plantarflexion and dorsiflexion motions. This device has two DOF with addition of inversion and
eversion movements in the frontal plane. This is the first device to incorporate active control of
these four motions. The current design shown in figure 2-7 is the third edition. Due to two DOF,
this device is capable of generating high power for running and jumping.
It is powered by two brushless DC motors rated at 200W of continuous output power.
With the power amplification from robotic tendons, SPARKy 3 is expected to produce a peak
output power up to 1500 W. The motors drive 1mm-lead roller screws to either compress or
extend the two helical springs to initiate walking. It uses a standard Ossur’s LP Vari-Flex foot

Figure 2-7: SPARKy
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and excluding battery it weighs 2.1 kg (4.7 pounds) in total which is less than weight of the
amputee’s limb.
c)

Researchers at Vanderbilt University designed a powered knee and ankle prosthesis with

pneumatic actuation [26]. The actuation system consists of two double-acting pneumatic
cylinders, 1-1/2” bore, 3” and 2.75” stroke length for knee and ankle joint respectively. The

Figure 2-8: Pneumatic actuator powered transfemoral prosthesis
actuators are capable of producing 2270 N of outward axial force and 2070 N on the return under
supply of compressed nitrogen at 300 psi. The structural components were made out of 7075-T6
aluminum and the prosthesis can withstand a 2224 N load. Off-the-shelf prosthetic foot Otto
Bock Lo Rider foot was used in the device. Under gait trials on a treadmill at gait cycle period of
1.56 s and walking speed of 0.675 m/s (1.5 mph), it functioned close to a healthy subject’s limb
characteristics. The total weight of tethered version of this device is 2.65 kg.
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d)

Ossur Proprio Foot [35] is the most advanced prosthetic foot currently available. It uses

electric motor to adjust the orientation of the foot during the swing phase of walking, so as to
clear the ground. It also adjusts the foot in irregular terrain to avoid tripping. The device is
locked during the stance phase and subsequently during push off, which requires the largest
positive torque of the ankle joint, thus basically making the Proprio Foot equivalent to a passive
prosthetic device. Just recently, the device has evolved with brain-controlled functionality using
surgically implanted myoelectric sensors on residual muscle tissue of the amputees.

Figure 2-9: Ossur Proprio Foot
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CHAPTER 3:
3.1

DESIGN AND DEVELOPMENT OF KNEE ORTHOSIS

Knee biomechanics during STS
Sit-To-Stand (STS) activity is a critical part of our locomotion. It initiates locomotion and

leads to various everyday activities such as walking, running, stair ascent/descent. STS is carried
out by collective effort from knee, hip and trunk. Above all, the knee plays a vital role in STS.
The knee joint has 6 degrees of freedom - 3 rotations and 3 translations. For sit-to-stand activity,
the knee has motion along the sagittal plane: a vertical plane that passes though the body front to
back, dividing it into left and right halves. Motion along this plane is called flexion and
extension.
Sit-to-stand biomechanics can be studied by breakdown of the activity into different
phases. In the literature, the number of phases varies from two to four. [12] explains two phases
to describe STS transfer whereas [13] and [14] use three and four phases respectively. The three
phase approach as illustrated in figure 3-1, is explained below.

Figure 3-1: sit-to-stand phases [16]
13

Phase I: In this stage, trunk flexion occurs. Body center of mass (BCM) shifts forward
and generates upper body momentum. BCM has maximum horizontal velocity at the end of this
phase. Femurs, shanks and feet remain stationary.
Phase II: This is the transition phase between the sitting and standing phases. In this
phase, buttocks lift-off from the seat and BCM accelerates vertically. The trunk momentum
generated in phase I is transferred to the knee joint for knee extension.
Phase III: In this phase, trunk extension begins. The ankle joint has maximum
dorsiflexion. The trunk and knee reach the full extension stage at the end of this phase.
A range of knee torque requirement for STS has been mentioned in the literature. [17]
studied knee joint moments in fourteen elderly subjects aged 79 or over and reported knee
moments required for STS transfer in the range 0.301 to 0.439 Nm/kg. This range is provided for

Figure 3-2: Knee Angle vs Torque plot for STS and Natural walking (data
from [28])
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different thickness of cushion where the subjects were seated. Similarly, [11] has tabulated a list
of knee extension moments in the range of 0.3 to 1.4 Nm/kg.
Figure 3-2 shows the torque requirement at knee during STS and normal walking taken
from Winter [28]. Compared to normal walking, a very high torque is required at knee for STS.
The torque requirement can be as high as 165 Nm for a 75kg subject to successfully complete a
STS activity. This peak torque is required momentarily during the activity cycle. There are also
variations in the duration of STS transfer in the literature. The latest report by [15] projects 2.31
and 2.88 s for young and old healthy adults whereas post-stroke adults take 5 s.
Figure 3-3 shows the knee angle convention. Knee angle is represented by 𝞠. Knee
flexion is bending of leg about the knee and represented by positive 𝞠, whereas knee extension is
straightening of leg and represented by negative 𝞠.

Datum axis

Figure 3-3: Knee flexion and extension angle convention

3.2

Design of prototype

3.2.1

Design criteria

The knee orthosis prototype is designed based on 75 kg user. The following factors are
the design guidelines for the orthosis.
15

a)

Torque output:

The first and foremost criterion for the design of any active orthosis device is the torque output.
The actuator unit should be capable of generating the required peak torque. From figure 3-2, the
peak torque for STS transfer is 165 Nm at 89.790 for 75 kg subject. The device is expected to
assist the user by supplying 20% of this peak torque, i.e. 33 Nm.
b)

Size and weight:

Wearable devices should not cause any discomfort in terms of size and weight during its usage.
It should be compact in size and as light as possible while serving its purpose. Its size should be
adjustable to fit on different leg sizes. No concrete values for size and weight of orthosis can be
found in the literature. Devices like Roboknee and BLEEX weigh 1.13 kg and 4.1 kg,
respectively, both measured without power supply. These values can be taken as reference to
build lighter device.
c)

Structural strength:

Unlike prosthesis devices, othosis devices are not required to support user’s body weight.
However, they should be capable of withstanding actuation forces.
d)

Range of motion:

The orthosis should support the user from sitting to straight upright position. [18] states that the
range of motion for knee during STS to be 830-1100. For this design, the targeted range of
motion is 00-1100.
e)

Comfortability:

The orthosis should not hinder user’s mobility. It should be easy to don/doff in short time with
little or no assistance from others. Only then the device can be widely accepted by the users.

16

f)

Portability:

Most of the current orthotic devices are tethered to a power supply; hence they find limited use
in normal life and are solely used for rehabilitation purposes in laboratory. A portable power
supply such as a battery and actuation unit, which can be carried by the user, should be
considered.
3.2.2

Design concept and actuator selection

In the preliminary phase, feasibility study of various actuator technologies and power
transmission methods was carried out, in terms of the design criteria. In reference to [19],
specific power (ratio of actuator power to actuator weight) and portability are the major criteria
to consider while selecting any actuation technology to drive human joints. Piezoelectrics, shape
memory materials, contractile polymers, electro-rheological fluids, and PAM are some of the
forms of actuation technology with a few applications. However, DC motors, hydraulic actuator
and pneumatic actuators are considered for potential use in this research for being the most
widely used actuator types in active orthoses and prosthesis devices. Although, hydraulic and
pneumatic actuators have high power density, they require separate fluid storage tank. Besides,
they are bulky and difficult to control due to compressibility issue of fluids and the operating
costs can be high as well.
In contrast, DC motors are compact and meet the necessary power requirement for
wearable devices. Even though the initial cost is high, it has low operating cost, higher precision
in control and positioning than former technologies. With the advent of high density batteries,
power supply (batteries) to electric motors can be integrated into the device to make a portable
package. Among the DC motor types, brushless motors offer several advantages for wearable
devices, which includes higher efficiency, better torque density, increased reliability, reduced
17

noise, longer lifetime and reduction of electromagnetic interference. Based on these important
characteristics, brushless DC motor was preferred.
Mechanical power transmission mechanism is required to transfer the motion generated
by motor to the knee. There are many transmission methods notably gears, screw mechanism and
combinations of belt/chain/rope with pulley. Initial design concepts were using cable and pulley
system or a belt and pulley system driven by DC motor as they are simple to implement and light
weight. But they are not robust in nature. Gears and screw mechanism are compact and robust
and favorable for this project compared to other options. [18] did a comparison of these actuator
combination and is listed in Table [1].
Table 1: Comparison of DC motor coupling to different transmission types in terms
of mechanical efficiency, power to weight ratio, "corrected" power to weight ratio, and
strength to weight ratio
Actuator
DC motor
+ gearbox
+ ballscrew
+ leadscrew

Eff.

Pwt
(W/kg)

cPwt (W/kg)

0.90
0.68
0.81
0.27

312
90
150
150

281
61
122
41

Strength/Wt
(KN/kg)
1.2
1.2

As per the comparison, DC motor coupled to ball screw has better efficiency and higher
power to weight ratio. Therefore, this combination of actuator is used in this research.
Calculation for motor power:
Moment arm and ball screw pitch are assumed to be 41.5 mm and 2 mm respectively.
STS Torque supplement by motor = 33 N𝑚
𝑇𝑜𝑟𝑞𝑢𝑒

(Design criteria)
33

Axial force on ball screw, F = 𝑀𝑜𝑚𝑒𝑛𝑡 𝑎𝑟𝑚 = 41.5∗10−3 = 795.18 𝑁
𝐹∗𝑃

𝐿
Driving torque, Td = 2∗𝜋∗𝜂

(1)
(2)
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Where, 𝑃𝐿 = pitch for ball screw and 𝜂 = motor efficiency (89%)
Therefore, Td = 284.4 Nmm

Figure 3-4: Schematic of actuation system in terms of inverted slider
crank mechanism
Based on the desired driving torque, Maxon Precision Motors, Inc. EC-4pole 30 #305013 was
selected. It is a brushless electric motor with 200 watt power rating. It provides a maximum
continuous torque of 127 Nmm but can be overdriven upto 300 Nmm output torque for short
duration. As seen in the figure 3-2, overdriving is required for a very short period during the gait
cycle of ~2 seconds, which should cause no harm to the motor.
The motor and ball screw is configured to form an inverted slider crank mechanism as
shown in figure 3-4. L1 through L4 are the lengths of linkages associated with the slider crank
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mechanism. Varying the length of ‘x’ by actuation force ‘F’ from the actuation unit, i.e.
changing moment arm, torque is generated at the knee joint.
The torque generated by force F at the knee can by expressed by applying method of
virtual work.
𝑑𝑥

𝜏 = −F . 𝑑𝜃

(3)

And, 𝑥 = √𝐿2𝐻 + 𝐿2𝐿 − 2𝐿𝐻 𝐿𝐿 cos(1800 − 𝛼𝐻 − 𝛼𝐿 − 𝜃)
Where,

(4)

𝐿𝐻 = √𝐿21 + 𝐿22

(5)

𝐿𝐿 = √𝐿23 + 𝐿24

(6)

𝐿

𝛼𝐻 = 𝑡𝑎𝑛−1 (𝐿1)

(7)

2

𝐿

𝛼𝐻 = 𝑡𝑎𝑛−1 (𝐿4)

(8)

3

Substitute (4) into (3), the following equation can be obtained
𝜏=

𝐿𝐻 𝐿𝐿 sin(1800 −𝛼𝐻 −𝛼𝐿 −𝜃)
√𝐿2𝐻 + 𝐿2𝐿 −2𝐿𝐻 𝐿𝐿 cos(1800 −𝛼𝐻 −𝛼𝐿 −𝜃)

𝐹

(9)

Table 2: Parameters and their optimized values for slider-crank mechanism in
figure 3-4
Parameter

Value

Unit

L1

0.8

Inch

L2

10.5

Inch

L3

1.6

Inch

L4

0.5

Inch
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Equation 9 relates torque generation at the knee joint with actuation force from the motor
and lengths of linkages. The lengths of linkages are optimized to generate maximum torque at
the knee and is listed in Table 2. Taking these length values, torque calculated by using equation
9 is plotted in figure 3-5 along with desired STS torque scaled down to 20% of actual torque. It

Figure 3-5: Comparison of desired STS torque (scaled down to 20%) vs
actuation torque from motor at knee
can be confirmed from the plot that the actuator meets the targeted torque requirements during
the whole STS transfer.
3.2.3

Mechanical components selection

3.2.3.1 Ball screw
From optimized parameters listed in Table 1 and arrangement of all the components in
3D model (shown in figure 3-8), the required length of ball screw is found to be 150 mm.
Custom made Nook Industries metric ball screw part # MRT 10x2 RS/6L/00/150/MBN10757/S
is used. Explanation of part # is as follow:
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Figure 3-6: Ball screw
1.

MRT 10x2 is the thread form codes (Diameter X Lead (mm))

2.

RS means its right handed and alloy (steel) material

3.

6L is the first end configuration ** thread of the nut facing this end

4.

00 is the second end configuration (No end machining)

5.

150 is the overall length in millimeters

6.

MBN is the nut

7.

S means standard, not additional description required

As the ball screw is similar to column when loaded axially, a buckling calculation was done.
Critical compression load, 𝐹𝑐 =

𝑐∗𝜋 2 ∗𝐸∗𝐼

(10)

𝐿2

Where, c is a constant, = 0.25 for one end fixed and other end free
L is the distance between loading points, = 150 mm
E is modulus of longitudinal elasticity, = 2.05E5 N/mm2
𝜋

I is minimum secondary moment of inertia, = 64 𝑑 4 = 221.93 𝑚𝑚4
(shaft root diameter, d = 8.2 mm)
Thus, Fc = 4984 N

(Using equation 10)

From equation (1), Maximum axial force on ball screw = 795.18 N
FOS = 6.27
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Hence the ball screw is safe from buckling. Other parameters of ball screw are listed in Table 3.
Table 3: Ball screw specification
Dynamic load
Static load capacity
capacity
560 N
444 N

3.2.3.2

Linear speed

Torque to raise 1kN

14000mm/min

0.354 Nm

Angular contact bearing
The rotary motion of motor shaft is converted into linear motion by means of screw shaft.

So, when the screw shaft is loaded, it exerts a reaction force on the motor shaft. As the electric
motor can bear a maximum axial load of 5.5 N only and the axial force on the screw shaft can go
upto 795 N (from equation 1), the motor shaft needs to be protected against this axial force.

Large distance
between the load
centers
support
larger moment loads

Load

Figure 3-7: Angular contact bearings back-to-back arrangement
Angular contact bearings are suitable for this purpose. Angular contact bearings are
available in many sizes based on the contact angle. Large contact angles provide better axial
resistance (figure 3-7) but lower radial resistance, so a midway option was selected; 30 degrees
contact angle that can handle light radial load along with high axial load. VBX brand 708A
angular contact ball bearing is used, that has a 30o contact angle, a static load capacity of 1350 N,
dynamic load capacity of 3300 N and maximum rotational speed of 41000 RPM.
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3.2.3.3 Sleeve bearing
The actuation unit is pivoted on stationary shafts on carbon shell and the joint has
rotational one degree of freedom. As such, bearings are required in those interface. In the
configuration, the bearings are radially loaded by the force from the actuator (at mounting points
A and B in figure 3-4). Compared to other bearing types, sleeve bearings can withstand larger
radial loads and are compact in size. Hence, two sleeve bearings are used with flanges to prevent
interaction between nut flange and other mating cylindrical components. It is assumed that these
sleeve bearings are in parallel to each other though some degree of error is expected in assembly
of actuation unit into the curved surface of carbon shell.
Among the two bearings, the one positioned below knee (at point B in figure 3-4) is
smaller is size (shorter in length), so the design calculation is based on this part.
Bearing parameters calculation [20]:
𝑏𝑒𝑎𝑟𝑖𝑛𝑔 𝑙𝑜𝑎𝑑

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑃) = 𝑠ℎ𝑎𝑓𝑡 𝑑𝑖𝑎 𝑋 𝑏𝑒𝑎𝑟𝑖𝑛𝑔 𝑙𝑒𝑛𝑔𝑡ℎ

(11)

𝐿𝑖𝑛𝑒𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑉) = 𝑠ℎ𝑎𝑓𝑡 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑋 0.262 𝑋 𝑠ℎ𝑎𝑓𝑡 𝑑𝑖𝑎

(12)

𝑃𝑉 = 𝑃 𝑋 𝑉

(13)

Where, Bearing load = max. axial force on ball screw = 795.18 N ≈ 178.76 lbs

(From 1)

Designed shaft diameter = 1/4”
Required sleeve length = 3/8”
Shaft velocity = 0.92 rad/s ≈ 8.78 rpm
(Shaft rotation is 105.370 or 1.84 rad determined graphically from 3D design in a gait cycle of 2
seconds)
Hence, P, V and PV are found to be,
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𝑃=

178.18
= 1906.77 𝑝𝑠𝑖
3 1
8∗4

𝑉 = 8.78 ∗ 0.262 ∗

1
= 0.57 𝑓𝑝𝑚
4

𝑃𝑉 = 1906.77 ∗ 0.57 = 1086.86
Considering these limiting values, SAE 660 Bronze flanged-sleeve bearing McMasterCarr part # 7815K12 was selected with the parameters listed in Table 4.
Another bearing used at mounting point A is McMaster-Carr part # 7815K14 which has
the same parameter values as listed in Table 4 but the length is ¾”.
Thus, it is verified that both the selected bearings are within safe operating limits.
Table 4: Flanged sleeve bearing specifications

Bearings

Pmax (psi)

Vmax (fpm)

PVmax

4000

750

75000

3.2.3.4 Other components:
To connect motor shaft and ball screw, shaft coupler is used. Since, there can be some
misalignments issues in the connection, a flexible type shaft coupler is desired. As such,
McMaster-Carr part #2463K105 is selected. It is a stainless steel coupler with 4 mm bore on one
end for motor shaft and 5 mm bore on the other end for ball screw. It has a maximum torque
transfer capacity of 10 lbf.in. ~ 1130 Nmm compared to 300 Nmm generated from motor.
For force sensing, load cell is implemented. Measurement specialties Inc. part # ELPFT3E-500L is used which is capable of measuring upto 500 lbf ~ 2200 N.
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To restrict axial play by eliminating gap between nut and sleeve bearings at mounting
points A and B, washers are used.
Both metric and imperial fasteners are used for the assembly.
3.2.4

Design details

A 3D design of the actuation unit is designed in SOLIDWORKS 2015, a solid modeling
CAD software produced by Dassault Systemes SOLIDWORKS Corp. The complete assembly
design is shown in figure 3-8. The actuation unit is fitted on flat aluminum uprights similar to the
ones on frame-shell assembly. As the human limb is not flat on the lateral, the actuation unit
needs to take account of this issue. Therefore, two rotational degree of freedom are provided on
both ends of actuation unit (i.e. at locations A and B).

Mounting
point A

Load

Mounting
point B

Motor

Ball

Figure 3-8: Design model of actuation unit in SOLIDWORKS
Electric motor has screw on one end and load cell on the other end. To drive the ball
screw, motor should be restrained from rotation whereas some axial play is required for the load
cell to measure the actuation force. Hence an assembly is designed to serve this purpose, i.e. load
cell and motor housing are configured in such a way that rotation is constrained but allows axial
movement of motor housing. Figure 3-9 and 3-10 shows the CAD model of the mechanism. A
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thin sheet metal plate is incorporated in the mechanism. The plate is flexible enough allowing

Figure 3-9: Design of Load cell arrangement to measure force
axial force from motor to load cell for measurement, but at the same time, stiff enough to transfer
the torque from motor to fixtures via shoulder head screws bypassing the load cell. The head of
socket head cap screw sits in the hole of sheet metal to transfer the torque from motor housing to
the load cell mount.
As mentioned in the design of angular contact bearings, the motor shaft needs to be
protected from axial load from the ball screw. Additionally, the arrangement has to transfer
torque from motor to ball screw. Figure 3-11 shows the cross-section view of arrangement of
various components for this purpose. Motor shaft is coupled to ball screw via shaft coupler. Inner
rings of angular contact bearings along with spacers are sandwiched between the step on one end
and hex nut on the other end, of ball screw. Whereas the outer rings of bearings are rigidly fixed
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Figure 3-11: Exploded view of Load cell configuration (left) and thin plate design for
actuation force measurement

Figure 3-10: Arrangement of angular contact bearings for mounting of ball screw
to the housing using a set screw, and this combination transfers the axial force from ball screw to
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the housing.
3.3

Prototype analysis and manufacturing

3.3.1

Material selection

Many factors need to be considered for material selection. Factors such as density,
strength and machinability come into play. Though steel is most commonly used metal, it is
heavy and weight is the major concern for these kinds of wearable devices. Furthermore, due to
resistance to wear, it is difficult to work on steel. So the best alternative is aluminum metal. It is
typically 2.5 times less dense than steel and also fairly soft, hence easier to machine.
Compared to other aluminum alloys, aluminum 7075 has strength comparable to many
steels and average machinability. Therefore, all the manufactured parts are made out of AL 7075
except shafts. Shafts are loaded with shear force and require material of higher strength. So,
stainless steel shafts are used. The mechanical properties of aluminum 7075 is listed in Appendix
A.
3.3.2

FE analysis

FEA is a computational tool for engineering analysis. It can imitate real world behavior
of any design concept under various load environments and provide useful information. This
information can be utilized to guide design decisions. In case of structural analysis, it helps in
identification of high and low stress areas and areas of potential failure under applied load.
There are many FEA/CAE software for this application like ANSYS, SOLIDWORKS
Simulation, Abacus, NASTRAN, etc. For our topic, we have used ‘Static Structural Analysis’
workbench in SOLIDWORKS Simulation.
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Figure 3-12: Factor of safety plot for FEA of fork
The orthosis device consists of many parts. To save time and effort in simulation work,
only critical components are first identified and then analysis was performed. Thus, FE analysis
was done only on thin plate and fork.
Table 5: Meshing parameters for FEA of different parts used in orthosis
Model

Mesh
Type

Element
size

Total
nodes

Total elements

Solver type

Material

Thin_plate

Solid
mesh

1.0405
mm

15817

7587

FFEPlus

304 steel

Fork

Solid
mesh

9502

5502

FFEPlus

AL-7075
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Fork part holds the ball screw nut by means of two shoulder screws on its sides. It forms
a hinge joint with the shaft that connects actuation unit with shell-frame. The effect on this part
when ball screw has maximum loading is shown in figure 3-12. The maximum stress built up is
3.8E8 N/m2. And the minimum factor of safety is 3.9 at the interface with shoulder screw,
highlighted in the figure above. The mesh parameters are listed in Table 5.
As mentioned earlier, the thin sheet metal plate is desired to act rigid for applied torque
whereas act flexible for axial load. To verify this functional requirement, the sheet metal part
was analyzed for application of 300 Nmm torque and 795 N force separately. The factor of
safety graphs are plotted in figure 3-13.

Figure 3-13: FEA results on thin plate for torque (left) and force (right) application
For torque input, the minimum factor of safety is 170 whereas for force input, the
minimum factor of safety is 0.048. What can be inferred from these plots is that the metal plate
rigidly withstands applied torque, and transfer the load to the fixtures, in contrary, it deflects to
axial load.

31

Figure 3-14: Defection of thin plate under axial load
3.3.3

Prototype manufacturing & assembly

A prototype of the orthosis has been constructed. Manufacturing of metal parts were
accomplished in Smiths Machine, Cottondale, Al, 35453 and Machine Shop, The University of
Alabama, Tuscaloosa, Al, 35487. Manually operated lathe and milling machines together with
CNC machines were used in the process. For control of CNC milling machines, Mastercam, a
computer-aided manufacturing (CAM) software was used. Some design modifications were
made during the manufacturing. The depth of thread in bearing housing part was more than
designed due to use of taps. Though, it was confirmed that the bore beneath the threads provided
proper support for outer rings of bearings as desired.
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Set screw plate was manufactured twice because the first version did not support the
outer ring of the bearing due to unavailability of outer ring thickness up to the time of
manufacturing. After the purchase of bearings, this dimension was measured and second version
of set screw was made. As shown in the figure 3-15, dimension ‘y’ should almost be equal to
bearing outer diameter to support it.
y

Figure 3-15: Set screw to lock bearings to housing
Orthosis frame-shell assembly was designed and made in School of Applied Physiology,
Georgia Institute of Technology, Atlanta, GA. The shell is split into two pieces, thigh and tibial
parts, made from carbon-fiber material. These two parts are linked via two stainless steel orthotic
joints on medial and lateral sides with aluminum uprights. Velcro straps and chafe loops are used
to attach the orthosis to user’s limb. Inner part of the shells are lined with polyethylene for
comfort and custom-fitting to different limb sizes.
Actuation unit is mounted onto the shell by means of two threaded holes in the aluminum
uprights (Location A and B in figure 3-4). The position of these holes on the curved irregular
surface of the shell was manually measured by using try-square and measuring tape. The holes
were made by bench-top drill machine at Bio-Robotics laboratory and tapped.
Assembly was done at Bio-Robotics Laboratory, The University of Alabama, Tuscaloosa,
AL, 35487. Specific order needed to be followed to assemble the ball screw to motor. Special
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attention was taken while mounting angular contact bearings into the bore as the balls fell off
during the first attempt. For back-to-back configuration, the outer rings needs to be pressed
during assembly and inner ring during disassembly and vice-versa for the next bearing. In the
second attempt, bearings were assembled following this instruction. Then, nut plate was mounted
to fix the bearings in the housing. In the next step, ball screw was pushed through the inner rings
of bearings and spacers, and fixed by hex nut on the other end. With the shaft coupler in place,
bearing housing was connected to motor and its housing assembly by means of long screws.
Then, shaft coupler was fixed to motor shaft and ball screw shaft. Other parts were assembled
without much trouble, with slight interference in mating parts resolved by manually grinding
away some materials. After the actuation unit was assembled, it was attached to shell-frame via
threaded holes-and-shafts. The complete orthosis assembly fitted onto a user is shown in figure
3-16.

Figure 3-16: Orthosis fitted onto a user
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3.3.4

Control

The electric motor will be driven by a PWM (Pulse Width Modulation) servo drive by
Advanced Motion Controls (AMC). AZBDC20A8 servo drive (shown in figure 3-17) is designed
to drive brushless DC motors at a high switching frequency [7]. It uses hall sensors feedback
from motor to control motor velocity. For easy installation and integration of servo drive and
motor, AMC MC1XAZ01 mounting card will be used. The servo drive will be powered by DC
supply (eg. DC battery).
The torque required at the knee joint during STS transfer can be represented by a set of
virtual springs and dampers. Mathematically, it can be written as:
̇ 2𝑗−1
Ʈ = ∑𝑛𝑖=1 𝐾𝑖 (𝜃 − 𝜃0 )2𝑖−1 + ∑𝑚
𝑗=1 𝐵𝑗 (𝜃 )
Where, Ki’s are the stiffness coefficients of virtual spring

Figure 3-17: PWM Servo-drive (left) and mounting card (right)
Bj’s are the damping coefficients of virtual damper
𝜃0 is the equilibrium position of the virtual spring.
θ is the knee joint position
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(14)

𝜃̇ is the knee joint velocity
Neglecting the higher order terms, equation (14) can be written as:
Ʈ = 𝐾(𝜃 − 𝜃0 ) + 𝐵𝜃̇

(15)

Figure 3-18: Motor control flowchart
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Coefficients K and B are determined experimentally to achieve a stable responsive of the
system.

Figure 3-18 explains the control algorithm for the orthosis. As the orthosis is designed to
assist STS transfer, user is assumed to be at sitting position and the initial joint angle is defined.
Using equations 3 through 9, lever arm, linear force on ball screw and required motor torque can
be calculated accordingly. Required motor torque can be achieved by manipulating input current
defined by a constant called torque constant. It is the ratio of motor torque to input current and is
constant for any motor. Its value is 13.6 mNm/A for the selected motor. The required current is
transformed into PWM signal and fed to the motor. Motor encoder can measure the rpm of shaft
and hence determine the axial travel of ball nut (i.e. x distance). With known x, joint angle can
be evaluated from equation 4.

3.3.5

Bench-top testing

To validate the workability of the design, a bench-top testing of the device will be
performed. The experimentation schematic is illustrated in figure 3-19. The shank part of the
orthosis will be wrapped around a below-knee-leg-dummy rigidly fixed to the top of a vibrationisolated table, which has grids of threaded holes for mounting of structures. The thigh part of the
orthosis is constrained at different knee angles from sitting to standing position by means of lead
screw pivoted on the table-top. As mentioned in earlier sections, motor encoder is used to measure
the knee angle by tracking axial travel of ball screw.
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For each of these angles, the motor will be driven to its maximum torque capacity and
corresponding axial force is measured by loadcell connected to the motor. Torque at knee can be
calculated from the actuation torque using equations mentioned in earlier sections.

Figure 3-19: Schematic of Benchtop testing of
Orthosis for its torque capacity
Due to unilateral position of actuator, there will be some bending moment about the knee
joint. Therefore to precisely calculate the knee torque, one more loadcell can be implemented at
the interface of lead screw clamp and thigh shell. Knee torque can be calculated using the measured
force and known position of clamping on thigh shell. Finally, a graph of knee torque vs knee angle
will be plotted, which is expected to be similar to figure 3-5 and validate the design.
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3.3.6

Prototype specification

Table 6: STS knee orthosis prototype specification
Parameters
Range of motion (deg)

Value
0-110

Desired Peak Torque (Nm)
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Available Peak Torque (Nm)

35
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CHAPTER 4:
4.1

DESIGN AND DEVELOPMENT OF ANKLE FOOT
PROSTHESIS

Ankle biomechanics during walking
Human walking cycle i.e. the gait cycle is divided into two phases - stance phase and

swing phase. Stance phase contributes around 60-62% of the gait cycle and the remaining 3840% of gait cycle is in swing phase. Stance phase starts with the heel strike of one foot and
swing phase starts at toe-off of the same foot. These phases are represented in figure 4-1.

Figure 4-1: Walking gait cycle
A brief description of each phases is given below.
I.

Stance phase: Stance phase is further divided into three sub-phases: controlled

planter flexion, controlled dorsiflexion and powered plantar flexion.
a.

Controlled planter flexion: It comprises 12% of gait cycle. It starts with the first

heel strike and ends at foot lying flat, for the same foot. The other foot will be in toe-off position.
b.

Controlled dorsiflexion: It comprises 38% of gait cycle. It starts at foot-flat and

ends at maximum ankle dorsiflexion. Body weight is supported on single limb during this phase
and the ankle stores elastic energy.
c.

Powered plantar flexion: It comprises 10-12% of gait cycle. When ankle reaches

maximum dorsiflexion, energy stored in earlier phase is used for toe-off.
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II.

Swing phase: In this phase, foot is lifted off the ground and heel strike occurs at

the end. Foot remains off the ground with fast dorsiflexion until heel strike. After the heel strike,
next gait cycle starts.
4.2

Design of prototype

4.2.1

Design criteria

Importance of ankle can be understood from the fact that ankle produces more work than
the knee and hip, as suggested by biomechanical studies. As such, a powered ankle prosthesis is
expected to meet some specific criteria. The design criteria is based on a male subject of 1.75 m
height and 75 kg weight (i.e. 50th percentile in weight).
a)

Torque output: The prosthesis must be able to build-up enough power and torque

to restore slow walking activity. A large instantaneous power and torque is required during pushoff as can be seen in figure 4-2. Though there are variations in the amount of peak torque
required, the targeted value is 115 Nm from [28]. [22] proposes 140 Nm peak torque at the ankle,
during walking activity.

Figure 4-2: Torque trajectory of the ankle in slow walking [28]
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b)

Size and weight: The weight of the prosthesis needs to be borne by the user unlike

exoskeletons which are self-supportive. So, the weight of the prosthesis should be less or equal
to the missing biological limb. . [24] recommends prosthesis weight to be less than or equal to
1.875 kg. Similarly, size is also a matter of concern of the end user. It should be matching to
biological leg. [30] suggests height of the prosthesis to be approximately 180 mm from the
ground to the prosthetic adapter. The smaller the height, wide range of amputee patients can
benefit from the device.
c)

Structural strength: During single limb stance of gait cycle, the entire body weight

is supported on one foot i.e. the prosthesis fitted on any of the limbs. Hence, the prosthesis must
have the required structural strength to support the user’s weight as well as actuation forces from
the actuators.
d)

Range of motion: Motion of ankle joint occurs in three planes – frontal, sagittal

and transverse planes. Incorporating these motions in prosthesis would make it function close to

Figure 4-3: Definition of motion planes [27]
biological limb. Whereas, to make the prosthesis simple in design and control, motion in the
sagittal plane is only considered. Motion along the sagittal plane is acceptable for slow walking
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activity. The target range of motion is 150 for dorsiflexion and 250 for plantarflexion which
exceeds the kinematic requirement of a biological limb, as shown in figure 4-2.
e)

Portability: The power source to the actuator should be compact and untethered so

that the whole system can be portable to actively support amputee’s daily life activity.
4.2.2

Design concept and Actuator selection

Type of actuator largely determines the design of the system. Electric motors and
pneumatic actuators are the widely accepted means of actuation in current rehabilitation
technology. The major concern was selecting an appropriate method of actuation among these
technologies that is suitable for the desired application. Electric motors suffer from low force and
torque density. It needs to be either powered by tethered supply or a battery. Tethered supply
hinders portability and State-of-the-art battery supply have low energy density, i.e. require heavy
batteries to generate a given amount of energy.
Pneumatic Artificial Muscles (PAMs) is a good alternative as they function more close to
a biological limb. It can generate axial forces as high as 6000 N with power density between 1.510 kW/kg compared to 0.1 kW/kg of electric motors. But due to its nonlinear relationship
between the muscle’s force output and contraction length, it is difficult to control [25]. Also,
large clearance is required in lateral direction due to its radial enlargement during contraction.
Pneumatic cylinders have power to weight ratio of 0.4 kW/kg, comparatively higher than
electric motors but less than PAMs. Considerably light weight, pneumatic cylinders can generate
large force output and does not expand radially as PAM does. Using small tanks, the power
source can be portable as well. Unlike electric motors, force and speed on pneumatic actuators
are easily adjustable and are independent of each other.
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Hence, taking into account high torque requirement with size and weight constraints,
pneumatic cylinder was considered better choice to other options. As stated in design criteria, the
actuation unit needs to generate a peak torque of 115 Nm at the start of toe-off. Assuming a
moment arm of 1.5” ~ 38 mm, the required actuation force would be around 3000 N. State-ofthe-art compact size pneumatic cylinders cannot generate this amount of force. Thus the idea of
using additional actuator emerged. As seen in the literature, normally springs are used to provide
additional torque on top of active actuator torque. Hence a combination of leaf spring foot and
flat square type pneumatic cylinder was selected. Bimba original line cylinder is the widely used
type of actuator in this category which can be seen in prosthesis on [24, 26]. Instead, flat square
type is preferred as it compact and has higher power to weight ratio than original line cylinder.
Though the flat square type is rated for 200 psi input pressure, it can be operated at 250 psi
pressure, equal to original line cylinders. Taking into account the size, weight and range of
motion constraints, stroke of 1.25” and bore size of 1 1/16” is selected.

Figure 4-4: Bimba pneumatic actuators: original line cylinders (left) and flat square type
(right)
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The axial force generated on the piston rod directly depends on the supply pressure and
cylinder cross-section area as represented by equations 16 and 17.
𝐹 = 𝑃𝑠 . 𝐴𝑝
𝜋𝐷 2

Where, 𝐴𝑝 = {

(16)
𝑓𝑜𝑟 𝑡ℎ𝑒 𝑟𝑜𝑑𝑙𝑒𝑠𝑠 𝑐ℎ𝑎𝑚𝑏𝑒𝑟

4

𝜋(𝐷 2 −𝑑2 )

𝑓𝑜𝑟 𝑡ℎ𝑒 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 𝑤𝑖𝑡ℎ 𝑟𝑜𝑑

4

(17)

𝐷 = 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑏𝑜𝑟𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
𝑑 = 𝑝𝑖𝑠𝑡𝑜𝑛 𝑟𝑜𝑑 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
Using equations 16 & 17,
For rodless chamber, 𝐴𝑝 =

𝜋∗ 31.752
4

= 791.7323 𝑚2

Extension force, 𝐹𝑒 = 1.7237 ∗ 791.7323 = 1364.7 𝑁
For chamber with rod,

𝐴𝑝 =

𝜋∗(31.752 −11.1762 )
4

= 693.6335 𝑚𝑚2

Contraction force, 𝐹𝑐 = 1.7237 ∗ 693.6335 = 1195.6 𝑁

Figure 4-5: Double acting piston cylinder force calculation
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(18)

(19)

Due to presence of piston rod, actuation force is less during piston-cylinder compression
compared to expansion as can be seen in figure (4-5). Due to wideness of the cylinder in lateral,
its position is determined slightly inclined to the vertical, figure (4-6). The cylinder-end pivot is
mounted onto foot and the piston rod-end is mounted onto a rotating linkage. Hence the system
functions as a slider-crank mechanism. Linear movement of piston rod is converted into rotation
at ankle by means of linkages L1 and L2.
The torque generated by the actuation force F from equations 18 and 19 at the ankle can
by expressed by applying method of virtual work.
𝑑𝑥

𝜏 = −F . 𝑑𝜃

(20)

𝑥 = √𝐿2𝐻 + 𝐿2𝐿 − 2𝐿𝐻 𝐿𝐿 cos(1800 − 𝛼𝐻 − 𝛼𝐿 − 𝜃)

(21)

𝐿𝐻 = √𝐿21 + 𝐿22

(22)

𝐿𝐿 = √𝐿23 + 𝐿24

(23)

Where,

𝐿

𝛼𝐻 = 𝑡𝑎𝑛−1 (𝐿1)

(24)

2

𝐿

𝛼𝐻 = 𝑡𝑎𝑛−1 (𝐿4)

(25)

3

Substitute (4) into (3), the following equation can be obtained
𝜏=

𝐿𝐻 𝐿𝐿 sin(1800 −𝛼𝐻 −𝛼𝐿 −𝜃)
√𝐿2𝐻 + 𝐿2𝐿 −2𝐿𝐻 𝐿𝐿 cos(1800 −𝛼𝐻 −𝛼𝐿 −𝜃)
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𝐹

(26)

The length parameters in figure (4-6) are optimized to produce maximum torque (using
equations 20 through 26) from the pneumatic actuator and the optimized parameters are listed in
Table 7. Spring foot with spring constant 4 Nm/deg was close to what was desired for our
purpose. The combined torque from spring foot and pneumatic cylinder about the ankle joint is
plotted against ankle angle in figure (4-7) along with desired ankle torque for slow walking.

Figure 4-6: Schematic of actuation unit resembling slider-crank mechanism (spring
foot is not shown)
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Table 7: Slider crank mechanism optimized length parameters
Parameter

Value

Unit

L1

1.8

Inch

L2

5.98

Inch

L3

0.76

Inch

L4

1.63

Inch

During dorsiflexion, the insufficient torque is fulfilled by amputee’s body weight which
is unaccounted in the plot below. At the start of plantarflexion at 80 ankle angle, maximum
actuation torque is 87 Nm whereas the desired torque is 115 Nm for slow walking. This desired
peak torque could be achieved by using a bigger pneumatic cylinder but on the other hand, this

Figure 4-7: Comparison of desired slow walking torque and actuation torque
at ankle
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would increase the size of the prosthesis which is undesirable. Besides, [24] showed that even
though the actuator is unable to supply required peak torque, but a value close to the peak torque
requirement does not affect the amputee’s gait quality. Hence, no changes were made in the
current pneumatic cylinder.
4.2.3

Mechanical components selection

Many off-the-shelf components are used in the prosthesis to reduce cost and time saving
in machining. For manufacturing parts, manufacturing processes and machines to be used at the
disposal pose limitation in the design. So for the prototype nature of this work, off-the-shelf
components are preferred.
4.2.3.1 Foot
In the literature, use of off-the-shelf active and passive foot for prosthesis can be found.
Foot like Ossur LP Vari-Flex foot used in SPARKy [23] can store energy during the stance phase
of walking and release it during push-off phase of gait cycle. There are commercial companies
like Ossur and Ottobock selling these kinds of foots.
The foot ASM07 (figure 4-8) used in this prosthesis is obtained from Vanderbilt
University. It is made from carbon fiber making it light weight. With two mounting holes, it can
be easily assembled to other parts. Leaf spring on the foot stores energy during dorsiflexion due
to user’s weight and actuator effect. This energy is released during push-off, augmenting
pneumatic actuator force. The foot will fit into a foot cover similar to figure (4-8) but needs to be
modified to make space for leaf spring. When the user is standing (in frontal plane), spring is
preloaded by 20 with respect to ankle joint so as to increase the magnitude of force generated by
the spring at the end of dorsiflexion and also increase the range of operation of spring during
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plantarflexion. At the end of dorsiflexion, the leaf spring is compressed by 170 in total (i.e. 150
rotation of ankle joint + 20 preload), with respect to ankle.

Figure 4-8: Ossur LP Vari-Flex foot (Top-left), foot cover (Top-right) and ASM07
Leaf spring foot (Bottom)
Hence, for leaf spring,
Spring constant = 4 Nm/deg (deg is the angle travelled by ankle taking ankle joint as the
center of rotation)
Travel angle w.r.t. ankle joint, 𝜃 = 170
Resulting moment generated by leaf spring at ankle joint = 4 ∗ 17 = 68 𝑁𝑚
Moment arm at the end of dorsiflexion = 1.41” ≈ 35.814 X 10-3 m
Force generated by leaf spring = 1898.7 N
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4.2.3.2 Sleeve bearing
The device has three hinge joints with partial rotations. The two rotational joints are the
end support of pneumatic actuator and the third is the ankle. The ankle joint reciprocates between
dorsiflexion 150 and plantarflexion -250 and the peak velocity is 4.7 rad/s [28]. Also this joint has
to support all the loads in the device. So a pair of sleeve bearing is used. Sleeve bearing is
preferred over other types of bearing due to its high radial load capacity and compact size and
less weight. On the other hand, the degree of rotation for actuator hinge joints is very small and
also less radial load, hence no bearings was used. Assumptions for sleeve bearings design:


Highest loading in bearings occur at the end of dorsiflexion



Considering user weight completely support by two bearing i.e. 50% by each



Pneumatic actuation force distributed equally on both bearings.



Force generated by leaf spring distributed unequally due to position of leaf spring

as shown in figure 4-9. Left bearing supports higher amount of the generated force, and the
design is based on this bearing.
Three parameters calculated from equations 27 through 29 defines the specifications of
the bearing.
𝑏𝑒𝑎𝑟𝑖𝑛𝑔 𝑙𝑜𝑎𝑑

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑛 𝑠𝑙𝑒𝑒𝑣𝑒 𝑏𝑒𝑎𝑟𝑖𝑛𝑔 (𝑃) = 𝑠ℎ𝑎𝑓𝑡 𝑑𝑖𝑎 𝑋 𝑏𝑒𝑎𝑟𝑖𝑛𝑔 𝑙𝑒𝑛𝑔𝑡ℎ

(27)

𝐿𝑖𝑛𝑒𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑏𝑒𝑎𝑟𝑖𝑛𝑔 (𝑉) =
𝑠ℎ𝑎𝑓𝑡 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑋 0.262 𝑋 𝑠ℎ𝑎𝑓𝑡 𝑑𝑖𝑎

(28)

𝑃𝑉 = 𝑃 𝑋 𝑉

(29)

The defined values are,
Bearing load = 1493.6 N ≈ 335.77 lbs
Shaft diameter = 3/8”
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(Resultant force from figure 4-9)

Sleeve length = 1/4”

Figure 4-9: Force components acting in the bearing (left) and unsymmetrical force
generated by leaf spring (right)
Shaft velocity = 4.7 rad/s ≈ 44.88 rpm
𝑃=

(velocity of ankle joint)

335.77
= 3581.546 𝑝𝑠𝑖
3 1
∗
8 4

𝑉 = 44.88 ∗ 0.262 ∗

3
= 8.82 𝑓𝑝𝑚
4

𝑃𝑉 = 1763.7 ∗ 8.82 = 31589.23
Considering these limiting values, SAE 841 Bronze flanged-sleeve bearing 6338k414
was selected and has the following parameters.
Table 8: Sleeve bearing specification

Sleeve
Bearing

Pmax (psi)

Vmax (fpm)

PVmax

2000

1200

50000
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The purpose of having flange is to prevent interaction of shank_plates with foot_plate as
illustrated in figure 4-10.
Shank_plate

Foot_plate

Ankle shaft

Flanged sleeve bearing

Figure 4-10: Flanged sleeve bearing mounted on ankle shaft between
shank_plates and foot_plate

4.2.3.3 Needle bearing
A bearing is mounted on the arm extended from shank plates that rolls over the leaf
spring and compresses it. As the leaf spring generates a maximum force of 1898.7 N, a roller
bearing is preferred to other types to withstand this large radial load. Needle roller bearings
NK6/12-TV has a basic radial static load rating of 3150 N and a limiting speed of 36500 rpm.
Due to absence of inner ring, it is light weight (5-7gm) and compact too.
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4.2.3.4 Other components
During testing, the device will be tethered to external power supply, i.e. air tank. Later,
the device will be self-powered using a portable air tank. After an initial research on
commercially available air tanks, it was found that paint-ball tanks can be used to serve our
purpose. High Pressure Air (HPA) or compressed air paintball tanks are the commonly used type
of air tanks [29]. There are both carbon fiber and aluminum versions of this tank. Carbon fiber
version tank is lighter than aluminum version. Though carbon fiber tank is desirable, they are not
available in small sizes. Special consideration was given to the size of the tank as it should not
hinder in users activities. So the only alternative was the aluminum tank. The selected HPA tank
has a volume capacity of 13 ci and pressure of 3000 psi. Output pressure can be regulated to 200
psi via a regulator.

Figure 4-11: Aluminum air tank
The prosthesis interface with the user via pyramid adapter shown in figure 4-12. It is a
standard part compatible with other commercial prosthetics to fit into the user. It uses four
screws for easy assemble and disassembly.
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Figure 4-12: Standard pyramid connector

4.3

Prototype analysis and manufacturing

4.3.1

Material selection

All the components are desired to withstand all the forces in the assembly. As such, high
strength material but weighing less is preferred i.e. light metal alloy. Aluminum has better
strength to weight ratio compared to steel. So, aluminum-7075 was selected to manufacture all
the parts except shafts. Shafts are desired to be small in size and higher in strength, therefore
steel material was chosen. The roller bearing mounting shaft needed to be surface hardened due
to absence of inner ring in the bearing.
Off-the-shelf parts like the screws and snap-rings are made of stainless steel. Sleeves are
made of bronze so that they erode themselves rather than eroding the mating aluminum or steel
parts. Foot is made of carbon fiber which largely reduces the weight of prosthesis. Mechanical
properties of aluminum-7075 is listed in Appendix A.
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4.3.2

FE analysis

The structure of prosthesis is acted upon by multiple forces as shown in figure 4-13.

Figure 4-13: Forces acting in prosthesis structure
The forces acting in the structure are actuator force, body weight from amputee, and
reaction from leaf spring. It is assumed that the highest loading in the structure occurs at
maximum dorsiflexion. Therefore a static analysis is done in that condition. Analysis of
complete assembly is emphasized as failure of any component can lead to injury of amputee as
the prosthesis provides stability and power during gait cycle. But due to complications in
performing the simulation in the complete assembly, it is discretized into two sub-assembly.
Figure 4-14 and 4-15 shows the two simplified sub-assembly models.
The focus of this analysis is structural rigidity of aluminum parts, which is weaker than
steel. Therefore, the two shafts - ankle joint shaft and roller bearing shaft are not included in the
study.
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The two shank plates are connected to pyramid connecter base by means of bolted
connection feature in simulation studies which treats as if they are physically connected by
screws. It is assumed that the pretension on screws and bolts-nut configuration is 5 Nm in all the
following simulations. The bore for ankle shaft acts as fixed hinge support and the bore for roller
bearing shaft acts as fixed support. The direction of actuator force is determined graphically and
magnitude taken from equations 16 and 17. The total body weight of amputee acts axially to the
shank. The force from leaf spring is assumed to act vertically upwards, to simplify the
calculation. It is transformed into force-couple about the ankle. As defined in figure 4-9, the
force from leaf spring is not symmetrical on both the shank plates. Left plate experiences 63% of
the total force (i.e. 1196 N) and the right plate experiences the remaining force of 702 N. In
comparison to other forces acting in the system, force due to gravity is small, thence neglected.

Figure 4-14: Dynamics of prosthesis sub-assembly (a)
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Figure 4-15: Dynamics of prosthesis sub-assembly (b)

Table 9: Mesh details

Model

Mesh
Type

Element
size

Total nodes

Total elements

Solver type

Sub-assembly
(a)

Mixed
mesh

0.241536”

19179

10597

Large Problem
Direct Sparse

Sub-assembly
(b)

Mixed
mesh

0.185391”

16822

9006

FFEPlus

Program controlled automatic mesh generated mixed mesh types of tetrahedron,
quadrilateral pyramid, triangular prism and hexahedron shapes. Other parameters of simulation
are listed in Table 9.
Figure 4-16 shows the result of FE analysis on the sub-assembly (a). It can be seen that
the bolted connection between the pyramid_connector_base_plate and shank_plates has the
highest stress due to actuator force. This can be explained by the fact that the left plate receives
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Figure 4-16: Stress plot for prosthesis sub-assembly (a)
less CCW moment than right plate due to spring force, and equal amount of CW moment due to
actuator force. A minimum safety factor of 2.57 is obtained as shown in figure 4-17, which is an
acceptable value.
Holes and slots made to reduce weight does not seem to affect the strength of individual
parts. Moreover, material from the four corners of pyramid_connector_base_plate can be
removed by rounding the corners, as the simulation shows these region unable to bear any
external load.
For the sub-assembly (b) shown in figure 4-18, spring force does not create any moment
due to hinge support about ankle joint shaft. Hence, spring force can be assumed to be applied
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vertically at the ankle joint. Similar for sub-assembly (a), unsymmetrical spring forces are acted
on the ankle joint.

Figure 4-17: Factor of safety plot for prosthesis sub-assembly (a)

Figure 4-18: Meshing of prosthesis sub-assembly (b)
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Actuator force and weight acts downwards as shown in figure 4-15. The frame is
simulated to be attached to foot plate by two foundation bolts. The foot plate is considered rigid
and fixed to the ground. A coarse size mesh of foot plate of sub-assembly (b) is shown in figure
4-18. Simulation parameters are listed in Table 9. Simulation result under the defined loading
conditions is shown in figure 4-19. As expected, due to unsymmetrical spring force on ankle
joint, the right part which receives higher load shows higher stress. The effect of bolt and nut
clamping is highlighted by the region of low safety factor. The minimum factor of safety is 9.57
at the interface of nut and frame, and hence the region of maximum stress. The mounting for
actuator and ankle joint are safe for the applied forces.

Figure 4-19: Factor of safety plot for sub-assembly (b)
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4.3.3

Prototype manufacturing & assembly

Except the standard off-the-shelf parts, all other parts were manufactured in Machine
shop at The University of Alabama, Tuscaloosa, Al. CNC machines (milling and lathe)
controlled by Mastercam software were used. Holes were made by manually operated drill
machines and threading done manually using taps.
The detail part drawing of carbon-fiber foot was not available. So the position of
mounting holes and profile of leaf spring was measured by means of vernier caliper and trysquare. Considering the issue of error in measurement and holes concentricity, the holes in

Figure 4-20: Enlarged hole in foot plate for assembly
foot_plate were slightly enlarged (shown in figure 4-20) and bolt-nut used as fastener rather than
having threaded holes with screw. Even with caution, there was inaccuracy in the height of leaf
spring and a thin plate needs to be added in between foot plate and carbon-fiber foot to solve the
issue.
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The assembly was done in Bio-Robotics Laboratory, The University of Alabama,
Tuscaloosa, Al. Spring pin and sleeve bearings were press-feed and all other parts have clearance
fit.
4.3.4

Control

The control of device will be achieved by using UniMeasure potentiometer and Enfield
Technologies control valve. The control method is based on impedance-based approach,
proposed by Hogan in 1980s.
Referring to figure 4-2, the ankle torque vs angle characteristic curve is irregular. Using
impedance-based approach, the curve is split into finite number of states that represents the joint
function accurately. Since, each state has different impedance parameters, to reduce the
complexity of parameters and control, minimum number of states that preserves the ankle
behavior should be used. In this application, the torque vs angle curve is divided into four states,

Figure 4-21: Representation of walking gait by finite states
as shown in figure 4-21.
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The torque required at the ankle joint during these four states can be represented by a set
of virtual springs and dampers. Mathematically, it can be written as:
̇ 2𝑗−1
Ʈ = ∑𝑛𝑖=1 𝐾𝑖 (𝜃 − 𝜃0 )2𝑖−1 + ∑𝑚
𝑗=1 𝐵𝑗 (𝜃 )

(From equation 10)

Where, Ki’s are the stiffness coefficients of virtual spring
Bj’s are the damping coefficients of virtual damper
𝜃0 is the equilibrium position of the virtual spring.
θ is the ankle joint position
𝜃̇ is the ankle joint velocity
Neglecting the higher order terms, equation (10) can be written as:
Ʈ = 𝐾(𝜃 − 𝜃0 ) + 𝐵𝜃̇

(From equation 11)

If the coefficients K and B are positive, then the joint will linearly converge to a stable
equilibrium at 𝜃 = 𝜃0 and 𝜃̇ = 0 within each state. These parameter values can be determined in
each state through repeated tuning during testing. During these four states shown in figure 4-21,
the actuator is controlled to act like a variable stiffness spring and damper system.
4.3.5

Bench-top testing

With the prosthesis fabricated and assembled, bench-top testing will be conducted to
measure the torque capacity of the prosthetic ankle joint. Note that no load cell is included in the
prosthesis due to the height limitation. Instead, miniature pressure sensors (e.g. 85C-300G-8C,
Measurement Specialties, Hampton, VA, USA) will be integrated into the actuators to measure the
actuator chamber pressures. Without direct measurement of actuation force, we will construct a
bench-top experimental setup to measure the torque capacity of the powered prosthetic ankle joint.
A schematic of the experimental setup is shown in the following figure.
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Figure 4-22: Schematic of Benchtop testing of Prosthesis to
measure torque capacity at ankle
The major challenge in the testing is that the torque capacity is a function of the joint angle.
As such, the position of the measurement element needs to be adjustable to accommodate the
change of the joint angle. This will be achieved through a lead screw-based mechanism in the
setup. The whole setup will be constructed on the top of a vibration-isolated table, which has a
grid of threaded mounting holes to facilitate the installation of various components. The shank
section of the prosthesis will be mounted on the tabletop through a fixed mounting block, and thus
the rotational axis of the prosthetic joint will stay fixed. A compression load cell serves as the
measurement element. With its flat surfaces, the load cell will be able to change its position with
respect to the foot plate as the joint angle changes. A lead screw assembly, with its nut pivoted to
the tabletop, will be used to apply a force to the foot plate through the load cell. The joint angle
can be changed through the rotation of the lead screw, in a way similar to the action of a C-clamp.
A series of joint angles will be generated through the rotation of the lead screw. At each angle,
we will measure its pressing force with the load cell when pressurizing one chamber to the
maximum supply pressure while keep the other chamber at the atmosphere pressure. Through
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trigonometric calculation, the corresponding actuation torque can be determined. We will repeat
the experiment at each joint angle for both plantar-flexion and dorsi-flexion. Plotting all the data
points on the joint angle-torque plane, the actual torque capacity can be experimentally determined.
We will compare the measured torque capacity with the theoretical capacity (figure 3-7) obtained
through kinetic calculation to examine the validity of the design analysis described in the previous
sections.
4.3.6

Prototype specification

Figure 4-23: Ankle foot prosthesis CAD
model with air tank
Figure 4-23 and 4-24 shows the CAD model with air tank and manufactured prototype
model of the prosthesis respectively, designed based on design criteria. The pneumatic cylinder
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is positioned at the posterior part of ankle, functioning similar to Achilles tendon on biological
limb. Symmetry in design has been implemented to prevent any bending moments about frontal
or transverse plane. But still due to position of leaf spring towards the interior of the limb, some
bending moment is imminent. As such, two shank plates and two uprights on foot plate hinged
about ankle joint shaft is incorporated. The ankle shaft is locked to shank plate using spring pin,
avoiding axial displacement of the shaft. A potentiometer is attached to the D-shape on the one
end of the shaft for the purpose of measuring ankle angle. Approximate mounting and
dimensions of air tank is shown in CAD model for later reference.

Figure 4-24: Manufactured Ankle-Foot prosthesis
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Table 10: Ankle foot prosthesis prototype specification
Parameters

Value

Weight (kg)

0.995 (for the assembly pictured in figure 4-23)

Maximum Dorsiflexion (deg)

15

Maximum Plantarflexion (deg)

25

Peak Torque (Nm)

87

Supply pressure (psi)

250 (1.7237 N/mm2)

Pneumatic cylinder bore diameter (inch)

1.25

Piston rod diameter (inch)

0.44
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CHAPTER 5:
5.1

FUTURE WORK AND CONCLUSION

Future work

The prototype has been constructed and the task of developing the control of the device is
in progress. Preliminary testing of orthosis showed a problem with the fork part due to loose fit
with mating parts and misalignment of the shafts that mount the actuation unit to the frame-shell.
Though a modified fork part and mounting shaft has been manufactured, testing for proper
functionality is yet to be done. The mounting shafts should be parallel to each other such that the
actuation unit does not induce axial force on the shafts. Additionally, there is a problem of
frame-shell sliding along the leg due to improper clamping. One of the solutions for this issue
can be increasing the length of the tibial part of the shell such that it rests on the foot. For the
time being, finite element analysis has been carried out on only two of the critical parts. But,
other parts can also be analyzed for design optimization. As a result from analysis, holes and
slots can be made at low stress regions of the part to remove some material and reduce weight.
Likewise, in prosthesis, a thin plate needs to be designed to raise the height of ankle joint
to compensate for inaccuracy of height measurement of the leaf spring in the initial design. Even
though some material has already been reduced using results from FE analysis, the design can be
more refined after a thorough testing.
5.2

Conclusion

The thesis described the development of two separate 1 DOF robotic lower limb
prosthetic and orthotic devices. Theoretically, the DC motor powered orthotic device generates
35 Nm torque at 89.790 which exceeds the peak torque requirement of 33 Nm. The joint between
frame-shell and actuation unit has two degrees of freedom to solve misalignment issues. With a
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compact instrumentation and a battery supply, it can be portable. It is also comfortable and light
weight due to polyethylene foam lining and carbon fiber shell when worn by a user.
In the same way, 1 DOF ankle foot prosthesis was developed and the combination of high
power to the weight density pneumatic cylinder with the leaf spring functioned more like
biological ankle-foot. Though the device doesn’t generate the same amount of peak torque as the
biological limb, the value is acceptable. The output torque profile is close to biological ankle
during slow walking.
The limitation on the current versions of orthosis and prosthesis is the weight of the
prospective users, which is a variable parameter. It is designed for a 75 kg user. Underweight is
not an issue, but in case of overweight users, the actuator cannot build-up enough power to serve
its purpose. To resolve this problem, the current actuator needs to be replaced by a higher capacity
actuator. In addition, the structures should be changed to accommodate the bigger size actuator in
case of prosthesis, and in case of orthosis, the structures need to be re-confirmed, to withstand the
increase in force.
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APPENDIX A: Material Properties

Table 11: Material properties [31]
Material

Yield
Strength
(psi)

Ultimate
Strength (psi)

Modulus of
Elasticity
(psi)

Poisson’s
Ratio

Density
(lb/in3)

Aluminum
7075-T6

73244.06

82671.51

10442717

0.33

0.101518

Steel AISI 304

29994.82

74986.98

27557170.16

0.29

0.289018
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APPENDIX B: Orthosis Major Parts Drawings
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APPENDIX C: Prosthesis Major Parts Drawings

85

86

87

88

89

