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Abstract

An exoskeleton is an external structural mechanism which moves and works

with the human joints synchronously. Recent products focus on rigid devices

for optimum support of the human body. In order to increase the wearing

comfort and the safeness of the ligaments and bends, this paper compares

different existing concepts of compliant exoarms, and furthermore creates a

new device by combining the advantages and avoiding disadvantages. This

comparison includes the analysis of daily tasks, statistical load on each joint

and the evaluation of the flexibleness of the device. In addition, the application

areas of the concepts are compared in order to create one multifunctional

device. The resulting applications range from daily usage for the elderly to

therapy of muscles weaknesses to rehabilitation of stroke patients.
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Chapter 1

Introduction

1.1 General

Humans have long dreamed of a wearable robot, which fits close to the human

body and improves strength, speed and endurance or improve rehabilitation

with robotics. Although devices such as wheelchairs and cranes already exist,

none of them are flexible enough to be adapted to very different usage scenar-

ios, nor are they fully satisfactory from the point of view of ergonomics and

autonomy. For this reason, many researchers are currently working to make

universal wearable robots reality. Research in this field has to date yielded

various solid exoskeletons, which move and work in synchrony with the human

limbs. Most of these are capable of bearing the weight of the wearer and even

assisting in the lifting of heavy load. In extreme cases, such an exoskeleton

can also replace human muscles or bones. However, this kind of robot has two

distinct disadvantages: it is rigid and very heavy, therefore making it diffi-

cult to put on. There is in fact a growing family of a different style, that of

so-called soft or compliant exosuits, which support or help the human body

in individual activities while consuming less energy. This flexible style also

protects ligaments, tendons and joints from deterioration. The area of applica-

tion of such a robot ranges from functional rehabilitation to the restoration of

lost functions, such as those of elderly or disabled persons. Another important

target audience could be people with muscle weakness or other degenerative

illnesses. Such individuals are often severely impeded in performing day-to-day

tasks such as holding a glass of water or pulling a chair to sit on. In comparison

to a solid exoskeleton a soft implementation has a number of advantages:
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1.2. PURPOSE

• It can be very light and thus have extremely low inertia

• It is easy to put on and to adapt to anatomical variations

• The whole suits is worn slack, so the level of comfort is very high

1.2 Purpose

The aim of this research project is to create one or more sophisticated concepts

for a so-called compliant exoarm, which helps people with muscle weakness or

other degenerative illness. However, it deals in particular with the human arm

to support daily activities, such as holding a glass of water or with rehabilita-

tion methods to rebuild muscles.

For the first concept phase, the undertaking should summarizes all known

design concepts, which are state-of-the-art in the field of exoarms. Secondly,

different actuators and sensors should be summarized and discussed in order

to find the best fitting principal for a compliant exoarm. The desired product

should fit the following criteria:

• It leaves the user in full control over his/her movements

• It introduces only minor to no kinematic changes to natural movements

• It assists particular application of the target audience

The project assesses potential devices, to determine if they fulfill the following

criteria.

• Should be as small as possible,

• Is easy to wear and use, and

• Has high sensitivity to human motion.

After this project, it should be possible to create a prototype, capable of

performing trials on real humans in a daily routine situation.
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1.3. SIGNIFICANT QUESTIONS

1.3 Significant Questions

The following questions should be answered in this project:

• Which field of activities should be possible with this exoarm?

• Which human-robot-interaction fits best for the purposed applications?

• Which recent concept best suits the purpose?

• Does it need actuators or sensors? If yes, ...

– which actuators or sensors have the potential for use in this concept?

– what is the desired level of sensitivity and accuracy of the compo-

nents for detecting humans motion?
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Chapter 2

Background

2.1 Physical design of a human arm

2.1.1 Overview

The elbow complex serves an important linkage function that enables proper

positioning of the hand and the transmission of power from the shoulder to

the hand. It consists of three bones: humerus, ulna and radius. However, the

arm is composed of three distinct articulations: the humeroulnar joint, the

humeroradial joint and the proximal radioulnar joint. These share a common

synovial cavity, enabling the forearm to flex, extend, pronate and supinate on

the humerus.

2.1.2 Action of the Elbow Complex

Following actions are possible as discussed in [9]:

• Flexion and extension (Figure 2.1-A)

– Humeroulnar joint. Articulation between the trochlear notch of

the ulna and the trochlea of the humerus.

– Humeroradial joint. Articulation between the head of the radius

and the capitulum of the humerus.

• Pronation and supination (Figure 2.1-B and -C)

4



2.1. PHYSICAL DESIGN OF A HUMAN ARM

– Proximal radioulnar joint. Articulation between the head of the

radius and the radial notch of the ulna.

Figure 2.1: Structure of Elbow Complex [9]

(A) Lateral view of the elbow demonstrating bony landmarks and articulations.

Radioulnar joint during supination (B) and pronation (C). Anterior (D) and

posterior (E) views of the brachial muscles.
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2.2. MOVEMENTS MECHANICS OF THE ARM

The focus of this project is on extension and flexion of the elbow complex.

2.1.3 Muscles of the Arm

The muscles of the arm (Figure 2.1-D and -E) are divided into to different

compartments (anterior and posterior). Each muscle may cross one or more

joints. In the following Table 2.1 are all muscles shown with their respective

actions.

Muscle Action

Biceps brachii
Flexion of shoulder

and flexion and supination of elbow

Brachialis Flexion of the elbow

Coracobrachialis Flexion of the shoulder

Triceps brachii Extension of shoulder and elbow

Table 2.1: Muscles of the Arm [9]

2.2 Movements Mechanics of the Arm

2.2.1 Flexion Movement

The muscles in the anterior compartment of the arm are primarily responsible

for the flexion movement, because of their orientation (Figure 2.1-D). There are

two muscle which are attached at different locations to allow the movement.

• Brachialis muscle

Attached between anterior aspect of the humerus and the coronoid pro-

cess and the tuberosity of the ulna, crossing the anterior elbow joint. The

brachialis muscle acts on the ulna (humeroulnar joint), and therefore, it

produces flexion of the elbow.

• Biceps brachii muscle

Consists of two heads that attach to the supraglenoid tubercle (long

head) and the coracoid process (short head). The biceps brachii muscle

converges to insert on the radial tuberosity. The biceps brachii muscle

6



2.3. MUSCLES ACTIONS DURING A MOVEMENT

converges and leads to the radial tuberosity. Because the distal attach-

ment is to the radius, the biceps brachii will also produce supination due

to movement of the radioulnar joints.

Full active flexion with both muscles in the normal elbow is until 145 degrees

[9].

2.2.2 Extension of the Arm

The muscles in the posterior compartment of the arm are primarily responsible

for the extension movement, because of their orientation (Figure 2.1-E).

• Triceps brachii muscle

Consists of three heads. The long head attaches to the infraglenoid tu-

bercle of the scapula, and the medial and lateral heads attach to the

posterior humerus. The three heads converge to attach to the olecra-

non process of the ulna. The long head produces shoulder extension and

elbow extension. The other two heads produce elbow extension only.

Full active extention in the normal elbow is until 5-10 degrees [9].

2.3 Muscles Actions during a Movement

The elbow motions of flexion and extension are associated with adduction

and abduction motions [9]. For adduction (flexing of the arm), the individual

pronates or compresses all anterior compartments of the arm and supinates

all posterior compartments. Because of both muscle groups are connected over

the attachment to the ulna and radius, the flexion and extention movements

are interdependent. Each of them is a complementary motion of the other. The

quality of interaction of the anterior and posterior compartments indicates the

stability of the elbow. This interaction of the forces is called force couple of

the elbow.
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2.3. MUSCLES ACTIONS DURING A MOVEMENT

2.3.1 Muscle contraction

The tension-generating force and the length changing of the muscle is pro-

duced by the activation of the muscle fibers. However, a muscle contraction

does not mean muscle shortening because muscle tension can be applied with-

out changes of the muscles length for example in the case of holding a heavy

weight. Thus, in order to change the length of the muscle, the contraction

has to be concentric or eccentric in the case of shortening and lengthen re-

spectively. Thereby the length changing and the generation of tension are in a

relationship [25].

Figure 2.2: Muscle Length-Tension-Relationship [25]

As can be seen in Figure 2.2, the greatest tension of the muscle occurs when

the muscles is stretched.

The contraction of the muscle fibers are caused by the motor neurons, whereby

one neuron is able to activate more fibers. A single motor neuron introduce

a twitch in the muscle fibers. In summation, these twitches superimpose on

one another and lead to a forces which produces the contraction of the mus-

cle. The muscle fibers and the nerve axon, where the motor neurons derive,

together are called motor unit. The mentioned twitches, which seam like fast

contraction and relaxation, produce electric potential variations. These motor-

unit potentials least from 5 to 20 ms with an amplitude between +200µV and

−200µV [4].

8



2.3. MUSCLES ACTIONS DURING A MOVEMENT

Figure 2.3: Typical motor-unit potential [4]

In Figure 2.3 can be seen a typical motor unit potential which is called the my-

oelectric signal. If a considerable amount of such signals are superimposed,

it results in the electromyography signal (EMG signal) which can be detected

by electrodes sitting on the skin above the muscle. In Figure 2.4 can be seen

an example of detecting the activity of a muscle with example signals [20].

Figure 2.4: EMG signal and motor-unit potentials [20]

2.3.2 Movement Example

A movement example can be illustrated in flexioning an elbow with a certain

resistance (weight). The humeroulnar joint illustrates the fulcrum (axis). By
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2.4. ACTIVITIES OF DAILY LIVING - ADL

pronate the bizeps muscle (compress) accrues a force to the radius bone. As

shown in Figure 2.5, the movement is simplified with a force lever in third class

(the effort is between the pivot and the load) [1, Page 15].

Figure 2.5: Example of lifting a weight [1]

2.4 Activities of Daily Living - ADL

In order to understand the typical loads on the joint during ADLs, it is nec-

essary to analyze these activities with a motion capture system. 19 activities

were captured and evaluated in the following categories: general reaching tasks,

functional tasks, eating and drinking, and hygiene-related tasks.

As an Figure 2.6 can be seen, a 7-DOF model of the human hand is with

the shown frame assignments. The torques were calculated with two different

methods: a modeling simulation package (Cosmos/Motion, Solidworks) and an

analytical approach (Autolev, Online Dynamics).

10



2.4. ACTIVITIES OF DAILY LIVING - ADL

Figure 2.6: Assignment of Euler Y-X-Z axes for the Vicon system [19]

The calculation of the torques and the most used angles resulted in the Figure

2.7. The upper plots represent the statistical distributions of the human arm

ordered by the regarding joints. The bottom plots illustrate the torques of the

regarding joints during the 19 ADLs. The zero position of the plots can be

seen in Figure 2.6.
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2.4. ACTIVITIES OF DAILY LIVING - ADL

Figure 2.7: Statistical distribution of human arm joint angles (top) and joint
torques (bottom) during 19 ADLs [19]

The first interesting parameter in the Figure 2.7 is the joint angle of the

elbow joint. The distribution shows a trimodal form with the peak on about

145◦ which means that this angle is most commonly used during ADLs but

with only 6% . Despite of the a few other peaks, the distribution is relatively

constant in comparison to all other joints. That follows to the assumption, that

the whole range of the joint has to be assisted because all angles between 5◦

until 150◦ are used in ADLs.

The second important focus is on the total torque of the elbow joint. While

evaluating the resulting distribution for the elbow joint, the almost constant

torque distribution is noticeable. The total torque in the elbow joint ranges

from −2 Nm until 3 Nm while about 80% off all load occurs between −1 Nm

and 2 Nm.

Based on the results of the ADL evaluation, the Figure 2.8 indicates the re-

quirements on each axis for an assistive robot.

Figure 2.8: Kinematic and dynamic joint design requirements [19]

12



2.4. ACTIVITIES OF DAILY LIVING - ADL

Again, the elbow axis which is shown as number 4 is evaluated. The Figure 2.8

shows under the row 4 of the vicon axis the statistical values of the elbow joint

for the angle and total torque which are minimal required to be supported by

the exoskeleton. The significant values of this table are the RMS torque of 1,4

Nm and the mean angle of 92,1◦ [19].
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Chapter 3

Methods

3.1 Human-robot interaction and Actuators

The following three sections describe the basic principles on how an assistance

robot can be designed which includes the interaction with the human as wells

as different actuator types.

3.1.1 Human-robot interaction (HRI)

As the exoskeleton moves synchronously with the human joint, an effective

HRI is very important. Therefore, the location where the robot comes in con-

tact with the human skin is very important because it has a high influence

on the quality of the measurements. Existing projects use skin elements that

reduce pain to improve comfort, safety, and transfer of load force.

Types of HRI are:

• Haptic interface

Touch and force sensors on the human skin capture the movement and

give feedback. This mechanical stimulation can be used for a remote con-

trol for mechanical devices or virtual object.

As an example for haptic interface, Kapur et al. [13] developed an ex-

oskeleton using vibration actors at different points of the patient’s skin.

14



3.1. HUMAN-ROBOT INTERACTION AND ACTUATORS

Figure 3.1: Haptic interface example [11]

• Electromyograph (EMG) Signal Detection

EMG sensors attached onto the skin above the muscle detect naturally

generated muscle signals. This enables an interface which is independent

of the individual user and their weaknesses and illnesses.

As an example for an EMG detection system, Myomo Inc. introduced

the MyoPro as an upper limb orthosis [17].

Figure 3.2: EMG interface signal flow [17]

The detected EMG signal consists of superimposed signals from different

motor units at a time. As shown in [20], the EMG signal is analyzed to

gather information about the biomedical state of the muscle.
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3.1. HUMAN-ROBOT INTERACTION AND ACTUATORS

• Visual interface

This interface uses cameras to capture gestures (face or mouth) and pro-

cesses commands. Motion and gestures capture is often used for virtual

gaming.

As an example for visual interface, Baklouti et al. [2] proposed a face and

gestures controlled exoskeleton.

HRI Discussion

As already mentioned, this project propose to create a new sophisticated con-

cept for an exoskeleton which assists the human elbow in daily life as well as

rehabilitation. Hence, an innovative method has to be set at first.

A visual interface as controlling unit is a innovative way to collect the pro-

posed movement of the patient. In addition, no sensors would be needed in the

exoskeleton. However, the capturing with cameras and the processing of the

gestures needs lot of resources which has a negative impact on the portability

of the device.

In terms of feedback, haptic interfaces have significant benefits. Force sen-

sors demonstrate a simple method of detecting the desired movement of the

patient. Additionally, feedback on the human skin can be simply realized which

enables a stimulation function of the exoskeleton. The minimal processing of

data is another advantage in comparison to other interfaces.However, since

the force sensors are based on detecting motion, the haptic interface requires

an initial movement patient’s arm moving without the exoskeleton. This leads

to a significant disadvantage for patients who cannot perform significant self-

motions of the arm, and who do not have assistance in performing the initial

motion.

In comparison to the visual and haptic interfaces, the EMG detecting sys-

tem has several benefits. If the EMG sensors are attached close to the human

skin above the muscle, already weak muscles are measurable and processable

which increases the accuracy and reduces the latency. Furthermore, in compar-

ison to the haptic interface which necessitates arm motion, the EMG sensors

can detect and process natural muscle signals before contraction or relaxation.

Consequently, the muscle and the assistive robot move synchronously. While

the muscle does not move due to weakness, the signal is still present, and the

16



3.1. HUMAN-ROBOT INTERACTION AND ACTUATORS

exoarm continues the movement and completes the desired movement until

the patient needs to stop motion. This leads to a useful tool even for weak

patient because no motion is needed to actuate the exoskeleton. Additionally,

this system enables the exoskeleton for different individuals to be independent.

3.1.2 Actuation

Electric Motor

Traditional robots use usually electric motors [3] with gear boxes to drive their

components. Exoskeletons made of traditional robotic technology are stiff and

supply large torques. As the electric motor in wearable robots is not flexible to

provide injuries, such methods require a compliant motor control algorithm.

Such algorithms for actively control of compliance are already developed by

Salisbury [21] and Paul [18].

The following list concludes the advantages and disadvantages of the electric

motor as an actuator:

Advantages

• accurate movement in term of position and velocity

• easy to control

• simply attachment

Disadvantages

• very stiff

• difficult to implement compliant controlling algorithm

Smart Materials

Smart materials have one or more special properties that can be changed by

an an external stimulus. This stimulus can be stress, temperature, moisture,

pH, electric fields or magnetic fields. In the field of robotics, the most common

17



3.1. HUMAN-ROBOT INTERACTION AND ACTUATORS

types are electroactive polymerier (EAP). This smart material converts the

energy of an electric field into the mechanical energy of a change in distance,

or strain.

There are already existing concepts which use EAPs as artificial muscles in

order to model the human arm. [22]

The group of EAPs includes two different types:

• Electronic EAP - driven by electric field

exhibits high mechanical energy density with high required voltage (>100MV/m),

and holds the strain with DC voltage

• Ionic EAP - diffusion of ions

bi-directional actuation with a low required voltage (1-2 V)

Figure 3.3: 4-finger EAP gripper lifting a rock [22]

As an example, De Rossi et al. developed a kinesthetic system with EAP ac-

tuators Example for using EAP [7].

There are many approaches to create passive exoskeleton which use only

force generating actuators. However, these designs cannot actively assist move-

ments, which limits the application significantly. Typical passive exoskeletons

use springs to negate the effect of gravity so that the patient only needs little

effort to move the arm.

The following points show the advantages and disadvantages of smart materi-

als as an actuator of a assistive robot:

Advantages:

18



3.1. HUMAN-ROBOT INTERACTION AND ACTUATORS

• tiny construction possible

• innovative design

• easy to control

Disadvantages:

• materials which create enough torque are not developed yet

• difficult to manufacture

Pneumatic Muscle Actuator - PMA

The majority of the existing concepts uses electromagnetic motors. Hence, re-

cent approaches [16] focus on the usage of artificial muscles such as pneumatic

muscles actuators (PMA). In comparison to an electric motor, PMAs are only

able to generate tension force, therefore, PMAs are often used as a pair to gen-

erate a bidirectional torsion. They mimic the biceps and triceps in a human

arm, i.e., when one contracts, the other relaxes and vice versa. This actua-

tors reach length changes by contraction similar to the human muscle. The

contraction of the PMA is caused by entering air pressure in an elastic tube.

The Figure 4.4 shows one inflated PMA, where the noticeable length reduction

in comparison to the nominal length can be seen, and another one PMA in

nominal length.

The following advantages and disadvantages summarize the key points of the

PMAs as an actuator in an assistive robot:

Advantages:

• better forces-to-weight ratio

• ability of compress the air enables flexibility safeness of the exoskeleton

Disadvantages:

• non-linear characteristic is difficult to control

• low bandwidth with 5 Hz

19



3.1. HUMAN-ROBOT INTERACTION AND ACTUATORS

Experiments with PMAs have shown the dynamic behavior while releasing a

30kg mass at different pressures which can be seen in Figure 3.4 [14].

Figure 3.4: Release of 30kg mass with different pressures [14]

At time t=0, the PMA is in its nominal length for all pressure levels. When

the mass is released, the actuator changes the length immediately regarding of

the pressure level. This leads to a compliant behavior of the muscle especially

at the maximum pressure of 6 bar. The contraction of the PMA changes with

a certain oscillation which is proportional to the pressure level.

Actuators Discussion

Traditional robots are usually very stiff and can apply very high torques which

can result in injury of the users. Hence, the resulting concept will be applied

for rehabilitation and daily life where the safeness has to be very high. In order

to gain safeness of the device, the following points have to be adhered to:

• Only apply as much torque as is required

• User decides all motions of the exoskeleton

• Compliant motion of the robot

A considerable amount of recent assistance robots are driven by electric mo-

tors because of their broad application possibilities. However, an electric motor

with a traditional control is stiff and can apply very high torque with less en-

ergy which can lead to injury of the user. To get a the required compliance,
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3.2. EXISTING CONCEPTS

the electric motor has to be compliantly controlled.

Algorithms for compliant control of stiff actuators may prove complex, and if

not tested thoroughly, may yield errors that prove hazardous to the patient.

Instead of having a stiff mechanical design and a compliant control, a better

approach is to use a compliant mechanism. Pneumatic muscle actuators im-

plicitly provide compliance, and do not require compliant control algorithms.

PMAs are an innovative concept of driving a robot because of the analogy

to the real human muscle. These actuators have a high force-to-weight ratio

which enables a lightweight design of the robot and a higher level of comfort.

Additionally, PMAs allow treating the force control loop as a position control

where the change in muscle length is nearly proportional to the force applied,

as can be seen in Figure 4.8.

Recent research is focused in smart material because it enables particularly

tiny designs of the robot. However, the requirement of compliance is fulfilled

besides the research on these materials are in the initial state which makes it

difficult to gain information and samples for experiments.

3.2 Existing Concepts

3.2.1 Introduction

In this chapter existing concepts of exoskeletons are described and discussed.

This section summarizes existing state-of-the-art design concepts. In order to

compare these concepts, its important to answer significant questions, such as:

• Who is the target audience?

• Which field of activities should be possible?

• How many degrees of freedom (DOF) are needed?

• Which flexible actuators and sensors are needed?

During the literature research, all collected concepts were evaluated based on

the significant questions.

The following concepts have been evaluated:
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3.2. EXISTING CONCEPTS

• Armeo products (Hocoma AG, Switzerland) with 7 DOF

– Active exoskeleton - ArmeoPower

– Passive exoskeleton (Springs) - ArmeoSpring

– sling suspension system - ArmeoBoom

• ARMin 3 exoskeleton

• MyoPro arm brace (Myomo Inc., Cambridge MA) with 1 DOF for elbow

joint; EMG control system

• Hand Mentor (Kinetic Muscles Inc., Tempe AZ) with 1 DOF for wrist

and fingers; actuated by air muscles

• Robo Suit HAL-5 (Cyberdyne Inc., Japan) is a full body exoskeleton for

disabled; uses EMG signals

• RUPERT IV with 5 DOF for elbow joint; driven by pairs of PMA

By answering the mentioned significant question, the number of fitting concepts

to the aim is reduce to the following two devices.

3.2.2 RUPERT

RUPERT [3] [23] in the fourth generation is developed for robot assisted upper

extremity repetitive therapy. This device has five actuated DOF driven by

artificial pneumatic muscles (PMs) at the shoulder, elbow and wrist. Therefore,

the movements are flexible which minimizes hazard to the joints, ligaments

and tendons. RUPERT is a low-cost device, and is easy to use and wear and is

designed to be used for daily activities, therefore, it is lightweight which makes

it portable.

Design

RUPERT is designed with four pneumatic muscles to achieve the desired range

of motion. These pneumatic muscles actuate the shoulder elevation, elbow

extension, supination and wrist extension. To enable the best usage for different

patients, multiple adjustments are added to supply multiple sizes. RUPERT is
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designed without compensation for natural gravity in order to keep the device

realistic for real-life activities.

Figure 3.5: RUPERT IV [3]

Control

The control of RUPERT is based on a cascade closed loop control with an

inner loop (individual joints) and an outer loop (level of functional task). The

closed-loop controller is developed for a passive therapy mode (designed in

MATLAB/Simulink). The desired movements are predefined by the therapist.

If the patient starts the sequence and does not reach the defined end position,

the muscles are activated. In addition, the therapist is able to change the

amount of the movement as well as the speed of the movement according to the

condition of the patient. This activation sequence of the muscles is calculated

using the SIMM model 1 for each activity.

Results

RUPERT provides a five degree-of-freedom exoskeleton, with a closed-loop

controller. In order to minimize hazard to the joints and ligaments RUPERT

uses PMs for flexible movements. The adaptive controller enables the opera-

tion of different users.

1http://www.musculographics.com/html/products/simm.html
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Unfortunately, this device supports only programmed repetitive activities. Con-

sequently, all movements have to be defined and programmed which which may

not be useful in daily life.

3.2.3 MyoPro

MyoPro [17] is a portable lightweight and electric motor-driven brace which

enables individuals to initiate and controls arm motion. MyoPro, developed

by Myomo Inc. 2, uses the patient’s own muscle signals to move the arm and

is therefore useful for patients with any kind of weakness or illness such as

stroke, multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS), brain and

spinal injury and other neuromuscular disorders. When the user tries to move

the arm, the sensor system activates the motor to move the arm in the desired

direction. During this movement, the brace amplifies the weak muscle signal

to help bend and move the user’s arm.

Figure 3.6: MyoPro myoelectric limb orthosis [17]

Design

MyoPro has a rigid shell with elastic stripes to fix the arm in the desired

position. An EMG (electromyography) control software detects even very weak

muscles signals created by the user in order to move the arm. This data is

processed to obtain activations for the electric motor on the device to enable

the desired movement of the arm. This processing occurs so quickly that it is

not apparent to the patient.

2http://www.myomo.com
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Results

This upper limb orthosis assists patients with any kind of weaknesses and ill-

nesses in daily activities. The EMG control system enables easy use of MyoPro

without any preparation of the desired movements for different individuals.

While the electric motor is accurate, it may cause stiffer movements compared

to MyoPro.

3.3 Modeling

3.3.1 Introduction

This section summarizes the modeling of the human arm as discussed in the

approach of Tzong-Ming Wu et al. [26] on developing a muscle-strengthening

exoskeleton.

3.3.2 Create Kinematic Model

As discussed in the previous chapter, the human arm is separated into the

upper limb and the forearm. The upper arm is from the shoulder joint (gleno-

humeral) to the elbow joint and the forearm connects the elbow joint with the

palm of the hand (Figure 3.7). The lengths of the respective parts are different

across various human subjects. As shown in Figure 3.7, the length of the upper

arm bone is referred to in [26] as rSE and the length of the forearm bone as

rEH . As this project is focused on the elbow joint, the upper arm is mostly

in a neutral position and therefore not influenced by the gravitation and can

be neglected for this part. Hence, this segment can be modeled as a two-link

linkage. The geometry of the human body is assumed as symmetric so keep

the model simple. Also the weights of the arms are set on the center lines of

the respective segments with mf and mu. Furthermore, the mass of the hand

is ignored, because it does not effect the model in comparison of the mass of

the other two parts.

To model the human arm, the authors of [26] use the Denavit-Hagenberg pa-

rameters [8]. This leads to four Cartesian coordinate systems 0-4, where in

this case system 0, which is attached on the ground as a reference system, to
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system 3 stay static. All parameters in Figure 3.7 are created based on the

definition of Denavit-Hagenberg notation.

Figure 3.7: Kinematic model of human upper limb [26]

3.3.3 Calculate of strain during lifting

To evaluate the robustness of the device, its important to know the strain

during a lifting exercise, for instance, a free-weight lifting. In this exercise, the

muscle is trained by repetitive lifting and while increasing the weight gradually.

As in Figure 3.7 shown, the load is called mw and is located at the palm of
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the arm at the point H. The masses of the upper arm and the forearm are

constant and are in the mass center of the respective parts. Therefore, the

potential energy can be calculated as followed:

Vg = −mug · (rSE + ru)−mfg · (rSE + rEH + rf )−mwg · (rSE + rEH) (3.1)

The vectors ru and rf in Equation 3.1 can be split up into ru,x and rf,x, whereas

the other components ru,y, ru,z and rf,y,rf,z are neglected. This provides the

equation:

Vg = [−mug · (rSE + ru,x)− (mf −mw)grSE] sin θ2 cos θ3

−[mfg(rEH − rf,x) +mwgrEH ] sin θ2 cos(θ3 + θ4)
(3.2)

The torque in the joint can be calculated with the equation:

τ =
∂V

∂θ
(3.3)

As the device in [26] focuses on the elbow joint, the torques of other joints are

not shown. Therefore, the derivation is only used for θ4.

τtwist = [mfg(rEH − rf,x) +mwgrEH ] sin θ2 cos(θ3 + θ4) (3.4)

This special twist torque has to be prevented by the developed device. Al-

though, the torque supported by the actors of the device is a different one, but

can also be calculated with the same model.

The maximum of the torque during a lift occurs when the upper arm is in

a vertical position. That means that θ2 = 0 deg and θ3 = 90 deg. So follows the

equation for the lifting torque strained on the elbow joint.

τlift = [mfg(rEH − rf,x) +mwgrEH ] sin θ4 (3.5)

The Equation 3.5 has its maximum at θ4 = 90 deg and further only depends
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on the masses of the arm and the external weight.

τlift,max = mfg(rEH − rf,x) +mwgrEH (3.6)
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Chapter 4

Exoskeleton Concept Provided

by Thesis

4.1 Introduction

The main purpose of this research is to develop a new sophisticated and unique

concept of an exoskeleton for an application in rehabilitation and activities in

daily living (ADL). While the previous chapter summarize the background

information and state-of-the-art techniques, this chapter compares different

methods, combines the methods, calculates required parameter and results in

a raw design. The new concept is designed in the 3D CAD software Autodesk

Inventor Professional.

4.2 Main Decisions

Based on the discussions in prior chapters on the advantages and disadvantages

of different exoskeleton approaches, a novel exoskeleton concept is designed in

this chapter. By taking the existing concepts into account, different main de-

cision can be formed.

As discussed in Chapter (3.1.1 Human-robot interaction), the haptic and visual

interfaces have disadvantages for use in rehabilitation and ADL applications.

The EMG detecting system has serious benefits in terms of multifunction, ac-

curacy and real time processing.
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In order to realize the required compliance, the pneumatic muscle actuators

fit best for a compliant exoskeleton due to the compressibility of the air which

drives the PMAs. As can be seen in Figure 3.4, PMAs show compliant behavior

even at maximum pressure, which proves beneficial in comparison to electric

motors.

Finally, the advantages of two existing concepts, RUPERT and MyoPro, were

combined to provide a new compliant design for an exoskeleton which can be

applied for different individuals in a wide range of situations. The new design

developed in 3D CAD software assists the human elbow to lift objects.

This leads to an exoskeleton controlled by EMG sensors and driven by

PMAs with one DOF while restricting no other DOF of the human arm

which enables a comfortable and easy-to-wear device.

4.3 Comparison of Actuators and Sensors

4.3.1 Sensors

As discussed in Chapter 3.1.1 Human-robot interaction, EMG detection sys-

tem allows the robotic system to assist the patient in performing desired mo-

tion by sensing muscle contractions, relaxations, and natural muscle state. This

allows the robot to power the arm in real time without any delay because the

stimulation of the muscle and the processing of the signal data take place si-

multaneously and enables a humanlike device with is adaptable for any user.

According to surface EMG, electrodes are attached on the skin above the mus-

cle for recording information present in the muscle. The attached electrodes

pick up the EMG signal and modify it with a differential amplifier.

The estimated use of EMG detection causes following issues [15]:

• the natural generated EMG signal varies even in the same motion

• the activity level of each muscle are different across subjects

• one muscle is involved in various motions

• the role of each muscle differs and various angles and positions of the

limb
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• signal-to-noise ratio is high

To cope with these issues, biomedical instruments was developed to process

the raw EMG signal. Since the raw signal of the electrodes has low voltage

amplitudes and carries noise, it is necessary to filter and amplify the signal.

Yen et al. [27] developed an integrated circuit (IC) design which extracts the

information using three stages: instrumentation amplification, gain control and

filtering.

Another chip design has been developed by Kajitani et al. [12] for autonomous

mobile robotics. The logic circuit can be adapted according to the desired

muscle. Additionally, the inbuilt CPU core, which uses a genetic algorithm,

provides fitness calculation based on the user’s activities. This is useful to

record muscle behaviors during rehabilitation. Recent myoelectric prostheses

are already equipped with this chip for data acquisition and processing.

The raw EMG signal consists of a number of superimposed motor unit sig-

nals or myo-electric signals. As such, for the signal to be useful, information

about the muscle action needs to be extracted. Since the interesting informa-

tion is the amplitude of the signal, the root mean square (RMS) is calculated

to gain useful data:

RMS =

√√√√ 1

N

N∑
i=1

v2i (4.1)

In Equation 4.1, N stands for the number of samples, vi the measured voltage

of the ith sampling. Before assuming the activity of the muscle, the basic signal

level has to collected to calibrate the controller.

In addition to the EMG sensors, force and angle sensors are attached on the

elbow joint to measure the torque and velocity created by the user. This en-

ables the device to decide if the motion needs to be supported or not.

The two sensor system leads to different scenarios:

• EMG signal level is low - torque sensor signal is high

the user moves the limb with low contraction of the muscle

→ no activation of assistive actuators

• EMG signal level is high - torque sensor signal is low

the user tries to move the limb with high contraction of the muscle but
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the limb does not move

→ activation of assistive actuators

• both signals are low

the user relaxes the limb or move very slowly

→ no activation of assistive actuators

• both signals are high

the user moves the limb with high contraction of the muscle

→ no activation of assistive actuators

These decisions enable the user to perform self-motions of the limb as far as

possible without robot intervention.

In oder to calibrate the controller, the standard parameters, such as the stan-

dard EMG signal level of the relaxed muscle, have to be collected. Therefore,

the user performs typical daily life motions for calibration. Using these mo-

tions, the factor between the EMG signal level and the torque sensor signal

can be evaluated to enable the mentioned decisions. During the estimation of

this factor, the RMS values of both signal are subtracted. This resulting error

value become zero if the generated robot motion and the user’s motion are the

same.

Previous approaches [15] have provided analysis of the correlation of the EMG

signal and the joint angle with human subjects while lifting a dumbbell (5 kg).

32



4.3. COMPARISON OF ACTUATORS AND SENSORS

Figure 4.1: Experimental result of lifting a weight [15]

As shown in Figure 4.1, the actual angle of the elbow joint and the detected

RMS value of the EMG signal on the biceps are in relation with each other.

4.3.2 Actuators

Based on the previous decisions of using PMAs to drive the exoskeleton, the

following part discusses the characteristics of two different PMA types which

are Plated Pneumatic Artificial Muscle (PPAM) and McKibben muslces of

Festo (Festo Fluidic Muscle).

The use of PMAs have been significant increasing due to their humanlike char-

acteristic such as variable-stiffness, physical flexibility and very high energy-

to-weight ratio [24].

Figure 4.2: Example of McKibben Muscle [24]
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Figure 4.2 shows an example of a McKibben muscle in different stages. It

consists of a rubber inner tube which expands when air pressure is applied. The

outer braided sleeve limits the radial extension of the inflation and transfers

the tension. These muscles are usually driven with pressures from 1 to 6 bar

and more.

The second PMA design, i.e., the Pleated Pneumatic Artificial Muscle

(PPAM), is created by Daerden at the Vrije University Brussel [6].

Figure 4.3: Example of PPAM [24]

This design consists of a membrane which is arranged into radially laid out

folds. This feature allows a free unfurling without radial stress. Figure 4.3 illus-

trates the working principal of a PPAM. This artificial muscle operates from

20 mbar to 4 bar and reaches contraction until 40%, depending on the nominal

length of the muscle. With a weight of 100 g is the PPAM able to generate

forces up to 5 KN.

The force-contraction characteristic of a PPAM depends on the slenderness

and the nominal length of the muscle. In comparison, a McKibben muscle is

characterized by its diameter.

McKibben muscles are commercialized by different brands for example Festo,

Shadow or Merlin. The Festo fluidic muscles are the most widely used McK-

ibben muscles. The Figure 4.4 shows a visual of the fluidic muscle as marketed

by Festo which are available in different diameters and lengths and are able to

generate a maximum force up to 5 kN at 6 Bar.
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Figure 4.4: Festo Fluidic Muscle [10]

On comparing both muscles, we find that the fluidic muscles by Festo are able

to operate at higher pressures of 6 bar for DMSP-20. In Figure 4.5 can be seen

a comparison of the contraction at same forces of the two muscle types. While

Festo muscles are limited to 25%, PPAMs reach a practical contraction over

38%.

The next noticeable difference between the muscles is the elasticity. Festo mus-

cles elongate slightly in their pretensioned state due to their elastic compo-

nents, whereas PPAMs are rigid because of the in-elasticity of the fibres.

Figure 4.5: Comparison of contraction of PPAM and Festo poducts [24]

As already seen in previous figures, the inflation of the muscles are different.

While the shell structure of the Festo muscle keeps the tube in a cylindric

shape during the inflation, PPAM deforms completely and ends in a shape of a

spheroid. Therefore, the diameter of a PPAM is usually more as doubled from

initial state to inflated state.
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Festo Fludic Muscle PPAM

Properties Units DMSP-10-40 DMSP-20-60 DMSP-40-120 lo=40mm lo=60mm lo=120mm

Max Tension N 630 1500 6000 660 1487 5950

Max Diameter mm 20.7 39 75.4 35.4 53 106.1

Max contraction % 13 22.8 28.3 38.2 38.2 38.2

Tension intensity kN/mˆ2 1526.3 1255.6 1473.6 618.2 618.2 618.2

Force to Mass kN/kg 8 7.1 7.4 9.8 19.7 50.2

Energy to Mass Nm/kg 14.6 38.7 108.1 72.7 218.5 1112

Energy to Volume Nm/l 268.5 159.1 227.8 287.1 287.1 287.1

Table 4.1: Concluding comparison table [24]

On comparing the properties of the two muscles as shown in Table 4.1, we find

that while the PPAM is more compact and lightweight, its diameter increases

significantly compared to the fluidic muscle of Festo. Therefore, Festo muscles

are able to work close to the robot structure which enables a more compact

design. Furthermore, the elasticity of the thin muscles creates a compliance of

the actuation of the device.

Festo Fludic Muscle

Festo developed 2009 a the new pneumatic drive, the Fluidic Muscle [10],

which enables sequences that approximate human movements. It consists of

an elastomer cylinder embedded with aramid fibres. The contraction of the

muscle is created by the entering compressed air. The internal name for the

product is DMSP/MAS (depending on the attachment type) followed by the

nominal length and diameter of the muscle. The product characteristics are

only depended on the diameter of the muscle which can be seen in Figure 4.6.

Figure 4.6: Characteristics of Festo Muscles [10]

Festo provides different peripherals for connecting to a structure which can be

seen in Figure 4.7.
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Figure 4.7: Peripheral overview of connectors [10]

Figure 4.8 illustrates the force-contraction relationship of an example muscle

with different air pressures. This graph shows that the muscle loses maximum

applicable force over increasing contraction.

Figure 4.8: Force-Contraction characteristic of DMSP-20 [10]

4.4 Calculations

Before the created concept can be constructed, we calculate the scale required

for the actuators. The results of these calculations are further inserted into the
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developed design to show the functioning of the device. Before the strains and

torques can be determined, the desired weight has to be set.

As mentioned in the Background section, the statistical RMS torque value

of the elbow joint in ADLs is assumed with τstat = 1,4Nm.

Due to the simplifications and the neglect of any frictions and inertia, a safety

factor (SF) of 20 was chosen.

τlift,max = SF · τstat = 20 · 1,4Nm = 28Nm (4.2)

With Equation 3.6, the maximum lifting weight can be established. Previously,

the statistical length and weight of the human forearm have to be assumed.

The National Technical Information Service in Springfield, USA has been rep-

resented statistical parameter of the human body [5], where mf = 1,1kg and

rEH = 0,3m. The mass of the arm is simplified in the middle of the arm.

mw =
τlift,max −mfg(rEH − rf,x)

grEH

=

28Nm− 1,1kg · 9,81m/s2 · (0,3m− 0,15m)

9,81m/s2 · 0,3m
= 8,97kg (4.3)

Equation 4.3 results in a maximum lifting weight of 8.97 kg.

In order to scale the PMAs, the maximum strain force is required which will

define the diameter of the muscle.

fmax =
τlift,max

rEA

, (4.4)

where rEA represents the distance between the fulcrum and the attached mus-

cle. The arrangement of the fulcrum and the attached muscle is illustrated in

Figure 2.5. The distance rEA depends on the geometric characteristic of the

simulated device.

4.4.1 Scaling of Festo Fluidic Muscle

In order the scale the muscle, the contraction and the maximum load has to

be established as followed:
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Nominal and Maximal Length

Figure 4.9: Simplification for calculation the contraction

Since the simplification (shown in Figure 4.9) is an isosceles triangle with a

main angle of 120◦ (maximum angle of rotation), h can be calculated using the

sine law:

h = r · sin(120◦)

sin(30◦)
= 24 · sin(120◦)

sin(30◦)
= 41,56mm, (4.5)

where r represents the distance between the muscle attachment and the ful-

crum which is set at 24mm. Once the contraction is known, the required nom-

inal length of the muscle can be determined as:

lnominal = h : 25% = 41,56mm : 25% = 166,24mm (4.6)

Finally the Festo Fluidic Muscle is set to a nominal length of 165 mm.

Consequently the maximum distance between the attachments can be evalu-

ated by adding the lengths of the connectors and attachments (Figure 4.10)

for the muscle:

lmax = lnominal + 2 · connector + 2 · attachment =

165mm+ 2 · 47,5mm+ 2 · 40mm = 340mm (4.7)

The maximal length of the muscle is needed as a parameter for the constructed

device which is set to 340mm.
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Maximum Load

Once the maximum lifting torque τlift,max and the distance r between the

fulcrum and the attached muscle r are known, the maximum force can be

calculated with the Equation 4.4:

fmax =
28Nm

0,024m
= 1166, 67kN (4.8)

We look up the largest force lower than fmax in Table 4.6 to determine the

diameter and nominal length of the muscle. We find that for the obtained force

fmax, the muscle diameter should be 20mm and the nominal length should be

165mm and leads to the specific muscle DMSP-20-165.

4.5 Designed Device

As the last step of this research, a raw structure of the exoskeleton was devel-

oped with the 3D CAD software Autodesk Inventor.

The CAD-drawings of the Festo Fluidic Muscle and the needed attachments

are provided by Festo [10].

(a) Festo Fludic Muscle (b) Attachment

Figure 4.10: CAD-Drawings provided by Festo

The exoskeleton structure is separated into a lower and upper part and con-

nected with a joint which is as close to the human elbow joint as possible

(Figure 4.11). Additionally, the maximum muscle length is guaranteed using

the enhancement on the top of the upper part.
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(a) rigth perspective (b) left prespective

Figure 4.11: Whole device in neutral position

The maximum flexion and extension is limited by the contraction of the muscles

calculated in the previous section. As illustrated in Figure 4.12, the exoskeleton

can be manipulated from 10◦ to 130◦.

(a) flexioned (b) extensioned

Figure 4.12: Whole device in maximum positions

In order to fasten the new structure to the human arm, hook and loop fastener

have to be attached on the side holes as seen in Figure 4.13.
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(a) right perspective (b) left perspective

Figure 4.13: Whole device with human arm

4.6 Discussion

In this chapter, different actuators and sensor designs were discussed and ex-

plained. The EMG detection system detects muscle signals, process them and

uses additional force sensors for driving the actuators. The used actuators are

compliant and humanlike which were realized with Festo Fluidic Muscle. These

muscles were scaled with the set dimension and forces. Finally, the device is

constructed with a 3D CAD software to get a overview of the structure.
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Chapter 5

Discussion

5.1 Conclusion

In order to support people with muscle weaknesses or illnesses in daily live,

a new concept of compliant exoskeleton has to be developed. While commer-

cial assistive robots are available, several robots have disadvantages such as

stiffness or complexity of use. Additionally, the main criteria are usually not

fulfilled by these commercialized products which includes the fully control of

the user over his/her movement or the effect of compliance.

This literature research presents a new sophisticated concept of an compli-

ant exoarm for daily life activities. Furthermore, the background knowledge,

which consists of the physical design and the action of movement of a human

arm, has been summarized to understand the principal behavior and function

of the human arm as well as the statistical loads and torques during different

activities in daily lives (ADL). The first chapter contains the principle of cre-

ating a movement by contracting a muscle which can be detected by an EMG

sensor.

In Chapter 3.1.1 current human-robot-interactions (HRIs) and actuators were

summarized with a respectively discussion about the capability of the partic-

ular principals which resulted in the use of a EMG detection system due to

the broad application range while the exosarm is driven by pneumatic muscle

actuators (PMAs). Before analyzing the PMAs in detail, two different prin-

cipals of the pneumatic muscle, McKibben muscle commercialized by Festo

and planted pneumatic artificial muscle (PPAM), were compared. Both mus-
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cles have the same force-ranges, but the Festo Fluidic Muscle does not inflate

during compression, which enables the attachment to remain close to the ex-

oskeleton structure. Therefore, the Festo Fluidic Muscle was evaluated in more

detail. Based on these decisions, state-of-the-art concepts of exoskeletons were

assessed and compared. Two concepts were presented which fit best with the

desired aim: RUPERT and MyoPro. By combining the main advantages of

both concepts, i.e., the EMG detection system of MyoPro and the PMA drive

of RUPERT, a new compliant exoarm was developed.

Since a raw structure has been fixed, calculations were conducted to scale the

PMA developed by Festo. These calculations began by computing the required

torque with a safety factor and followed by establishing the maximum lifting

weight. The last step included the development and construction of the new

design of the exoarm in the 3D CAD software Autodesk Inventor. This 3D

sketch creates a raw overview of the design and the working principal of the

new compliant exoskeleton.

5.2 Future

Based on the results of the presented research a simulation and a prototype

can be developed for proving the functionality of the design. This includes the

decision which materials fits best for the exoskeleton structure. Furthermore,

to ensure the purposed function of the exoarm, the data processing and the

controlling of the actuators has to be built which could include one of the pre-

sented devices for converting the measured raw EMG signal. For driving the

actuators, the nonlinear characteristic has to be taken into account to ensure

an accurate movement.

Lastly, experiments and tests can be established to prove the desired func-

tionality of the compliant exoarm.
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