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ABSTRACT 

 

DESIGN OF A POWERED ANKLE ORTHOSIS FOR REHABILITATION  

Theodore Herbert Waltz, M.S.T. 

Western Carolina University (September 2016) 

Thesis Director: Dr. Martin L. Tanaka 

This research describes the design, development, and testing of a powered ankle orthosis 

(PAO), designed to provide exoskeletal assistance with plantar flexion for a user unable to 

properly complete this portion of normal gait. A PAO is a powered assistive device with a large 

variety of potential applications, such as rehabilitation and enhancement of human performance. 

The PAO is an exoskeletal orthosis that is easily removable and simple to operate for any user. 

The PAO is worn using a simple fitted orthosis mold and no surgery is required. The PAO is 

strapped onto the userôs foot and shank and is generally used to provide additional force to the 

ball of the userôs foot during push-off.  

Roughly 90% of the gait cycle is spent with negligible ankle energy output. A device 

designed to store energy over a larger portion of the gait cycle would be able to take advantage 

of the ankleôs idle time to prepare for push-off. The main power source for this PAO is an 

electric motor which was selected because of its large power density and clean operation. In 

order to reduce the size of the motor needed to drive the system, a spring is compressed during 

gait to store the energy needed for push-off. This enables the PAO to use a small electric motor 

to meet the peak power demand during gait. The device is powered by transferring energy from 

an electric motor to compress a spring via a transmission. At push-off, the energy release 
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mechanism quickly releases the springôs energy. The PAO pulls the heel upward, causing the toe 

to be pushed down; thus creating artificial plantar flexion.  

After creating a conceptual design, the next phase was to fabricate and assemble the 

components using the College of Engineering and Technologyôs subtractive prototyping lab 

(machine shop) for testing. Once the components were built, the PAO system was assembled and 

tested on a benchtop testing frame using high-speed video footage. Results from these tests 

include displacement, velocity, acceleration, torque, and force created during the operation of the 

powered ankle orthosis. Through this research, it was determined that a PAO powered by a small 

DC motor is able to produce enough force to be a viable option for gait rehabilitation. The 

analysis also provided a basic understanding of the dynamics of a PAO releasing energy from a 

spring. Additionally, the effect of the component properties was examined to understand how the 

PAO system can be configured to each individual user, as well as the effect the userôs foot size 

has on the performance of the PAO.  
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CHAPTER 1: INTRODUCTION 

 

1.1 Physically Handicapped Among the Population 

 According to the United States Census Bureau, in 2010, there were approximately 41.5 

million people over the age of 15 who were physically disabled in the U.S (Brault, 2012). This 

equates to about 1 out of 6 people (17.2%). Roughly 30.6 million of the physical disabilities 

were associated with ambulatory difficulties, such as walking. Difficulty walking is commonly 

associated with a gait abnormality, such as foot drop, a limp, or plantar flexion failure (Brault, 

2012). These gait abnormalities often result in limited mobility, such as inability to walk over 

prolonged distances or on inclined planes. However, through proper rehabilitation methods, 

many types of gait abnormalities can be improved using assistive devices (Gordon & Ferris, 

2007). 

 For centuries passive devices, such as canes and orthotic braces, have been used to assist 

people with walking abnormalities. In more severe cases, when a cane or brace is insufficient, 

one of the only remaining options is a wheel chair. At this point, the user begins to develop a 

complete dependence on the wheel chair. In order to bridge the gap between the low-assistance 

canes and the total-assistance of the wheel chair, new assistive devices are needed to expand the 

spectrum of rehabilitatable patient conditions. Powered assisted orthoses are wonderful 

candidates for bridging this gap. 

1.2 Existing Powered Assistive Devices 

Orthoses, as defined by the American National Standards Institute (ANSI), are externally 

applied devices used to modify the structural and functional characteristics of the neuromuscular 
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and skeletal system (1, 2007). These include passive devices such as wheelchairs, canes and 

orthotic braces. Some of these device, such as canes or crutches, can be tiring to use, making 

them difficult to use for long durations. Furthermore, these devices are not well suited for 

assisting users in normal gait with varying levels of assistance.  Some people may only require 

minor assistance while others may need more. In addition, another problem with canes is that, a 

person walking with a cane may learn an adapted gait that relies on the passive device. This may 

lead to dependency on the device or orthopaedic problems resulting from gait asymmetry. 

Passive orthotic devices help to guide movement and rely on the user to provide the 

energy. Passive orthoses can assist with gait, but sometimes the energy that the person is able to 

provide is not enough.  Powered orthoses have the advantage of using energy from an external 

power source in addition to the userôs energy to accomplish tasks. A powered orthosis can be 

used for a variety of functions: movement restriction, movement assistance and movement 

guidance are just a few of the common uses for orthoses (Yan, Cempini, Oddo, & Vitiello, 

2014). When one of these devices are given an alternate source of power, such as a motor, 

pneumatics or hydraulics, the device becomes a powered assistive device. Powered orthoses, also 

referred to as powered exoskeletons, exoframes or exosuits, are an advancing field in technology 

for human assistance and enhancement (Krebs, Dipietro, & Levy-Tzedek, 2008). Measuring 

heart and metabolic rates, powered orthoses have shown positive results for use in rehabilitation 

and assistance. These systems have even allowed nonambulatory patients to walk again (Asselin, 

et al., 2015). 

 The first practical powered exoskeleton design was developed in 1965 with GEôs 

Hardiman I (General Electric, 1969). However, the design never achieved a final product and it 

was decades before functional prototypes begin to appear. Powered orthosis prototypes have 
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been quickly gaining attention since the early 2000s, but have been limited by their power 

sources. Early models were restricted to designated facilities using a tethered power supply to 

operate the orthosis (Shorter, Xia, Hsiao-Wecksler, Durfee, & Kogler, 2013). In 2009, Dr. 

Homayoon Kazerooni of University of California at Berkley and his team announced the Human 

Universal Load Carrier, or HULC. The HULC exoskeletal system is designed to assist soldiers 

with carrying up to 90.7 kg (200 lbm) in environments with lowered oxygen levels, such as the 

mountains of Afghanistan (Kazerooni, 2009). With further research and development of these 

systems, the exoskeletons can be fitted for a multitude of tasks, both in military and industrial 

applications. The HULC is a hydraulic system powered by a battery with up to eight hours of 

walking time. However, the HULCôs primary objective is to enhance the performance of an 

already healthy user. 

In 2011, a full body powered exoskeleton, called HAL-5, was released in Japan to 

hospitals for use by people with disabilities and elderly patients. The HAL-5 device is one of the 

first commercially available exosuits. It marks a milestone in powered orthotic devices and has 

shown the value of such devices. The device is targeted towards patients who have limited 

mobility. This was seen as an imminent necessity due to a unique phenomenon in Japan where 

the combination of the worldôs longest life expectancy and the lowest fertility rates (Ministry of 

Internal Affairs and Communication, 2014) have created a large Japanese elderly population 

with a small younger working generation that struggles to provide sufficient care. Alternatively, 

the system can be modified for use as a long-term rehabilitative device (Keizai, 2013). Currently, 

a newer lower body variation of the HAL-5 exoskeleton is being tested, which may be less 

cumbersome and better suited for patient rehabilitation (Cyberdyne, 2015).  
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There are several other exoskeletal systems being developed for users with permanent 

nerve damage or disabilities. Many of these devices assist with a specific assistive function of the 

userôs limbs; e.g. assistance with standing up from being seated or carrying weight. (Yan, 

Cempini, Oddo, & Vitiello, 2014). While there are several powered assistive devices for a 

variety of functions, when a powered device is needed for assistance with a specific ability such 

as plantar flexion, there are very few commercial devices for the task. Further, these assistive 

devices have limitations, making each suitable under only certain circumstances, such as in-

clinic only use (Kogler, Loth, Durfeee, Hsiao-Wecksler, & Shorter, 2011). 

  With the advancement of the exoskeletal technology comes the development and 

refinement of different driving mechanisms. Improvements over previous systems can be made 

to increase efficiency and/or response time. In addition, the development of new powered 

orthoses will allow for smaller and better suited assistive devices for those with more specific 

rehabilitative needs. Currently, many powered ankle orthoses are primarily driven by a fluid, 

such as hydraulic or pneumatic (Ferris, Czerniecki, & Hannaford, 2006). This is because, during 

normal gait, the ankle produces a peak power of about two watts per kilogram-meter, (Figure 

1.1). This would be 175 watts for an 85 kg (187 lbm) person (Winter, 2009).  An electric servo 

motor capable of producing enough power to produce this power would be bulky and 

impractical. However, roughly 90% of the gait cycle is spent with negligible energy output. A 

device designed to store potential energy, rather than work on an impulse, would be able to take 

advantage of the ankleôs idle time to prepare for push-off. 
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Figure 1.1: Ankle power output over gait cycle (Winter, 2009) 

 

1.3 Electric Motor Powered Ankle Orthosis 

With any assistive device, there is a level of intrusiveness that the device places on the 

user. For the purposes of this research, the intrusiveness of these devices was broken down into 

three levels; Figure 1.2 displays a chart depicting a scale of intrusiveness. Level I devices include 

the previously mentioned devices such as canes, wheel chairs and strap on braces. These devices 

generally provide a low level of assistance, only providing support to the user. The Level II 

devices include powered orthoses and exoskeletons. This level of device provides high level of 

assistance by contributing energy to the user. These devices do not require surgery and can be 

easily attached and removed. This level is relatively new and not only expands the group which 

can be rehabilitate, but may potentially expedite the rehabilitation process. The level III devices 

are the most intrusive, often requiring surgical implementation, such as a pacemaker, deep brain 

stimulator or prostheses to replace an entire limb. 
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Figure 1.2: Scale of device intrusiveness 

 

At this time, the availability of small portable (non-tethered) powered orthoses is very 

limited. Externally powered, or tethered, systems can be problematic because they confine the 

use area of the orthosis to labs and specially designed clinics. An untethered system such as the 

one studied in this research would allow its user to wear the PAO in most everyday 

environments. Similar untethered systems are being tested at several research facilities across the 

country. These systems are primarily fluid-powered (pneumatic or hydraulic) (Kogler, Loth, 

Durfeee, Hsiao-Wecksler, & Shorter, 2011). These systems show promising results of assisting 

plantar flexion in impaired walkers with an untethered PAO (Kogler, Loth, Durfeee, Hsiao-

Wecksler, & Shorter, 2011). The PAO designs used for some of the recent research was powered 

pneumatically, which may not be suitable for many users. Pneumatic systems require either an 

attached air compressor or a compressed air reservoir, which are both bulky by nature. While the 

air tank can be easily carried about the userôs body, the tank can be dangerous to mount to 

unstable patients and difficult to fill. Pneumatic systems also require frequent maintenance to 

ensure seal integrity. 

The goal of this research was to develop an ankle orthosis falling under level II on the 

scale of intrusiveness. The ankle orthosis includes a small electric motor which builds energy 

Level I:

ωPassive devices

ωStrap on braces

ωTemporary and 
long-term

Level II:

ωStrap on powered 
devices

ωLong-term

Level III:

ωLimb replacement/ 
prosthetic

ωSurgically 
implanted device

ωPermanent
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throughout the gait cycle and releases the energy to assist with plantar flexion. This would 

increase the motor operation time from one tenth of a second to about one second, reducing the 

peak power requirement by an order of magnitude. By taking advantage of idle time in the gait 

cycle, the size of the motor could be decreased.  

An electric system also provides additional benefits that are not necessarily performance 

based. A purely electric powered system would be cleaner, quieter and without the potential for 

fluid leaking. In the future, the battery powering the system could be charged via a charging 

dock, located next to a bed or under a work desk. A PAO design like this makes for a device that 

can be easily integrated into a patientôs everyday life. 

By using springs to store potential energy, the PAO becomes more adaptable. The main 

spring can be swapped with softer or stiffer springs depending on the userôs weight and the level 

of assistance needed by the user. A patient needing a high level of assistance would use a stiffer 

spring at the beginning of rehabilitation. As the patientôs rehabilitation progresses and requires 

less assistance, a softer spring could be used, providing less force at push-off.   
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 Normal Gait (Anatomy and Muscle Function) 

When people walk, they complete a process known as the gait cycle, shown in Figure 2.1 

(Rose & Gamble, 1994). The gait cycle begins with the heel strike, the moment the heel of the 

foot touches the ground. Impact energy is absorbed by the soft tissues around the heel as the foot 

continues to make contact with the ground. Impact energy is absorbed by the muscles and 

tendons used to slow the foot during impact, while also helping to maintain stability. This is an 

important step since the absorbed energy is stored in the tendons loaded in tension. After heel 

strike, the bodyôs weight is shifted forward to progress the leg through single-limb stance, 

loading the tendons further. At the end of the single-limb stance phase, the leg reaches the push-

off stage, which is the main point of interest for this research. At this point, the foot needs to 

produce enough force to push the body upward and forward.  The stored tendon energy is 

released, and muscles are recruited to push the ball of the foot downward. The torque generated 

for plantar flexion during the push-off stage of gate and the highest joint energy output during 

gait. This push-off force provides the necessary propulsion to carry the walker forward. (Shorter, 

Xia, Hsiao-Wecksler, Durfee, & Kogler, 2013). During this time, the opposite leg is transitioning 

through the gait cycle as well. 
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Figure 2.1: The steps undergone during the gait cycle (Adapted with permission from Sutherland 

DH, Kaufman KR, Moitoza JR: Kinematics of normal human walking, in Rose J, Gamble JG 

[eds]: Human Walking, ed 2. Baltimore, MD: Williams and Wilkins, 1994, pp 23-44.) 

 

During normal gait, the ankle undergoes two crucial types of joint movement. The first 

type is called dorsiflexion, which is the movement of picking up the front of the foot. This action 

is controlled by the tibialis anterior muscles in the leg and prevents tripping during normal gait 

(Kreighbaum & Barthels, 1990). When damage occurs to these muscles, the ability to dorsiflex is 

impaired, resulting in a condition called Foot Drop. The second type of muscle movement is 

plantar flexion, the action of pushing the ball of the foot downwards. This motion is controlled 

mainly by the Gastrocnemius and soleus muscles and, with the help of stored energy in the 

Achilles tendon (Sawicki, Lewis, & Ferris, 2009), creates propulsion during the push-off portion 

of the gait cycle. The propulsion must carry enough momentum to complete a full stride; 

otherwise, a limp occurs during gait. Plantar flexion in the ankle accounts for roughly 70% of the 
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hip, knee and ankle joint work output during normal gait, making it a crucial ability (Kuo, 

Donelan, & Ruina, 2005). The inability to push off could be caused by several factors, e.g. 

injury, disease, stroke or movement disorders. The difference between the two motions is 

illustrated in Figure 2.2. 

 

Figure 2.2: Illustrating the difference between planter and dorsiflexion (By Connexions 

(http://cnx.org) [CC-BY-3.0], via Wikimedia Commons) 
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2.2 Diseases Disabilities and Injuries Leading to Abnormal Gait 

One patient population this device would be targeted for are people suffering from 

multiple sclerosis (MS).  MS is an inflammatory disease that affects the protective layers that 

insulate nerve cells in the brain and spinal cord leaving them to be easily damaged (Compston & 

Coles, 2008). Once the damage has occurred, the brain may not be able to communicate with the 

associated muscles in the body. If, for example, the gastrocnemius and/or soleus muscles that 

attach to the Achilles tendon were affected, the individual may have difficulty or a complete 

inability to planter flex (Kreighbaum & Barthels, 1990). This would, in turn, cause difficulty in 

walking. Other diseases that can affect planter flexion and gait include Huntingtonôs disease, 

polio, and Parkinsonôs disease. 

Individuals with muscular dystrophy (MD) are another patient population that this 

research may be able to assist.  Muscular dystrophy refers to a group diseases characterized by 

progressive degeneration of the skeletal muscles. This includes muscle weakness, defects in 

muscle proteins caused by genetic mutations, and the death of muscle cells and tissue (The 

Muscular Dystrophy Association, 2016). Since all muscles in the body are affected by MD, 

common symptoms include frequent falls, a waddling gait and an inability to walk altogether. 

There is no cure for these diseases, but treatment such as physical therapy, medication, surgery 

and orthopedic devices can help alleviate symptoms (U.S. National Library of Medicine, 2016). 

Beyond disease and disability, plantar flexion difficulty can be caused by physical trauma 

(Dietz, 2013). One group in particular that receives large numbers of limb injuries are soldiers. 

Between October 1, 2001 and June 1, 2006; 3,854 soldiers received injuries to lower extremities 

requiring battlefield evacuation (Stansbury, Lalliss, Branstetter, Bagg, & Holcomb, 2008). 
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Improvised explosive devices, or IEDs, are a major cause of many of these injuries. For many of 

these soldiers, months or even years of physical therapy and specialized equipment are required. 

Among the population as a whole, damage to the spinal cord can cause numbness and 

degraded control of the nervous system in parts of the body. Likewise, physical injury of the 

Achilles tendon may impair the muscles used during plantar flexion. These injuries can occur 

from a variety of incidents including automobile accidents, falls or impacts from heavy objects. 

Even after some of these injuries are addressed surgically, physical therapy is often needed for 

months following this injury in order to improve recovery. 

Stroke victims are also associated with plantar flexion difficulty. A stroke can be 

described as a ñbrain attackò and can affect anyone at any time. A stroke is caused when blood 

flow is cut off to an area of the brain, causing brain cells to become oxygen deprived and die. 

Common areas affected by strokes control memory and muscle control. More than 2/3 of stroke 

survivors suffer some type of disability and strokes are the leading cause of disability in the U.S. 

(National Stroke Association, 2016). A common consequence of strokes is hemiparesis, a 

weakness, numbness, or paralysis of either the left or right side of the body. The weakness or 

numbness often causes difficulty in controlling the required muscle groups to complete gait. 

Treatment for stroke usually includes physical and/or speech therapy along with utilization of 

low-intrusion assistive devices. 

2.3 Electric Motors 

In order to build the powered ankle orthosis, specifications for crucial components, such 

as the motor, needed to be defined. The process of the electric DC motor selection required an 

understanding and comparison of available motors. First, the pros and cons of servomotors and 

stepper DC motors were examined. A stepper motor consists of many poles surrounding the 
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motor shaft in precise intervals. As an electrical drive pulse is sent to the motor and the motor 

shaft moves to the next pole. With the large number of poles and precise increments between 

them, a stepper motor is ideal for uses that require precision. Stepper motors also have the added 

benefit of not requiring positional feedback for the motor. Further, stepper motors provide more 

torque than similarly sized servo motors at low speeds. However, stepper motors have a 

significant loss of torque at higher speeds (Burris, 2016). 

Servomotors were the next electric DC motor type considered. Servomotors consist of 

usually two or four poles which are energized accordingly to push/pull the motor shaft into 

rotation. Servomotors are not as precise as stepper motors by themselves, but can be equipped 

with position encoders when knowledge of angular position is needed. A major advantage to 

servomotors is their ability to operate at high RPM while maintaining most of their torque. For 

this reason, a servomotor was chosen to be used to drive the PAO (Burris, 2016). 

2.4 Springs 

In order to use a smaller electric servomotor operating over time to drive the PAO, a 

method to store potential energy was necessary. Springs are an excellent device to store energy 

due to their high reliability and consistent performance over time. Springs are commonly 

available in a large variety of configurations to suit almost any task. Common springs, such as 

coil springs, are a relatively inexpensive component that can be easily swapped. 

When determining the proper spring for a project, the first characteristic to consider is the 

spring size (diameter and length). Size is an important first consideration because it is important 

to find a spring that fits properly. Too large of a spring would not fit in the device; too small 

would be loose and would not take complete advantage of the operating space inside the PAO. 
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The next specification to consider is the load capacity of the spring. The load capacity of 

a spring is simply the maximum load the spring is rated to hold without deforming (Oberg, 

Jones, Horton, & Ryffel, 2008). It is important to use a spring which does not exceed the load 

capacity under operation. This will allow the spring to operate for its full lifespan. 

Finally, the spring rate must be considered. The spring rate defines the amount of force a 

spring imposes when being compressed. The spring rate is based on several spring properties, 

such as spring material, spring thickness and spring pitch (Oberg, Jones, Horton, & Ryffel, 

2008). A spring made with thick high-carbon steel wound tightly will make a stiffer spring with 

a higher spring rate than a thin brass spring wound loosely. The availability of springs with 

varying combinations of these properties enables customization of the PAOôs performance 

characteristics.  

2.5 Threads and Threaded Transmission 

Screws are a common mechanical method of converting rotational motion into linear 

motion. The conversion is done using threading, helical ridges wrapped around an axis. Threads 

must correspond with another threaded object to operate smoothly, e.g. a bolt and nut. The two 

most common types of threads are coarse and fine threads. The most easily distinguishable 

difference between these two thread types is the pitch which is the distance between the threads. 

A coarse thread has a larger pitch than a fine thread, meaning less threads per inch (TPI). Fine 

threads have the advantage of stronger shear, tensile, and pull-out strength due to greater surface 

area. However, coarse threads have the advantage of larger threads, which have better resistance 

to wear (Oberg, Jones, Horton, & Ryffel, 2008).  

For situations requiring abnormally high load, there are also Acme threads. Acme threads 

are a common form of trapezoidal thread used for applications such as vises and leadscrews 
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(Bhandari, 2007). The main disadvantages of Acme screws are a larger pitch when compared to 

coarse and fine threaded rods of the same diameter. Also, Acme rods are not as commonly 

available and lack the variety of coarse and fine threaded rods. Still, acme threads have strong 

potential for a transmission in a PAO system. 

When using a threaded shaft for power transmission, the threadôs lead plays an important 

role in the selection process. A threadôs lead is the linear distance travelled with one revolution 

of the screw. Lead and pitch are commonly the same value, except when the thread has more 

than one start. This means that the lead is directly related to the mechanical advantage associated 

with the threaded shaft; a smaller lead will mean a larger mechanical advantage. 

Lead also effects the efficiency of a threaded shaft transmission. When the lead of a 

thread is increased, the lead angle of the thread is increased as well. Imagine the threads being 

ñsteeperò to cover the distance of a greater lead in one revolution. As the lead angle increases, so 

will the efficiency (Vahid-Araghi & Golnaraghi, 2011). The friction coefficient between the two 

mating threads remains constant at varying leads. This means that a threaded shaft transmission 

with a lower lead will have greater mechanical advantage, but a lower efficiency. A balance must 

be found to optimize performance from the transmission.  
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CHAPTER 3:  DESIGNS & CONSTRUCTION 

 

A crucial component of this research was the design and fabrication of a proof-of-concept 

powered ankle orthosis prototype.  First, an initial prototype was designed, built and evaluated.  

Using information gained from testing the initial design, a final proof-of-concept design was 

developed. This chapter covers the development of each design, the flaws of the initial design, 

and the steps taken to address them which ultimately lead to the final proof-of-concept design. 

3.1 System Design  

The central idea driving this research was to design a PAO system that can replace a 

large, heavy, and bulky motor with a small electric motor. A system which runs continuously, 

storing energy and releasing energy at a specific time requires a specialized system of 

components. A PAO that could store energy and release 400 N (90 lbf) of force during push-off 

was the long-term goal. 

The PAO design consists of five main functional components. The first component is the 

electric motor used to provide power to the system. The next component is the threaded rod, 

which acts as a transmission for the system by converting rotational motion output from the 

electric motor into linear movement of the clutch block. The energy storage mechanism (ESM) is 

a significant component group for the system. The ESM consists of the clutch block, threaded 

inserts and a steel coil spring for energy storage. The fourth component for the system is the shell 

which stores the internal mechanisms. The final main component is the orthosis which allows the 

system to be mounted to a user. The orthosis was substituted for a benchtop fixture for this 

research to assist with early observation and preliminary testing. All of these components were 
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integrated into one system to design; a PAO that could be used to test the feasibility of a small 

motor orthosis.  

3.2 Design Approach 

 The powered ankle orthosis was designed to test the deviceôs feasibility as a rehabilitative 

device, with the goal for the device to assist a person to replicate normal gait as closely as 

possible. During normal gait, the average person requires roughly one and a third seconds to 

complete a gait cycle, from push-off to the next ipsilateral push-off (von Schroeder, Coutts, 

Lyden, Billings Jr., & Nickel, 1995). Within the same time frame, the PAO system must be able 

to store energy, release the energy and be ready to begin storing energy again. Because of this 

small window, it was crucial to maximize the amount of time available to store the necessary 

energy for the system. In order to maximize the storage time, a clutch-type system was designed 

and fabricated for the energy release mechanism. A clutch is appealing because it allows the 

motor to disengage from the transmission, allowing the remainder of the system to reset more 

quickly and reengage quickly. Without the clutch, the system would have to reverse every action 

taken in order to prepare for the next cycle.   

3.2.1 Motor Specifications 

 At the preliminary CAD stage of the PAO, a Dewalt DCD950 cordless drill was chosen 

to drive the device. This was opposed to a standard/stock electric servomotor, for several 

reasons. To start, the cordless drill uses a readily available motor and gives a good example of 

the capabilities of a smaller DC motor. Another huge advantage of using a drill is that it is a 

relatively finished product. In other words, the drill does not require modifications to be used for 

the bench model, only a simple adapter for the chuck and threaded rod. Lastly, the adjustable 

chuck is an additional benefit for performing easy adjustments during testing. 
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 In the highest speed settings on the Dewalt DCD950 drill, the motor operates at 

approximately 2000 RPM and capable of 450 unit watts out (UWO). Unit watts out is an 

indication of the drills power at varying speeds, as opposed to the more common max torque and 

max speed values. To understand if 450 UWO was enough power to compress the spring and 

power the PAO, the necessary torque to compress the spring needed to be calculated. 

The first step in determining the required torque for spring compression was to calculate 

the maximum force placed on the system by the spring. Due to the nature of foot geometry, the 

distance from the fulcrum to the ball of the foot is greater than the distance to the heel. For any 

amount of desired force at the ball of the foot, a larger force is required when the PAO is 

attached to the heel. The mechanical advantage can be calculated using the ratio of the lengths 

Ὑ
ὒ

ὒ
 

Where Lheel is the distance between the foot fulcrum and Lball is the length between the fulcrum 

and the ball of the foot. For the dummy foot, the mechanical advantage is less than 1 with 

R=0.654. As a result, the spring force needs to be about 153% of the desired push-off force. 

By calculating the maximum necessary force, the minimum torque needed from the 

motor to compress the spring can now be found. This is calculated using the equation (Oberg, 

Jones, Horton, & Ryffel, 2008) 

†
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With equation 2, the peak torque will occurs at the maximum load. Since the goal force is 400 N 

(90 lbf) for push-off force, using the previously mentioned ratio, maximum force (Fmax) of 612 N 

(1) 

(2) 
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(138 lbf) on the PAO is calculated. This is the force valueused to find the max torque. The next 

step is to use the pitch diameter (Dp) for a 3/8ò-16 threaded rod. This value has a range based on 

thread tolerance, determined by the threadôs class of fit. For these calculations, a value of 8.46 

mm (.3331 in) was used because it is the median value of the tolerance range. The thread lead is 

found by simply dividing the number of threads over one inch for the threaded rod. The thread 

lead (L) for the 3/8ò-16 thread is 1.59 mm (.0625 in). The next value in equation 2 is the friction 

coefficient (µ) of .18 for dry steel on steel (Oberg, Jones, Horton, & Ryffel, 2008). Including the 

friction coefficient into the equation is needed to predict a more accurate value by taking into 

account the threads efficiency. When these values are placed into equation 2, the equation 

appears as 

†
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Using the calculated data, the PAO motor needs 0.63 N-m (5.6 in·lbf) of torque to compress the 

spring.  

Another aspect of the motor that was taken into consideration was the motor 

displacement. The amount of angular displacement is related to the spring rate of the main spring 

used in the system. To easily find the necessary angular displacement, the linear spring 

displacement (x) is calculated by rearranging the equation for spring force, shown below 

Ὂ Ὧὼ O ὼ  
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If the maximum force value from the max torque calculation for force was used, the required 

linear displacement to compress a spring with a spring rate (k) of 10.49 N/mm (60 lb/in) can be 

determined. This calculation is shown below 

(3) 

(4) 

(5) 
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This linear spring displacement shows that the spring needs to be compressed 58.3 mm 

(2.3 in) to generate the desired 612 N force. The next step in finding angular displacement is 

calculating the necessary revolutions required to travel 58.3 mm (2.3 in) along a 3/8ò-16 

threaded rod. The number of revolutions is calculated using the equation 

ὙὩὺέὰόὸὭέὲί
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When this equation is used with the previously calculated linear displacement (x) value and the 

lead value from the max torque calculation, the equation appears as 

ὙὩὺέὰόὸὭέὲί
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What this equation shows is that using the same 3/8ò-16 threaded rod and 10.49 N/mm (60 lb/in) 

spring, the main spring will require 36.7 revolutions to compress the spring to 612 N (138 lbf) of 

force. 

3.2.2 Solenoid Requirements 

 Originally, the PAO system was held in place and released by a small tubular pull-type 

solenoid. However, the force from the compressed spring was creating too much friction to allow 

the solenoid to operate properly. To find a solution, the frictional forces must be calculated. 

Using the formula below, the frictional forces can be found for various materials using their 

friction coefficients.  

ὊÆ  ‘z ὔ 

(6) 

(7) 
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Where Ff is the total frictional force, ‘ is the friction coefficient for the used material and 

N is the normal forces acting on the moving object. The friction coefficient for steel against 

aluminum is .61 (Oberg, Jones, Horton, & Ryffel, 2008). This means that if the PAO was under 

the max spring load of 612 N (138 lbf), the frictional force against the pin would be roughly 373 

N (84 lbf). This is a difficult issue to get around, since the only way to reduce the friction would 

be to use different materials or the load angle. A further complication is that the shaft of the pin 

is also required to be ferrous (magnetic). 

 After performing calculations for the friction of various materials, the necessary solenoid 

strength for the PAO was determined, as well as a method to reduce the friction. The solenoid 

used is a low-profile tubular pull solenoid. This solenoid has a pull force of approximately 378.1 

N (85 lbf) at a 3.81 mm (.15 in) stroke (Magnetic Sensor Sytems, 2005). A graph of the solenoids 

pull strength over distance is seen in Figure 3.1. 

 

Figure 3.1: Graph of solenoid strength at varying stroke lengths 
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While the solenoid is a larger size than desired, it allows for purpose-flexibility as well as 

design redundancy during the testing of the proof-of-concept design. Furthermore, to reduce 

friction, a brass tip was fashioned for the solenoid pin. The brass tip reduces the friction 

coefficient from .61 to roughly .30 (Nuruzzaman & Chawdhury, 2012). In turn, this decreases 

the friction force against the pin to roughly 183.6 N (41 lbf).  An option to reduce the required 

solenoid size further would be to use a Teflon coating; with a friction coefficient of .041, a 

system using the same spring would only have approximately 25.1 N (5.6 lbf) of friction. A 

concern with a Teflon coating would be the coatings resistance to wear and deformation under 

load. 

3.2.3 Spring Requirements 

 The main spring for the PAO is a very crucial part that is easy to overlook. Springs are a 

valuable mechanical method for storing potential energy. Springs do not require electricity or 

wiring, they are lighter than motors and very reliable. Furthermore, by using a spring to store 

energy, many of the userôs gait parameters can be changed by simply swapping out the main 

spring. This is done by considering both the springôs load capacity and spring rate. 

The spring needs to be designated to handle the necessary maximum output force during 

the propulsion stage of gait. For userôs who are large or in the beginning stages of rehabilitation, 

which may require more assistance, a spring with a higher load capacity and spring rate would be 

used. As the user progresses during rehabilitation, smaller load capacity springs can be used to 

help reduce dependency on the device. 

 The spring rate effects the PAO performance much like the pitch of the threaded rod. The 

spring rate effects the amount of energy stored over a length of compression. This translates to a 

spring with a higher spring rate storing sufficient energy to operate the PAO more quickly, but 
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requires more work from the motor. For the proof-of-concept model of the PAO, the design uses 

a spring with about half the needed load capacity and spring rate. This was to allow adequate 

system testing with a reduced risk of part failure of a crucial component. This is because a 

system using only enough force to prove the concept will place less stress and strain on the 

components while still providing valuable results. 

3.3 Development Tools 

Several development tools were used to create detailed designs for each component of the 

system.  The development tools include 3D CAD (Computer Aided Design) software for 

individual component modeling and virtual part assembly, and computer aided manufacturing 

(CAM) software used to develop cutting tool paths based on the 3D CAD models. 

3.3.1 CAD Software 

Pro Engineer (Pro/E) Wildfire 5.0/Creo Elements is a computer aided design (CAD) 

software by PTC used to create virtual models of parts in a 3D representation. Pro/E uses a 

parametric modeling style that creates parts that are driven by dimensions and allows design 

constraints to help maintain design intent. This is an important feature in 3D part modeling 

because when creating and editing models, existing model dimensions can be modified and the 

changes automatically propagate through the associated features. Part models can be made using 

2D sketches and extruded or rotated to bring the part into virtual 3D space. Once the part models 

are completed, an assembly model can be created by merging several parts and setting locational 

relationships between each part. Furthermore, the assembly can be animated with simulations of 

servo motors, cams, springs, etc. to observe how parts will interact in device operation. An 

animated assembly, allows users to inspect a modelôs operation and part dimensions to look for 

potential failures. This includes parts that will not fit during assembly or parts which interact or 
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jam with another part in a way that defeats design intent. Finding a failure at this stage saves the 

cost and time consumed creating a tangible part. 

3.3.2 CAM Software and Manufacturing Equipment 

Machining is the process of creating a part by removing material with equipment such as 

mills or lathes. These machines can make precision cuts in material with either manual operation 

or Computer Numeric Control (CNC) programming. To assist with complicated cuts, a 

Computer-Aided Manufacturing (CAM) software such as OneCNC is used to generate the CNC 

programming code. With CAM software, geometry can be created within the software; for more 

complex shapes, geometry can be imported from a CAD software, such as Pro/E or Creo. The 

geometry can then be used to create tool paths for the machine to follow. Because of this, it is 

essential that all part models are created correctly and designed with the machining process in 

mind. 

 The prototype CAD models for the powered ankle orthosis required several custom 

pieces to be manufactured or modified. Much of this fabrication work took place in the College 

of Engineering and Technology machine shop at Western Carolina University. The machine 

shop has four vertical CNC milling centers, three CNC lathes and a CNC CO2 cutting laser. Also 

in the machine shop, there are several band saws, power tools and hand tools; all of this 

equipment was necessary for the fabrication of the custom components used in the PAO. 

3.4 Initial Design 

 The first PAO design concept, shown in Figure 3.2, used an electric motor to store energy 

over time until needed for push-off. A cross sectional view of the conceptual design is shown in 

Figure 3.3. The system used a clamshell housing with grooves cut into the housing at a 

continuous pitch. Inside the housing was a mechanism which used retractable threads to engage 
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with the housing. A solenoid mounted at the end of the mechanism with a pin moving through 

the center controlled when the pins were engaged or retracted. When the pin was extended, the 

threads were engaged with the threads in the housing. When the solenoid was activated and the 

pin was pulled back, the threads were able to retract, disengaging the system from the housing 

threads. For this system, the electric motor spins the housing while the mechanism inside would 

remain stationary (relative to rotation), causing the housing to thread the center mechanism 

downward. As the center mechanism moves downward, it compresses a spring to store energy 

for push-off. When the user is ready for push off, the solenoid is activated, retracting the pin and 

allowing the threads to disengage from the housing. Next, the spring would release the stored 

energy upward, pulling the attached heel with it. When the mechanism reached the top of the 

housing, the solenoid would release the pin, reengaging the threads with the housing and 

preparing the system for the next cycle. 
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Figure 3.2: A CAD representation of the initial design being worn. 
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Figure 3.3: Cross-section of initial design 



28 

 This initial design occupied much of the beginning of this PAO research. Several 

components were manufactured and tested, including a proof of concept test piece shown in 

Figure 3.4.  However, the concept was dismissed after observing that there were too many 

uncontrollable variables and design flaws. Due to the complex nature of the design, many of the 

flaws were not realized until proof-of-concept models had been tested. Some of these issues were 

due to the lack of direct control of the retractable threads. Since the threads could reengage with 

the housing at any time, the system had considerable potential for jamming. Furthermore, the 

release mechanism did not have any rotational constraints, so it was able to spin freely with the 

housing, if that was the motion with least resistance. Another concern was for user safety, the 

larger housingôs rotating mass seemed undesirable in case a component should break during use 

or any body part were to come into contact with the rotating housing. 

 

Figure 3.4: Machined test pieces of the initial design. 
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 This first conceptual design provided valuable feedback on the PAO design process. 

Shortcomings of the initial design were addressed with a new concept. The new design was to 

have dynamic parts contained within the housing as much as possible. The design also had to 

prevent the energy release mechanism from rotating with the motorôs transmission. Furthermore, 

the clutch for the transmission needed to have better control to prevent the system from jamming.  

This new design evolved into the final design described in section 3.5. 

3.5 PAO Final Design and Operation 

 The final design for the powered ankle orthosis is as a bench top device used to evaluate 

the performance of the system (Figure 3.5). The system includes the motor, drive screw, energy 

storing spring, solenoid, housings, a simulated foot, and a weight.  Although the system was not 

attached to the body as a wearable orthosis, verification of the function of the mechanical system 

is a necessary step in the overall device design.  Figure 3.6 shows the conceptual PAO design in 

an isometric and normal cross-sectional view. These views provide a more comprehensive 

understanding of the PAOôs operation. 
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Figure 3.5: CAD rendering of final proof of concept design 
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Figure 3.6: Isometric (top) and normal (bottom) cross sectional views of Proof of Concept design 
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 As mentioned previously, the PAO is driven using an electric servomotor; a cordless drill 

was used for the final design. The drillôs power density provides a valuable balance of speed, 

torque, and control; with the convenience of swappable batteries and being commercially 

available. 

Operation of the device may be divided into three stages.  The first stage is the storage of 

energy in the spring. Figure 3.7 begins with the PAO shell secured in place by the solenoid pin 

and the spring fully extended. This represents the PAO in a starting state, ready to begin storing 

energy. The electric motor is connected to the threaded rod, working as a transmission to transfer 

the motorôs power.  The pinch threads of the energy-storage mechanism are engaged with 

threaded rod. 

 

Figure 3.7: Close-up on PAO internal mechanism, ready to store energy. 

 

  When the electric motor is powered, the rotation is transferred directly through the 

threaded rod. The threaded rod is engaged with the remainder of the PAO via the threaded clutch 
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block in the energy-storage mechanism, or ESM. With the ESM mounted on the threaded rod, 

the ESM pinch thread inserts translate the rotational motion into linear motion. The block travels 

along the threaded rod while contained inside the PAO shell, which also holds the main spring in 

place. As the block moves along the threaded rod, the spring is compressed between the block 

and the opposite end of the shell. This is depicted in Figure 3.8 

 

Figure 3.8: Close-up on PAO internal mechanism, ESM compressing the main spring 

 

 However, the shell must be held in place during the spring compression; otherwise, the 

shell would slide along the rod with the spring and block. The shell is held in place by a solenoid 

pin further along the shell. The pin secures the shell in place while the block compresses the 

spring. Now, the spring has been compressed and the foot is ready for push-off. At this point, the 

first stage of the PAOôs cycle is completed. 

Once the user is ready for push-off, the solenoid is energized, pulling the solenoid pin, as 

shown in Figure 3.9. At this point, while the pinch threads secure the ESM linearly, the stored 
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energy in the spring is released and propels the PAO shell around the ESM along the threaded 

rod, as shown in Figure 3.10. Along with the shell, an elastic band attached to the heel mount is 

also pulled upward. As the heel is pulled up, push-off is created as the ball of the foot is forced 

downward, simultaneously. At the toe-end of the dummy foot, a 5 kg (11 lbm) mass is attached 

and ran along the bottom of the test rig. This weight is to simulate dorsi-flexion, which is 

necessary to reset the PAO for the next step in gait. Once the springôs energy has been released 

and the shell reaches the full forward position, the grooves in the shell cause the pinch threads in 

the ESM to disengage from the threaded rod. At this point the ESM is free to move relative to the 

shell. 

  

Figure 3.9: Close-up on PAO internal mechanism, solenoid pin releases the shell 
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Figure 3.10: Close-up on PAO internal mechanism, shell is thrusted upward 

 

With the block, transmission, and motor disconnected from the rest of the system, the 

weight at the front of the foot pulls the shell back towards its original position. As the shell 

moves back (Figure 3.11), the solenoid pin descends down the ramp leading into the hole to 

secure the shell.  The retaining nut at the end of the rod forces the ESM to reengage with the 



36 

transmission. With all of this complete, the PAO is then ready to start the cycle again to assist 

with the next step in gait. 

 

Figure 3.11: Close-up on PAO internal mechanism, shell is nearing reset point 

 

3.5.1 Component 1: PAO Shell 

 The shell of the PAO houses the ESM mechanism and protects the user from dynamic 

parts. Without this protection, exposed parts could potentially pinch, cut or strike the PAO user 

or anyone nearby. The shell is made from 50.8 mm (2 in) aluminum square stock for the wider 

section and 25.4 mm (1 in) square stock for the narrower section. The squared profile keeps the 

ESM block from rotating freely around the threaded rodôs axis, allowing the system to store 

energy more effectively than cylindrical stock. The main section of the shell, shown in Figure 

3.12, has a window cut across the top to allow for easy monitoring of spring compression. The 

PAO also contains two parallel notches cut near the end of this section. The notches are a critical 
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feature to allow for the clutch system in the block to disengage from the transmission and reset 

the system. 

 

Figure 3.12: Larger PAO section overview (top) and close-in image of the grooves (bottom) 

 

In the narrower section of the shaft, there is a 3/16ò hole. This is for the solenoid pin to 

catch and hold the housing containing the spring in place until the user is ready for push-off. A 

ramped cut leading to the hole was added to allow more time for the pin to catch the shell and 

hold it in place without bouncing over the hole. Both the notches to disengage the clutch and 


















































































































