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A main effort has been devoted in this thesis to consider the effects of the actuator components

(i.e. springs, dampers and motors) and their configuration (i.e. the way they are assembled) in

power and energy requirement of powered foot prostheses. It has been investigated which actuation

mechanism would have the least requirements to perform a certain human gait (e.g. walking, running,

ascending or descending the stairs). This thesis shows that the components of the robotic foot and

their configurations are important design factors. This information is fundamental for building

mechanical prototypes of active foot prostheses.

In addition, the human body is equipped with muscle assemblies to actuate a joint. In robotics this

phenomenon is called over-actuation. In this thesis, it was investigated if and how this fact could

be used to reduce power-energy requirements in active foot prosthesis.

Furthermore, the control structures of the active foot prostheses are investigated and discussed and

the results of the first laboratory experiments with the Powered Ankle Knee Ortho-prosthesis (the

PAKO platform) are explained. In continuation to this topic, some master controller schemes were

introduced for gait identification. A video of experiments with PAKO platform can be seen here:

https://www.youtube.com/watch?v=i7N3L6RsNNU

http://www.tu-darmstadt.de/index.en.jsp
Faculty Web Site URL Here (include http://)
Department or School Web Site URL Here (include http://)


Abstrakt auf Deutsch

Emulation of Ankle Function for Different Gaits through Active Foot Prosthesis:

Actuation Concepts, Control and Experiments

Der Schwerpunkt dieser Dissertation liegt in der Untersuchung der Auswirkungen der Bestandteile

(z.B. Sprungfedern, Dämpfern und Motoren) und Konfigurationen (z.B. die Art deren Zusammenset-

zung) auf den Leistungs- und Energiebedarf in aktuierten Fußprothesen. Es wird untersucht, welcher

Antrieb die geringsten Anforderungen an die Ausführung der menschlichen Gehbewegung stellt. In

dieser Dissertation wird gezeigt, dass die Bestandteile des Roboter-Mechanismusses und die Kon-

figuration des Systems wichtige Konstruktionsfaktoren sind. Dieses Wissen ist grundlegend für den

Herstellungsprozess von mechanischen Prototypen von aktiven Füßen.

Darüber hinaus ist der menschliche Körper mit Muskelgruppen ausgestattet, welche ein Gelenk

aktuieren. In der Robotik wird dieses Phänomen ”Überaktuation” genannt. Im Rahmen dieser

Dissertation wird untersucht, ob und wie diese Tatsache genutzt werden kann, um den Leistungsen-

ergiebedarf in aktiven Fußprothesen zu senken.

Weiterhin werden die Kontrollstrukturen der aktiven Fußprothesen untersucht und diskutiert und die

Ergebnisse der ersten Laborexperimente mit dem Powered Ankle Knee Orthoprothesis (die PAKO-

Plattform) erklärt. Als Weiterführung dieser Thematik werden einige Stellgrößenschemata für die

Gangbildidentifizierung eingeführt. Ein Video der Experimente mit der PAKO-Plattform können

unter folgendem Link angesehen werden:

https://www.youtube.com/watch?v=i7N3L6RsNNU
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Chapter 1

Introduction, Motivation and

Fundamentals:

From Biological to Mechanical Foot

1.1 Introduction

Daily activities like walking, running, jumping, negotiating slopes and stairs that are mainly per-

formed by human lower extremities, unlike what may seem, happen through a complicated process.

Those activities are the result of complex cooperation between a number of organs in the human

body in a procedure that involves brain, spinal cord, peripheral nerves, muscles, bones and joints

[1].

From a robotic point of view, the leg, which is responsible for human locomotion, involves three

joints: hip, knee and ankle. The muscles are the biological actuators which are responsible for the

motions of the limbs (or equivalently links in robotics). In a way, humans are advanced complex

articulated robotic systems.

In general, the human leg can be thought of as a 7-DOF1 structure, with three rotational DOFs at

the hip, one at the knee, and three at the ankle joint [2]. The leg muscles are attached to different

bones (or from a robotics point of view limbs, links) at their two ends and cross over either one joint

(monarticular muscle) or two joints (biarticular muscle)2.

For the ankle joint, the main mono-articular muscle to plantarflex the foot is the Soleus muscle

(SOL). One end of SOL is attached to the shank and the other end is connected to Achilles tendon

and hindfoot. The main bi-articular muscle related to this joint is the Gastrocnemius muscle (GAS).

1Degrees Of Freedom
2The muscles that pass through several joints are called polyarticular muscles [3].

1



Chapter 1. From Bio. to Mech. Foot 2

One end of GAS is attached to the thigh and the other end with SOL ends up to Achilles tendon

and finally gets connected to the hindfoot (Fig. 1.1). The SOL and GAS together are called the

triceps surae [1].

Figure 1.1: The mono- and bi-articular plantar-flexor muscles related to the human ankle joint:
Soleus and Gastrocnemius muscles [4].

The ankle joint, could move with respect to three different anatomical planes (a 3-DOF motion).

These planes are shown in Fig. 1.2. However, the human gaits (walking, running, etc.) are mostly

defined with respect to the saggital plane. The reason is that the largest movements occur in

this plane during locomotion. Normal human walking and running can be defined as a method of

locomotion involving the use of the two legs, alternately, to provide both support and propulsion [1].

As in this thesis, a main concentration would be devoted to the active prosthetics for the lower limbs,

understanding the biomechanics of human locomotion is crucial for the design of active prostheses,

orthoses or exoskeletons related to the lower extremities. In the following paragraphs, I will briefly

describe some of the terminologies used for explaining the human locomotion.

In human biomechanics, the gait cycle is defined as the interval between two successive occurrences

of one of the repetitive events of walking, running etc. [1]. Although any event could be chosen

to define the gait cycle, it is generally convenient to use the instant at which one foot contacts the

ground (initial contact). Consequently, a gait cycle starts with the heel contact and ends with the

next contact of the same foot. The foot complex itself is divided into the hindfoot, midfoot and

forefoot.

The walking and running gaits are usually divided into two main sections: stance and swing phases.

They are expressed as a percentage of a gait cycle. In stance phase the foot is in contact with the

ground, and in swing phase (for the same leg) it is off the ground. In a normal walking gait, stance

phase is approximately from 0-60% of the gait cycle and swing phase is nearly from 60-100% [5].
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Figure 1.2: The three anatomical planes related to the human body [1].

The stance phase (which is also called the support phase or contact phase) lasts from initial contact

to toe off [1]. It is subdivided into [1] (see also Fig. 1.3):

1. Loading response

2. Mid-stance

3. Terminal stance

4. Pre-swing.

The swing phase lasts from toe off to the next initial contact (of the same foot). It is subdivided

into [1]:

1. Initial swing

2. Mid-swing

3. Terminal swing.

Most of the power during walking is generated by the calf muscles in terminal stance and pre-swing.

This burst of positive power that is generated around the ankle is referred to as the ankle push-off
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[6]. The duration of a complete gait cycle is known as the cycle time, which is divided into stance

time and swing time. The shape and duration of the gait cycle varies from step to step and it

strongly depends on the gait speed, subject morphology, subject weight, terrain conditions etc. [7].

In Fig. 1.3 different parts of a gait cycle are shown.

Figure 1.3: Division of a gait cycle [8].

Details of the experimental methods used to obtain kinematics (e.g. angle, velocity, acceleration of

the joint) and kinetics (e.g. joint torques, ground reaction forces) data in human walking and running

can be found in [5]. Although in some other studies we might see differences in their kinematics and

kinetics data, the general trends of the graphs of the biomechanical parameters (e.g. joint angles

and torques) seem more or less similar. In Fig. 1.4 the ankle angles and torques for normal walking

(1.6 m/s) and running (2.6 m/s) are shown.

The ankle torque Tank is normalized to body mass. It is obtained based on inverse dynamics

procedures [9]. In Tab. 1.1 the cycle times for a wide range of speeds in walking and running gaits

are shown.

Table 1.1: The cycle time for different speeds in walking and running gaits [5].

Gait Walking Running

Speed [m/s] 0.5 1.0 1.6 2.1 2.6 0.5 1.0 1.6 2.1 2.6

cycle time [sec] 1.37 1.14 0.98 0.86 0.75 0.84 0.83 0.81 0.78 0.75

Although it might seem that there is symmetry between the two legs’ motion during locomotion,

detailed studies show that the motions of the leg joints are slightly asymmetric during locomotion

[10]. Another point is the term normal. In the previous lines the word normal gait was used. We

should note that in this thesis, normal applies to the young healthy subjects that participated in
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Figure 1.4: The ankle torques (Tank) and angles for normal walking (1.6 m/s) and running (2.6
m/s). Stance and swing phases are indicated for the running gait [5]. The ankle angle is defined as
the angle between shank and foot, see [5] for more details.

laboratory experiments to collect the gait data. The characteristics of the subjects used to obtain

gait kinematics and kinetics are shown in Tab. 1.2.

Table 1.2: Subject characteristics used for obtaining kinematics and kinetics data [5] (mean ± std)

number age body body speeds
of subj. [yrs] height [m] mass [kg] [m/s]

21
25.4 1.73 70.9 0.52, 1.04
± 2.7 ± 0.09 ± 11.7 1.6, 2.07, 2.6

Consequently, these data cannot be used for comparisons with the people whose ages are very

different from those seen in Tab. 1.2. We may note that every person has its own individual gait

pattern, and even for a single subject the kinematics and kinetics are not exactly the same for all

steps during locomotion. This doesn’t mean that his/her gait is abnormal.

For a full understanding of normal gait, it is also important to know which muscles are moving a

specific limb and the level of the activity for that specific muscle during the gait cycle. The muscle

activity could be measured by EMG (elctromyography) signals. The role of the muscles was studied

firstly by Scherb [11]. He reported a myokinesiographic method of recording muscle action during

gait. The subjects walked on a treadmill while the examiner palpated the onset and duration of

muscle contractions. Foot switches detected weight-bearing on three areas of the foot, printing the

results on a kymograph [11].
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1.2 Motivation of research in the field of ankle-foot prosthesis

Human gait (walking, running, ascending/descending stairs or slopes etc.) is the outcome of a

complex and fascinating interaction between leg joints, brain, spinal cord, peripheral nerves, muscles

and bones. Humans elaborately exploit and take advantage of their unique musculo-skeletal structure

together with the neural system to perform their desired locomotion. They are able to change their

gaits (e.g. from walking to running) quickly or adapt themselves to different terrain surfaces (e.g.

level ground to stairs) in a fast and robust manner. Nevertheless, the underlying procedure that

makes them capable for such high flexibilities is still hidden and under investigation by the research

community.

Unfortunately, there are many people who cannot benefit from this fascinating structure because of

limb loss (i.e. amputation due to diseases, accidents etc.). This undesired situation is not only very

strenuous for the patients but also for the people with close contact to them.

According to some statistics in Germany about 220,000 persons live with leg amputations [12]. Every

year there are about 28,000 amputations in Germany. 88% have one leg amputated and 12% have

two missing legs. Amputations are due to accidents or diseases.

There are also other statistics presented in Tab. 1.3 which give different information for leg and foot

amputations for several years in Germany [13].

According to medical statistics, just in the US, the number of diabetes-related Lower Extremity

Amputations (LEAs) increased from 33,000 in 1980 to 84,000 in 1997, dropping to 75,000 in 2003

[14]. From 1988 to 2009, the number of the LEA discharges from hospitals increased by 24% (in

2001 it even increased by 58%) [15].

Table 1.3: Number of LEAs done in Germany (Lower Extremity Amputation, in thousands [13])

years 2004 2005 2006 2007 2008 2009 2010 2011 2012

Lower Extremity Amputation 67 69 68 67 68 67 69 63 62

Furthermore, the huge number of stroke survivors and senior citizens should also be added to these

values. Such disabilities drastically change the lifestyle of these people. To overcome the walking

problems (either amputation of weakness) of those amputees the first attempts started with the

development of passive prosthetic (orthotic) feet. In addition the foot has a key role for human

locomotion and providing push-off [5], therefore, returning back its function to the amputees is a

vital target in prosthetics design.
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1.2.1 Passive prosthetic feet

Commercially available ankle-foot prostheses (Fig. 1.5) are mostly completely passive during stance

(BioM iWalk [16] is a newly introduced active foot), and unfortunately, cannot provide net positive

work that is required for push-off and propulsion of the body (Fig. 1.6). In passive prosthetic

feet, some positive work is generated only by releasing the previously stored elastic energy during

the contact phase with the ground. As a result, it cannot add required power to the human gait

[17]. The Proprio foot (Fig. 1.5C) could provide active adjustment of foot during swing phase (e.g.

to adapt the foot angle in stairs, slopes), however it does not contribute to active push-off during

locomotion.

Figure 1.5: Examples of conventional ankle-foot prostheses, A: SACH foot (Solid Ankle Cushion
Heel), B: Flex-foot (Ossur), C: Proprio (Ossur).

Figure 1.6: Ankle power comparison: able-bodied and amputated [17] (power vs. gait percent).
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As shown in Fig. 1.7, the human ankle provides a significant amount of net positive work during

the stance period of walking or running gaits (especially at moderate to fast speeds) [5].
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Figure 1.7: The human ankle provides a noticeable amount of positive power during locomotion,
graphs for normal level walking (1.6 m/s) and running (2.6 m/s) [5].

Lower extremity amputees using these conventional passive prostheses experience many problems

during locomotion. It is shown in the literature that the deterioration from normal kinematics and

kinetics is dependent on the level of amputation or even the cause of it [18]. Studies show that

transtibial amputees have lower speeds than normal (able-bodied) subjects e.g. their average speed

is 45% (for vascular amputation) and 13% (for traumatic amputation) less than normal people [18].

In the absence of net power generation at the ankle joint, amputees with passive prostheses have been

shown to expend more metabolic energy (20% more oxygen consumption than normal subjects [19]).

It is also reported that the ankle kinematics deviates noticeably from that of able-bodied people

denoting a lack of ankle plantar-flexion to produce push-off during late stance [20]. In addition

the intact and prosthetic sides exhibit an asymmetrical gait pattern [20]. The knee joint torque

has been reported to change noticeably from able-bodied data during stance phase, however little

difference was found during swing phase [21]. Furthermore, the hip joint kinetics also show changes

with respect to able-bodied people however the changes were less severe than that of the knee joint

[20]. At the same time knee or hip kinematics had little differences with those of able-bodied control

subjects [20]. In contrast, for running gait it has been shown that the hip or knee joint torque

or power changes very noticeably (see e.g. [22]). As seen in Fig. 1.6, there is a significant ankle

power difference between the affected and unaffected sides during powered plantarflexion in walking.

Furthermore, the results of the research in this field are also dependent on the type of the passive

prosthetic foot [23].

To overcome some of the problems regarding the passive feet and returning back the normal function

of the ankle joint, in recent years, researchers have begun to develop active (powered) foot prostheses

for the amputees. In the next subsection, some of theses efforts are mentioned.



Chapter 1. From Bio. to Mech. Foot 9

1.2.2 Powered ankle prostheses

To improve the amputees’ locomotion ability, research has been done for the application of pow-

ered prosthetics for the lower extremities. In an early attempt [24] an artificial pneumatic muscle

called McKibben actuator was used to develop a powered ankle-foot prosthesis. So far, however, its

capacity to improve amputee gait compared to conventional passive-elastic prostheses has not been

demonstrated.

To enhance the gait characteristics of the lower extremity amputees, different active (powered)

prosthetic devices are currently under development to increase the mobility of the amputees [25–27].

With these prostheses/orthoses that are designed to mimic the behavior of human leg joint (e.g.

ankle and/or knee), a more natural, symmetric, and consequently, less energy consuming gait for

the amputees is envisioned.

Different research groups around the world (the pioneers are located in the US) are active in this

field. New generations of powered prosthetic devices together with lightweight, energy storing elastic

elements and efficient mechanisms have been designed and built [25–27]. At MIT, researchers devel-

oped the iWalk PowerFoot One series that uses a DC motor together with springs [25]. A prototype

of this active foot is shown in Fig. 1.8.

Figure 1.8: The active foot iWalk developed by MIT researchers (early version).

The MIT researchers used the CoT (cost of transport) to show the effectiveness of their robotic

prosthesis in comparison to passive ones. They measured the oxygen consumption and carbon

dioxide production to prove the improvements.

At Arizona State University, the Sparky series was developed which uses the robotic tendon and

is equipped with a DC motor and a spring to provide the required ankle power and torque during

locomotion. The Sparky prototype is shown in Fig. 1.9. In comparison to MIT foot it uses a less

stiff spring.
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Figure 1.9: The SPARKy (Spring Ankle with Regenerative Kinetics) robot. This design uses a
DC motor with a spring [28].

Researchers at Vanderbilt University, have developed a powered ankle and knee prosthesis for trans-

femoral amputees as shown in Fig. 1.10. They have also produced a commercial version of it

which is called self contained powered ankle and knee prosthesis. This device operates with the

onboard battery. It is shown in Fig. 1.10A. Other than using a DC motor to actuate the joints, they

developed also another version of the active prosthesis that uses pneumatic actuators (Fig. 1.10C).

Goldfarb (Vanderbilt University) has also developed an ankle prosthesis with a different type of

power source. This powered ankle is called ”Rocket Powered Prosthetic Ankle”. A figure of which

is shown in Fig. 1.11.

The rocket powered prosthesis uses monopropellants as an energy medium to power the prosthetic

device. Monopropellants are so-called because they do not need to be mixed with other gases to

be used as fuel, only requiring a bit of catalyst to decompose. The second major development in

this new prosthetic foot is the sleeve muscle actuator (Fig. 1.11). This actuator, powered by the

monopropellant, is smaller, more powerful, and weighs less than a comparable electric motor [29].

No further information was published up to now for the experiments with an amputee.

In the fields of orthotics and exoskeletons, some prototypes are also developed by different groups.

Examples of knee-ankle orthoses and ankle orthoses with artificial hydraulic or pneumatic muscles

are shown in Figs. 1.12 and 1.13.
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Figure 1.10: The self contained (A, untethered ), tethered (B) and pneumatic (C) powered ankle
and knee prosthesis developed by researchers at Vanderbilt University (US) [27].
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Figure 1.11: The Rocket powered prosthetic foot developed by Goldfarb from Vanderbilt University
(US) [29].

Figure 1.12: (A): Portable powered ankle-foot orthosis. Rotary actuator is powered with a com-
pressed carbon dioxide (CO2) bottle worn by subject on waist [30], (B) photograph of the electro-
hydraulic anklefoot orthosis [31].

Figure 1.13: (A) An ankle-foot orthosis with an artificial pneumatic plantar flexor muscle. (B) A
knee-ankle-foot orthosis with artificial pneumatic muscles providing flexion and extension torque at
each joint. Plastic tubes provide compressed air to the artificial muscles from an external air source
[32].
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1.3 The aims of this study

There exist two main questions related to the currently developed powered ankle prostheses. The

first is the actuation scheme (parts and the assembly) and the second is the control structure (the

way they recognize different locomotion types and finally perform a desired motion).

1.3.1 The actuation scheme

1.3.1.1 The components used in current powered ankle prostheses and their configu-

rations

Most of the powered ankle prostheses developed so far in different groups use a spring arranged in

series (e.g. Figs. 1.9,1.10) to a DC motor. When a spring is in series to the motor this actuation

arrangement is called SEA (series elastic actuation) concept. This concept is shown in Fig. 1.14.

A main question arises here as why a spring and motor and why SEA configuration? In order to

investigate on this question a main effort in this thesis is devoted for this purpose.

Motor

xg

Fm Fank
Ks

x
n xs

nut

Figure 1.14: Scheme of the series elastic actuator (SEA), the dashed line shows the internal force.

1.3.1.2 Alternative actuation schemes

One of the main questions of this thesis is how we can reproduce human-like locomotion by means

of a mechanical device i.e. a robotic ankle that could emulate the function of the lost biological foot.

To construct such a robotic prototype, a model of the biological system (i.e. the musculo-skeletal

structure) is required and next, we need to know the requirements of that robotic system.

As for the muscle structure, most muscle models are based on the early works of Hill [33]. In

his studies, Hill concludes that muscle has elasticity, damping and activation characteristics. In a

mechanical system that would be translated into an arrangement of spring, damper and motor (as

a power source).

The models that inspired the work of this thesis are based on the muscle models that Durfee et al.

[34] and Günther et al. [35] used in their studies. Those muscle models are shown in Figs. 1.15 and

1.16 respectively. Similar models are used also in other studies. A main difference between Fig. 1.15
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and 1.16 is that in Fig. 1.16 a series damping element (DSE) is also included. The authors claim

that this would reduce high frequency oscillations [35].
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Figure 1.15: Muscle Model from Durfee et al. [34], Xmt: length of muscle-tendon unit, CE=
Contractile Element, AE= Active Element, PE= Passive Element, SE= Series Element, SEE=
Series Elastic Element, PEE= Passive Elastic Element.
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Figure 1.16: Muscle Model from Günther et al. [35], CE= Contractile Element, SEE= Series
Elastic Element, PEE= Passive Elastic Element, SE= Series Element, PE= Parallel Element, DPE=
Parallel Damping Element, DSE= Series Damping Element.

Comparing Fig. 1.15 and Fig. 1.14, we see that the SEA concept is a simplified configuration

of the more comprehensive model presented in Fig. 1.15. Figs. 1.15 and 1.16, show that more

detailed muscle models could be used in powered ankle prostheses. In the following chapters, we

will investigate whether or not being more detailed would bring more benefits in comparison to SEA

concept.

What does more benefit mean here? A desirable feature of a powered prosthetic foot is the low

energy consumption and also low power requirement. Lower power and energy requirement would

lead to smaller motor and battery. Hence, making it possible to increase the performance capacity

of the active device with a lower weight.

It will be investigated in this thesis to consider the effects of the actuator components (i.e. springs,

dampers and motors) and their configurations (i.e. the way they are arranged) on power and energy

requirement in powered ankle prostheses. It is of interest to know which actuation mechanism

would have the least requirements. This thesis shows the components of the robotic mechanism and

the configuration of the parts are important design factors. This information is fundamental for

designing novel prosthetic systems.
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From mechanism point of view, another desirable feature of a powered ankle prosthesis could be the

variability and adaptivity of its components (spring and damping) for different tasks and objectives.

It would be of interest to have a compact mechanism that could change the stiffness or damping

characteristics (such as biological muscle) for different locomotion types. Some groups have suggested

mechanisms for changing the spring stiffness [36, 37], however, integrating such mechanisms in a

compact prosthetic system requires more considerations. It depends on the designer to decide for

the complexity and versatility of the device.

In the next section, I will describe some other desirable characteristics of an actuator for application

in powered prosthetics.

1.3.1.3 Actuator properties

As the robotic ankle (the mechanical prototype) should be similar in function to the biological

ankle-foot complex, it is required to characterize the desired features of the biological actuators (i.e.

muscles) and their important properties. In Tab. 1.4, some important actuator characteristics that

should be considered for design of active ankle prostheses are summarized.

Table 1.4: Some important criteria for the selection of actuators in powered prosthetics

Performance Characteristics

Max. Force (Torque)
Max Velocity
Max. Power
Power-to-Mass (or even volume) ratio
Torque-to-Mass ratio
Efficiency
Components Variability

In this respect, some of the properties of the mammalian skeletal muscles are shown in Tab. 1.5.

Table 1.5: Some of the properties of the mammalian skeletal muscles [38]

Property Typical Maximum

Strain (%) 20 >40
Stress (MPa) 0.1 0.35
Work Density (kJ.m−3) 8 40
Density (kg.m−3) 1037 -
Specific Power (W.kg−1) 50 284
Efficiency (%) - 40

In Fig. 1.17 the skeletal muscle structure is shown. A skeletal muscle is a bundle of parallel muscle

fibers held together by connective tissues [39]. Nerve fibers, blood and lymphatic vessels weave their
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way throughout the whole muscle. The connective tissues at the ends of each muscle fiber join

together to form the whole muscle tendon which in turn connects the muscle to the bone. The force

generated by muscle fibers is transmitted via the tendon to the bone where it appears as a torque

about a joint [39]. If the joint torque generated by a muscle is greater than opposing torques (which

may result from external loads or from opposing (antagonist) muscles) then the limb will rotate

about the joint. Thus contraction of muscles produces angular displacements of limbs about joints

[38].

Figure 1.17: The skeletal muscle structure [39], A. Each muscle connects to the bone via a tendon
or aponeurosis. B. Within the muscle, the fibers are bundled into fascicles. C. Each fiber contains
myofibril strands that run the length of the fiber. D. The actual contractile unit is the sarcomere.
Many sarcomeres are connected in series down the length of each myofibril. Muscle shortening occurs
in the sarcomere as the myofilaments in the sarcomere, actin, and myosin slide toward each other.

Muscle does not surpass artificial actuators in any single aspect (for example continuous power to
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mass is an order of magnitude lower than that of an internal combustion engine) [38]. However there

are a number of attractive design features that could be utilized to great advantage [38].

For example, force can be regulated by controlling the number of the fibers that are activated in

parallel (Fig. 1.17), a process known as recruitment [38]. This regulation of force, enables efficiency

to be optimized over a wide range of loads and contraction velocities, in addition enabling control

of acceleration and force. The control of force is made more effectively by the fact that inactive

muscle fibers are relatively low in stiffness, and therefore do not require significant forces to strain.

In current actuator technologies there is little ability for such structural adaptivity [38].

In addition, the ability to change stiffness is also important in control strategies. For example, in

catching a ball, a too stiff arm will lead to a large (painful) impulse as the ball makes contact, and

provides less time to grasp the ball before it bounces back. A very compliant arm will not be able

to stop the ball. The optimum stiffness needs to be adapted to the ball mass and velocity. Such

stiffness control can be emulated in artificial actuators by fast feedback control, but at the expense

of added complexity and will only work if the actuator bandwidth is sufficient [38].

1.3.1.4 Power source for a powered ankle prosthesis

The power source in an active ankle prosthesis could be a DC motor (e.g. Figs. 1.8, 1.9, 1.10),

pneumatics (e.g. Fig. 1.12A), hydraulics (e.g. Fig. 1.12B) or other sources (e.g. Fig. 1.11). In Tab.

1.6, the advantages and disadvantages of different actuation types used in robotic applications are

compared.

Table 1.6: Advantages and disadvantages of robot actuators (hydraulic, DC motors and pneumatic)

Hydraulics DC Motors Pneumatics

• good for large robots • usually for all sizes of robots • usually for light applications
• high power-to-weight ratio • good for high precision • low pressure compared to

applications hydraulics
• leaking is a problem • does not leak. good for everyday • no leaks, but noises

applications
• require pump, reservoir, motor, • reliable, low maintenance • require air pressure, filter
hoses, etc

Because of the desirable characteristics of DC motors mentioned in Tab. 1.6, in this thesis, I will

replace CE (Figs. 1.15 and 1.16) with a DC motor for modelling purposes to represent the power

source.

Other types of power sources can also be found in the literature like polymer gels [40], shape mem-

ory alloys (SMAs) [41, 42] or electroactive polymers [43]. Among the most successful polymer

gels, is Polyvinyl Alcohol-Polyacrylic Acid (PVA-PAA), which when suitably treated, using water
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(to produce dilation) and acetone (to produce contraction), replicates on a macroscopic scale the

chemical-mechanical energy conversion cycle of organic muscle [40].

The SMA approach was used to develop an active ankle foot orthosis (AAFO) [41]. However, the

relatively slow response rate of this kind of actuator (∼ 0.25 Hz) and the mechanical inefficiencies

that result from poor conversion of thermal energy into mechanical energy (approximately 2-3%) are

significant disadvantages that limit the function of this kind of actuator for application in prosthetics

and orthotics [41]. The electroactive polymer approach was used to build a swimming robot. However

it is reported that this kind of actuation might not be agile enough [43].

1.3.1.5 Over-actuation

The main foot plantarflexors are Soleus (SOL) and Gastrocnemius (GAS). As shown in Fig. 1.1,

in human lower extremity the two muscles (actuators) contribute to foot plantarflexion. This phe-

nomenon that different leg muscles collaborate with each other to perform a certain motion is called

over-actuation3.

To the best of author’s knowledge, no publication has been reported for bi-articular powered ankle

prosthesis. A main question for the bi-articular device is the method for force distribution between

the actuators.

In this thesis, this topic will be addressed by considering a powered SOL and passive GAS. The

target, as previously mentioned, is to investigate the effects of mono- and bi-articulation on the

power and energy requirement in an active foot prosthesis.

1.3.2 Control structure

The human lower extremity, its function and the way different parts are cooperating together is still

in question. From control perspective the important questions related to the active foot prostheses

are (1) the gait recognition and (2) the gait transition strategies. In addition, other control issues

such as motor position control could be also important4.

We may note that those afore-mentioned control objectives are not the only requirements. They

were mentioned, because at first, the robotic system must perform acceptably for certain conditions

like locomotion on level ground or stairs. However, for outdoor locomotion, it is required that the

robotic foot reacts in addition, very well to the obstacles or terrain uncertainties. The balance and

stability of the amputee user is a key objective in powered foot prostheses.

3Over-actuation is the situation in which two or more actuators are controlling a joint.
4However, for the case that a DC motor is used it might not be a severe problem. For the case of a pneumatic

actuator this could be a problem because of the compressability of the gas.
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The control target in an active ankle prosthesis is to create ankle motions that follow the kinetics

and kinematics of an able-bodied person, improving the amputee’s locomotion in a safe and robust

manner.

By gait recognition, it is meant to develop methods to identify the type of the user’s gait. Whether

he/she is running, walking, jumping, etc. Then, we should know the speed and the gait percent (or

gait phase) of that specific locomotion, so that a desired motion for the drive (e.g. a DC motor) is

provided based on that gait, speed and gait percent.

Unfortunately, an algorithm that could predict all of the humans’ motions correctly has not yet

been developed. Currently developed methods mostly rely on the kinematics and kinetics of human

gait. One of the main drawbacks is the existence of overlap in kinematics and kinetics of human

locomotion in different types of locomotions. Overlap means that there are gaits and speeds whose

kinetics or kinematics pattern are quite similar to each other. Hence making it hard to distinguish

between different motions easily and accurately. Different groups active in this field have used some

algorithms to classify human locomotion. However, all of them are designed for some types of

locomotions (e.g. [44]) and still not really in real world applications completely foolproof and robust

even for those specific applications ([45] reports chattering and delays in gaits and gait transitions).

The authors in [46] mention a gait detection procedure based on phase plane invariants. They use

the shank angular velocity and angle to identify the speed and the gait percent. However in practice,

there are some limitations. For example this method could not be used for different people with a

single reference data. Each individual requires its own set of references. In addition it works for some

speeds and is not a universal method. However for normal walking and running speeds it operates

acceptably.

Establishing reference data from different kinematics and kinetics variables (ankle angle, knee angle,

GRF (Ground Reaction Forces), angular velocity and accelerations of the joints) and comparing

it with real time sensor data is another method [47]. This algorithm uses the minimum difference

between the measured data and the reference data to identify in which mode the user is moving.

However chattering between different modes of locomotion is also reported [47]. In another attempt

impedance control was used to control the active ankle prosthesis [44]. They used finite state

machines to determine the mode of the locomotion and then based on force control algorithms or

impedance control sent the necessary commands to the motor.

Other intent recognition methods could be also used in powered foot prostheses. One method is to

use EMG (elctoymyography) signals [48]. Surface EMG signals, for example, are used to extract

command signals from the muscles in residual limbs. Then signal processing is started to send

meaningful commands to the actuator. In [49] the authors use a biomimetic EMG-controller that

worked based on muscle modelling. They used a bi-linear muscle model that had elasticity and

damping characteristics. Given EMG signals and the corresponding desired ankle-foot trajectory,
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they estimated the values (e.g. damping, stiffness) using optimization procedures. In the same study

the authors used neural networks to produce desirable ankle angles. The inputs and output of the

network were pre-processed EMG signals from the residual muscles and the estimated ankle position

respectively. These methods were used for swing phase control (position control mode). No further

information was provided for a real time experiment with an active ankle prosthesis.

In addition, some methods used the state of the sound leg and provided control command for the

impaired one. This is called echo control approach [50]. For example, Ossur’s PowerKnee uses a

similar approach called sound side sensory control (SSSC) [51]. In this method the affected leg always

has the commands that are one step behind. This might cause problems for real world applications.

In [52] the authors used a trajectory tracking controller for an active orthosis actuated by an SEA.

The gait pattern was generated by a polynomial fit of a normal-gait pattern and was a function

of the stride time. The system measured the duration between two heel strikes and fed it into the

polynomial function accordingly.

Muscle reflexes could also be used for closed-loop feedback control of ankle dynamics that could

potentially adapt to different speeds. Models controlled with only local reflexive feedback loops are

able to produce walking simulations that qualitatively agree with human gait dynamics and muscle

activations [53, 54]. This purely feedback-based approach has been applied to a powered anklefoot

prosthesis to control it as if it were driven by a human muscle with a local force feedback reflex [55].

This system exhibited slope-adaptive behaviour but the use of a force-feedback reflex alone, without

parameter interventions, did not result in the biological trend of increasing net ankle work across

speed [53, 56].

In general, the control structure for active foot prostheses could be divided to two main categories:

the master and the slave controller (Fig. 1.18). The master controller is in charge of recognizing

the gait and the transition between the gaits. The slave controller is used to send appropriate

corresponding signals to the drive. The slave controller in this work could be a proportional-derivative

(PD) controller. Other methods like Jacobian control, impedance control, force control and hybrid

position-force control could also be used. In Fig. 1.18 a schematic view for the control structure is

shown.

Drive Controller Drive

Gait Recognition

Measured values
from sensors

Desired values

Gait Transition

master

slave

Figure 1.18: A proposed control structure for a powered ankle-foot prosthesis.
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In this thesis, novel approaches will be suggested for the gait recognition. To do that, the method

presented in [46] will be improved and in addition, another method will be suggested for the gait

recognition based on the nearest neighborhood concept (distance between the sensor data and the

reference data).

In the next section, the robotic foot prosthesis PAKO that is developed in Lauflabor Locomotion

Laboratory will be described. Research and laboratory tests are currently being done on this robot.

1.4 PAKO: the Powered Ankle Knee Ortho-prosthesis

In order to investigate more on the actuation mechanism for a powered foot prosthesis and locomotion

control, the PAKO platform is developed in Lauflabor (LL) locomotion laboratory. PAKO stands

for Powered Ankle Knee Ortho-prosthesis.

1.4.1 Key mechanical features

The PAKO platform is shown in Fig. 1.19. The word Ortho is used because the user would wear

the robotic foot and it surrounds his/her shank and foot. The word prosthesis is used since it has a

prosthetic foot which is used to emulate the function of the biological foot of an able-bodied person.

The robotic prosthesis is designed in a way that it can be used by an able bodied person. This

eliminates the need for doing the experiments with a real amputee. In order to achieve this goal, a

whole shank case is used to fix the shank and the foot of the subject to the robot structure. Also,

the thigh of the subject is fixed to the thigh case (Fig. 1.19).

With the help of the thigh case, it is intended to improve the overall control of the robot by the

user. Also, at this part, a second actuator could be installed in the future for doing experiments

on bi-articular actuators to investigate the function of knee joint and GAS in walking and running.

With this type of design it is not necessary to do gait experiments with a real amputee. In order to

get symmetric gait with the system, two PAKO systems for the two legs are used.

PAKO is built on aluminum frame and the thigh and shank case are made out of carbon fiber. The

dimensions of the structure are shown in Fig. 1.19A. To transfer the motor rotation to the spring,

the motor is coupled to a ball screw. In addition, security dampers are used at the upper/lower

limits of the ball screw nut in order to guarantee the safety of the robot. No gears are used as they

reduce the system efficiency. The foot is a commercial OttoBock 1H38 prosthetic foot.

As shown in Fig. 1.20, by rotating CW/CCW (clockwise, counter-clockwise) the disc-like parts

(enclosed by the red rectangle) one can move them upward/downward and hence manipulate the

stiffness of the spring by changing the number of the active (engaged) coils. Note that the stiffness
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Figure 1.19: A) The CAD view with dimensions B) The constructed robotic prosthesis PAKO I.

and the number of the active coils of a spring are related to each other by

K =
G d4

8 Na D3
(1.1)

in which K is the stiffness of the spring, G is the shear modulus, d is the diameter of the wire used

to build the spring, Na is the number of the active coils and D is the diameter of the spring coil.

The advantage of this mechanism is that it can be used in the same robotic system for different gaits

analyses, without disassembling/assembling different springs. Also no sensor will be manipulated.

In the current version, the spring stiffness is changed manually. It could be possible to change the

stiffness automatically by an additional motor, which could be a continuation to this project. In

chapter 2, it would be explained in detail why such a mechanism was used in PAKO.

1.4.2 Key sensor and electronics features

1.4.2.1 Sensors

The following sensors are implemented within each PAKO robot: (1) two sensors placed on the ball

of the foot (near the joint), for measuring ground reaction forces (GRF) normal to the transverse

and frontal planes (2) motor encoder (3) two proximity sensors for lower/upper end positions of the
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softer spring

stiffer spring

Figure 1.20: The number of the active coils and therefore the stiffness of the spring changes by

rotating the two disk-like components enclosed by the red rectangle .

nut for the safety of the design and homing procedure (4) the SEA force sensor (5) gyro sensor and

acceleration sensor for the shank angular motions (6) knee angle sensor and (7) ankle angle sensor.

1.4.2.2 Control software

The software used for control and programming of the PAKO robot is called TwinCAT (The

Windows Control and Automation Technology). This software is used in industry and works

based on the principle of PLCs (programmable logic controllers). The language used for writing the

program is ST (structured text). The communication of the electronics is via EtherCAT technology

using RJ45 connection. The TwinCAT software is developed by Beckhoff company. The amplifiers

are from ELMO Motion Control. The power supply supports the motors with 48 V and 32 A output.
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1.5 Thesis outline

Chapter 2 describes the series elastic actuator (SEA) which is widely used in compliant actuators.

I start from a biological perspective of muscle design and map that morphology into a mechanical

system that governs an active ankle prosthesis. A main effort would be given to determine the

required motor power and energy to perform human-like walking and running. Then the focus will

be on the actuator inefficiencies, and the ideal power and energy requirement will be compared with

that of the more realistic power calculations.

In chapter 3, the search for alternatives of the SEA concept will be continued. Like before, the

inspirations are based on biology. The parallel elastic elements will be focused on to see if those

structures could be used in active ankle prosthesis to reduce power and energy requirements in

comparison to SEA concept.

In chapter 4, a new perspective for design of active ankle prostheses is opened up by considering

the application of a damper in such systems. Gaits like walking, negotiating up and down the stairs

will be in concentration since they are encountered frequently in daily life. It will be investigated

whether it is useful to have a damper in active ankle prostheses and if so, what kind of configuration

is suggested for such a design.

In chapter 5, the muscle assembly in human lower extremity is taken into account. There are

two main muscles in charge of human foot motion which are Soleus and Gastrocnemius. It will

be investigated how this configuration in biology could be copied into a mechanical system (i.e.

an active ankle prosthesis) to reduce its power and energy in comparison to the case when just a

mono-articular system (like Soleus) is used.

In chapter 6, results of the experiments with the mechanical prototype PAKO are shown and dis-

cussed. The experiments are done on a treadmill in our lab. Different controllers will be implemented

and their results will be compared. In addition different methods for gait recognition strategies are

discussed.

In chapter 7, final conclusions about a compromise design for active foot prostheses are made.

In addition the control concepts that could be further developed are discussed and new ideas are

suggested for more adaptive and human-like robotic prosthetic ankle. In addition, suggestions are

made to improve the current design of PAKO platform (also in chapter 6).



Chapter 2

Series Elastic Actuation (SEA):

Inspiration from Biology Pays

2.1 Introduction

The muscle models shown in Figs. 1.15 and 1.16 are quite comprehensive, and from a technical

point of view, relatively difficult to implement in an active foot prosthesis (due to the high number

of components that would be required for the final prototype, the system could not be compact and

light weight). In this chapter, it will be investigate how those models could be simplified while still

be effective for application in active foot prostheses.

2.2 Biological basis

Muscle models in Figs. 1.15 and 1.16 could be highly simplified to just a motor unit (or CE

contractile element). Such a structure is called a direct drive (DD) system. In another approach, we

could allow one spring in series with CE. This structure is known as series elastic actuator (SEA)

[57]. Apparently, having a spring in series with motor unit is not too complex, however the benefits

of such structure is extensively discussed in the robotics literature. These actuation concepts (DD

and SEA) are schematically shown in Fig. 2.1.

2.3 Compliance

For an SEA structure (Fig. 2.1), the equivalent stiffness Keq is obtained by

1

Km
+

1

Kse
=

1

Keq
(2.1)

25



Chapter 2. Direct Drive versus Series Elastic Actuation 26
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Figure 2.1: The concepts of direct drive (DD) and series elastic actuator (SEA). These models are
simplified versions of the muscle models presented in Chapter 1, Xmt: length of muscle-tendon unit,
CE= Contractile Element (resembling a motor unit), AE= Active Element, PE= Passive Element,
SE= Series Element, SEE= Series Elastic Element, PEE= Passive Elastic Element, DPE= Parallel
Damping Element.

(where Km is the stiffness of motor), consequently an immediate conclusion is that

1

Keq
>

1

Km
=⇒ Keq < Km (2.2)

or the SEA system is more compliant (softer) than DD. This feature has many advantages in robotic

systems. First, it increases the robotic system’s capabilities for interacting with the environments.

As an active ankle prosthesis has contact with the surface of the ground, the performance of the

system on different surfaces would be better than the case of a stiff actuator (DD) is used. Second,

its influence on the actuator’s power density (power/mass [W/kg]) is noticeable. This feature will

be talked more in the following sections. The spring has the capability to store energy slowly, and to

release it quickly. This catapult effect could be used in active ankle prosthesis. This could remove

some of the workload from the motor side.

2.4 Application of DD and SEA concepts in active foot prosthesis

In design of active ankle prostheses, different issues could be taken into account. These issues vary

from mechanical to control aspects. From the construction point of view, these robotic systems

should be compact with as low as possible requirements. To achieve this goal, a main interest would

go toward power and energy considerations. As said before, other objectives could also be taken into
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account, however finding a way to reduce power-energy requirements in such systems is a desirable

approach. Therefore, In this section we will investigate the required power and energy of DD and

SEA actuation mechanisms in active ankle prosthesis.

A mechanical prototype could be designed by putting a motor (e.g. a DC motor) in place of CE

(compare Fig. 2.1 vs 2.2b) and using a transmission mechanism to convert the rotary motion of motor

into linear motion (e.g. a ball screw [58]). In Fig. 2.2a schematic view of the active ankle prosthesis

together with the model of SEA actuator is shown. For walking 1.6 m/s the ankle angle and torque

are shown in Fig. 2.3. This graph is shown to give an overview of the kinetics and kinematics pattern

of ankle joint for a normal walking speed [5]. The ankle torque Tank is converted to ankle force
A
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Figure 2.2: Schematic view of (a) the powered ankle with dimensions used for calculations and (b)
model of series elastic actuator [26]. For calculation purposes, the ankle angle is the angle between
shank and foot [5].

Fank using lever arm and system geometry (Fig. 2.2a). The length xg (Fig. 2.2) is calculated based

on ankle angle [5] and geometrical dimensions shown in Fig. 2.2a.

The transmission used in powered ankle prostheses is mainly ball screw [25, 59, 60]. Therefore the

following calculations are related to this type of mechanism. The required motor power Pm for SEA

is obtained by the multiplication of the motor force Fm (or equivalently ankle force Fank) and (ball

screw) nut velocity ẋn [58]

Pm = Fm · ẋn (2.3)

according to Fig. 2.2b

xg = xs + xn (2.4)



Chapter 2. Direct Drive versus Series Elastic Actuation 28

0 10 20 30 40 50 60 70 80 90 100
100

110

120

130

140

A
n
k
le

 a
n
g
le

 [
]°

0 10 20 30 40 50 60 70 80 90 100
-0.2

-0.15

-0.1

-0.05

0

0.05

Gait percent [%]

A
n
k
le

 t
o
rq

u
e
 [
N

m
/k

g
]

graphs for walking 1.6 m/s

p
u
s
h
-o

ff

stance swing

Figure 2.3: Ankle torque (Tank) and angle graphs for walking 1.6 m/s [5].

where xs is the actual length of the series spring. On the other side,

Fm = Ks∆xs (2.5)

∆xs = l0s − xs (2.6)

where Ks and l0s are the stiffness of series spring and its free length respectively. Using Eqs. 2.4-2.6

the nut velocity ẋn is obtained as

xn = xg +
Fm

Ks
− l0s =⇒ ẋn = ẋg +

Ḟm

Ks
(2.7)

according to Eq. 2.3, the motor power Pm is

Pm = Fm (ẋg +
Ḟm

Ks
) (2.8)

note that as the spring is in series with motor, Fm and Fank are similar (from value point of view).

Human ankle power can be both negative and positive [5] (the required motor power with that of

biological ankle will be compared later in this chapter). When it is negative, a resistance motion is

applied to the ankle, and when it is positive, a propelling motion is applied [5, 59]. A motor unit

cannot typically provide negative power [58, 59], as a result it must provide power to both resist and

propel human motion [58, 59]. Therefore, the absolute value of power requirement is considered.

Consequently, the required energy is

Em =

∫
|Pm| dt (2.9)
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the integration is over a gait cycle (Tab. 2.1, [5]).

Table 2.1: Main features of ankle kinematics and kinetics for normal level walking [5]

gait type
max. biological max. torque range of stance until speed cycle time
power [W/kg] [Nm/kg] motion (ROM) [◦] [%] [m/s] [sec]

Level walking 3.2 -1.53 105-133 65 1.6 m/s 0.98

In Eq. 2.8, the required motor power Pm is dependent on spring stiffness Ks. Values of Fm and

xg are obtained by human ankle data [5] and geometrical dimensions of the actuator (Fig. 2.2).

Thus, stiffness Ks becomes the only parameter that would influence the required motor power. In

simulation, for spring stiffness a range of 1kN/m to 500 kN/m (1 kN/m step size) was considered.

As previously mentioned, it is desirable to minimize power and/or energy requirements in an active

ankle prosthesis. For each value of Ks, the required motor (peak) power was obtained based on Eq.

2.8. Then the results were compared and then the Ks value that resulted in minimum peak power

(PP) or energy (ER) requirement was selected. A same method and range was used to determine

minimum ER requirement.

2.5 Power and energy requirements in DD and SEA actuators

To compare the motor peak power and energy requirements between different active ankle actuation

concepts shown in Fig. 2.1, the biomechanics data of human ankle are required. Experiments on

human walking and running (each at 5 different speeds) were performed with 21 healthy subjects

(Tab. 2.2) on an instrumented treadmill equipped with 3D force sensors (Kistler, 1000Hz) [5]. Joint

kinematics were recorded using high speed infra-red cameras (Qualisys, 240Hz). Joint torques were

calculated by inverse dynamics [9].

Table 2.2: Experimental and subject characteristics (mean ± std) [5]

number age body body speeds
of subj. [yrs] height [m] mass [kg] [m/s]

21
25.4 1.73 70.9 0.52, 1.04
± 2.7 ± 0.09 ± 11.7 1.6, 2.07, 2.6

2.5.1 Approach for minimum PP requirement

In this approach, the results for the minimum required PP and their corresponding energy require-

ments are shown in Fig. 2.4 for a wide range of walking and running speeds and comparatively
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for SEA and DD concepts. As it is seen, using a spring in series with motor obviously pays. The

required motor PP in the SEA concept are less that of the corresponding DD concept for all speeds.

This result could be expected because SEA structure is an inspiration from biology and it is more

analogous to the muscle structure than DD. That is a good reason to use such an actuation scheme

for active ankle prostheses.

Table 2.3: The obtained optimal stiffness values to minimize motor peak power requirements at
different walking and running speeds (see also [61])

Gait Walking Running

Speed [m/s] 0.5 1.0 1.6 2.1 2.6 0.5 1.0 1.6 2.1 2.6

Stiffness [kN/m] 78 61 80 115 143 70 74 77 77 77

As seen in Fig. 2.4, noticeable reduction of power-energy requirement in an active ankle prosthesis is

possible because of the series elasticity. In normal walking (1.6 m/s), for SEA concept, the minimum

PP and its corresponding ER requirement reduced about 58% and 26%, respectively, in comparison

to DD (Fig. 2.4).

The corresponding stiffness values that minimize PP requirement are shown in Tab. 2.3.

2.5.2 Approach for minimum ER requirement

The results for minimum ER requirements and their corresponding power requirements are shown

in Fig. 2.5 for walking and running speeds. As seen in this figure, for the normal walking speed (1.6

m/s) the minimum ER requirement was reduced by 28% in comparison to DD. In comparison to

minimum PP approach, it reduced 2% (compare Fig. 2.4 vs Fig. 2.5 for this speed). At the same

time, the corresponding power requirement reduced 54% in comparison to DD and increased 4% in

comparison to the minimum PP approach.

However, we may note that in minimum PP approach, for all speeds, the PP and ER requirements

of SEA were less than DD concept. But, in minimum ER approach, for fast walking (2.6 m/s) such

a trend is not observed (see Fig. 2.5).

The corresponding stiffness values that minimize ER requirement are brought in Tab. 2.4.

2.5.3 Minimum PP requirement versus minimum ER requirement

As shown in Figs. 2.4 and 2.5, the power requirement in minimum PP approach is less than minimum

ER approach, however its corresponding energy requirement is slightly higher than the minimum

ER approach. Therefore, selecting the stiffness based on minimum PP approach could be a logical
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Table 2.4: The obtained optimal stiffness values to minimize energy requirements at different
walking and running speeds

Gait Walking Running

Speed [m/s] 0.5 1.0 1.6 2.1 2.6 0.5 1.0 1.6 2.1 2.6

Stiffness [kN/m] 66 94 73 59 40 71 77 78 76 76

way for design of active foot prosthesis. Consequently, the results of this approach (i.e. minimum

PP approach) will be given more attention from this section on.

2.6 Why series elasticity is effective?

2.6.1 Nut velocity

In the previous section we saw that the power requirement of an SEA is less than DD concept.

As the name implies, series elasticity can not change the force pattern of motor in SEA concept in

comparison to DD. According to Eq. 2.3, the only candidate that could have influence on motor

power, would be the nut velocity (or equivalently motor velocity). During push-off period (e.g. 50-

60% of the gait cycle) the nut velocity in SEA concept is less than DD to perform a same task (e.g.

normal walking 1.6 m/s). This is shown on Fig. 2.6.

During push-off period (∼ 50%-60%) the motor velocity in the SEA is less than DD concept. This is

because the potential energy that is stored gradually in spring is released abruptly for push-off time.

As a result, the motor could be in a more relieved condition. That is also seen from the velocity

graphs in Fig. 2.6.
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Figure 2.6: Comparison of calculated nut velocity (motor velocity) in DD and SEA concepts,
approach for the minimum PP requirement (walking 1.6 m/s)
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2.6.2 The catapult effect of spring

According to Fig. 2.7, spring stores nearly 13.4 J of potential energy during loading for walking 1.6

m/s (positive section of the spring power curve (green), the figure for changes of the spring length

is not shown). The time span for this period is about 0.47 sec (0-48% of the gait, it is obtained

based on the kinematics data [5]). The motor and spring graphs are for the minimum PP approach.

Therefore, the average spring power for this period would be ∆W
∆t = 28.5 W. In contrast, the average

spring power for release section (negative section of the spring power curve (green), nearly 0.15 sec,

49-65%) is about 89.3 W. This result shows that the release of spring energy was faster than its

storing. It shows the catapult behavior of spring.
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Figure 2.7: Comparison of motor (blue), spring (green) and ankle joint (red) power in SEA concept,
minimum PP approach, walking 1.6 m/s.

Another point, is that the spring plays a key role in providing most of the required peak power in

push-off period (during 52-56% of the gait cycle, Fig. 2.7, the total required power is the ankle joint

power shown by the red curve). That is why the motor is required to contribute less to provide the

rest of the required push-off power (compare motor power and ankle joint power for this period in

Fig. 2.7).

2.7 Walking versus running

Looking at Fig. 2.4, in normal walking (1.6 m/s) the ratio of motor PP with respect to ankle joint

power (the biological power) is nearly 0.42 (or equivalently 42%). In normal running (2.6 m/s) this

ratio is 36%. The rest of the required power to produce biological ankle power is provided by the

series spring (for both cases). In this manner, the role of series spring is larger in running (64%)

than in walking gait (58%).
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On the other hand, in Fig. 2.8 the ankle joint power for normal walking and running are shown. In

Fig. 2.8, we see that the amount of negative work (stored energy) in the ankle joint for running is

nearly 0.41% of the positive work (21.68J
52.58J ). For this speed, the negative section is shown with light

blue and the positive section with dark blue.

On the other side, for normal walking speed, this percentage is 0.25% (Fig. 2.8). The negative and

positive sections are shown with light and dark green respectively.
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Figure 2.8: Comparison between negative and positive work in biological ankle joint in normal
walking (1.6 m/s, light/dark green) and running (2.6 m/s, light/dark blue), graphs based on angle
and torque data from [5] for a 75 kg person.

Here, we use the term springy gait. The more this percentage gets close to 100%, the more the

gait could be springy meaning that the stored and released energy are close to each other. In this

respect, that running speed could be considered more springy than walking.

In the next section, we consider the force-displacement curves of walking and running gaits. We

will investigate the relation between the obtained stiffness values (Ks) and the slope of the force-

displacement curves of the biological ankle joint.

2.8 The stiffness values

In this section, we study the relation between the stiffness values seen in Tab. 2.3 and the force-

displacement curves for the corresponding speed. To do that, this curve is shown for running 2.6

m/s in Fig. 2.9. As seen, the slopes of the loading (red) and unloading (green) phases are different

from the corresponding obtained value observed in Tab. 2.3. However, an average of them (the

mean stiffness) is close to the value seen in Tab. 2.3.
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This could show that for this speed the optimization found the best average value of the slopes (note

that slope of a force-displacement curve represents stiffness).

The force-displacement curves for walking 1 m/s and 1.6 m/s are shown in Fig. 2.10. In these

cases, the corresponding stiffness values in Tab. 2.3 are close to the slope of the loading section. For

example looking at Fig. 2.10 for walking 1 m/s the slope of the curve is ∆F
∆x = (1280−67)

(0.0175+0.0025) ' 60
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kN/m which is close to the obtained value in Tab. 2.3. Furthermore, for walking 1.6 m/s the slope

is nearly (1444+70)
(0.0164+0.0020) ' 82 kN/m which is again close to the value seen in Tab. 2.3.

2.9 From waking to running

In Tab. 2.5 the amount of negative, positive and net ankle joint work during a gait cycle is shown

for different walking and running speeds.

As seen in Tab. 2.5, until 1.6 m/s, the net work Wnet in walking is less than in running for each

speed. However, for 2 m/s and 2.6 m/s, this paradigm changes and the net work Wnet in walking is

higher than that of the corresponding running speed. It could mean that at this speed, the person

might change the gait from walking to running as it costs less energy for him/her.

Table 2.5: The negative W−, positive W+ and net work Wnet in the human ankle joint for different
speeds in walking and running, data for a 75-kg person, based on data from [5].

Gait Walking Running

W [J] W− W+ Wnet W− W+ Wnet

0.5 [m/s] -10.7602 8.8599 -1.9003 -35.9805 40.6595 4.6790
1 [m/s] -9.5361 14.7168 5.1807 -31.8395 45.1267 13.2872

1.6 [m/s] -5.2120 22.0956 16.8836 -23.3410 44.7223 21.3813

2 [m/s]* -3.2407 33.7240 30.4833 -20.3062 47.6461 27.3399
2.6 [m/s] -3.4312 40.8698 37.4386 -21.5873 52.6611 31.0738

2.10 Minimum PP and ER requirement in SEA

Eq. 2.8, shows that a spring stiffness could be found such that it minimizes the maximum required

power (i.e. PP). Fig. 2.11 actually shows that such a stiffness value exists that would minimize PP

or ER requirement (graphs are for normal walking 1.6 m/s).

The minimum PP and its corresponding ER together with minimum ER and its corresponding PP

values are also shown in this figure (compare with Tab. 2.3 and 2.4, see also Figs. 2.4 and 2.5).

Note that in case of very high stiffness values the required PP or ER will converge to that of the

DD actuation concept.

In Fig. 2.12 the required power in SEA and DD concepts are shown for a gait cycle (walking 1.6

m/s). As it is seen to produce a push-off power of 3.20 W/kg, a peak power of 1.34 W/kg is required

in SEA concept1. Thus, a power amplification of 2.38 is predicted.

1However, note that a biological peak power does not necessitate a motor peak power at the same gait percent, see
the green dashed line (i.e. the push-off time) in Fig. 2.12.
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Figure 2.11: Required peak power (A) and the corresponding energy requirement (B) with respect
to spring stiffness (graphs for walking 1.6 m/s).

0 10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

2

2.5

3

3.5

X: 45
Y: 1.348

Gait percent [%]

R
eq

ui
re

d 
P

ow
er

 [W
/k

g]

X: 55
Y: 3.209

SEA
DD
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2.11 One stiffness for all gaits

According to Tab. 2.3 or Fig. 2.13 (shown by squares) the optimal stiffness value for each speed is

different from other speeds. This might pose a problem when it is necessary to construct a prosthesis

with constant stiffness. Because, not having an optimal stiffness value would result in the increase

of power requirement as shown in Fig. 2.11. To solve this problem, one approach could be to find

out which spring stiffness would result in a minimum sum of the peak power for all (walking and/or

running) speeds. The sum of the minimum peak power of all walking speeds is 8.44 W/kg (Fig.

2.13).

The procedure to find the minimum sum was

min(
5∑

sp=1

PKs
max, sp) for Ks = 1 ... 200 kN/m (2.10)
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Figure 2.14: Sum of the required max. power for different walking speeds (in SEA actuation
concept) with respect to spring stiffness (derived from Fig. 2.13).

For each stiffness in Fig. 2.13, there are five PP values. These values are summed up and then for

a range of 1-200 kN/m, the stiffness with the minimum sum was found. The result is shown in Fig.

2.14.

The result of this approach is shown in Fig. 2.14 for walking. It was found out that there is a region

in which the sum of peak power for all speeds (at each stiffness) is minimum. As shown in Fig. 2.14



Chapter 2. Direct Drive versus Series Elastic Actuation 40

20 40 60 80 100 120 140 160 180 200
0

1

2

3

4

5

6

7

8

9

10

Spring stiffness [kN/m]

M
a

x
. 

R
e

q
u

ir
e

d
 P

o
w

e
r 

[W
/k

g
]

0.5 m/s

1 m/s

1.6 m/s

2 m/s

2.6 m/s

Running

Figure 2.15: Required max. power in SEA actuation concept with respect to spring stiffness and
different walking speeds, see also Tab. 2.3.

20 40 60 80 100 120 140 160 180 200
5

10

15

20

25

30

X: 77
Y: 11.11

Spring stiffness [kN/m]

S
um

 o
f M

ax
. R

eq
ui

re
d 

P
ow

er
 f o

r a
ll 

ru
nn

in
g 

sp
ee

ds
 [W

/k
g]

Running

Figure 2.16: Sum of the required max. power for different walking speeds (in SEA actuation
concept) with respect to spring stiffness (derived from Fig. 2.15).

this minimum is 9.50 W/kg and the stiffness range is nearly 82-115 kN/m (red line). However, as

higher walking speeds are not common in human walking (see e.g. Tab. 2.5), a stiffness value of 82

kN/m is preferred which is in the vicinity of the stiffness value for normal walking speed of 1.6 m/s

(see Tab. 2.3 and Fig. 2.13).

A same procedure was used for the running gait (Fig. 2.15). The result is shown in Fig. 2.16. As
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Figure 2.17: Sum of the required max. power for different walking and running speeds (in SEA
actuation concept) with respect to spring stiffness (derived from Fig. 2.13 and 2.15).

seen for this gait, there is an optimal stiffness (77 kN/m) which minimizes the sum of the required

peak power to 11.1 kN/m.

In continuation, by adding the curves for both walking and running gaits (Figs. 2.14 and 2.16) we

can design a powered ankle that operates close to optimal condition for all walking and running

speeds with a corresponding stiffness of 77 kN/m. The result is shown in Fig. 2.17.

2.12 Stiffness changes w.r.t. body mass (for PP approach)

In Tab. 2.6 the changes of the required spring stiffness with respect to body mass are shown (for

PP approach). As seen the higher the body mass, the higher the spring stiffness.

Table 2.6: Changes of the required spring stiffness with respect to body mass (for minimum PP
approach).

Gait Walking Running

Speed [m/s] 0.5 1.0 1.6 2.1 2.6 0.5 1.0 1.6 2.1 2.6

75 kg 78 61 80 115 143 70 74 77 77 77
Stiffness [kN/m] 100 kg 105 81 107 153 191 94 99 103 103 103

125 kg 131 101 134 192 238 117 124 129 129 129

Stiffness/BodyMass [kN/(m.kg)] 1.05 0.81 1.07 1.54 1.90 0.94 0.99 1.03 1.03 1.03

In addition it is seen that for higher running speeds the spring stiffness are very close to each other.

The reason is that the slope of the angle-torque curve is very similar for these speeds. Furthermore,
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for a specific speed, the ratio of stiffness and body mass is approximately constant (last row in Tab.

2.6).

2.13 A more realistic model for power-energy requirements

The required motor power presented by Eq. 2.3 does not provide a realistic estimation for motor

requirements. The inefficiencies of different parts in a robotic system increase the power-energy

requirement in real world. In this section, we bring some of these factors into consideration and see

their effects on the total power requirement. The required torque of a motor is dependent on its

rotor inertia and external load (in brushless motors the friction is considered negligible). The motor

torque is

Tm =
FmL

2πηscr︸ ︷︷ ︸
external load

+ Jmθ̈m︸ ︷︷ ︸
rotor inertia

(2.11)

where L and ηscr are the screw lead and efficiency respectively [58] and Jm is the (motor) rotor

inertia and θ̈m is the motor angular acceleration. Fm is the motor force and is related to spring

stiffness by Eq. 2.5. Motor angular velocity (or acceleration) could be obtained through [58]

θ̇m =
2π

L
ẋn (2.12)

The ball screw efficiency is usually high (nearly 80%-90%, different manufacturers’ catalog). This

efficiency could be used for calculations or in a more detailed approach one can use [58] (this efficiency

is used when the load and motion are in opposite direction)

ηscr =
L

2πr

2πr − µL
L+ 2µπr

(2.13)

where r and µ are the screw radius and coefficient of friction respectively [58]. The required electrical

motor power Pme is

Pme = Vm Im (2.14)

where Vm and Im are the motor voltage and current respectively. According to the motor model

seen in Fig. 2.18,

Vm = Lmİm +RmIm +Kv θ̇m (2.15)

where Lm, Rm and Kv are the motor inductance, resistance and velocity constant factors. According

to the different manufacturers, the inductance of their DC motors could be assumed to be negligible

(see ThinGap or Maxon motors). Therefore, it can be neglected from Eq. 2.15.

Furthermore, motor current Im is dependent on motor torque Tm by

Tm = Kt Im (2.16)
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Figure 2.18: A model of DC motor, V relates to the power supply.

where Kt is the torque constant of the motor.

Based on Eqs. 2.14, 2.15, 2.16 the required electrical motor power is

Pme = (Rm
Tm
Kt

+Kv θ̇m)
Tm
Kt

(2.17)

This is a compressed form for expressing the motor power calculation. It should be noted that,

considering Eq. 2.11 through Eq. 2.16, Eq. 2.17 includes the spring stiffness as an optimization

variable as stated in Eq. 2.5. The procedure for finding the minimum value of Pme is similar to the

ideal case without system inefficiencies and inertia which was discussed in previous sections.

In order to compare the more realistic calculated power Pme with the ideal one Pm, we compare the

power requirements for three cases: (1) the case system is ideal (2) the case there is Maxon RE40

and (3) when there is ThinGap BL2320 as power source in the system. The power is calculated for

normal walking (1.6 m/s). The motor properties are summarized in Tab. 2.7. The ThinGap motor

is used for the PAKO platform. The Maxon motor was used in [25].

Table 2.7: Properties of Maxon RE40 and ThinGap TG2320 Motors together with ball screw
parameters

type 1Maxon RE40 ThinGap BL2320

Jm [kg.m2] 1.39e-5 1.64e-4
Kt [Nm/Amp] 0.060 0.035
Rm [Ω] 1.16 0.31
2Kv [V/(rad/s)] 0.060 0.036

L [mm] (ball screw) 2 2
ηscr [%] (ball screw) 80 80

1 data for 48 V (in Maxon motor catalog)
2 Kv and Kt values in DC motors are quite similar

The required motor PP and the corresponding ER requirement for the Maxon and ThinGap motors

are shown in Tab. 2.8. The corresponding obtained optimal stiffness values are also seen in the same

table.
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Table 2.8: Required motor PP for Maxon and ThinGap motors (approach: minimum PP, walking
1.6 m/s)

Motor 1Ideal Maxon RE40 ThinGap BL2320

PP [W/kg] 1.34 3.73 88.02
2ER [J/(kg.m)] 0.177 0.64 8.27
Ks [kN/m] 80 48 34

1 see also Fig. 2.4
2 the corresponding ER

Table 2.9: The effects of system parameters (for Maxon RE40) on required motor PP and optimal
stiffness (approach: minimum PP, walking 1.6 m/s)

Case
required PP change w.r.t previous change w.r.t previous change w.r.t corresp.

[W/kg] PP [W/kg] PP [%] ideal PP [%] Stiffness [kN/m]
1Rm=0 Ω, Jm=0 kg.m2 ηscr 1.68 2 0.34 +25 +25 80
Rm=0 Ω Jm,ηscr 2.93 1.25 +74 +119 44
Rm,Jm,ηscr 3.73 0.8 +27 +178 48

1 It means only screw deficiency ηscr is considered
2 w.r.t ideal (1.34 W/kg), see also Tab. 2.8

In Tab. 2.9 the effects of different system inefficiencies on power increase are brought in order to

show the individual effect of each parameter with respect to the ideal power. Tab. 2.9, shows that

system parameters influence the peak power requirements.

As seen in Tab. 2.9, the rotor inertia has played a key role in determination of the spring stiffness.

The optimization process has found a spring stiffness to reduce the effects of the rotor inertia. This

is shown in Fig. 2.19. The required power to overcome inertia is Jmθ̈mθ̇m and θ̇m is related to ẋn

by Eq. 2.12 (accordingly the second derivative is also related).

2.14 Working region

Using Eq. 2.15 for constant voltage Vm operation

Vm = RmIm +Kv θ̇m ⇒ θ̇m =
Vm
Kv
− Rm.Tm
Kv.Kt

(2.18)

for the case that Tm = Tstall it could be assumed that θ̇m = 0 and hence Vm = Rm.Tstall
Kt

. Therefore

Eq. 2.18 could be re-written as

θ̇m =
Rm

Kv.Kt
(Tstall − Tm) (2.19)

Rm.Tstall
Kt.Kv

could be used as an estimation for motor no-load velocity (in Maxon motors). According

to Eq. 2.19, motor velocity θ̇m is a function of motor torque Tm. The Eq. 2.19 is used to depict
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Fig. 2.20. In Fig. 2.20, the nominal working condition (nominal torque-velocity) of Maxon RE40

and the required working condition for this motor are shown.
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(blue, minimum PP approach), together with torque-velocity line for this motor (according to Eq.
2.19).

As it is seen in Fig. 2.20 in some parts of the gait cycle the operation of the motor would be out

of the nominal working conditions. However it is still under the extreme condition imposed by the
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torque-velocity line. Nevertheless, we investigate the heating issue in the motor. In the next section,

a thermal model of motor is presented and the effects of motor working in areas outside of the normal

region will be investigated.
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Figure 2.21: The required motor angular velocity and torque to perform walking 1.6 m/s, together
with the curves for required motor power for RE 40 and the ideal required motor power (graphs for
minimum PP approach).

In Fig. 2.21, the motor angular velocity and torque are shown for Maxon RE40 for walking at 1.6

m/s. In addition, the required motor power in this case is compared with that of the ideal motor.

As observed, for the mid to late stance, the motor is working outside the rated power which is 150

W. Furthermore, after 60% (swing phase) there is high power demand, that is mainly due to the

inertia of the rotor (in the swing phase the velocity of motor changes direction at high acceleration,

due to this matter power loss due to inertia is noticeable).

2.15 Motor temperature

In this section we investigate the motor temperature changes in case the motor is working outside

nominal conditions (w.r.t speed and torque). Based on first law of thermodynamics energy does not

vanish it just gets converted to other forms. In this case the electric energy is converted into heat.

The thermal energy that is produced by resistance for a time period ∆t is

QR = RmI
2
m∆t (2.20)
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In heat transfer the phrase thermal resistance is usually used to create a connection between electrical

and thermal science. Based on analogy between thermal and electrical circuits (see heat transfer

textbooks for more information), similar to electrical circuits we can define a thermal resistance

Rth. In electrical circuits the current flow I is related to the resistance R and electrical potential

difference ∆V by I = ∆V
R . Using this analogy, we could conclude that qth = ∆T

Rth
that relates the

temperature difference, the thermal flow qth and thermal resistance Rth to each other. This notion

is used for the following discussion.

According to the first law of thermodynamics and using Fig. 2.22 the energy balance for the rotor

is

rotor

RthTr Ts

C

I
2

m mR t

r Cs

r
Rth Ts

stator

Figure 2.22: A thermal model for motor. Tr: rotor temperature, Ts: stator temperature, Rthr:
rotor-stator thermal resistance, Rths: stator-environment thermal resistance, T∞: environment tem-
perature, Cr: rotor thermal capacity, Cs: stator thermal capacity.

RmI
2
m ∆t− Tr − Ts

Rthr
∆t− Cr ∆Tr = 0 (2.21)

or in differential form

RmI
2
m −

Tr − Ts
Rthr

− Cr
dTr
dt

= 0 (2.22)

in which Tr and Ts are the rotor and stator temperatures respectively. Cr is the (thermal) heat

capacity of the rotor.

according to Fig. 2.22, the energy balance for stator could be

Tr − Ts
Rthr

∆t− Ts − T∞
Rths

∆t− Cs ∆Ts = 0 (2.23)

a differential equation could be also extracted from Eq. 2.23. The environment temperature T∞ is

taken 25◦C.

the simulation was done in Matlab and Simulink. According to Fig. 2.21B, the highest motor torque

(or equivalently current) would be nearly 0.6 Nm (walking 1.6 m/s). In this case, the highest power

dissipation in the form of heat happens. Assuming that this maximum heat production is permanent

(i.e. for a wide temporal interval this maximum amount of heat is produced), the worst scenario

for the rotor temperature is simulated (estimated). The necessary parameters for calculations are

obtained from Maxon catalog RE40 (see appendix A).
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In Fig. 2.23, the simulation result for the changes of rotor temperature Tr with respect to time is

presented (walking at 1.6 m/s). According to the Maxon catalog, the highest permissible temperature

for rotor is 155◦C. Fig. 2.23 indicates that under that afore-mentioned operation condition the rotor

temperature would reach 155◦C after 36 seconds.
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Figure 2.23: Change of rotor temperature with respect to time (graph for the worst case scenario,
the necessary parameters for calculations are obtained from Maxon catalog RE40, see appendix A).

As seen in Fig. 2.21B, for the most part, the torque (or equivalently current) is not close to the

maximum value for this walking speed (1.6 m/s). For this walking speed, when a mean value of

motor torque was used for the simulation (0.2 Nm), the results showed that the rotor temperature

does not reach the maximum permissible temperature of 155◦C.

2.16 Motor control

To regulate motor position, a PD controller could be used. Eq. 2.7 gives a basis to obtain the

desired values for motor position and velocity to be used for creating the command signal. This will

be further discussed in chapter 6.

2.17 Other optimization approaches

2.17.1 Variables other than power-energy

It should be noted that other variables like motor velocity θ̇m or motor acceleration θ̈m could be

also considered as objective function for optimization. The procedure could be to minimize the
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motor velocity and/or acceleration (e.g. to minimize θ̇m.θ̈m). However minimizing power-energy

requirements is a method that implicitly includes both of the variables.

2.17.2 Other optimization methods

In order to obtain the optimal stiffness values (e.g. Tab. 2.3), the required relations were programmed

in Matlab. However other methods could be also available using the Matlab’s Optimization Toolbox.

For example, Genetic Algorithm (GA) was also used for searching the optimal stiffness values. For

walking 1.6 m/s, for instance, the optimal stiffness predicted by GA was 80.233 kN/m. This is close

to the one seen in Tab. 2.3.

2.18 Summary

In this chapter, the following issues were discussed and found:

1. Inspired from muscle-tendon unit (MTU), using spring in series with a motor is useful for reducing

the power and energy requirement in active ankle prostheses.

2. The modelling shows for each speed and gait there is a unique spring stiffness that minimizes

peak power (PP) or energy (ER) requirement.

3. Choosing a motor mostly depends on the working condition (gait, speed, age, sex). However,

motor and mechanical parameters of the robotic prosthesis noticeably change the PP and ER re-

quirement.

4. A thermal modelling of the rotor was used in order to analyze the temperature behavior of the

motor for a severe case of continuous maximum load. It was shown, for the worst case scenario,

the motor could not be under load for a wide temporal interval. However, for working in average

condition, the motor could be used for a wide temporal interval.



Chapter 3

Alternative Actuation Approaches:

Parallel Elastic Element (PEE)

3.1 Introduction

In Chap. 2, the effectiveness of SEA mechanism for reducing peak power (PP) and energy (ER)

requirement was shown in comparison to direct drive (DD) approach. The idea was based on the

biological muscle-tendon unit that benefits from series elastic element (SEE). Looking at Figs. 1.15

and 1.16, it is seen that the muscle model, has also elastic element in parallel with the contractile

element (i.e. motor). This parallel elastic element (PEE) is the main concentration of this chapter.

The focus would be what kind of advantages it might have for active ankle prosthesis especially in

terms of PP-ER requirement.

SEA can reduce PP-ER requirement since the motor velocity can be reduced in comparison to direct

drive (DD). Here, we investigate if adding PEE could lead to a mechanism that could be even better

than SEA mechanism1. In the following chapters, the introduced actuation mechanisms will be

compared with SEA which was already shown to be a good candidate for active foot prostheses (see

Chap. 2).

3.2 Muscle model, use of parallel elastic element (PEE)

Looking at Figs. 1.15 and 1.16 in Chap. 1, and focusing on SEA structure (Fig. 2.2), a mechanism

based on the SEA concept with additional parallel elastic element (PEE) could be configured as

shown in Fig. 3.1.

1A part of this chapter was published in IEEE International Conference on Robotics and Biomimmetics [61], and
IEEE International Conference on Robotics and Automation [62].

50
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Motor

xg

Fm
Fank

Ks

Kp

Fp

x
n

x
s

Figure 3.1: SEA+PS concept, PS could be in compression and/or elongation mode, PS: Parallel
Spring, Ks: stiffness of series spring, Kp: stiffness of parallel spring.

This mechanism is called SEA+PS (Fig. 3.1) to show that this mechanism is a continuation of the

SEA concept with an added PEE component (PS: Parallel Spring). Another similar configuration is

a PEE that operates just in elongation mode and can only produce pulling forces. This mechanism

is called SEA+UPS (UPS: Unidirectional Parallel Spring) and is shown in Fig. 3.2.

Motor

xg

Fm

Fank

Ks

Kups

Fp

x
n xs

Figure 3.2: SEA+UPS concept, UPS could produce force only in elongation mode, UPS: Unidi-
rectional Parallel Spring, Kups: stiffness of unidirectional parallel spring (it acts like a non-linear
spring).

The difference between these two configurations and its effect on PP-ER requirement will be discussed

in the following sections.

3.3 Compliance

In order to investigate more comprehensively the effects of parallel elasticity (PS and UPS) we

consider also the DD+PS and DD+UPS concepts (DD: Direct Drive). These concepts are shown in

Fig. 3.3. In SEA+PS and SEA+UPS concepts there is elasticity in series with the motor. These

systems could be considered compliant. However, in DD+PS and DD+UPS concepts, the spring

is in parallel with motor, which has a high stiffness value. These systems could not be considered

compliant compared to SEA+PS or SEA+UPS concepts. Therefore, for applications in active ankle

prosthesis, this must be taken into consideration. Nevertheless, as it will be shown later, these

concepts have relatively better results than DD concept in terms of reduction of PP-ER requirement

(for some speeds they are even better than SEA concept).
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Figure 3.3: DD+UPS (A) and DD+PS (B) concepts.

3.4 Power-Energy requirement

In Fig. 3.4, schematic views of several active foot prostheses with PEE (parallel elastic element) are

shown.

UPSX
g

Parallel Spring

ankle
angle

Motor

0.44 m

0.13m

0.
08

5m

(A) (B) (C) (D) (E)

connection
to shank

ball screw
and nut

lever arm

Figure 3.4: Schematic view of the active foot actuation concepts: SEA (A), SEA+PS (B),
SEA+UPS (C), DD+PS (D), DD+UPS (E). M: Motor, PS: Parallel Spring, UPS: Unidirectional
Parallel Spring, for xg see also Figs. 3.1-3.3.

For each of these actuation candidates, the power and energy requirement will be investigated and

compared for a wide range of walking and running speeds (0.5, 1, 1.6, 2.1, 2.6 m/s). First, the

underlying calculations are discussed and then the results are shown and explained.

3.5 Computation of power and energy requirement

Assuming an ideal motor and transmission, the required motor power is obtained by the multipli-

cation of the motor force Fm and (the ball screw) nut velocity ẋn (Eq. 2.3) [58]. The SEA concept

decreases ẋn in comparison to DD (Fig. 2.6), however, intrinsically has no influence on the motor

force Fm. As the required motor torque Tm is also proportional to Fm [58], consequently, the values

of Tm in SEA are the same as DD.
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In addition to peak power and energy, the required peak torque could cause challenges for the motor

in design of active ankle prostheses (having a small motor with high rated torque and low inertia).

In Fig. 3.5, it is shown that ankle peak torque and power occur almost closely to each other (late

stance 49-55%, walking 1.6 m/s, [5]).

In order to improve the SEA characteristics for motor peak torque reduction, one approach could

be to use the PEE component to reduce some of the load on the motor and share the force.
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Figure 3.5: Peak power and torque in ankle joint (walking 1.6 m/s, [5]).

According to Fig. 3.1, the motor force (Fm) and parallel spring (PS) force (Fp) contribute to produce

the ankle force Fank

Fank = Fm + Fp (3.1)

Fp could be written as

Fp = Kp ·∆xp (3.2)

∆xp = l0p − xg (3.3)

l0p is the free length of the parallel spring. For a motor-ballscrew drive, the required motor power

Pm is calculated as [58]

Pm = Fm · ẋn (3.4)

ẋn is the nut velocity and Fm is related to Kp by

Fm = Fank −Kp ·∆xp (3.5)

on the other side, to calculate ẋn, we use the series spring stiffness Ks

Fm = Ks∆xs (3.6)

∆xs = l0s − xs (3.7)
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where l0s is the series spring free length. According to Fig. 3.1

xg = xs + xn (3.8)

which results in

xn = xg +
Fm

Ks
− l0s ẋn = ẋg +

Ḟm

Ks
(3.9)

using Eqs. 3.4,3.5,3.9, the motor power Pm is

Pm = (Fank −Kp(l0p − xg))(ẋg +
Ḟm

Ks
) (3.10)

Eq. 3.10 shows that Pm is related to Kp, Ks and l0p. Other variables (e.g. xg) are calculated based

on human ankle data [5] and geometrical dimensions of an actuation design shown in Fig. 3.4. For

each gait and speed, the power and energy (integral of power over time) requirement were calculated

using Eq. 3.10 for each [Kp,Ks,l0p] combination. The stiffness range for Ks was from 1 kN/m to 600

kN/m and for Kp it was from 1 kN/m to 90 kN/m (1 kN/m step size). The free length of parallel

spring l0p was considered from 0.390 m to 0.500 m (1 mm step size). The values of required motor

peak power and energy were computed for all [Kp,Ks,l0p] combinations and then compared, and

finally, the minimum values of PP and ER were identified.

The selected range for l0p is based on the length of xg as shown in Fig. 3.6. The length l0p was

selected to be in the vicinity of the length xg. In addition, l0p values below 0.390 m increased the

PP considerably. Therefore, those ranges were not considered for the calculations.
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Figure 3.6: The actuation length xg in walking and running gaits (0.5 m/s - 2.6 m/s), calculated
based on the geometry (Fig. 3.4) and data from [5], see Figs. 3.1-3.3 for xg.
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For SEA+UPS concept (Fig. 3.2, 3.4c), the UPS comes into action only if xg is higher than the free

length of UPS (l0p). If it is shorter, there will be no UPS force. Therefore, Eq. 3.5 changes to

Fm =

{
Fank −Kups ·∆xups if xg > l0p

Fank if xg < l0p
(3.11)

all other equations mentioned above are also applied to the SEA+UPS concept.

For DD+UPS or DD+PS concepts Eq. 3.10 reduces to

Pm = (Fank −Kp(l0p − xg))ẋg (3.12)

the required energy Em is the integral of power over a gait cycle. The required stride time for each

speed and gait is obtained from [5] (see also Tab. 1.1).

3.6 Results

The results for the minimum required motor peak power (minimum PP) and the corresponding

Kp-Ks-l0p values are shown in Fig. 3.7 and Tab. 3.1. Accordingly, the results for minimum energy

requirement (minimum ER) and their corresponding Kp-Ks-l0p values are summarized in Fig. 3.8

and Tab. 3.2 respectively.

3.6.1 Approach for minimum required peak power (minimum PP)

3.6.1.1 General comments

In this approach, the minimum peak power (PP) requirement and their corresponding energy re-

quirement (ER) are shown in Fig. 3.7. The results will be compared with respect to the SEA concept

which was discussed in Chapter 2.

As it is seen in Fig. 3.7, for all gaits and speeds, using a PS or UPS can reduce the PP requirement in

comparison to SEA. Only in running at 0.5 m/s the required PP of DD+PS and DD+UPS increased

slightly in comparison to SEA. As pointed out in Chapter 2, the DD (Direct Drive) design required

more PP in comparison to SEA (Fig. 2.4), however DD+PS and DD+UPS (adding a PS or UPS

to DD) can reduce the PP requirement even in comparison to SEA (for slow running 0.5 m/s it

increased slightly, Fig. 3.7).

The corresponding ER requirement, however, increased nearly for all speeds and reduced only in

slow walking (0.5 and 1 m/s) and running (0.5 m/s, SEA+UPS) in comparison to SEA.
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For this approach, the [Kp,Ks,l0p] values are shown in Tab. 3.1. The Kp values are put between

parentheses. For all speeds and gaits, the stiffness values of PS and UPS are less than their corre-

sponding series stiffness. For some cases, the PP-ER requirement and the [Kp,Ks,l0p] values in PS

and UPS are similar. In these situations, PS and UPS are equivalent i.e. PS operates like a UPS.

For some cases the SEA+PS and SEA+UPS have similar results (e.g. walking 2, 2.6 m/s), however,

in some other cases SEA+UPS has a better performance in terms of energy requirement (e.g. running

0.5, 2, 2.6 m/s and walking 0.5, 1, 1.6 m/s). For DD+UPS and DD+PS a similar trend is seen.

Except for walking 2-2.6 m/s (that the results are similar) for other speeds the DD+UPS has a

better performance than DD+PS in terms of ER reduction.

The results from gaits (two gaits), speeds (5 speeds) and actuation concepts (5 concepts) are com-

prehensive. Going into detail for every case would exceed the scope of this thesis. Therefore, we

focus on two case studies. In addition, the walking gait will be considered and the UPS will be in-

vestigated as previously some benefits of UPS were identified. Furthermore, although DD+UPS had

good performance, it will not be taken into consideration, because this concept has high stiffness and

its disadvantages are more than its advantages and as the active foot prostheses is under recurring

walking/running impact forces it can not be as suitable as SEA+UPS actuation. Therefore, we will

compare SEA+UPS with SEA for walking at 0.5 m/s, where it had a better performance for PP and

ER reduction, and walking 1.6 m/s, where the required PP was reduced however ER requirement

increased in comparison to the SEA.

3.6.1.2 Case study: walking 0.5 and 1.6 m/s, SEA+UPS vs. SEA

In walking at 0.5 m/s (Fig. 3.9), the required peak motor force in SEA+UPS is much lower than

that of SEA. That could explain why the required PP in SEA+UPS is lower than SEA (Fig. 3.7,

3.9C1). From Fig. 3.9A1, we see that in some part of the swing phase, after approximately 80%

of the gait cycle, the motor in SEA+UPS, loads the UPS. This is a reason why unlike the SEA

power curve in C1, the SEA+UPS power curve is higher. To do this, the motor requires energy.

However, as seen in C1, the area under power curve of SEA+UPS is less than SEA. Therefore, in

total, the ER requirement in SEA+UPS is less than SEA. For the velocity curves (B1), in push-off

region (nearly 50-70%) the motor velocity in SEA+UPS is higher than SEA, however, as force was

effectively reduced, this did not result in power increase as seen in C1.

In walking at 1.6 m/s (Fig. 3.9), the motor force in SEA+UPS has a smaller peak than SEA (Fig.

3.9A2). On the other hand, the motor velocities for the two concepts are not very different from

each other (B2). Therefore, the peak power in SEA+UPS is less than that of SEA (C2). However,

as seen from A2, for a large part of the gait cycle (approx. 1-20% and then 58-100%) the motor

uses force for the loading of UPS in SEA+UPS. This operation increases the power requirement in



Chapter 3. Alternative Actuation Approaches: PEE 60

0
1
0

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

1
0
0

-1
5
0
0

-1
0
0
0

-5
0
00

5
0
0

Motor force [N]

S
E

A
+

U
P

S

S
E

A

0
1
0

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

1
0
0

-0
.3

-0
.2

-0
.1

0

0
.1

Nut velocity [m/s]

0
1
0

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

1
0
0

0

1
0

2
0

3
0

4
0

Power [W]

G
a
it
 p

e
rc

e
n
t 
[%

]

0
1
0

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

1
0
0

-1
5
0
0

-1
0
0
0

-5
0
00

5
0
0

0
1
0

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

1
0
0

-0
.4

-0
.2

0

0
.2

0
.4

0
1
0

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

1
0
0

0

5
0

1
0
0

1
5
0

G
a
it
 p

e
rc

e
n
t 
[%

]

W
 0

.5
 m

/s
W

 1
.6

 m
/s

(1
)

(2
)

(A
)

(B
)

(C
) F
ig
u
r
e
3
.9
:

C
om

p
ar

is
on

of
ca

lc
u

la
te

d
m

ot
or

fo
rc

e,
ve

lo
ci

ty
a
n

d
p

ow
er

b
et

w
ee

n
S

E
A

a
n

d
S

E
A

+
U

P
S

a
ct

u
a
ti

o
n

co
n

ce
p

ts
,

fo
r

w
a
lk

in
g

0
.5

a
n

d
1
.6

m
/s

,
ap

p
ro

ac
h

:
m

in
im

u
m

re
q
u

ir
ed

P
P

.



Chapter 3. Alternative Actuation Approaches: PEE 61

these sections (C2) and consequently requires energy. This can explain the higher ER requirement

in SEA+UPS than the SEA concept (Fig. 3.7).

3.6.2 Approach for minimum required energy (minimum ER)

3.6.2.1 General comments

For this approach, the minimum ER requirement and the corresponding PP requirements are com-

paratively shown in Fig. 3.8 for different actuation concepts, speeds and gaits. The Ks-Kp-l0p

values are shown in Tab. 3.2. Mainly in slow walking and running speeds, the ER requirement of

SEA+PS or SEA+UPS is reduced in comparison to SEA. The DD+UPS concept required less ER

(than DD+PS) for all speeds and gaits, however at the same time the corresponding PP was higher

(except for walking 2.6 m/s).

In general, this approach had little advantage for construction of an active ankle prosthesis, because

for the normal to fast speeds, the ER requirement in those concepts are not less than SEA. On the

other hand, the corresponding PP requirement in PS/UPS concepts increased in comparison to SEA.

Generally speaking, not an obvious reduction of ER was observed in comparison to the SEA concept

(unlike minimum required PP approach in which for nearly all speeds the required PP reduced in

comparison to the SEA).

3.6.2.2 Design considerations in minimum ER approach

As already mentioned, the minimum ER approach is not suitable for the construction of active ankle

prosthesis (when talking about adding a PEE to SEA). However looking at Fig. 3.8, one might ask

e.g. for running 2.6 m/s why the result of SEA+UPS did not converge to an SEA case. Because it

seems that the ER requirement is the same as SEA however the corresponding PP is higher. It should

be mentioned that, although the ER requirement seems the same, the precise Matlab results are not

the same. In this case, the ER requirement in SEA+UPS is 0.2172 J/(kg.m) and for SEA it is 0.2177

J/(kg.m). This difference is barely visible in Fig. 3.8. However, when we look at the corresponding

PP requirement for SEA+UPS it is 4.8789 W/kg and for SEA it is 3.2896 W/kg. Because of this

very small reduction of ER, the software has found this result for the PP requirement.

This small reduction of ER can not mean that SEA+UPS is preferred in comparison to SEA. These

issues must be taken into account for the design and construction of powered prosthetic devices.

In summary using a UPS (or even a PS) could be promising. However, the ER requirement needs

to be investigated so that the reduction in PP requirement is not with the cost of a high increase in

ER requirement.
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3.7 General comment for design and construction

Looking back to Tab. 3.1 or 3.2, it is seen that the stiffness of parallel elastic element (PEE) is

not the same for different speeds and gaits. A similar observation was found for spring stiffness

in SEA (see section 2.11). Although some designs for variable stiffness are available [36, 37], the

application of such mechanisms for a compact and light-weight active ankle prosthesis needs further

investigation.

3.8 Summary of the chapter

Peak power, peak torque and energy requirement are amongst the important design features for

powered ankle prostheses. Application of series elastic actuators (SEA) can reduce peak power and

energy requirement by reducing motor speed in comparison to a Direct Drive (DD, see Chapter 2).

To enhance the SEA concept, in this chapter, a PEE (parallel elastic element) was added to SEA.

The PEE could be in two design formats: (1) it could push and pull and (2) it could only pull. For

the first case the PEE is called parallel spring (PS) and for the second case it is called unidirectional

parallel spring (UPS).

The motor peak power (PP) and energy (ER) requirement were investigated and compared these

two objectives for different active actuation concepts such as SEA, SEA+PS, SEA+UPS, DD+PS

and DD+UPS. For the minimum motor peak power requirement, we found that the PEE is useful

for reducing the PP in comparison to SEA. In addition, DD+PS and DD+UPS required less PP

in comparison to DD (Direct Drive) and SEA. It was also found that the performance of UPS was

slightly better than PS in terms of reducing the corresponding ER requirement. It is more obvious

between DD+UPS and DD+PS concepts. The results also show that the PEE increases the ER

requirement in comparison to SEA.

For the minimum energy requirement, however, it was found that PEE is playing a minor role in

normal to fast gaits. The advantage was present in slow walking. Therefore, this approach can not

be suitable for design of active ankle prostheses.

Having a PEE is useful for PP reduction, however, at the same time, a closer look into ER require-

ment must be done to guarantee a suitable design (for both PP and ER requirement).

Like SEA concept, the spring stiffness in PEE was not similar for different speeds and gaits. For a

final construction it is recommended to investigate the specific needs of the amputee and select an

optimal value for spring stiffness so that the power and energy requirements of the robotic ankle are

minimal.



Chapter 4

Alternative Actuation Approaches:

Damping Effects

4.1 Introduction

In Chapter 1, it was seen that the muscle model has also damping components (Figs. 1.15 and

1.16). Based on some studies this damping feature could be in series [35] or in parallel [34] with

the contractile element (a motor). In this chapter, we will investigate whether a damping element

could have advantage for peak power (PP) or energy (ER) reduction in active ankle prosthesis.

Besides level ground locomotion, we also consider stairs ascending and descending. These types of

locomotion are important as they are encountered in daily life. As contractile element, spring and

damping is considered in this chapter, considering level walking, ascending and descending the stairs

is also useful.

We will compare the introduced actuation mechanisms with respect to SEA mechanism. Based on

the results of Chapter 2 and 3, although SEA system is a very simplified version of muscle model

presented in Chapter 1 (Figs. 1.15 and 1.16), it is still an effective design approach at least for

human locomotion on level ground.

A main finding of this chapter is that the stiffness is a required part of active foot prosthesis. In

contrast, damping shows task specific behavior1.

1A part of this chapter was published in IEEE International Conference on Rehabilitation Robotics, Seattle USA,
2013 [63].

63
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4.2 Extension of SEA with damping characteristics

According to previous section, two actuation mechanisms that are introduced are based on muscle

models (Figs. 1.15 and 1.16) and could be regarded as the extensions of SEA mechanism. The first

actuator has elasticity and damping in series with CE (contractile element, or a motor). This is

called series elastic damper actuator (SEDA actuator). For the second actuator, the damping is in

parallel with the motor and the spring is in series with them. This actuator is called parallel elastic

damper actuator (PEDA actuator). The SEDA and PEDA actuators are shown in Figs. 4.1 and 4.2

respectively.

Motor

xg

Fm Fank
Ks

x
n xs

spring

x
d

damper

Cd

nut

Figure 4.1: Model of series elastic-damper actuator (SEDA), Cd: damping coefficient.

Motor

xg

Fm

Fank

Ks

x
n

xs

Cd

nut

Figure 4.2: Model of parallel elastic-damper actuator (PEDA), Cd: damping coefficient.

In previous chapters, it was shown that the spring is a key part in the actuation mechanisms that

could be used for active ankle prostheses. The elasticity of the spring allows for storing and releasing

of energy during stance to support for push-off and simultaneously decrease the peak power (PP)

and energy (ER) requirement in an active ankle prosthesis (with respect to DD). In this chapter,

the focus is on damping to see whether or not it has a similar effect on PP and ER requirement.

In a recent patent, damper was embedded in a powered ankle prosthesis for absorbing impact energies

[64]. For passive ankle prostheses (mostly for adaptation to sloped surfaces and not necessarily stair

ascent-descent), the damper was used by Mauch in 70’s in which prosthetic ankle could adapt to

the ground slope [65]. Endolite Echelon foot-ankle is a commercially available passive hydraulic

prosthesis [66]. In a recent study, the researchers investigated to use a semi-active damper in a

passive foot prosthesis for negotiating on sloped surfaces to maintain stable contact and decrease

the probability of falling [67].

The previous chapters mainly addressed level ground locomotion. In addition to level walking,

everyday life involves additional activities such as going up or down uneven or sloped surfaces
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[68] (e.g. stairs, ramps). In [69] it was found that only little signs could be found that indicate

an adaptation or shift in the locomotor patterns when moving from level to stair walking. Stair

locomotion is a common activity of daily living and is used in the rehabilitation of the lower extremity

as a motor performance test [70, 71] to increase muscle strength and weight-bearing capabilities

of the joints. Like previous chapters, we will investigate whether or not (passive) damper could

reduce PP and/or ER requirement in a powered ankle prosthesis. The PP/ER requirements will

be compared between SEA (Fig. 2.2), SEDA (Fig. 4.1) and PEDA (Fig. 4.2) concepts for normal

level walking, ascending and descending the stairs (Fig. 4.3). In addition, for an SEA concept, we

investigate whether it is good to select the spring stiffness based on level walking or stairs ascending

or descending to have minimum PP/ER requirement in an active foot prosthesis. The following

results are for a 75-kg person.

Level Walking

Figure 4.3: The power calculations will be done for a 75-kg person negotiating through level
ground, ascending and descending the stairs, for SEA (Fig. 2.2), SEDA (Fig. 4.1) and PEDA (Fig.
4.2) actuation concepts.

4.3 Biomechanics of human gait in normal level walking, ascending

and descending the stairs

Before designing a powered foot prosthesis for daily activities, it is necessary to understand human

locomotion in different conditions like level ground, ascending or descending stairs. The ankle

kinematics and kinetics of able-bodied subjects during normal level walking were obtained from

[5], and for normal stairs ascending and descending from [69]. Those data correspond to healthy

subjects with about the same height, body mass and age group. A comprehensive description of the

experiments, data acquisition and analysis can be found in those references. In addition the joint

torques were calculated by inverse dynamics (see e.g. [9]).

In Fig. 4.4, the ankle torque and ankle angle are shown in a gait cycle, together with information

about negative, positive and net work of the ankle joint (W−), (W+), (Wnet) for the above-mentioned

gaits. The ankle torque Tank is normalized to body mass. In addition, the main characteristics of

human ankle biomechanics for those three gaits are shown in Tab. 4.1.
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Figure 4.4: Human ankle torque (Tank) and angle for normal level walking (1.6 m/s, [5]) and normal
ascending-descending the stairs (slope 30◦, [69]), with information for negative (W−), positive (W+)
and net (Wnet, J/(kg.m)) works in human ankle joint.

Table 4.1: Main features of ankle kinematics and kinetics for normal level walking [5], normal stairs
ascending and descending [69], in this table when the foot and the shank are perpendicular the angle
is considered zero.

Gait type
Max. Biological Max. Torque Range of Motion stance until Speed, slope cycle time
Power [W/kg] [Nm/kg] (+ = dorsi. | [%] [m/s], [◦] [sec]

- = plantar.) [◦]

Level walking 3.2 -1.53 +7,-21 65 1.6 m/s 0.98
Stair Ascent 2.55 -1.27 +14,-20 68 0.48 m/s (30◦) 1.41
Stair Descent -2.85 -1.11 +18,-24 65 0.57 m/s (30◦) 1.19

The absolute value of ankle joint net work in ascent or descent is noticeably higher than level walking.

In addition, there is one peak in ankle torque for level ground locomotion, however for stair ascent-

descent there are two local peaks which are mainly due to weight acceptance and propulsion. The

range of motion (ROM) increases from level walking to ascent and reaches the highest in stair descent.

The ankle torque Tank is converted to ankle force Fank using lever arm and system geometry (Fig.

4.5a). The length xg (Fig. 4.5) is calculated by using ankle angle [5, 69] and geometrical dimensions

(see Fig. 4.5a, also [61, 62]).

4.3.1 Power requirements of SEA

As the main target is to find alternative design approaches other than SEA concept for active foot

prosthesis, the results of PP and ER requirement for SEDA and PEDA concepts are compared with

that of SEA concept. Therefore, the power calculation for an SEA system is briefly mentioned and
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Figure 4.5: Schematic view of (a) the powered ankle with dimensions used for calculations (see
also Fig. 2.2) and (b) model of series elastic actuator SEA [59], note that SEDA (Fig. 4.1) and
PEDA (Fig. 4.2) are also the candidates for actuation mechanism.

we will focus more on the other two actuation concepts. For SEA (Fig. 4.5b), power calculation was

discussed in chapter 2. The required motor power Pm for SEA is

Pm = Fm(ẋg +
Ḟm

Ks
) (4.1)

where Ks is the stiffness of the series spring and xg is the length of actuator (Fig. 4.5b, see chapter

2 for detailed discussions).

4.3.2 Power requirement of the series elastic-damper actuator (SEDA)

The SEDA concept (Fig. 4.1) could be considered as an extension of SEA [59]. The required motor

power Pm is obtained by the multiplication of motor Force Fm and ball screw nut velocity ẋn [58].

The ankle force, motor force or nut velocity in general could be positive (to the left) or negative

(to the right, Fig. 4.1). In order to have similar approach like [59], we assume if Tank is negative,

Fank is negative (Tank is known, Fig. 4.4). In SEDA, Fank and Fm have similar absolute values

but different signs (Newton’s third law). Therefore, they are shown in different directions in Fig.

4.1. To be dynamically correct for the equations [58], as we took the left direction positive, the nut

velocity could be represented by ẋn but with opposite sign. Note that xn is a distance and when

elongated, ẋn is naturally positive, but nut velocity would be negative according to the selected

positive-negative directions. Therefore

Pm = Fm ẋn (4.2)
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Using Fig. 4.1, the length xg (see also Fig. 4.5a) is obtained as

xg = xn + xd + xs (4.3)

For spring and damper we have

Fm = −Cdẋd (4.4)

Fm = Ks(d0s − xs) (4.5)

where Cd is the damping coefficient, Ks is the stiffness coefficient of series spring and d0s is its free

length. Using Eq. 4.3-4.5, for ẋn we have

ẋn = ẋg +
Ḟm

Ks
+
Fm

Cd
(4.6)

based on Eq. 4.2 the required motor power Pm is calculated as

Pm = Fm (ẋg +
Ḟm

Ks
+
Fm

Cd
) (4.7)

The procedure for finding the minimum power or energy requirement will be discussed after the next

subsection.

4.3.3 Power requirement of the parallel elastic-damper actuator (PEDA)

The PEDA concept (Fig. 4.2) is based on the conceptual Hill-type [33] muscle model that was also

used by [72]. Using Fig. 4.2 one can write (Newton’s second law, note Fank is known, in Fig. 4.2

the direction of motor or ankle force are shown for an arbitrary moment)

Fm = −(Fank + Cdẋn) (4.8)

and

Fm = Ks(d0s − xs) (4.9)

where Cd is the damping coefficient, Ks is the series spring stiffness and d0s is its free length. From

Fig. 4.2

xg = xs + xn (4.10)

based on Eq. 4.9 and 4.10

xg = (d0s −
Fm

Ks
) + xn (4.11)

therefore ẋn is

ẋn = ẋg +
Ḟm

Ks
(4.12)
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using Eq. 4.2 together with Eqs. 4.8 and 4.12, the required motor power Pm is

Pm = (Fm + Cdẋn)(ẋg +
Ḟm

Ks
) (4.13)

The required motor energy Em is the integral of absolute required motor power over a cycle time

(see Tab. 4.1)

Em =

∫
|Pm|dt (4.14)

Human ankle gait power can be both negative and positive [5, 69]. When it is negative, a resistance

motion is applied to the ankle, and when it is positive, a propelling motion is applied [59]. A motor

unit cannot typically provide negative power [58, 59], therefore it must provide power to both resist

and propel human motion [58, 59]. Therefore, we consider absolute values of PP and ER requirement

(see [59]). For this reason, an absolute value in Eq. 4.14 is used. In Eq. 4.7 and Eq. 4.13, the

required motor power Pm is dependent on spring stiffness Ks and damping coefficient Cd. The

Fank and xg are obtained by human ankle data [5, 69] and geometrical dimensions of the actuator

(Fig. 4.5a). Thus, stiffness Ks and damping coefficient Cd become the only parameters that would

influence the required motor power. For spring stiffness a range of 1kN/m to 500 kN/m (1 kN/m

step size) was considered and for the damping coefficient a range of 25 Ns/m to 50 kNs/m (25 Ns/m

step size) was selected. For each combination of Ks-Cd, the required motor power was obtained

based on Eq. 4.7 and Eq. 4.13. Then the results were compared between Ks-Cd combinations and

next the Ks-Cd values that result in minimum PP (peak power) or ER (energy) requirement were

selected. A same method and range was used to determine minimum ER requirements for different

actuators and gaits using Eq. 4.14.

4.4 Results

The power calculations are done both for the case that the motor is assumed as an ideal power

source, and the case when ball screw efficiency, motor inertia and efficiency are also taken into

account. Aside from rising the required peak power (which is important from design perspective),

taking into account system efficiency or inertia was not changing the nature of the findings. Thus, in

this section we show the results for the case when motor is assumed as an ideal power source. This

is also similar to these studies [33, 59, 73]. This makes the results more general and independent of

the electromechanical properties of an actuation concept.

This section is divided in two subsections. As first approach, the search was for the minimum

motor PP requirements (approach PP) and as second approach we search for the minimum ER

requirements (approach ER) in the SEA, SEDA and PEDA actuation concepts and for normal level

walking, ascending and descending the stairs. Their corresponding energy (for PP approach) or peak

power (for ER approach) requirements are also discussed in those sections. Calculations are done
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based on previous section and the results will be compared here. Furthermore the values of spring

stiffness and damping coefficients which minimize motor PP or ER are shown in Tabs. 4.2-4.3. Body

mass is assumed 75 kg.

4.4.1 Comparison of minimum motor PP (and their corresponding energy) re-

quirement

For this approach, the minimum required motor PP and their corresponding energy requirements

are shown in Fig. 4.6 (for SEA, SEDA and PEDA concepts and for previously mentioned gaits).

The corresponding Ks-Cd values for this approach are given in Tab. 4.2.

Table 4.2: The obtained required stiffness-damping values for different actuation concepts and
different gaits, approach: minimum required PP.

Gait level ground walking Ascending stairs Descending stairs

Stiffness [kN/m] Damping [kNs/m] Ks Cd Ks Cd Ks Cd

Actuation concept
SEA 80 0 68 0 64 0

SEDA 80 to ∞ 68 to ∞ 45 15.5
PEDA 80 to 0 68 to 0 62 2.2

2 1.5 1 0.5 0 0.5 1

Energy Requirement [J/(kg*m)]Peak Power [W/kg]

Level walking

Stair ascent

Stair descent

SEA

SEDA

PEDA

Figure 4.6: The calculated required minimum peak power (PP) and their corresponding energy
requirements for SEA, SEDA and PEDA in level ground walking, ascending and descending the
stairs, approach: the minimum required motor PP, see also Tab. 4.2.

4.4.1.1 Level ground walking

For level walking, in Fig. 4.6 and Tab. 4.2, SEA concept plays the key role for minimum required

PP. The damper values for SEDA and PEDA suggest that for minimum required PP, damping is not

required. Therefore, the optimal configurations of either SEDA or PEDA for level ground walking

is an SEA.

For this gait (and also stair ascent), in SEDA or PEDA concept, a result for damper was not found

in the mentioned range. Therefore, the lower limit and the upper limit were decreased and increased
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respectively continuously. Even in this condition the result was always at the limit. Therefore, these

conditions were written as ’to 0’ or ’to ∞’ in Tab. 4.2 (also in Tab. 4.3).

4.4.1.2 Ascending the stairs

For ascending the stairs (Fig. 4.6 and Tab. 4.2) similar to level ground walking, SEA concept again

plays the key role for this gait and for a minimum required PP, the damper is not required. The

required stiffness value is less than the level ground case. The required minimum PP increased by

13% and the corresponding energy requirement increased by 247% compared to level walking.

4.4.1.3 Descending the stairs

Shown in Fig. 4.6 and Tab. 4.2, for descending the stairs, the results are very different in comparison

to the previous two gaits. Here, the damping characteristics are required and lead to a minimum

required PP which is even less than that of SEA concept. The SEDA concept plays the key role for

this gait. For SEDA, the required minimum PP and the corresponding energy requirement decreased

roughly 50% and 26% respectively with respect to SEA. For PEDA, the minimum required PP has

decreased about 23% however its corresponding energy requirement has increased about 22% with

respect to SEA concept. SEDA concept required the least stiffness and highest damper values for

this gait (Tab. 4.2). Damper value in PEDA is less than SEDA concept, in contrast its stiffness

value is higher.

For the minimum PP approach, the stiffness reaches the highest value in level walking (Tab. 4.2). In

addition, elasticity is required for all gaits, however damping shows ’gait specific’ advantages. The

SEA concept requires more PP for descending the stairs than for ascending. In fact, SEA requires

its highest PP and its lowest stiffness during descent. The stiffness value gradually decreases from

level walking to stair descent in all actuation concepts.2

4.4.2 Comparison of minimum motor ER (and corresponding peak power) re-

quirement

For this approach, the minimum required ER and their corresponding peak power requirements

are shown in Fig. 4.7 for SEA, SEDA and PEDA concepts and for level walking, ascending and

descending the stairs. The corresponding Ks-Cd values for this approach are given in Tab. 4.3.

2In comparison to a direct drive (DD) concept (i.e. when actuator is only a motor without spring and damper),
minimum required PP decreased nearly 58% for level walking, 40% for ascending (both by SEA concept) and 72% in
descending (by SEDA concept).
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Table 4.3: The obtained required stiffness/damping values for different actuation concepts and
different gaits, approach: minimum required ER.

Gait level ground walking Ascending stairs Descending stairs

Stiffness [kN/m] Damping [kNs/m] Ks Cd Ks Cd Ks Cd

Actuation concept
SEA 66 0 40 0 44 0

SEDA 66 to ∞ 40 to ∞ 38 17
PEDA 66 to 0 40 to 0 44 to 0

2 1.5 1 0.5 0 0.5 1
Energy Requirement [J/(kg*m)]Peak Power [W/kg]

Level walking

Stair ascent

Stair descent

SEA

SEDA

PEDA

Figure 4.7: The calculated required minimum energy (ER) and their corresponding peak power
requirements for SEA, SEDA and PEDA in level ground walking, ascending and descending the
stairs, approach: the minimum required ER, see also Tab. 4.3.

4.4.2.1 Level ground walking

In this approach (i.e. minimum required ER), for level ground walking, shown in Fig. 4.7 and Tab.

4.3, SEA concept plays the key role. No benefit is found for having damping characteristics. Like

minimum PP approach, in minimum ER approach, the optimal configuration of either SEDA or

PEDA for level ground walking is an SEA. Compared to minimum PP approach, for ER approach

in this gait, the energy requirement decreased nearly 1.5% however the corresponding peak power

requirement increased nearly 8.9%.

4.4.2.2 Ascending the stairs

For ascending the stairs (Fig. 4.7 and Tab. 4.3) we see similar trend like minimum PP approach,

i.e. SEA concept plays the key role for this gait as before and damping is not required. On the

other side, the required stiffness value is less than that of the level ground walking. The increase of

required peak power is nearly 25% however the increase for ER is nearly 248% with respect to level

ground walking (in this same approach). A comparison to minimum PP approach (Fig. 4.6-Ascent)

shows, for stair ascent in minimum ER approach, the energy requirement decreased nearly 1.4% and

the corresponding peak power requirement increased nearly 21%.
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4.4.2.3 Descending the stairs

The SEDA concept plays the key role for this gait (Fig. 4.7 and Tab. 4.3) similar to what we

observed for the minimum PP approach. The decrease of peak power is nearly 42.8% and for ER it

is 23% with respect to SEA. For PEDA concept, in minimum ER approach, a slight advantage was

found with respect to SEA concept and it behaves similar to SEA. This is different from what we

observed in minimum PP approach (see Fig. 4.6-Descent and Tab. 4.2). For SEDA concept, the

required stiffness in this gait is the smallest among all actuation concepts. It is similar to the trend

seen in minimum PP approach.

For the minimum ER approach, the highest stiffness value belongs to level ground walking (like in

the minimum PP approach) and the highest required peak power or ER is required for ascending the

stairs. Except for SEDA, the stiffness values decreased from level walking to ascent, and increased

from ascent to descent (Tab. 4.3). In SEDA, the stiffness decreased gradually from level walking to

descent. Like in the minimum PP approach, elasticity is always required, however damping shows

task specific behavior.

4.5 Discussions

4.5.1 Approach for the minimum PP requirements vs. approach for the mini-

mum ER requirements

For minimum required ER, the ER requirements were ’in general’ only slightly less than the corre-

sponding ER requirement of the approach for the minimum required PP. In contrast, the correspond-

ing peak power (PP) requirements increased more noticeably (Figs. 4.6 vs. 4.7). For example for

ascending gait, for minimum ER approach (Figs. 4.7), the energy requirement decreased about 1.4%

in comparison to minimum PP approach (Figs. 4.6), but the corresponding peak power requirement

increased nearly 21% (see Figs. 4.6-4.7). Therefore, using the minimum PP approach seems a better

compromise for selecting the Ks-Cd values.

In Fig. 4.6, minimum PP and energy requirements in stair ascent increased with respect to level

walking. One explanation could be that the center of mass is displaced both horizontally and

vertically. In addition, the range of motion for the ankle joint is higher than level walking (Tab.

4.1). For descent, the center of mass could use the gravity for downward motion. The passive

damper also helps to reduce required PP during part of stance phase where there is the first peak

in ankle torque (Fig. 4.4). This could be an explanation why a lower power was required in SEDA

in comparison to level walking. A main reason for higher energy requirements (in PEDA concept)

is because of the passivity of the damper. It will be discussed more in Subsection 4.5.5.
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4.5.2 Use of SEDA for the mixed gait (i.e. level walking+ascent+descent)

For stair descent, SEDA concept had the lowest PP requirement (Fig. 4.6). In this subsection the

PP and ER requirements are compared and it is investigated whether this concept could be used for

all above-mentioned gaits.

4 3.5 3 2.5 2 1.5 1 0.5 0 0.5 1

ER [J/(kg.m)]PP [W/kg]

Lev

Asc

Des

Figure 4.8: The calculated required PP and corresponding energy ’IF’ SEDA actuation concept
is used for level walking, ascending and descending the stairs, Ks=45 kN/m, Cd=15.5 kNs/m, see
Tab. 4.2.

Fig. 4.8 shows the PP and corresponding energy requirements of the SEDA concept for those gaits.

The Ks-Cd values are selected from Tab. 4.2, based on discussion in 4.5.1.

Comparing Fig. 4.8 with Fig. 4.6 shows that for level walking and ascent the minimum PP require-

ment increases 189% and 87% respectively in comparison to SEA concept (see Fig. 4.6). Increase

is also seen for corresponding energy requirements. It suggests that for power and energy reducing,

the SEDA is not a good concept for the mixed gaits.

4.5.3 The spring stiffness to use in case of an SEA

For level walking or stair ascending, SEA had the least PP requirements (Fig. 4.6). If an SEA is

going to be used for all gaits, then it would be important to know which spring to use in it (according

to Tab. 4.2, to select either from level walking, stair ascending or descending).

In Fig. 4.9, a close-up view of the graphs for the required PP versus spring stiffness is shown for

SEA and for above-mentioned gaits (based on Eq. 4.1). By these graphs we can investigate the

effect of spring change on the required PP in SEA for those gaits. Based on Tab. 4.2, we consider

the range 60-80 kN/m.

We see in Fig. 4.9 that for ascent gait, the required PP in this range is very slightly changing. If

we take Ks=68 kN/m (the corresponding stiffness in stair ascent in Tab. 4.2), we see that for stair

descent, the corresponding required PP changes very slightly with respect to its minimum required

PP, but for level walking the corresponding required PP increases to nearly 1.58 W/kg, which is

17% more than its minimum required PP (which is 1.35 W/kg).
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Figure 4.9: The (close-up view of the) variation of calculated required PP with respect to stiffness,
SEA concept, based on Eq. 4.1, see also Tab. 4.2 and Fig. 4.6.

If we take Ks=64 kN/m (the corresponding stiffness for stair descent in Tab. 4.2), the required PP

of level walking would be nearly 1.68 W/kg, an increase about 24% with respect to its minimum PP

which is 1.35 W/kg.

If we take Ks=80 kN/m (the corresponding stiffness in level walking), we see that for stair descent,

the required PP would be nearly 1.76 W/kg, an increase about 10.5% with respect to its minimum

PP which is over 1.59 W/kg. Hence, if the user often uses the active ankle prosthesis for a normal

level walking, it is better to select spring stiffness based on level walking and avoid the increase of

required PP which was about 17-24%.

A more challenging design perspective is that the system is capable to change its stiffness by means

of a mechanism. By this way, the system will always work in minimum requirements mode for any

type of gait.

4.5.4 Effect of the damper on PP and ER requirements

In Fig. 4.10, motor force Fm (A) and nut velocity ẋn (B) are shown for SEA, SEDA and PEDA in

stair descent (approach for minimum PP, see also Fig. 4.6 and Tab. 4.2). In Fig. 4.10A, because of

damper, PEDA requires less force in comparison to SEA (or SEDA) in parts of the gait cycle which

there is a need for the first peak ankle force (see also Fig. 4.4). On the other hand, in Fig. 4.10B,

the ẋn of SEA and PEDA are very similar to each other (It could be also understood by seeing that

their Ks values are close to each other, according to Tab. 4.2 and using Eq. 4.12). According to Eq.

4.13, the required motor power would be less as a result. In PEDA concept, Fig. 4.10A, in swing
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Figure 4.10: The calculated required motor force Fm (A) and ẋn (B) for SEA, SEDA and PEDA
actuation concepts in stair descent, approach for minimum PP requirements, see also Tab. 4.2 and
Fig. 4.6.

phase nearly after 65%, because of the passive damper, motor uses force to regulate the total force

of the ankle joint. This regulating requires motor power and hence increases energy requirements

in comparison to SEA. This is in agreement with Fig. 4.6-Descent in which PEDA required more

energy than SEA. In fact because of this matter, PEDA would require quite high power during swing

too (for example see the motor force and ẋn at 83%). This disadvantage could be resolved, if the

damper in PEDA were controllable. This will be discussed in the next subsection.

For SEDA concept, the motor force is the same, however ẋn is less than SEA (or PEDA) for some

part of the gait cycle. According to Eq. 4.2, this results in reducing the required PP. Unlike PEDA,

as motor force is very negligible in swing for SEDA, power is consequently negligible in this phase,

and hence in total, energy requirement is also less than SEA (see Fig. 4.6-Descent).

4.5.5 Use of damper

The main objective of this study was to investigate on the effects of spring and passive damper on

the PP and ER requirements in an active ankle prosthesis during level walking, stair ascent and

descent. No benefit was found for having a damper in a powered ankle prosthesis for level walking

and ascent. In contrast, for stair descent it had benefit for minimum PP or ER approach. According



Chapter 4. Alternative Actuation Approaches: Damping Effects 77

to these findings and the result from 4.5.2, from the PP-ER perspective, this indicates that a damper

might not be of advantage when different gaits are taken into account.

On the other side, [73] discussed that damping characteristic is embedded in human muscular struc-

ture and it is required for stability and adaptivity of muscular activities. These two points raise a

question about the functionality of the damper in ankle. It appears that damper has a ’task specific’

functionality i.e. when it is required it comes into action, otherwise it is off. Following these char-

acteristics, we can use a SEDA or PEDA concept instead of an SEA, if the damper is controllable

(i.e. a controllable damper). By this method, damper could be off when not required (for example

in normal walking) and be on when required for example for stair descent or when a sudden stop of

ankle motion is required. However, a variable damper requires additional control effort. This could

be a continuation to this study.

Furthermore, energy in damper is dissipated. An efficient design approach is to have a mechanism

that could have a similar effect (reducing Fm or ẋn, Fig. 4.10) like a damper but instead could use

this effect to generate energy out of that (energy harvesting). By this approach, instead of wasting

energy, it could be stored and reused for other joints or other occasions during gait cycle.

In Tab. 4.2, it is seen that the range of damping value in SEDA is from 15.5 kNs/m to ∞. It

means that, if a controllable damper was used in SEDA, it should be always ’on’ to change damping

coefficient within the limits of the interval for different gaits, meaning that there is always a need

for controlling it and providing energy for this purpose.

In contrast, for PEDA, this range is from 0 to 2.2 kNs/m. It means that a controllable damper in

PEDA could be off for a gait cycle (e.g. level walking) or for a part of the gait cycle (e.g stair descent).

Consequently we could avoid energy consumption for it. Therefore, from design perspective, a PEDA

concept appears to be more favorable for powered ankle prosthesis.

In Section 4.5.3, it was concluded that finally Ks=80 kN/m was a better compromise to be used in

SEA. Based on previous paragraph, if we want to have a PEDA concept based on this SEA, that

could have a controllable damper for descent gait, there remain two parameters. One is the damping

coefficient and the other is the gait percent in which the damper should get ’off’. In a simulation

study for this type of PEDA concept (based on Eq. 4.13, for stair descent), it was found that a

damping coefficient of ∼1.98 kNs/m would be required from 1-44% of the gait cycle. After 44% the

damper could be off until 100% of the stair descent gait.

In this case, the required PP and the corresponding energy requirement would be 1.28 W/kg and

0.5 J/(kg.m) respectively. Compared to PEDA concept shown in Fig. 4.6-Descent, the required PP

would increase by 4% but the energy requirement would decrease nearly 33%. From section 4.5.3,

it is seen an SEA required nearly 1.76 W/kg for stair descent at Ks=80 kN/m (Fig. 4.9). It means

by using PEDA in the above-mentioned way, the required PP decreases by 27% in stair descent in

comparison to SEA (Fig. 4.9).
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By this approach, it could be possible to have a powered ankle prosthesis that though not perfect,

would work in a compromise condition for all gaits. For level walking and stair ascent it operates like

SEA and for stair descent, with a controllable damper, it could reduce power and energy requirements

through PEDA concept.

As previously mentioned, a more efficient and challenging design approach is to have controllable

spring and damper in the system. This makes the system operate with minimum requirements for

all gaits. However, this requires additional mechanisms and control efforts to change the stiffness or

damping values. This is not in line with a compact and light weight powered robotic foot.

4.6 Summary

In this chapter, we investigated whether or not a passive damper could reduce peak power (PP) and

energy (ER) requirement in an active ankle prosthesis. To do this, aside from SEA, we introduced

SEDA and PEDA concepts that in addition to spring have damper in series or parallel to motor.

We calculated the minimum PP-ER requirements of these concepts in normal walking, ascending

and descending the stairs. It was found that like a spring, a passive damper could also have a

major role to reduce required PP and ER. However, it was useful for descent gait and SEDA had

the least PP and ER requirement. Furthermore, for a mixed gait of level walking+ascent+descent,

the SEA concept was still the best compromise regrading power-energy issues. On the other side,

studies showed that damping is required for stable muscular activities. This raises a question for

the functionality and control method of the damper in muscle to provide stability and adaptivity for

the human gait. Therefore, it was suggested to have a controllable damper together with an SEA

(through PEDA concept, Fig. 4.2). By this approach, it could be possible to develop a powered

ankle prosthesis that would work in a compromise condition for all gaits. For level walking and stair

ascent it is an SEA and for stair descent, with a controllable damper, it would reduce power and

energy requirement in comparison to an SEA system.



Chapter 5

Design of Active Ankle Prosthesis

with Bi-articular Passive Spring:

A Macroscopic View

5.1 Introduction

The approaches for design of active foot prosthesis could be divided into two main categories:

1. Microscopic view

2. Macroscopic view

5.1.1 Microscopic view

In the previous chapters (2,3,4), the main concentration was to use the muscle models suggested

by [34] (Fig. 1.15) and [35] (Fig. 1.16) as a template for actuation mechanisms in active foot

prostheses. There, we investigated the effect of these models on power and energy requirement in

the corresponding derived actuation concepts. This was a microscopic view since we considered the

internal structure of the actuator itself regardless of the assembly and number of the actuators (or

equivalently muscles) that could actuate the foot.

5.1.2 Macroscopic view

From the human body perspective, in current designs of active foot prostheses the research is con-

centrated on mimicking the functionality and structure of Soleus muscle (SOL, Fig. 5.1) in humans

by using a series elastic actuator (SEA) [26, 44, 59, 60].

79
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Figure 5.1: Human Soleus-Gastrocnemius musculo-skeletal structure, note to the assembly of the
SOL and GAS muscles [74].

SOL is a mono-articular muscle i.e. it passes just one joint (ankle joint) [1] (see also Fig. 5.2A,B,C).

In humans, one end of SOL is attached to the shank and the other end is connected to the Achilles

tendon and hindfoot. In contrast to the current trends for mono-articular active feet, in [75] the

authors argue that ”the restoration of normal gait kinematics and kinetics” to the amputees was

not possible using the active foot due to the mono-articulation of the active device.

In addition to SOL muscle, the human lower extremity consists of Gastrocnemius muscle (GAS)

which collaborates with SOL to plantarflex the foot (Fig. 5.2A,C). Unlike SOL, GAS is a bi-articular

muscle i.e. it passes two joints (ankle and knee joints, Fig. 5.2A,C). One end of GAS is on the thigh

and the other end with SOL ends up to Achilles tendon which is connected to the hindfoot [1].

According to this biomechanical characteristic, a bipedal robot and an externally powered orthosis

(with hydraulic mechanism) were constructed [76, 77] using bi-articular schemes. Improvement

of operation, safety in locomotion and weight savings are among the advantages that the authors

mention regarding their bi-articular design.

In [78] the authors simulated an arm with mono- and bi-articular actuators, assuming nonlinear

and time-varying stiffness characteristics. It was shown this can considerably simplify the control

structure for serial arms without the need for inverse dynamics computations, although, construction

of such a varying system is complex. A planar jumping robot was developed in [79] for performing

vertical jump experiments that used a bi-articular spring which connected thigh to the heel. The

authors concluded that the performance of jumping and other fast explosive robot movements could

be improved using the bi-articular approach.

In this perspective, the cooperation of different muscles to actuate a joint comes more into attention.

In robotics this phenomenon is called over-actuation. The importance of over-actuated robots could

be seen from two perspectives. One is what would be their effect on the control structure of the

system. Could such a system simplify the control algorithm? The next is, what is the effect of

such an assembly on power-energy requirements of a robotic system? The latter aspect is the main
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Figure 5.2: A: Human Soleus-Gastrocnemius musculo-skeletal structure with the assembly of the
muscles and their connection points, B: The active ankle prostheses equipped with SEAS concept
(mimicking a motorized Soleus), C: The active ankle prostheses equipped with SEAS+G concept
(schematic representation of muscle group mimicking a motorized (active) Soleus and a passive
(motorless) Gastrocnemius)

topic of this chapter. Here, we would like to know if a bi-articular foot actuation could reduce the

power and /or energy requirements in a powered foot prosthesis in comparison to a mono-articular

actuation scheme.

To investigate this topic, the actuation unit could consist of a motor and a series spring (i.e. the

SEA concept). However, more complicated models could also be considered. The hypothesis is that

not only similarity to muscular structure (Chapters 2, 3, 4) is of importance to reduce the energetics

requirement but also the cooperation of different muscles that actuate a joint (the scope of this

chapter).

As a first step toward this goal, in this chapter, we will focus on the effects of bi-articular actuation

concept in active foot prostheses. The actuation configuration is analogous to the SOL-GAS structure

in human lower extremity as shown in Fig. 5.2A,C. We would like to know the effects of this

arrangement on the peak Power (PP) and energy (ER) requirement of such robotic prostheses. A

lower PP or ER requirement will lead to a smaller motor or battery, hence, making it possible

to increase the performance capacity of these active devices. The result of this investigation is

fundamental for development, design and construction of more efficient prosthetic robots.

In the previous chapters it was shown that the spring stiffness plays a key role in PP and ER

requirement of the active foot prostheses. To obtain a desired value for stiffness, one approach

could be to search for stiffness values that minimize PP or ER requirement. In previous chapters,
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it was seen that selecting stiffness based on minimizing PP was a preferred approach for mono-

articular active ankle prostheses. This was the case because at the same time its corresponding

energy requirement was slightly higher than the minimum energy requirement. In current study

we see that for a bi-articular actuation concept, minimizing PP or ER requirement might not be

necessarily the preferred method. Therefore another intuitive method will be used for the selection

of optimal stiffness. In order to concentrate only on the effects of the GAS spring, normal level

walking (1.6 m/s) and running (2.6 m/s) are considered.

In the following, we calculate and compare the power-energy requirement between mono- and bi-

articular actuators for an active ankle prosthesis at normal walking (1.6 m/s) and running (2.6 m/s)

(for each concept and for each type of locomotion). Then the minimum requirements are analyzed

and methods for obtaining the springs’ stiffness are compared and discussed. In addition, we make

suggestions for the development and design of active foot prostheses based on the findings of our

study.

5.1.3 Human ankle biomechanics in normal walking and running

In this chapter, we would focus mainly on normal walking (1.6 m/s) and running (2.6 m/s). The

purpose is to discuss more on the result of the bi-articulation actuation rather than discussing the

results of a wide range of speeds. At the end of the chapter the results for a wide range of walking

and running speeds are given. In Fig. 5.3, the ankle torque Tank and angle are shown for normal

walking (1.6 m/s) and running (2.6 m/s) [5]. In addition, the main characteristics of human ankle

biomechanics for those gaits are shown in Tab. 5.1. The ankle torque Tank is normalized to body

mass. The angle shown is the angle between foot and shank ([5], see also Fig. 5.2C). The gait cycle

starts with heel contact and ends with the next contact of the same foot. Ankle torque Tank is

converted to ankle force Fank using lever arm and is calculated by system geometry (Fig. 5.2B,C).

Table 5.1: The main features of ankle kinematics and kinetics for normal level walking and running
[5]

gait type
max. ankle max. torque stance until cycle time

power [W/kg] [Nm/kg] [%] [sec]

walking 1.6 [m/s] 3.20 -1.53 65 0.98
running 2.6 [m/s] 8.67 -2.25 44 0.75

5.2 Power calculations

The model of the mono-articular active foot prosthesis is called as SEAS (Fig. 5.2B). This means

it uses the SEA concept which emulates the SOL muscle function (and also Tibialis-anterior TA, a
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Figure 5.3: Human ankle torque (Tank) and angle for normal level walking (W 1.6 m/s) and
running (R 2.6 m/s) [5]. Vertical lines denote the instance of push-off.

dorsi-flexor muscle) such as in humans (Fig. 5.2A) (plantar-flexion: the foot wants to go away from

the shank, dorsi-flexion: the foot wants to get closer to the shank).

The bi-articular active foot is called SEAS+G (Fig. 5.2C). SEAS+G resembles the SOL and GAS

structure in humans (Fig. 5.2A). For both models, SOL is considered to be active. In SEAS+G

concept, GAS is considered passive. In [80] it is concluded that, when optimally designed, unpowered

passive elastic devices can substantially reduce the required active power and force in joints and may

allow independent locomotion in patients with large deficits in muscle function. In addition, this

will reduce the complexity of the system for final construction and helps to determine the possible

advantages of a passive GAS. This would also eliminate the corresponding control efforts.

5.2.1 The required motor power in SEAS

The required motor power Pm for SEAS is discussed in chapter 2. After a short review of this design,

we will focus on the SEAS+G concept here in this chapter. The required motor power Pm in SEAS

is

Pm = Fm (ẋsol +
Ḟm

Ks
) (5.1)

xsol is the length of SOL (Fig. 5.4), Ks is the stiffness of the series SOL spring and Fm is the motor

force. For a mono-articular actuation (Figs. 5.2B, 5.4), Fank is equal to Fm. The length xsol (Fig.

5.4) is calculated by using ankle angle (Fig. 5.3) and geometrical relations (Fig. 5.2B,C). Angle and

torque data were obtained from [5].
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Figure 5.4: Model of SEAS concept, This structure resembles the Soleus muscle (a mono-articular
mechanism), see also Fig. 5.2B

5.2.2 The required motor power in SEAS+G

The transmissions in active ankle prostheses are typically ball screws [26, 44, 60]. Therefore, we also

assume the power calculations for this type of mechanism. In a motor-ballscrew mechanism, the

required motor power Pm is obtained by [58]

Pm = Fm ẋn (5.2)

where Fm is the motor force and ẋn is the (ball screw) nut velocity (Fig. 5.5).

Motor

xsol

Fm

Fank

Ks

Kg

Fg

xn xs

xg

connection
to shank

connection
to thigh

connection
to foot

nut

Figure 5.5: Model of SEAS+G concept, this structure emulates the function of the Soleus-
Gastrocnemius complex (a bi-articular mechanism), see also Fig. 5.2C, note that GAS spring could
create force only in elongation mode which is shown like a loose string (red section), see also chapter
3 for UPS definition.

In SEAS+G concept, both SOL and GAS would contribute to exert torque on the ankle joint (Tank,

Fig. 5.2C, Fig. 5.5). Hence

Tank = Tg + Ts (5.3)

Tank is known by ankle torque data [5]. Tg is the torque of GAS and Ts is the torque of SOL

Tg = Fg Lg⊥ (5.4)

Lg⊥ is the length of the lever arm with respect to ankle joint and perpendicular to GAS force Fg.

This is calculated by geometry of the robotic system (Fig. 5.2C) and ankle angle [5]. Fg is

Fg = Kg ∆xg (5.5)
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where

∆xg = l0g − xg (5.6)

Kg and l0g are the stiffness and free length of GAS spring. xg is the length of the GAS (Fig. 5.5)

and is calculated by the geometry of the system (Fig. 5.2C) and ankle and knee angles [5], therefore

it is a known parameter. The GAS spring is considered uni-directional. This is shown like a red

loose string in Fig. 5.5. It means that GAS spring produces force Fg only when elongated. If it were

bi-directional (i.e. GAS spring could be both elongated or compressed) the motor in SOL would

need to fight against the GAS spring in some part of the gait and expend energy unnecessarily. This

difference of uni-directional versus bi-directional spring was previously shown in chapter 3. Hence

we would have

Fg = 0 if xg < l0g (5.7)

The SOL torque Ts on the ankle is

Ts = FsLs⊥ (5.8)

Fs is the SOL force which is equal to the motor force Fm (Fig. 5.2C). Ls⊥ is the length of the lever

arm with respect to ankle joint and perpendicular to SOL force Fs. Based on Eq. 5.3-5.8, we obtain

Fs = (Tank −Kg ∆xg Lg⊥)/Ls⊥ (5.9)

On the other side, SOL spring deflection is also dependent on Fs, hence we have

Fs = Ks ∆xs (5.10)

and

∆xs = l0s − xs (5.11)

xs is the length of SOL spring and l0s is its free length. According to Fig. 5.5 we have

xsol = xs + xn (5.12)

xsol is the length of SOL (Fig. 5.5) and is calculated by geometry of the system and ankle angle

data, therefore, it is a known parameter. xn is the ball screw nut position (Fig. 5.5). From Eq.

5.10-5.12, ẋn is obtained as

ẋn = ẋsol +
Ḟs

Ks
(5.13)

from Eqs. 5.9,5.13 and 5.2, the required motor power Pm of the SOL motor in SEAS+G concept is

Pm = Fs ẋn (5.14)

= ((Tank −Kg ∆xg Lg⊥)/Ls⊥)(ẋsol +
Ḟs

Ks
) (5.15)
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The required motor energy Em is the integral of absolute required motor power over a cycle time

(see Tab. 5.1 for cycle time)

Em =

∫
|Pm| dt (5.16)

The power of human ankle can be both negative and positive during gait [5, 26]. When it is negative,

a resistance motion is applied to the ankle, and when it is positive, a propelling motion is applied.

A motor unit cannot typically provide negative power [26, 58], therefore, it must provide power to

both resist and propel human motion. Therefore, we considered absolute values of PP and energy

requirement in this study. For this reason, an absolute value in Eq. 5.16 is used.

The two parts of Eq. 5.14 i.e. Fs and ẋn are related to Kg and Ks by Eqs. 5.9 and 5.13. For any

given value of Kg and l0g, the SOL force Fs (which is the same as motor force) is determined by Eq.

5.9. Subsequently its derivative Ḟs would be known. Other variables like xsol or xg are calculated by

joint angles [5] and geometrical dimensions of the actuation concept (Fig. 5.2B,C). Thus, the values

Kg, l0g and Ks become the only parameters that would influence the motor power requirement Pm

in SEAS+G concept (since other variables are constant or obtainable).

For Ks a stiffness range of 1 kN
m to 200 kN

m (1 kN
m step size) was considered and for Kg the range

was from 1 kN
m to 60 kN

m (1 kN
m step size). The range of l0g was assumed from 0.390 m to 0.520 m (1

mm step size). This range for l0g was selected according to the length of xg as shown in Fig. 5.6.
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Figure 5.6: The length of xg (see Fig. 5.5) in walking (dashed) and running (solid) gaits (0.5 m
s -

2.6 m
s ), calculated based on geometry Fig. 5.2 and ankle and knee angles [5].

For each combination of [Kg,Ks,l0g], the required motor power was obtained based on Eq. 5.14

through afore-mentioned procedure. Then the results were compared between [Kg,Ks,l0g] combina-

tions and then the Kg-Ks-l0g values that result in minimum PP were selected. A same method and

range was used to determine minimum energy requirement for different actuation concepts, gaits

and speeds. The programming was done in Matlab.
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5.2.3 The weighted sum approach

It was found out that to search for minimum PP or energy requirement might not be a good approach

for the selection of stiffness and design of active feet that are based on bi-articular actuation scheme

(see Figs. 5.7 and 5.8). As it was seen, in minimum PP requirement, the reduction of the ER

requirement was not satisfactory and for minimum ER requirement, the reduction of PP requirement

was not satisfactory. Instead, searching for minimum sum of PP and ER requirement might be a

better approach. Therefore, it was decided to use a criteria like

min(λ× PP

1 W/kg
+ (1− λ)× ER

1 J/(kg.m)
) 0 ≤ λ ≤ 1 (5.17)

for reaching acceptable amount of PP and ER requirement and selecting the stiffness. λ is a weighting

factor. By this factors, we could regulate the influence of PP or ER requirement. This factor works

like tuning parameter and depends on a specific design objective for the amount of PP or ER

requirement.

For each combination of [Kg,Ks,l0g], the motor PP and corresponding ER were obtained like before.

Then multiplied by the factors (λ and 1−λ). Next the minimum weighted sum and the corresponding

Kg-Ks-l0g values were obtained. Note that when λ = 1 this approach is like to search for the

minimum PP and when λ = 0 it is like to search for minimum ER requirements. In addition, the

two terms of sum in Eq. 5.17 are dimensionless parameters.

In general, different weighting factors could be selected. If λ is very low or high, it means that one

aspect (either PP or ER) would be more important for the designer. However, in this study, we

select the weighting factors in a way that the two terms of Eq. 5.17 could be nearly equivalent and

in the same order of magnitude (meaning that both PP and ER are important).

5.3 Results

This section is divided to three subsections. The results are shown for normal walking (1.6 m/s) and

running (2.6 m/s) speeds. The SEAS concept has been studied in Chapter 2. Therefore, we consider

it as a basis and compare it with the bi-articular concept (SEAS+G). Body mass is assumed 75 kg.

5.3.1 Approach for minimum motor PP requirement, λ = 1

In this approach, we search for the Kg, Ks, l0g values that minimize the PP requirement in SEAS

and SEAS+G concepts. The minimum PP and their corresponding energy (ER) requirement for

those concepts are shown in Fig. 5.7. The corresponding Kg, Ks, l0g values are in Tab. 5.2.
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Table 5.2: The obtained required stiffness in SEAS and SEAS+G concepts. The Kg values are in
(Parenthesis), approach: minimum PP requirement λ = 1.

Gait Walking Running

Speed [m/s] 1.6 2.6

Stiffness SEAS 80 77
[ kN
m

] SEAS+G 94 (8) 81 (18)

l0g [m] SEAS+G 0.443 0.448

3 2 1 0 0.1 0.2 0.3

ER [J/(kg.m)]PP [W/kg]

Walking 1.6 m/s

Running 2.6 m/s

SEAS

SEAS+G

57% reduction

41% reduction 30% increase

29% increase

l=1

Figure 5.7: The minimum PP and their corresponding ER requirement for SEAS and SEAS+G
actuation concepts in normal walking and running, approach: minimum PP requirement λ = 1, see
also Tab. 5.2.

For walking 1.6 m/s, the PP requirement in SEAS+G decreased about 41% in comparison to SEAS

(Fig. 5.7). On the other hand, its corresponding energy requirement increased by 30%. In running

gait, the PP requirement of SEAS+G decreased about 57% in comparison to SEAS, and its corre-

sponding energy requirement increased about 29%. The stiffness of SOL spring in SEAS+G concept

is higher than that of SEAS concept for both gaits. Meanwhile, the GAS stiffness Kg is much less

than SOL stiffness Ks.

5.3.2 Approach for minimum ER requirement, λ = 0

For this approach, the Kg, Ks, l0g values that minimize the ER requirement in SEAS and SEAS+G

concepts were calculated. The minimum ER requirement and their corresponding peak power for

those concepts are shown in Fig. 5.8. The corresponding Kg, Ks, l0g values are brought in Tab. 5.3.

In this approach, for walking gait, in SEAS+G concept the ER requirement decreased about 2% in

comparison to SEAS. At this time its corresponding peak power decreased about 5% in comparison

to SEAS. In running gait, the ER and its corresponding peak power requirement for SEAS+G

concept decreased about 15% and 31% respectively in comparison to SEAS. Unlike the minimum

PP approach, in this approach it was found that both ER and peak power requirement of SEAS+G

decreased in comparison to SEAS. However reduction in peak power is not as noticeable as what we

see in the approach for the minimum required PP (compare Fig. 5.8 vs. Fig. 5.7).
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Table 5.3: The obtained required stiffness in SEAS and SEAS+G actuation concepts. The Kg

values are in (Parenthesis), approach: minimum ER requirement λ = 0.

Gait Walking Running

Speed [m/s] 1.6 2.6

Stiffness SEAS 73 76
[ kN
m

] SEAS+G 72(2) 108(24)

l0g [m] SEAS+G 0.465 0.466

3 2 1 0 0.1 0.2 0.3

ER [J/(kg.m)]PP [W/kg]

Running 2.6 m/s

Walking 1.6 m/s

SEAS

SEAS+G

31% reduction 15% reduction

2% reduction5% reduction
l=0

Figure 5.8: The minimum ER requirement and their corresponding PP for SEAS and SEAS+G
actuation concepts in normal walking and running, approach: minimum ER requirement λ = 0, see
also Tab. 5.3.

5.3.3 Approach for minimum weighted sum of PP and ER requirement, λ = 0.25

According to Fig. 5.7, in the minimum required PP approach, the minimum required PP of SEAS+G

reduced considerably in comparison to SEAS but not the corresponding ER requirement. On the

other hand, in minimum ER approach, both PP and ER requirement reduced, however, the reduction

was not that noticeable.

As previously mentioned, this led us to use another method based on Eq. 5.17. To do that, it was

required to choose the weighting factors. Looking at Fig. 5.7, the values of PP and the corresponding

energy requirement are not in the same order. Therefore, in this approach, we selected λ = 0.25 so

that the two terms of Eq. 5.17 are numerically equivalent (to reach a similar order of magnitude,

it means that PP and ER requirement have the same importance, as previously mentioned if the

weighting factor is at the limit, it means that one of the requirements was considered less important).

Table 5.4: The obtained required stiffness in SEA and SEAS+G actuation concepts. The Kg values
are in (Parenthesis), approach: the minimum weighted sum, λ = 0.25.

Gait Walking Running

Speed [m/s] 1.6 2.6

Stiffness SEA 80 77
[ kN
m

] SEAS+G 84(13) 74(25)

l0g [m] SEAS+G 0.464 0.465
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3 2 1 0 0.1 0.2 0.3

ER [J/(kg.m)]PP [W/kg]

Walking 1.6 m/s

Running 2.6 m/s

SEAS

SEAS+G

54% reduction 7% reduction

38% reduction 8% increase

l=0.25

Figure 5.9: The obtained PP and their corresponding ER requirement for SEAS and SEAS+G
actuation concepts in normal walking and running, approach: the minimum weighted sum λ = 0.25,
see also Tab. 5.4.

The corresponding values of Kg, Ks, l0g that minimize Eq. 5.17 are found in Tab. 5.4. In this

approach, the corresponding PP and their ER requirement for SEAS and SEAS+G concepts are

shown in Fig. 5.9.

In walking, the required PP of SEAS+G concept decreased about 38% in comparison to SEAS. On

the other hand, its ER requirement increased about 8% in comparison to SEAS.

In running, both ER and PP requirement of SEAS+G decreased nearly 7% and 54% respectively in

comparison to SEAS concept.

5.3.4 Power requirement during a gait cycle in minimum weighted sum approach

In Figs. 5.10 and 5.11, the power requirements of DD, SEAS and SEAS+G actuation concepts for a

whole gait cycle in walking (1.6 m/s) and running (2.6 m/s) are shown to illustrate the distribution

of the power requirement in a gait cycle. As it is seen, in the SEAS+G concept, during some part

of the swing phase, the motor requires power to load the GAS spring.

5.4 Discussion

5.4.1 Comparison between the approaches

Only in minimum ER approach Fig. 5.8, we found that both PP and ER requirement of SEAS+G

concept (bi-articular actuation) could be reduced in comparison to SEAS (mono-articular scheme).

However the reduction of PP was not that large. On the other side, in minimum PP approach, the

reduction of PP was noticeable, however the corresponding ER requirement increased.

In order to combine the advantages of the two approaches, we used another criteria to minimize the

weighted sum of PP and ER requirement (see Eq. 5.17).
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Figure 5.10: Comparison of the required motor power between DD, SEA and SEAS+G actuation
concepts for walking 1.6 m/s (λ = 0.25, see also Fig. 5.9 and Tab. 5.4).
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Figure 5.11: Comparison of the required motor power between DD, SEA and SEAS+G actuation
concepts for running at 2.6 m/s (λ = 0.25, see also Fig. 5.9 and Tab. 5.4).

Comparison between Fig. 5.7 (minimum peak power approach) and Fig. 5.9 (minimum weighted sum

approach) shows that in running gait the required PP in SEAS+G in the weighted sum approach is

nearly 7% more than that of the minimum PP approach (for SEAS+G). However, the corresponding

energy requirement in weighted sum approach is nearly 28% less than the corresponding energy

requirement of the minimum PP approach. Such a similar trend was also found for walking.

According to Fig. 5.9, the weighted sum approach had no obvious effect on the mono-articular SEAS
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concept (compare the results of SEAS concept in Fig. 5.7 vs. Fig. 5.9 and Tab. 5.2 vs Tab. 5.4).

This fact might suggest that for a mono-articular SEAS structure the minimization of PP might

be already the proper approach regarding the stiffness and power-energy requirements. Instead, in

a bi-articular scheme like SEAS+G the weighted sum approach can be used to balance and reduce

PP-ER requirement for an active foot prostheses.

In some early studies, it was hypothesized that bi-articular muscles may play a role in saving energy

expenditure in human locomotion [81, 82]. The hypothesis was also discussed in [83], in which it

was shown that bi-articular muscles like GAS transport energy from proximal (e.g. knee joint) to

distal joints (e.g. ankle) during jumping. The results presented in this chapter also show that the

GAS could be a key structure for transferring a flow of power-energy from knee to the ankle joint.

This structure could be potentially used in design of the powered foot prostheses. In a way, if we

consider both gaits together, we see that we could be reducing the required PP at about the same

ER requirement (SEAS vs. SEAS+G). It means a reduced mass (smaller motor or biologically a

smaller Soleus) is expected.
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Figure 5.12: Comparison of ankle and knee angles for normal walking (1.6 m/s) and running
(2.6 m/s), during late stance phase the extension of ankle and knee are thickened, (for the ease of
comparison, 50◦ were added to the values of ankle angle from [5]).
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In Fig. 5.9 (the weighted sum approach) it is seen in walking that the ER requirement in SEAS+G

was higher than SEAS concept by 8%. One reason could be λ value was not appropriate for this

gate. However when the interval of search was increased for the weighting factor, no better solution

was found. Another reason could be that an alternative criteria should be used in walking instead

of the one used in Eq. 5.17. Then, suitable weighting factor could be adapted for this gait. The

kinematic relationship between the knee and ankle joints could also be a reason. In [84] the authors

argue that a simultaneous knee extension and ankle plantar flexion could be a reason for the transfer

of power and energy from knee to ankle through the GAS muscle and helps for ankle push-off. In

Fig. 5.12 the ankle and knee angles are shown for walking (1.6 m/s) and running (2.6 m/s). As

seen, in running, the ankle and knee angle operate in phase (parallel) during late stance when ankle

plantar flexion coincides with the knee extension (the thickened section). This concurrence, however,

is not seen for the walking gait approximately in late stance (near push-off). We may note that other

reasons might also exist as the cooperation between different muscles during human locomotion is

still under investigation by the research community.

5.4.2 Spring stiffness

As seen from Tabs. 5.2, 5.3, 5.4, the optimal stiffness in walking and running gaits differ from each

other. In fact, this is one of the problematic issues in building active prostheses. If the prosthesis

is using a constant stiffness, then it would work optimally for a specific speed and gait. It would be

of importance to have a compact mechanism that could change to the optimal stiffness for different

gaits and speeds. Some groups have suggested mechanisms for changing the spring stiffness [36, 37],

however integrating such mechanisms in a compact prosthetic system requires more considerations.

Any addition to a prosthetic system should be always evaluated to see if the added mechanism is

necessary and compact. Note that the optimal lengths for GAS spring (l0g) are also slightly different

for different gaits and speeds.

5.4.3 The effect of GAS spring on the knee joint

As previously mentioned, the GAS spring is attached to the thigh at one end (Fig. 5.2 A,C).

Therefore it could create torque also on the knee joint. In this subsection, we investigate the effects

of the GAS on the knee torque if a transtibial amputee would wear the active foot prosthesis equipped

with the SEAS+G concept.1

To this end, in Fig. 5.13, the knee torques of an able-bodied human [5] and the estimated knee

torque of a transtibial amputee (who is assumed to wear an active foot with SEAS+G concept) are

shown for walking 1.6 m/s and running 2.6 m/s. The estimated knee torque was calculated based

on the data from [5] and the ankle and knee dynamics. As seen in Fig. 5.13, for both gaits the knee

1note that it is an estimation, the exact effect needs to be determined by gait experiments.
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torques of the two cases (able-bodied vs. estimated) are similar to each other. However, a more

realistic comparison could be achieved based on the experiments with a transtibial amputee wearing

the active foot (with SEAS+G concept).

In Fig. 5.13, the effect of GAS on the knee torques was not very noticeable. One reason is the

geometry of the robotic system. Looking back to Fig. 5.2, we see that the lever arms related to

the ankle and knee are very different (0.08 m vs. 0.02 m). Hence the same force in GAS results in

different torques in the ankle and knee joints. Further investigations on the importance of geometry

(e.g. lever arms) and the attachment point on the thigh, could be considered in future studies.
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Figure 5.13: Comparison of knee torque between able-bodied subject [5] and estimated knee torque
for an imaginary amputee with an active foot prosthesis based on SEAS+G concept, graphs for (A)
walking 1.6 m/s and (B) running 2.6 m/s (approach: minimum weighted sum, λ = 0.25, see also
Fig. 5.9 and Tab. 5.4).

5.4.4 Difference to the UPS approach seen in Chapter 3

Although the GAS spring is assumed to be unidirectional, the results of such a spring in bi-articular

scheme is different from what we saw in SEA+UPS concept in Chapter 3. For example in minimum

ER approach, we saw that both PP and ER requirement of SEAS+G concept reduced in comparison

to SEAS concept (Fig. 5.8). This result, however, is not seen in Fig. 3.8 from Chapter 3. It could

be concluded that for mono-articular actuation the intensity is on power minimization, however,

for bi-articular actuation the intensity is to minimize power and energy with a higher attention to

energy i.e. through weighted sum approach.

5.5 Further investigation on the minimum weighted sum approach

for other speeds

In this section, we will apply the weighted sum approach for a wide range of walking and running

speeds. As shown in Fig. 5.14, the selected weighting factor (λ = 0.25) is still effective and could
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Table 5.5: The obtained required stiffness in SEAS and SEAS+G concepts for different walking and
running speeds. The Kg values are in (Parenthesis), the minimum weighted sum approach λ = 0.25,
the last rows show the ratio of the required peak power and energy in SEAS+G concept with respect
to SEAS concept (see also Fig. 5.14).

Gait Walking Running

Speed [m/s] 0.5 1.0 1.6 2.1 2.6 0.5 1.0 1.6 2.1 2.6

Stiffness SEA 78 61 80 115 143 70 74 77 77 77
[kN/m] SEAS+G 195(33) 70(13) 84(13) 119(12) 71(11) 62(44) 64(44) 78(47) 72(29) 74(25)

l0g [m] SEAS+G 0.484 0.469 0.464 0.456 0.438 0.506 0.507 0.479 0.469 0.465

PPSEAS+G/PPSEAS 0.36 0.55 0.62 0.67 0.59 0.69 0.72 0.36 0.41 0.46

ERSEAS+G/ERSEAS 0.49 0.72 1.08 1.11 1.22 0.64 0.78 0.70 0.86 0.93

reduce the peak power and energy requirements of SEAS+G in comparison to SEAS for a wide range

of speeds. The only exceptions are walking at 1.6, 2 and 2.6 m/s. However, even for these cases the

PP requirement reduced in comparison to SEAS concept.

The corresponding values of Kg, Ks, l0g for those speeds and gaits (that minimize Eq. 5.17) are given

in Tab. 5.5. The corresponding PP and their ER requirement for SEAS and SEAS+G concepts are

shown in Fig. 5.14.

This approach (weighted sum) provided a useful method for the mechanical design of SOL/GAS

for a powered foot prosthesis. In the future more advanced optimization criteria than the one

suggested in Eq. 5.17 could be developed for a comprehensive approach to minimize power and

energy requirements in these active devices.

5.6 Summary

Current designs of active ankle prostheses try to mimic the functionality of human Soleus muscle

(SOL) by using a series elastic actuator (SEA) [26, 44, 59, 60]. However, humans utilize a bi-articular

actuation scheme in their lower extremities. In this study we investigated on having a bi-articular

actuation scheme in active ankle prostheses. For design of these robotic systems, peak power (PP)

and energy (ER) requirement are two important design factors. Lower PP or ER requirement lead

to a small motor and/or battery. We compared minimum PP and ER requirement of mono- and

bi-articular actuation concepts for active ankle prosthesis. The results show that reduction about

50% in PP requirement is possible by bi-articular scheme in comparison to mono-articular actuation.

At the same time, in running gait, reduction in ER requirement was possible by 7%, however, for

walking gait, it increased by 8%.

In contrast to mono-articular actuation (Chapters 2, 3, 4), in which the PP minimization was the

desired approach for design and selecting the spring stiffness, for bi-articular actuation this approach
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was not appropriate. Therefore, we used an intuitive approach called the weighted sum approach. It

was found that it is possible to have nearly the same peak power requirement as in minimum PP

approach but with less energy requirement.

Another important matter, is when both actuators are active. A main consideration here goes

toward the procedure of the force distribution between the actuators and to investigate whether the

bi-articular actuation could have less requirement than mono-articular actuation.



Chapter 6

Control and Laboratory Experiments

6.1 Introduction

This chapter describes the laboratory experiments on the PAKO platform (Powered Ankle Knee

Ortho-prosthesis). The first aim is to see if the robotic foot is following the kinematic and kinetic

trajectory for slow walking (0.5 m/s). The fist results are summarized in this chapter. Having ob-

tained understanding of the system’s characteristics and limitations, further experiments are planned

for the future.

6.2 Controller structure

As described in Chapter 1, the controller for a powered foot could be divided to slave controller and

master controller (see Fig. 1.18).

6.2.1 Slave controller

The slave controller is the motor position control. Different position controllers could be used. We

will start from a general approach and narrow it down to controller equation we used for PAKO

control. To obtain a final command for motor control, we start from the equation of motion for the

motor. The equation of motion for the motor is presented as

Tm − Tl = Imθ̈m (6.1)

where Tm, Tl, Im and θ̈m are the applied motor torque, external (load) torque, motor (rotor) inertia

and motor angular acceleration respectively. Rotor inertia could be obtained from the manufacturer’s

98
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catalog (Appendix A). Tl is due to load force Fl

Tl =
FlL

2πη
(6.2)

where L and η are the lead and efficiency1 of the ball screw [58]. In a powered foot with SEA, the

load is related to the spring force (see previous chapters). In the PAKO robot a ball screw is used as

transmission mechanism for converting the angular motion of the motor to the linear motion of the

nut. In Figs. 6.1 and 6.2, the working principle of a ball screw and its usual structure are shown.

Figure 6.1: The working principle of ball screw: when there is an external horizontal load, upon
exerting a certain torque, the load moves back and forth [85].

Figure 6.2: The structure of a ball screw [86].

In robotics, in order to impose a desired motion on the motor, a mass-spring-damper relationship

for the error dynamics is usually used (a linear error dynamics is imposed),

Më+Kp e+Kv ė = 0 (6.3)

where e = θdes − θm and θdes is the desired value of the motor angular position and M, Kp and

Kv are the mass, position and velocity gains (or in some texts as stiffness and damping gains). For

simplicity, M could be replaced by Im. According to Eqs. 6.1, 6.2 and 6.3, a command signal to the

motor could be extracted

Tcom = Kp e+Kv ė+ Im θ̈des +
FlL

2πη
(6.4)

1ball screws usually have high efficiency (80-90%), however in general it depends on the friction and the pitch angle
[58].
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this method of creating a command signal for motor is called computed torque method (CTM).

Different versions of Eq. 6.4 could be used in a robotic system to simplify the command (see

robotics textbooks). For example, a simple form of

Tcom = Kp e−Kv θ̇m (6.5)

is also suggested in some textbooks to avoid derivative kick [87]. Different algorithms were tested

to evaluate the least controller requirements.

6.2.2 Master controller

From Eqs. 6.3 and 6.4, in order to make the command signal, we see that it is required to provide

the desired values (θdes) of the control variable (e.g. θm). As pointed out in chapter 1, to provide

those values, the gait, speed and phase (gait percent) of a specific locomotion should be identified.

These three pieces of information are obtained via the master controller.

Generally at first the type of the person’s gait (i.e. walking, running etc.) is determined. Then, the

speed at which the person is performing that gait is identified. Next, the gait percent within the

corresponding gait and speed should be determined. The gait detection procedure is schematically

shown in Fig. 6.3.

Gait Type Speed Level Gait Percent

1 %

100 %

Walking

Running

Slopes, stairs, ...

0.5 m/s

1.0 m/s

1.6 m/s

2.0 m/s

2.5 m/s, ...

Movement

Standing

Posture

Sitting, ...

Figure 6.3: Gait detection procedure.

In general there are different methods to determine those objectives (see Chapter 1). In this chapter,

we first discuss the method suggested in [46]. The advantage of this controller is that it needs just

one sensor in order to determine the speed and the phase in a gait cycle. Therefore, we will check if

this controller could be used for the PAKO platform and to evaluate the possible limitations of this

controller.
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The controller is based on the measurement of the angular velocity of the user’s shank2 by a gyro

sensor. The angular velocity is then integrated to obtain the shank angle. The shank angle (θsh,

(A)) and angular velocity (θ̇sh, (B)) for walking 0.5 m/s are shown in Fig. 6.4.
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Figure 6.4: Shank angle and angular velocity, together with the description of φ-method (phase
plane method) (walking 0.5 m/s, angle data from [5]).

In Fig. 6.4C, the shank angle and angular velocity are plotted together. As seen this creates a

pseudo-circular graph. Hence, it could be used to determine the location of each point by having

the angle φ and the distance r. We will show later that the distance r could be used for speed

identification. Looking back to Fig. 6.4C we see that because of the pseudo-circular graph, there

could be a one-to-one relationship between the φ angle and the location of each (θsh,θ̇sh) (however,

this is not valid for all points).

Therefore, for the entire gait cycle a one-to-one graph could be obtained that relates the φ angle

(and hence each (θsh,θ̇sh)) to each gait percent. In this manner, by knowing the φ angle, the gait

percent would be determined. The corresponding graph is shown in Fig. 6.4D.

Having determined the gait percent, the corresponding desired values of θdes and θ̇des are selected

and then the command signal in Eq. 6.4 is produced (the other variables are obtained based on

the on-line sensor measurements). The desired value of θdes or equivalently the desired value of nut

position could be obtained by Eq. 2.7.

2Note that the transtibial amputee has lost a part of the shank and not all of it.
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6.2.2.1 Challenges of the phase plane control structure

Although the phase plane method explained in the previous subsection, provides almost a simple

method for the detection of the gait percent, the data processing for this purpose has some difficulties

in the way ahead.

1. The integration challenge (integration of the shank angular velocity)

Unlike Simulink that a 1
s block could be used for integration for simulation purposes, the integration

of online sensory data from shank angular velocity for real world application is not so straight

forward. The output from the gyro sensor (that is used for the measurement of the shank angular

velocity) could not be directly used for integration and obtaining the shank angle. This is due to

integration drift. This fact is shown in Fig. 6.5. Using ordinary integration method by 1
s shows that

after a while (nearly 20 sec) the graph for the shank angle goes down. In other words the output of

the integration block 1
s gets unstable.
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Figure 6.5: Integration drift, the comparison between integration with 1
s and integration with

1
s+0.2 .

The transfer function of the integrator in frequency domain (1
s ) has a pole in 0. This might be

an explanation why the output of the integration shows instability with time (see Fig. 6.5, the

integrator output deviates from what it should be when the time increases).

To overcome this problem, a transfer function similar to 1
s but more stable was used instead. From

frequency domain point of view, this means to move the pole of the transfer function to the left.
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Therefore, 1
s+a was selected as a possible candidate for integration. It is more stable than 1

s and not

too much different if appropriate values are selected for a. However, in this case it is really not an

integrator for all frequencies. To achieve this, a was selected 0.2. The Bode plots of 1
s and 1

s+0.2 are

shown in Fig. 6.6.
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Figure 6.6: The Bode plots of 1
s and 1

s+0.2 , note that in high enough frequencies (angular velocities)

(e.g. more than 3 rad/s) the behavior of 1
s+0.2 is similar to 1

s .

Using 1
s+0.2 , it is shown in Fig. 6.5 that the drift was removed. Note that based on Fig. 6.6, 1

s+0.2

cannot be used for integration in low frequencies as its behavior is very different from the integrator

(1
s ).3

2. Obtaining φ curve in Fig. 6.4D

The curve shown in Fig. 6.4D, is dependent on the definition of the origin point in Fig. 6.4C. The

ideal curve of the 6.4C is when it is very steep without any plateau-like regions. To obtain such a

curve, it is required to manipulate the origin point and use weighting factors to magnify or attenuate

the x− y axes (values) in Fig. 6.4C.

3Note that using the concept of frequency response analysis, the magnitude of the transfer functions 1
s+0.2

and 1
s

are very different at very low frequencies

G(s) =
1

s+ 0.2
=⇒ |G(ωi)| = 1√

ω2 + 0.04
(6.6)

for higher frequencies, it is seen that 1√
ω2+0.04

' 1
ω

as previously predicted by Fig. 6.6 (the magnitude curves). From

the phase point of view, at low frequencies like (0.6 Hz) the phase of the G(s) would be

φ = ∠G(s)@ 0.6 Hz ' −87◦ (6.7)

in principle it should have been -90◦ to match the integration characteristics (compare the phase curves in Fig. 6.6).
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Unfortunately, for each walking or running speed, this must be regulated. This makes the algorithm

more individual. This challenge is shown in Fig. 6.7 for walking 0.5 m/s and 1 m/s. As seen in Fig.
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Figure 6.7: The desirable origin points to create the φ curve in Fig. 6.4D for walking speeds of 0.5
m/s and 1 m/s.

6.7 the desirable origin points to create the φ curve in Fig. 6.4D are different for walking 0.5 m/s

and 1 m/s.

Another issue is shown in pink rectangle (Fig. 6.7). As seen in that region it is possible to find

two different points with the same φ angle. This means that the φ curve in Fig. 6.4D could not be

one-to-one. This creates problem for selecting a real gait percent and feed it to the controller in Eq.

6.4.

3. Overlap in Fig. 6.4C for different speeds

As previously mentioned, the distance r from the defined origin4 could be used for the identification

of the gait speed. However, as shown in Fig. 6.8 in some regions it is not possible to establish a one-

to-one relationship between a certain r and a specific speed. This happens due to the intersection

of the curves.

The problem is that it causes chattering between the real and false desired values in a certain gait.

4. The existence of loops in Fig. 6.4C for different speeds

As shown in Fig. 6.9, obtaining the correct r-φ values is more complicated in running. Other than

overlap of the curves, in some regions there are loops that make it hard to obtain just one φ angle

4In case a same origin is selected for all speeds.
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Figure 6.8: The overlap of θsh vs. θ̇sh curves for different walking speeds, in some regions it is
difficult to identify the correct locomotion speed based on a certain distance r, see also Fig. 6.4C.
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Figure 6.9: The existence of loops and overlap of θsh vs. θ̇sh curves for different running speeds.
In some regions it is challenging to identify the correct locomotion speed and gait percent based on
a certain distance r and φ angle, see also Fig. 6.4C.

desired values in a certain gait (e.g. the desired values jump from one speed to another speed or

jump from one gait percent to another gait percent within a specific gait).

Despite having these problems, provided that the speed is known this controller could be still used

for experiments with PAKO to estimate the gait percent.
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6.3 Experiments with PAKO

The first experiment was to test the PAKO robot on a treadmill at the gait lab. The experiments

were conducted for the slow walking of 0.5 m/s.

In the following graphs the nut position (Fig. 6.10), ankle angle (Fig. 6.11), SEA force (Fig. 6.12)

and ankle power (Fig. 6.13) and the detected gait percent (shown later in Fig. 6.15) are shown. In

these graphs, the obtained results from the PAKO experiments are shown and compared with those

of the desired data (i.e. the data that we had from human experiments presented in [5]).
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Figure 6.10: The desired and real (measured) nut position for PAKO experiments (walking 0.5
m/s).
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Figure 6.11: The desired and real (measured) ankle angle for PAKO experiments (walking 0.5
m/s).
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Figure 6.12: The desired and real (measured) SEA force for PAKO experiments (walking 0.5 m/s).
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Figure 6.13: The desired and real ankle joint power for PAKO experiments (walking 0.5 m/s).

6.3.1 Improvement of the gait recognition method

During the experiments with PAKO, it was observed that the gait recognizer was not producing the

desired gait percent as precisely as we expected. For the calculation of the φ-curve, it was required

to have a curve for shank angle versus shank angular velocity. This curve was obtained based on a

mean of measured (i.e. shank angular velocity) and calculated (i.e. shank angle) values. This means

necessarily the real on-line curves might not match that mean curve. This is illustrated in Fig. 6.14.

In Fig. 6.14 at some points a sharp edge is observed. This is due to the measurements made

by the sensor of shank angular velocity. The peaks were much higher than this at these points,

however Kalman filter was used to reduce these effects and at the same time not to change the real
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Figure 6.14: The mean and on-line shank angular velocities and angles for PAKO experiments
(walking 0.5 m/s). The red asterisk * shows the start of the gait and the arrow shows the course of
the curve.

measurements too much. Due to these points, the obtained gait percent has some deviations from

the precise desired one as seen in Fig. 6.15. Therefore, it was decided to modify this approach.
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Figure 6.15: The detected gait percent by the gait detection method using φ-curve (see Fig. 6.14),
the black lines show the correct precise (desired) gait percent detection (walking 0.5 m/s).

6.3.2 Modified φ-curve approach

In this method, the φ-curve approach was used for the detection of the heel strike only, and then

the time between two successive heel strikes was divided to 100 representing each gait percent.

However, even in this approach there are a number of limitations. For example for the gait percent
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determination, there is a need for a priori information about the time of the first stride when the

user wants to start the locomotion from the heel strike. Another point is that this controller uses the

steptime of the previous stride for the current stride which might cause problems for applications in

outdoors. Nevertheless, its performance for gait detection was clearly improved (Fig. 6.16).
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Figure 6.16: The detected gait percent by the modified φ approach (walking 0.5 m/s), compare
with Fig. 6.15.

In Fig. 6.16 it is seen that the red line (the curve for modified φ approach) has a sudden break

nearly at the end of gait cycle. This could happen because the gait detection procedure can not

exactly predict the beginning of the next gait cycle. The results of the PAKO experiments shown

in Figs. 6.10, 6.11, 6.12 and 6.13 are based on the modified φ approach.

6.3.3 Other approaches for speed and gait percent detection

Depending on the available sensory information, other approaches could also be used for gait percent

detection. For example, one approach would be to use a third parameter (other than shank angle

and angular velocity) in order to identify the gait. This, however, is with the cost of adding a sensor

for the required corresponding measurement. To do this, the knee joint angle (θk) could be added

to the shank angle and angular values and create a 3D plot as shown in Fig. 6.17.

For this case the procedure for finding the possible gait percent is different from what was explained

in the previous method (φ or modified φ method). In this case, for each set of [θsh, θ̇sh, θk], a

measurement set is compared with the desired saved values (off-line values) and then the possible

gait is detected based on the minimum distance between the on-line sensor data and the desired

ones as expressed in Eq. 6.8.

min(

√
(θsh − θsh,des)2 + (θ̇sh − θ̇sh,des)2 + (θk − θk,des)2 ) (6.8)
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Figure 6.17: Another method for gait percent detection based on the minimum distance between

the sensor data and the desired values of [θsh, θ̇sh, θk].

Note that in this method the intersections between the curves are eliminated to a great extent

because of the using of three values (compare Fig. 6.9 with Fig. 6.17). In this method, both gait

percent and gait speed are determined based on the minimum distance concept.

6.4 The modified transpose Jacobian (MTJ) control as slave con-

troller

The MTJ controller [88] is a control method similar to a PD control approach with smaller gains

and a priori information of the exerted torque (force) by the actuator. For the MTJ controller, the

Kp and Kv gains we selected 60% and 80% respectively in comparison to the PD controller that

was used for nut position control. The controller uses a delayed command signal together with the

modified PD gains. This controller has been shown to have better results than PD control in case

of dynamic situations [88]. The command signal in this method is written as

Tcom = Kp e+Kv ė+K Q|
t−4t

(6.9)

where

K = exp(−(
|e|
emax

+
|ė|
ėmax

)) (6.10)
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emax and ėmax are sensitivity threshold for position and velocity errors.

Other than PD control, PAKO was tested with this type of controller in order to see if there is

any noticeable advantage. However the results showed that the performance of the PD and MTJ

controllers are quite similar. Therefore, the results of MTJ controller are not shown here to avoid

repetition.

6.5 Design limitations

6.5.1 The required motor power

In Fig. 6.18, the required motor power and the predicted curve by model are shown. As it is seen

the power requirement for the slow walking is very high. A main reason is the inertia of the rotor.

Also note that during late stance and start of swing motor encounters power saturation. This is not

a good design characteristic.

The current version of PAKO was designed by a company before the author joins the group. The

simulations and modellings presented in this thesis, showed and predicted (see Chapter 2 e.g. Tab.

2.8 for simulation results of ThinGap motor for motor power requirements) that the current design of

PAKO is not desirable due to high power demands. Therefore, based on the results in this thesis, it

is recommended to change the motor of the PAKO platform. An alternative could be to use Maxon

motors. They are usually prompt enough and have acceptable torque densities.
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Figure 6.18: The required motor power versus model (for walking 0.5 m/s).
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6.5.2 The overall ratio of output/input power

Another drawback of the current design, is the very low overall ratio of output/input power of the

PAKO platform. A good evaluation approach for understanding how much the robotic ankle is

efficient could be the comparison between the input electrical power Pe,in which is

Pe,in = Vm . Im (6.11)

where Vm and Im are the motor voltage and current respectively and the ultimate output power

Pout which I define here as the ankle joint power

Pout = Tank . θ̇ank (6.12)

where θank is the ankle angular velocity and Tank is the ankle torque.

For current experiments, in order to deliver a 100 W power to the ankle joint, more than 2000 W

of electrical power is required (see Figs. 6.13 and 6.18). Therefore the ratio between output power

and input power is very low (less than 0.05). Ideally this overall ratio should go to infinity meaning

a very low requirement of the input electrical power.

6.6 Summary

In this chapter, we discussed the control of active foot prosthesis with respect to master and slave

controllers. We explained the possible methods for control of the active foot prostheses PAKO. The

first laboratory experiments and their results for kinematics and kinetics were discussed and at the

end different opinions for improvement of the system were explained.



Chapter 7

Summary, Conclusion and Future

Works

The overall goal of this work was to achieve novel comprehensive designs for active foot prostheses.

In the following, I would like to make conclusions and to give suggestions for future research.

7.1 Muscle model to be used in a mono-articular active foot pros-

thesis

The outcomes of this study, suggest that for a mono-articular active foot prosthesis, the SEA mech-

anism is an effective yet simple actuation concept that can be used for active foot prosthesis in a

wide range of gaits.

Only for some gaits and speeds like slow walking and running (Chapter 3) or descending the stairs

(Chapter 4) it was not the most desirable actuation concept.

Based on these facts, it depends on the designer’s intention and design’s constraints which actuation

scheme could be used. The pros and cons of several actuation concepts have been discussed in this

thesis. These findings can directly be used for designs of future prostheses.

Alternative design approaches could be the PEDA (Fig. 4.2) or SEA+UPS (Fig. 3.2) systems. The

drawback of these actuation concepts are that they require a variable damper or spring length and

stiffness in these approaches (see Chapter 2 and 4). This would add to the versatility of the device

and at the same time its complexity.

One important point is that these designs are closer to muscle models presented in Chapter 1 (Figs.

1.15 and 1.16) than the SEA mechanism.
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7.2 Bi-articular actuation

In order to be closer to the human musculo-skeletal structure, another suggested design approach

would be an active bi-articular mechanism emulating the SOL and GAS muscles in human lower

extremities.

In Chapter 5, we saw that both PP and ER requirement could be reduced using this actuation

scheme (even by an elastic passive GAS, see Fig. 5.14, this holds for most of the speeds).

The key question here, is the force distribution between the SOL and GAS actuators (motors)

when both are active. One could use optimization approaches to investigate on the best possible

cooperation between the actuators in a way that both PP and ER requirement are less than that of

a mono-articular actuation scheme. This is currently under investigation.

7.3 Master controller for gait detection in various terrains

The main concentration of this thesis was on level ground locomotion such as walking and running.

However, in daily situations, people often encounter uneven or rough terrains like stairs or slopes.

Therefore, a more general and comprehensive master controller is required to identify and recognize

the intention of the user for such more specific tasks.

A possible starting point for this purpose, is to use the notion of principal component analysis (PCA)

and benefit from the intact limbs of the user. One option is to use the motion of the remaining limbs

and based on them, predict the motion of the missing limbs. More investigations in this field are

currently being carried out.

7.4 The role of bi-articular actuation concept in controlling human

locomotion

As seen in Fig. 5.14, for normal and fast walking speeds, we could not find ER reduction in

comparison to the SEAS concept. Although different reasons could be responsible for this (like λ

value, the minimizing criteria, etc.), this issue needs to be investigated in more detail.

One approach, could be to search for the role of bi-articular actuators in control of human loco-

motion. To do this, the concept of the PAKO platform could be used as a research tool for future

investigations.
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Operating Range Comments

Continuous operation
In observation of above listed thermal resistance
(lines 17 and 18) the maximum permissible winding
temperature will be reached during continuous
operation at 25°C ambient.
= Thermal limit.

Short term operation
The motor may be briefly overloaded (recurring).

Assigned power rating

n [rpm]

m
ax

on
D

C
m

ot
or

maxon Modular System Overview on page 16 - 21

Specifications

82 maxon DC motor May 2011 edition / subject to change

Stock program
Standard program
Special program (on request)

Order Number

RE 40 �40 mm, Graphite Brushes, 150 Watt

Thermal data
17 Thermal resistance housing-ambient 4.65 K / W
18 Thermal resistance winding-housing 1.93 K / W
19 Thermal time constant winding 41.6 s
20 Thermal time constant motor 1120 s
21 Ambient temperature -30 ... +100°C
22 Max. permissible winding temperature +155°C

Mechanical data (ball bearings)
23 Max. permissible speed 12000 rpm
24 Axial play 0.05 - 0.15 mm
25 Radial play 0.025 mm
26 Max. axial load (dynamic) 5.6 N
27 Max. force for press fits (static) 110 N

(static, shaft supported) 1200 N
28 Max. radial loading, 5 mm from flange 28 N

Other specifications
29 Number of pole pairs 1
30 Number of commutator segments 13
31 Weight of motor 480 g

Values listed in the table are nominal.
Explanation of the figures on page 49.

Option
Preloaded ball bearings

Planetary Gearhead
�42 mm
3 - 15 Nm
Page 237

Encoder HED_ 5540
500 CPT,
3 channels
Page 266 / 268

148866 148867 148877 218008 218009 218010 218011 218012 218013 218014
Motor Data

Values at nominal voltage
1 Nominal voltage V 12.0 24.0 48.0 48.0 48.0 48.0 48.0 48.0 48.0 48.0
2 No load speed rpm 6920 7580 7580 6420 5560 3330 2690 2130 1710 1420
3 No load current mA 241 137 68.6 53.7 43.7 21.9 16.7 12.5 9.67 7.77
4 Nominal speed rpm 6370 6930 7000 5810 4920 2700 2050 1500 1080 774
5 Nominal torque (max. continuous torque) mNm 94.9 170 184 183 177 187 187 189 189 188
6 Nominal current (max. continuous current) A 6.00 5.77 3.12 2.62 2.20 1.38 1.12 0.898 0.721 0.593
7 Stall torque mNm 1680 2280 2500 1990 1580 995 796 641 512 415
8 Starting current A 102 75.7 41.4 28.0 19.2 7.26 4.68 3.00 1.92 1.29
9 Max. efficiency % 88 91 92 91 91 89 88 87 86 85

Characteristics
10 Terminal resistance � 0.117 0.317 1.16 1.72 2.50 6.61 10.2 16.0 24.9 37.1
11 Terminal inductance mH 0.0245 0.0823 0.329 0.460 0.612 1.70 2.62 4.14 6.40 9.31
12 Torque constant mNm / A 16.4 30.2 60.3 71.3 82.2 137 170 214 266 321
13 Speed constant rpm / V 581 317 158 134 116 69.7 56.2 44.7 35.9 29.8
14 Speed / torque gradient rpm / mNm 4.15 3.33 3.04 3.23 3.53 3.36 3.39 3.35 3.37 3.44
15 Mechanical time constant ms 6.03 4.81 4.39 4.36 4.35 4.31 4.31 4.31 4.31 4.32
16 Rotor inertia gcm2 139 138 138 129 118 123 121 123 122 120

Industrial Version
Encoder HEDL 9140
Page 271
Brake AB 28
Page 319

Brake AB 28
24 VDC
0.4 Nm
Page 318

Encoder MR
256 - 1024 CPT,
3 channels
Page 263

M 1:2

Recommended Electronics:
ADS 50/5 Page 282
ADS 50/10 283
ADS_E 50/5 283
ADS_E 50/10 283
EPOS2 24/5 305
EPOS2 50/5 305
EPOS2 70/10 305
EPOS2 P 24/5 308
Notes 18

Planetary Gearhead
�52 mm
4 - 30 Nm
Page 240

Figure A.1: The full properties of Maxon RE 40
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Brushless
TG2320 BLDC Motor

                    
 
 

TG2320 BRUSHLESS MOTOR
UNITS

Peak torque1 Tpk 425  oz-in. 3.0 Nm
Peak current Ipk 86.7  amps
Maximum Continuous rating:2

   Torque - Tc 85  oz-in. 0.60 Nm
   Speed - Wc 16305  rpm
   Current - Ic 17.65 amps dc
   Voltage - Vc 80 Volts dc
   Shaft Power Pc 1025 watts
Maximum Locked Rotor Torque2 Tlr 45 ozin 0.32 Nm
Maximum Locked Rotor Current Ilr 9.2 Amps
No load speed Wnl 21,800 Rpm
No load voltage Vnl 80 Volts
No load current Inl 1.1
Motor constant Km 8.8 oz-in./sqrt (W) 0.062 Nm/sqrt(W)
Torque constant -trap drive Kt 4.9 oz-in./amp 0.035 Nm/amp
Back EMF constant Kv 0.036 v/rad./s
Back EMF constant Ke 264 rpm/volt
Terminal resistance Rt 0.31 ohms
Cogging and hysteresis torque Tc, Th 0 oz-in.
Viscous drag torque Tac 0.22 oz-in./krpm 1.55 mNm/krpm
Friction torque Tfr 0.05 oz-in. 0.35 mNm
Stator inductance L 10 micro H
Mechanical time constant Tm 42 mS
Electrical time constant Te 0.032 mS
Maximum system Efficiency Efficiency 73 %
Motor weight, total Wt. Total 16.5 oz 468 grams
Rotor inertia J 2.31E-02 oz-in.-sec2 1.63E-04 Kg-m^2
Max rotor temperature3 Temp rotor 70 °C
Max stator winding temperature3 Temp wdg 110 °C
NOTES:
1-Torque vs current is linear and limited to short duration
2-Tested with the motor on a 3"x.375"x8" bracket using a 50amp, 80volt amplifier
 with 65uH inductors added per phase.
3-Limited by magnet temperature stability at a fixed torque load.

IMPERIAL SI

 
 
 
 
 

• 425 oz-in. peak torque 
• 1025 watts continuous power 
• Weight 16.5 oz 
• 73% peak system efficiency 
• Smooth, controllable power 
• No cogging or hysteresis torque 
• 3 mounting options available 
• 8 Pole, Y Coil 

Figure A.2: The full properties of ThinGap 2320 series
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[51] Össur Prosthetics Product Catalogue 2007-2008.

[52] Aykut Mehmet Oymagil, Joseph K Hitt, Thomas Sugar, and Jennifer Fleeger. Control of a

regenerative braking powered ankle foot orthosis. pages 28–34, 2007.

[53] Jared Markowitz, Pavitra Krishnaswamy, Michael F Eilenberg, Ken Endo, Chris Barnhart, and

Hugh Herr. Speed adaptation in a powered transtibial prosthesis controlled with a neuromus-

cular model. Philosophical Transactions of the Royal Society B: Biological Sciences, 366(1570):

1621–1631, 2011.



Bibliography 122

[54] Hartmut Geyer and Hugh Herr. A muscle-reflex model that encodes principles of legged me-

chanics produces human walking dynamics and muscle activities. IEEE Transactions on Neural

Systems and Rehabilitation Engineering, 18(3):263–273, 2010.

[55] Michael F Eilenberg, Hartmut Geyer, and Hugh Herr. Control of a powered ankle-foot prosthesis

based on a neuromuscular model. IEEE Transactions on Neural Systems and Rehabilitation

Engineering, 18(2):164–173, 2010.

[56] Michael Frederick Eilenberg. A neuromuscular-model based control strategy for powered ankle-

foot prostheses. PhD thesis, Massachusetts Institute of Technology, 2009.

[57] G.A. Pratt and M.M. Williamson. Series elastic actuators. In Intelligent Robots and Systems

95.’Human Robot Interaction and Cooperative Robots’, Proceedings. 1995 IEEE/RSJ Interna-

tional Conference on, volume 1, pages 399–406. IEEE, 2002. ISBN 0818671084.

[58] JE Shigley and CR Mischke. Standard handbook of machine design. McGraw-Hill, New York,

1986.

[59] K. W. Hollander, R. Ilg, T.G. Sugar, and D. Herring. An efficient robotic tendon for gait

assistance. ASME Jour. of. Biomech. Eng., 128:788–791, 2006.

[60] F. Sup, H.A. Varol, J. Mitchell, T.J. Withrow, and M. Goldfarb. Self-contained powered knee

and ankle prosthesis: Initial evaluation on a transfemoral amputee. In IEEE ICORR, pages

638–644, 2009.

[61] M. Eslamy, M. Grimmer, and A. Seyfarth. Effects of unidirectional parallel springs on required

peak power and energy in powered prosthetic ankles: Comparison between different active

actuation concepts. IEEE RoBio, pages 2406–2412, 2012.

[62] M. Grimmer, M. Eslamy, S. Gliech, and A. Seyfarth. A comparison of parallel- and series

elastic elements in an actuator for mimicking human ankle joint in walking and running. In

IEEE ICRA, pages 2463–2470, 2012.

[63] M. Eslamy, M. Grimmer, S. Rinderknecht, and A. Seyfarth. Does it pay to have a damper in

a powered ankle prosthesis? a power-energy perspective. IEEE Int’l Conf. on Rehab. Robo.,

pages 1–8, 2013.

[64] H.M. Herr, S.K. Au, P. Dilworth, and D.J. Paluska. Artificial ankle-foot system with spring,

variable-damping, and series-elastic actuator components, January 11 2012 US Patent App.

13/348,570.

[65] H.A. Mauch. The development of artificial limbs for lower limbs. Bulletin of prosthetics research,

pages 158–166, 1974.

[66] URL www.endolite.com. Access May 2014.

www.endolite.com


Bibliography 123
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