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Abstract

Understanding humanoid manipulation attracted scientists as well as engineers for centuries. Sci-

entists identify the importance of low-level local control for the system to achieve more complex

tasks like manipulation. However, the specific mechanisms and their traversal from unconscious to

conscious behavior are still in active research for humanoid manipulation. Current technology, how-

ever, does not allow to probe into a body’s peripheral nerves to gather ground truth data. Robotic

experiments and, to a limited degree, simulation allowed researchers to understand the underlying

principles governing and scaffolding the higher competencies in biological entities. In this thesis,

we started with the development of a complex manipulator based on the human upper body. This

platform was then used to experiment with different approaches which aimed to create complex

motor skills. The development and initial results using learning-based approaches to create motor

skills then lead us to investigate and develop components representing the lowest control layer in a

musculoskeletal system. This work will introduce these initial efforts to create an experimentation

platform, leading to the development of bio-inspired sensors augmenting each pneumatic artificial

muscle. We will discuss two different iterations of such sensors and their characteristics. We will

then investigate the particular behavior of antagonistic muscle pairs. Based on our preliminary work,

we will show via an experiment that feedback available in biological systems is sufficient to create

low complexity control schemes. Properties like compliance can emerge via the trivial forwarding

of feedback into functional blocks. The results presented in this work should be considered as an

interface of theoretical models, including simulations and the real-world deployment of such strate-

gies to improve humanoid manipulation, as well as understand the underlying principles that allow

adaptable behavior to emerge from the system rather than specific controllers.
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Chapter 1

Introduction

Biological muscle control allows humans to learn highly flexible and adaptive motor skills [11]. In

automation, researchers and engineers were highly successful in creating machines that can be used

to fulfill complex tasks with high precision. However, these systems were first designed to operate in a

highly controlled production environment, unaware of changes around them and unable to cope with

other situations as they were programmed for [52]. Therefore, humans were not able to cooperate

with them. For the purpose of automized production, these limitations were easily accepted and

externally accounted for by placing the robots in zones human workers are not allowed to enter while

the robots are working. In the recent past, the technology evolved to the degree that automation

also reaches the fields where robots have to cooperate with their human coworkers or move from

their well-controlled production lines into the uncertain environment of people’s homes in the form

of mobile systems that can fulfill several different tasks. Using the same techniques as they were used

in the highly controlled setting in manufacturing, however, requires great control efforts so that these

precise machines can interact with the everchanging world outside of the factories’ production lines.

Through the inspiration from nature, researchers realized that an alternative way of approaching

the world’s uncertainties is to create structures that can mitigate those imprecisions through their

non-rigid morphology [34]. This field of soft robotics is gathering more traction recently as more

tasks are identified that can be solved with a much lower control effort as it would have been possible

using conventional rigid robots. Another aspect of soft robotics is the focus on the compliance of

systems and how this can be utilized for coping with the world’s uncertainties. Besides creating

compliance through complex control with conventional robots, another approach actively researched

is the use of replications of biological muscles and the usage of those to actuate structures that are

inspired by morphologies found in nature. These systems can become highly complex but required

less complicated control schemas to achieve compliance and adaptability. However, precise control

of complex musculoskeletal systems is still subject to active research as achieving precision with such

systems can increase the control effort dramatically. In this work, this disadvantage was addressed
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and based on the control architecture that can be found in vertebrates. A bottom-up approach

was followed to investigate possibilities to decrease the complexity of precise control through multi-

leveled behavior of less complex control schemas. Figure 1.1 illustrates two parts of the human

nervous system.

Figure 1.1: This image illustrates the regions of the nervous system that are responsible for the
lower and higher levels of biological motor control.

The central nervous system is where conscious behavior originates. The somatic nervous system

is the part of the peripheral nervous system that relays the motor commands from the central

nervous system to the muscle’s motor pathways, resulting in the muscle’s actual contraction [39].

This hierarchical structure absolves the central nervous system from the detailed task of controlling

the contraction of every single muscle. Based on this biological insight, the goal for this work

was set to investigate and realize a system based on the model of the human central and somatic

nervous system that subdivides the task of controlling a musculoskeletal system and allows the

central decision-based control to be less complex through the usage of motor-unit like control of

actuator pairs which has a low complexity reflex-like structure.

This thesis consists of six chapters. In the following chapter 2, we will introduce the upper mus-

culoskeletal body we designed and build for our investigations control approaches for musculoskeletal

systems. In that chapter, we will show the physical details of our system. The robot was designed

to recreate the structural properties of a human upper body closely. This was achieved by using
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pneumatic artificial muscles in combination with a skeletal system adopted from the human skeleton.

Most joints were trivial to recreate using combinations of hinge and ball joints; however, the creation

of a functional shoulder was posed a more complex problem. Contrary to other robots recreating

the human anatomy, we decided not to simplify the shoulder through the usage of a regular ball

joint. The human shoulder does not represent a ball joint that is statically connected to the torso.

The Scapula, Humerus, and Clavicle enable the shoulder also shift on the torso while also providing

the three degrees of freedom of the ball joint formed by the head of the Humerus and the socket

formed by the Scapula. The whole robot was actuated by 27 McKibben pneumatic artificial muscles.

Each actuator was further equipped with an artificial interpretation of a Golgi Tendon Organ so

the strain on each muscle can be measured. This system was used for several collaborative research

works intending to create a control model that allows the robot to perform tasks like reaching or

the actuation of mechanisms like a crank. We then showed that our system could replay trajectories

using sequences of keyframe poses and the advantages of its compliance for the actuation of a crank.

In chapter 3, we will present our initial design for an artificial muscle spindle. This design

was based on the implantation of two pieces of conductive fabrics in between the inner rubber

tube and the outer braided sleeve, a McKibben pneumatic artificial muscle. These two fabrics had

different electromechanical properties. One was piezo-resistive, while the other varied its resistance

when stretched. With this design, we aimed to reproduce usable inflation feedback from variants

of the Ia and II afferent neurons of biological muscle spindles through the positioning and the

actuator. Through our experiments, we could show that this bio-inspired design is capable of creating

feedback regarding the current inflation state of the actuator. This design of two sensors per actuator

further allowed the detection of strain on a deflated actuator through the piezo-resistive sensor.

However, this design was highly prone to fatigue breakage. It, therefore, required improvements in

its durability to be considered a practical solution that can be deployed into complex, long-running

musculoskeletal systems.

In chapter 4, we will introduce our improved design of an inflation sensor for pneumatic artificial

muscles. The main focus of this work was the drastic improvement of the sensor’s longevity. As our

earlier design was highly integrated into the actuator, we further aimed for a negligible increase in size

as well as a flexible structure. We achieved this through the usage of only one type of conductive

fabric, which is wrapped externally around a pneumatic artificial muscle. This design achieved

several goals. It was still flexible, could be deployed and transferred between existing actuators, and

the production process was drastically simplified. In our publication, we further deeply investigated

the characteristics of strain-based sensors made from conductive fabrics. Through our experiments,

we could show that the two fabrics used were capable of creating usable feedback of the current

inflation state of a pneumatic artificial muscle. Besides being able to note that the fatigue breakage

issue of the former design was resolved, we further investigated the long-term change of the fabrics’

electrical characteristics.
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Chapter 5 will introduce our control architecture to achieve compliance for an antagonistic muscle

pair actuating a joint. Our approach is based on a reflex-based model using the feedback of tensile

force sensors. We chose this type of architecture based on our assumption that compliance in

muscular systems does not necessitate complex controllers but that the physical system itself provides

enough inherent intelligence that the continuous routing of feedback for the purpose of behavior

inhibition is sufficient.

Chapter 6 will summarize the results of the individual publications and discuss future studies to

further the findings of this work.

1.1 Related Works

As a significant part of this work is concerned with the development of sensors for musculoskelatal

systems we would like to introduce related approaches and explain how over design is differing from

those.

Resistance

In 2005, Wakimoto et al. [66] published a method to attain feedback of the PAM’s inflation.

They achieved this by applying a conductive resin ink with a thickness of around 100µm to the

muscle’s inner rubber tube. This ink consisted of carbon particles in a toluene solution. In their

experiments, they could control a revolute joint using a PI controller and referencing the result to an

integrated potentiometer. Antagonistic control of two opposing muscles was also experimented with.

Their sensor’s feedback evaluated its static and dynamic characteristics. This design integrated the

feedback into the actuator and would work in a complex system of adjacent muscles.

Hamamoto et al. [19] presented a stretch sensor that can be longitudinally attached to a PAM

in 2006. Their sensor was made of a carbon-coated nylon string, which sleds through an additional

electrode. Therefore, this setup could be used as a linear potentiometer when the string and the elec-

trode were fixed on the outside of the PAM. In their paper, they evaluated the static characteristics

of their sensor.

Kuriyama et al. [35] designed an external sensor that can be wrapped around a PAM to measure

its inflation in 2009. They built a soft stretch sensor formed as a ring by layering electro-conductive

rubber. Based on the inflation at one location of the muscle, they could estimate the respective

length. They evaluated the static and dynamic characteristics based on the feedback of a linear

potentiometer. They also showed the viability of their sensor by deploying it to a 2-link-manipulator.

Park et al. [57] proposed a custom design for a PAM that implemented eGaln filled microchannels

to sense the deformation of their actuator in 2013. Their design differed from the widely used

McKibben design, which uses an inner elastic tube and an outer constraining braid. The design they

proposed embedded kevlar strings into a multi-layered elastomer tube. The inner layer contained the

constraining kevlar strings, and the outer layer contained a helical microchannel filled with eGaln.
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Besides the description of their design, they also presented its static characteristics.

Hirai et al. [22] proposed a sensor that consisted of an electro-conductive yarn woven into the

PAM’s outer braided sleeve in 2015. Measuring the change in resistance due to the inflation of the

actuator allowed them to estimate its length. They verified their model for this sensor for its static

and dynamic characteristics.

A previous embedded version of the sensor we propose in this paper was presented by us in 2019

[23]. The design of that sensor consisted of conductive fabrics, which were place in-between the

inner rubber tube of a McKibben muscle and its outer braided sleeve. This sensor showed good

performance regarding its feedback but was prone to fatigue breaking of its wires due to shearing

forces.

Sakurai et al. [63] investigated the suitability of reservoir computing based neural networks to

model the displacement of a McKibben muscle. To generate feedback, they blended the inner rubber

tube with carbon particles to increase its conductivity. The resistance over the length of the actuator

changed due to the deformation. This feedback was used to fit their echo state network to estimate

the length of the actuator based on its resistance. They statically presented the relationship between

resistance and actuator length, as well as evaluating the dynamic estimation performance of their

model using a saw-tooth like waveform for the pressure inside of the actuator.

Capacitance

Goulbourne et al. [18] proposed a method to generate feedback for McKibben muscles in 2007.

Their design is based on the usage of dielectric elastomers, due to the fact that typical elastomers are

acrylic and silicone rubber, where the latter is a popular choice to build McKibben muscles. They

tested several materials for the electrode, such as carbon and silver grease, as well as graphite powder

and spray. The evaluation of the individual properties was performed on a diaphragm. Based on

those results, the performance inside a McKibben muscle was modeled afterwards. Just like the

design of Wakimoto et al., a design like this could be seamlessly integrated into a PAM.

Nakamoto et al. [44] presented a design of a stretch sensor made from three layers of polyurethane

and two electrodes made from carbon nanotubes in 2014. They evaluated the performance of their

sensor by attaching it to a PAM using a jig. Using this setup, they provided the static characteristics

of the design. Measuring the capacitance, they were able to estimate the sensor’s current length

and, therefore, the PAM’s.

Yuen et al. [72] proposed a new design for a PAM with two integrated stretch sensors in 2018.

A distinguishing feature of this design was its capability of sensing inflation and bending of the

actuator. They measured the change in capacitance to estimate the deformation of the stretch

sensors. Their evaluation of the sensor was done for its static characteristics.

Inductance

Felt et al. [15] published a design for a McKibben PAM, on which they replaced the outer braided

sleeve with a mesh of insulated wires in 2015. This structure allowed them to measure differences
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in its inductance, which they modeled using the Neumann formula to predict changes in inductance

based on the deformation. They evaluated their sensor design under load for its static and dynamic

characteristics.

Erin et al. [12] presented a design using a braid of insulated wires wrapped around a McKibben

muscle in 2016. This design allowed them to measure a change in inductance due to the deforma-

tion of the PAM. Their evaluation illustrated the static relationship between inductance and force,

inductance and displacement, and displacement and force.

Voltage

Akagi et al. [2] proposed a design using photoreflective sensors to measure the inflation of a

PAM in 2012. They built a two-sided circuit board with a photoreflective sensor on each side, which

they insert into the inner tube of their PAMs. The wires needed for the power supply and the data

is passed through an airtight coupling they designed. In their paper, they also provide a transfer

function to estimate the length of the PAM. A load was also used when they evaluated the static

and dynamic properties of their sensor.

Yano et al. [70] presented a sensor, which got inserted into the inner rubber tube of a McKibben

muscle in 2020. They measured the inflation using two hall effect sensors on a double-sided circuit

board. This design is similar to the design of Akagi et al. from 2012. To measure the inflation,

the feedback voltages of the hall effect sensors were used. The viability of this approach was shown

through the evaluation of the sensor’s static and dynamic properties.

Pressure

Yokoyama et al. [71] published a completely sensor-less approach to determine the length of a

McKibben muscle in 2018. They achieved their goal using an unscented Kalman filter. The viability

of their model was evaluated for its static and dynamic characteristics.

By studying the valuable preceding designs published approaching to generate feedback for PAMs,

we can observe repeating patterns of design choices. In Table 1.1 we compiled the key aspects of

each former study regarding their applicability in experiments conducted with PAMs. In this table,

we compared the size, placement, longevity, cost, complexity, and measured property in relation to

each other. The size considered the ratio of sensor and actuator. The placement is viewed as internal

if the sensor is part of the actuator’s structure and external if it could theoretically be removed from

the actuator. The longevity could only be roughly estimated but represents a crucial aspect of a

sensor design. We tried to guess the longevity based on the deformation and friction a sensor is

exposed to. If a sensor was significantly deformed during operation and the sensor’s material can be

considered vulnerable to those, we estimated the longevity would be shorter than less deformation

using a non-brittle material. The cost was estimated by the number of customized components

and production steps. A sensor that can be produced in-house with off-the-shelf components is

considered less expensive than a sensor using materials that have to be made just for this sensor.

A sensor’s complexity is assumed to be lower if it consists of fewer individual parts and needs a
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Table 1.1: In this table, we compiled the previous research’s key properties directed towards the
generation of feedback from soft actuators. Size was interpreted in terms of the relation of the
actuator to sensor dimensions. Placement describes a sensor as internal if it is part of the actuator’s
structure and external if placed onto and being theoretically removable from the actuator. The
longevity was estimated by the exposure of the sensor to friction, deformation, and their presumed
effect on the sensor’s structure. Cost is treated relative to the availability of off-the-shelf components
and materials, as well as the dependency on specialized production processes. Complexity describes
the number of individual components, their assembly, and the means to generate feedback. Under
measurements, we list the physical properties, which the generation of feedback is based on.

Article Size Placement Longevity Cost Complexity Measurements

[66] small internal middle middle low resistance
[19] middle external middle low middle resistance
[35] small external long low low resistance
[57] small internal long high high resistance
[22] small internal middle low low resistance
[23] small internal short low low resistance
[63] small internal long high low resistance
[18] small internal long low low capacitance
[44] big external long low low capacitance
[72] small internal long middle high capacitance
[15] small internal long low middle inductance
[12] small external middle low low inductance
[2] middle internal long high middle voltage
[70] middle internal long low middle voltage
[71] middle external long middle low pressure

smaller amount of production steps to be made. Lastly, we listed the physical property, which is

measured to generate the feedback of the sensor. This information could be taken directly from the

publications.

Our goal was it create a design for an inflation sensor for PAMs that can be simply and cheaply

produced to enable its usage in more complex systems. Therefore, we aimed to allow generic PAMs to

be equipped with our sensor while changing their shape and dimensions by the least possible amount.

This is an inference from our aspiration to allow the usage in more complex and cramped systems,

where a change in shape away from a smooth cylinder could dramatically increase the friction of

adjacent muscles. Further, our design had to be simple regarding its number and availability of

components, where all components should be flexible to be consistent with our first requirement.

The last demand was that the production process should involve a small number of manual steps

and no need for specials tools.

Considering these goals for our design to be a generic low-profile replacement, that can be

simply produced, we can state that designs like [66, 18, 57, 15, 22, 12, 72, 63] would not satisfy our

requirement for being used on existing PAMs as these designs are based on special materials the

PAM itself is made of. In these cases also the production complexity, due to the special materials and
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process is much higher. Further, as the sensor is part of the muscle, it will also break with the muscle

and can not be reused on another existing PAM. When considering the low-profile requirement for

the designs [19, 44], we can note that they would drastically change the actuator’s shape and add

friction points for adjacent muscles, which could potentially break them much faster.

The designs [2, 70] do not strictly need special production processes as the first group of designs,

but they involve their insertion into the actuator. The nearest does the design of Kuriyama et al.

[35] come to the goals we outlined as desirable for a sensor for PAMs. Regarding complexity, our

design represents an improvement; as the amount of probe wires is smaller, and the production of

one of our sensors consists of a few simple steps. As the most significant advantage, our actuator’s

change in shape is almost negligible in our design. Based on the desired features for a soft sensor

we presented, we can show that the previous research originated numerous designs to sense the

inflation of a PAM. But once it comes to simplicity, price, re-usability, and the possibility to retrofit

a sensor to existing muscles on the design of Kuriyama et al. satisfy most of these demands. When

comparing this design with ours, we further could show that the additional drastic reduction in size

and slight improvements to the production process’s complexity shows a novel way towards soft

inflation sensors for PAMs.
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Chapter 2

Anthropomorphic musculoskeletal

10 degrees-of-freedom robot arm

driven by pneumatic artificial

muscles

2.1 Introduction

Biologically inspired robotics have been gathering considerable attention both to understand liv-

ing organisms and to exploit them in robotic designs. Musculoskeletal systems (MsS) are a key

morphological feature of humans. Therefore, the development of musculoskeletal robots has been

widely used as a method to understand the motoric capabilities of humans. So far many types of

musculoskeletal robots have been developed [28, 43, 42, 46, 45, 3, 40, 31, 1] and their advantages and

applications have been published in recent years. Generally speaking, imitation of the MsS in robot

development is already challenging due to its complexity, and the limitations of current technologies.

Therefore, when robots are used to investigate MsSs in humans, they face a trade-off between their

biological plausibility and motor capabilities.

There are two main ways of actuate robots, electrical motors and pneumatic artificial muscles

(PAM). Regardless of the kinds of actuators used the research shares the same motivation, to

accurately recreate human motor function. The robot Kenta [28], which Inaba et al. introduced in

2003, is one of the most important works in the field of musculoskeletal robots. This research group

has been continuously reporting developments of musculoskeletal humanoid robots [43, 42, 46, 45, 3].

The newest robot Kengoro, which has 114 tendon-driven degree of freedom (DoF), was designed to
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be as close to the MsSs of humans as possible. In this case accurate control of the actuators is

achieved through the use of electrical motors. Recently pneumatic artificial muscles consisting of

bundles of pneumatic tubes have been developed by Kuruyama et al. [36]. These aim to realistically

mimic the structure of biological muscle, without necessarily improving the functionality of the

robot. The main applications of these robots are biomechanics and rehabilitation, and therefore

the biological plausibility of their mechanical system and its accurate actuation are regarded as

important. However, the systematic advantage provided by the MsS to robot control has not been

investigated.

In order to focus on how musculoskeletal structures work in relation to motion control, they are

modeled and implemented to emphasize the relationship between the actuation of muscles and the

torque of joints. As such, fundamental research into the behavior and function of specific components

that comprise musculoskeletal systems has been performed. For instance, the HUMA by Okadome et

al. [53] and the robot arm by Tondu et al. [64] have simplified musculoskeletal structures which allow

for more detailed study of the dynamics and mechanics of the key components, such as actuators.

When considering more complex structures, such simplicity is insufficient for modeling and control.

Therefore, although this approach would offer comprehensive models in terms of robotics, if the

functioning of complex musculoskeletal structures of humans is not based on the framework of

control theory, it is difficult to be able to compare them.

When considering a compound action like walking, such mechanically simplistic systems are in-

sufficient. More complicated systems of actuators and skeletal structures are required. Furthermore,

such systems often mimic human biological structures. Niiyama et al. achieved jumping and landing

using simple rule-based control [50, 49, 51]. Narioka et al. developed a walking robot based on pas-

sive dynamic walking [47] and showed that it can achieve stable walking also by a simple rule-based

control system [48]. Regarding robot arms, Hosoda et al. demonstrated a door-opening task, and

Ikemoto et al. a ball throwing task [25, 27]. In these studies, we can find both simple and complex

pneumatic MsSs, where the task evaluated are sufficiently broadly defined that the imprecise nature

of the pneumatic muscles is not an issue. However, it is clear that making MsSs more complex leads

to improved task performance, which would be hard to obtain by using other schemes. Furthermore,

because these robots are typically difficult to model and control. Even for individual actuators the

controller is inevitably specialized for a given task. In fact, in the above mentioned studies their

controllers are completely different, making it difficult to discuss and compare their results on the

same basis. As shown so far, the design principle of the robot greatly differs depending on the

main purpose of the research. Figuring out an appropriate compromise between performance and

structural similarity is crucially important.

In this study, we created a pneumatically actuated musculoskeletal robot arm for the purpose of

performing complex compound actions.The features of the robot arm are

❼ A metal and carbon fiber skeleton developed from [26].
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❼ Pneumatic muscles using the same implementation as [50, 49, 51, 47, 48, 25, 27].

❼ It has ten degrees of freedom of motion.

❼ The skeleton system is self supporting while retaining a human-like range of motion.

❼ The control system is designed to be easy to use and portable.

We demonstrate that our robot is suitable for performing specific motor skills, through a series of

experiments and tests.

The rest of this document is structured as follows. Section 2.2 describes the hardware structure,

muscle apparatus, and control system. Section 2.3 details the software structure and design. Section

2.4 presents the results of the task evaluations, crank rotation and trajectory following.

2.2 Hardware-Characteristics

In this section the robot’s hardware design decisions are described and illustrated. As its objective

is to closely mimic humanoid manipulatory behavior, the human body’s structure was considered

as the reference design. We produced a simple and reliable model of the human shoulder and arm,

imitating the key mechanical components. This allowed for a manageable and reliable system while

providing a similar range of motion to the real thing. A proposal published by Hosoda et al. [25]

was examined and scaffolded this process. On this foundation further design iterations focusing

on the optimization of the muscle routing were made to reduce the friction against each other and

the skeletal structure. This step resulted in a longer life-cycle of the individual muscles as well as

enhanced motor skills.

2.2.1 Skeleton

The skeleton as the supportive structure provides attachment points for the tendons and muscles,

further does its linkage structure imposes mechanical constraints onto the body’s range of motion.

Also this structure offers stability that can be utilized when applying forces to its environment. In

addition, they govern the work envelope of the limb and define the space of movement to operate

in. Movements executed within this space can be considered human-like as they adhere the same

underlaying physical limitations. Bones like the humerus, ulna, carpals, metacarpals, and phalanges

are directly adopted including their spatial relation, proportions and mechanical properties. The

shoulder mechanism was particularly difficult to implement in direct correspondence with nature.

The design published by Ikemoto et al.[26], which is considered preliminary work of this robot, solves

this problem by replicating the range of motion of the human shoulder, while being self supporting.

This design proved viable and was therefore used in the final robot.
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Fig. 2.1 shows a direct comparison of the human upper body skeletal structure and a CAD

rendering of the robot. Regarding their proportions and composition, it is evident that they are

nearly identical. The shoulder linkage mechanism offers very similar capabilities of the human

shoulder apparatus. An earlier design was closer to the human linkage of clavicle and scapula,

however its bones tend to separate unless held in place by a coupling muscle. The design of Ikemoto

et al. solved this problem through a series of sliding joints in combination with four ball joints. We

therefore adopted this design and altered it according to our needs for muscle connection points.

Scapula & Clavicle / Shoulder 
Linkage

Humerus

Radius
Ulna

Figure 2.1: This side-by-side comparison illustrates the structural resemblance between the human
anatomy of the upper body and the robot presented in this paper. The arm is construction-wise
identical to a human arm. The shoulder joint made of clavicle and scapula is replaced with a shoulder
linkage mechanism.

The close adoption of the human skeletal structure allows a similar muscle routing as the joints

and attachment points have related dimensions and can be found in akin locations. Regarding its

range of motion, this configuration enabled the robot to execute human-like movements with minimal

control as its musculoskeletal system governs the movement according to its internal constraints.

This allows the robot to utilize a human comparable set of manipulative capabilities.
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2.2.2 Muscle Apparatus

Realistic anthropomorphism of the robot is one of its design goals. Therefore, a mechanically compa-

rable alternative to biological muscles was needed to actuate the robot. Comparable characteristics

of flexibility and compliance as well as strength were the main points of focus for the muscle selec-

tion. Using pneumatic artificial muscles was as a viable option as they are easy to produce and their

characteristics in respect to compliance and strength are sufficiently similar to biological muscles.

The actuation is realized with proportional valves which allows continuous contraction at varying

speeds. Pressure control was implemented with pressure sensors located near to the individual

muscles, which feed back information to PID controllers.

Biological muscles have different sensory receptors used for force control, sensing, and the trig-

gering of reflexes. To integrate this additional source of feedback and thereby allow a more realistic

representation human muscle control, a device was developed that senses the muscle’s tension. It

was inspired by Golgi Tendon Organ [61] which senses the force a muscle is exposed to. Further is

it hypothesized that together the parameter sets of muscle pressures and tensions is sufficient for

determining the spatial positioning of the hand and arm, allowing basic forward kinematics.

Fig. 2.2 shows a correspondence between the muscles of the human shoulder and arm with the

robot’s components. The image of the human includes only the muscles which were finally adopted

on the robot. When selecting which muscles to adopt, often sets of adjacent muscles were combined

into a single muscle, or single small muscles was omitted. This is due to the fact that a bundle of

PAMs would not function in the same way as a bundle of real muscle and sufficiently small muscles

cannot be accurately simulated by PAMs.

Pneumatic Artificial Muscle

The muscles used for this robot following the McKibben design [10] which offers an affordable

approach to building individual muscles. As muscles are exposed to mechanical abrasion, due to their

continuous actuation and reciprocal friction, they wear down over time, changing their properties

and eventually breaking. This design has the benefit of being easy to build, cheap, fast to replace

as they are built in-house.

The muscle itself, as seen in Fig. 2.3, has a simple construction. A rubber tube is plugged at one

end and connected to the supply air line on the other. This assembly is put into a braided sleeve

which limits and guides the inflation of the rubber tube, keeping it from rupturing when pressurized

up to 0.87MPa. As the tube expands so does the braided sleeve. The braided sleeve’s diameter

is approximately inversely proportional to its length. Therefore, as the rubber tube expands, the

muscle decreases in length.

Assuming no external forces, based on the sleeve’s known contracting properties its precise length

as a function of its current inflation can be calculated using the method described in [7]. However

when friction between sleeve and tube is accounted for [10] and worsened by factors like wear or
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the bended routing of the muscles the real values diverge from the theoretical predictions. These

uncertainties make additional sensory feedback necessary for a reliable state model of the robot.

Controlling these muscles is trivial and can be accomplished by either a proportional or a

solenoidal three-port valve. For this robot proportional valves are used to allow an easier flow

control for pressurizing the muscles evenly at varying rates.

Further worth noting is their robustness to collisions with the environment or stretching by ex-

ternal interaction. In such situations the muscles benefit from their inherit compliant characteristic.

Additional external force can be applied to the pressurized muscle, stretching it to some degree,

without causing damage.

This feature can be exploited for slipping around obstacles in case of collision or passive retreat

if a human applies a force opposing the robot’s current trajectory.

In summary, pneumatic artificial muscles following the McKibben design provide inherit compli-

ance, are affordable and due to their simple design are easy to build. These properties made them

the most favorable choice for this robot.

Muscle sensory feedback

Prochazka et al. [60] showed that a key aspect of controlling a musculoskeletal system is sensory

feedback from the muscles. For this robot an artificial Golgi tendon organ [61] is used as an additional

sensory receptor. The actual organ is part of the junction between muscles and tendons, consisting

of collagen and a single afferent nerve fiber. This kind of receptor reacts to the tension applied to a

muscle.

Our artificial version of this organ is a linear strain gauge. With this feedback, forces applied

to the robot can be can be detected and measured without involving tactile sensors. Due to the

simplicity of its function and its small size it can be externally attached to the muscle.

Our current approach towards the development of motor skills is using the pressure sensors’

feedback in combination with the artificial Golgi Tendon Organ and motion tracking to train a

neural-network for forward/inverse kinematics.

Our design of an artificial Golgi tendon organ is illustrated in Fig.2.4 and consists of a single strain

gauge on a mounting bracket. Given the number of muscles adjacent to each other the bracket’s

size needed to be minimized. Therefore, the Wheatstone bridge for each individual gauge is realized

externally. This allowed a further reduction in size of the artificial Golgi tendon organ to a point

where an additional saving in size would effect its stability when typical forces (up to 50 kg) are

applied.

2.2.3 Control System

The robot was designed to be operated by a single control system providing low-level control of the

air valves and the reading the pressure and tension sensors. In addition to this, the system should
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use the Robot Operating System (ROS) to provide a well documented communication framework.

This decision prevented the use of a powerful microcontroller in favor of a single-board-computer

(SBC) which also already provides a network interface for connectivity. For electronic control,

custom PCBs were designed and manufactured for the digital-analog (air valves) and analog-digital

(pressure sensors) converters as well as the bridge transducer (tension sensors).

The requirement that the control system utilizes ROS for communication as well as controlling

the hardware implied the use of a realtime enabled Linux kernel. This was achieved by using

the RT-Preempt patch-set. This design decision influenced the interface type that was used for

the communication between control system and the Converter-ICs. A communication type that is

widely used is Ethercat which can be found in many industrial applications. This solution requires

specialized ICs on the slave side and would have increased the complexity and cost of the controller

design. Therefore it was replaced by an SPI bus, which is natively available on the Raspberry Pi

3B. The necessary determinism for accessing the bus on the Raspberry Pi 3B was achieved with a

userspace driver. A drawback is the comparatively small main memory of 1GB. The planned software

architecture utilizing dynamically loadable controllers for each muscle causes some overhead. As

swapping is not an acceptable option due to its impact on the system’s latency, the memory usage

was optimized by creating a customized Linux system. The memory usage was drastically reduced

by the creation of an optimized Gentoo based Linux system.

2.3 Software-Characteristics

In this chapter we will describe details of the software design decisions. The design of the driver

and the architecture chosen for the ROS based parts used for communication and control will be

discussed.

One early design decision was the use of ROS to support a fast and structured development of

experimental applications. The main features justifying this decision are the networking capabilities

and multiple communication patterns as well as the build system offered by ROS. These were

desirable as the robot’s architecture required individual development systems to able to be able

to command the robot over a network. Separating control and command guarantees the integrity of

the low-level driver as it can not be compromised by developers.

The robot presented in this paper is supposed to be a platform for several simultaneous ex-

periments by different researchers. An easy-to-use communication interface is conducive to a fast

development cycle. The provided dependency management is another advantage of ROS. Its build

system allows dependency satisfaction and consistent builds for the individual developers who are

writing software for the robot.
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2.3.1 Driver design

The decision for the controller’s hardware platform to be a Raspberry Pi 3B was made due to its of

computational performance and I/O interfaces like SPI and numerous GPIOs.

The driver executes a realtime enabled context, which reads the sensor values and writes the

actuator commands at a rate of 500Hz. As such, the individual muscle controllers are updated at

the same rate. Furthermore, the driver instantiates the communication in a non-realtime interrupt

driven context. Exchanging and accessing data between these two differently prioritized contexts is

orchestrated to guarantee an interruption free main control loop.

A custom implementation of driver code for the converters was developed to achieve additional

performance optimizations as the order in which the individual converters were read was sequenced

to minimize the overall latency by efficiently using conversion times to issue the next command in

the pipeline.

The main improvement to the system latency was the usage of a userspace I/O library, which

allowed direct access to the SPI and GPIO controller. This bypasses the issuing of systemcalls by

mapping the hardware into virtual memory so the hardware controllers can be instructed directly.

Following this approach demonstrated the advantages of the determinism of the driver as the latency

of a memory access can be considered as relatively small while a systemcall can have unknown

latencies depending on the current state of the fully-preemptible kernel.

2.3.2 ROS architecture

ROS compatibility was one major design goal for the software stack of the robot. The complete IC

based communication as well as the topic advertisement and subscription is implemented within the

main driver.

The update of the muscle’s PID controllers is handled by custom controllers which are spawned

per muscle and load their configurations from the ROS parameter server. This design pattern

is based on the ros control [65] interface and provides realtime-safe multi-threading capabilities in

combination with the realtime context of the main driver. To this point ROS only provided controller

classes for revolute joints and offered control schemes for torque, velocity and position control as

well as sensory controllers. Those couldn’t be reused for a musculoskeletal robot therefore a new

controller class resembling the muscle actuator was implemented. The new class provided control of

the internal pressure of the individual muscles as one mode of operation and an activation control

mode for controlling the airflow. In addition it applies a filter to the noisy data of the tension

sensors.

The activation control allows it to control the intensity of the muscle’s contraction directly. For

the PAMs this was realized by a corresponding adjustment of the airflow through the proportional

valve. These two control modes are analogous to the velocity and torque control of servo motors

and therefore represent a musculoskeletal version of the same control ideas.
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2.4 Experimental verification of the robot’s motoric abilities

We set out to show that the human body structure gives advantages in control for the execution of

motor skills by robots. This chapter will present evidence that the robot’s mechanics allow smooth

movement and precise repetition of trajectories which emphasizes that, despite its unconventional

design, the robot’s control system is capable of moving the arm in a dexterous and reliable way. We

also demonstrate that the musculoskeletal structure combined with the PAMs allow the execution

of difficult tasks with simple control input.

The first experiment evaluates if the robot can repeat trajectories with reasonable precision

which would allow controlled interaction with its environment or humans. The second experiment

illustrates the benefits of the human-like musculoskeletal design to perform constrained tasks with

low control complexity.

2.4.1 Results and Discussion

These experiments were designed to show the viability of the robot to fulfil different tasks which

typify human movement or human-robot-interaction. Therefore they should demonstrate that the

robot is capable of following trajectories repeatedly to emphasize that the control is working and

the mechanisms don’t induce unstable or jerking behavior. The robot’s human-like body structure

in combination with the flexibility of its muscles provides an inherently compliant system that can

exploits the mechanical constraints of its environment during interaction.

Experiment 1: Trajectory Repetition

Goal: Determine if the robot can repeat trajectories with reasonable precision.

Setup: For the purposes of this experiment it is convenient to provide an abstract model of the

robot. The robot consists of a skeletal system with ten degrees of freedom of motion. Connected to

this is a system of twenty eight pneumatic muscles. For this investigation we define the measured

quantity as the position of the end-effector in space, ~x = (x1, x2, x3). In general, the position of

the end-effector is a non-linear function of the pressures of each of the muscles, ~p = (p1, ..., p28), M

physical parameters of each muscle, αk=1,...M
i=1,...,28,

~x = ~x
(

~p, αk
i ,ΛL

)

=
(

x1

(

~p, αk
i ,ΛL

)

, x2

(

~p, αk
i ,ΛL

)

, x3

(

~p, αk
i ,ΛL

))

(2.1)

and the L relative spatial configurations of the muscles and skeletal components, which we denote

ΛL, which determines the form of the functions xj . The physical parameters of the muscles include

quantities such as the elasticity and internal friction and are in general of the form αk
i = αk

i

(

~p, d~p
dt

)

.

For the purposes of this experiment we do not know the form of the functions αk
i

(

~p, d~p
dt

)

, and by

observation we know that the dependence of ~x on these quantities is weak. As such we treat them
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as a source of random error. We are unable to construct a theoretical form of the functions xj as

their dependence on Λ is too complex. Indeed Λ is dependent on ~p. Again, by observation we know

that the dependence of Λ on ~p is weak for small variations in ~p, and we treat it as source of random

error. Taking these approximations into account, we find that

~x = ~x (~p) = (x1 (~p) , x2 (~p) , x3 (~p)) (2.2)

To generate a trajectory we define an initial point ~pI(tI) and final point ~pF (tF ), in pressure

space and vary each pressure pi = t(pi,F − pi,I)/T , where T is the total time taken to complete the

movement. Given the approximations we have made each set of initial and final pressures correspond

to a unique trajectory. In reality, a repetition movement from one set of pressures to another will

result in different trajectories. These differences can be attributed to variations in Λ which cannot

be accurately configured to be the same for different runs, and error in the measurement of ~p.

Another source of error could be the wear and tear of the components of the robot. However our

measurements were taken over a short time period, making such problems negligible.

Command generation: We subdivided the change in pressure space from ~pI to ~pF into 600

intermediate pressure configurations. This number was derived from a pressure update rate of 100Hz

over a total time T = 6s. This resolution was chosen to avoid covering possible jerky movements by a

fast execution and to increase the tracking coverage. Further does this decision allow for continuous

movement as the response time of the muscles was found to be longer than the update rate for

small pressure changes. This is caused by the chosen PID parameters of the muscle controller. At

the midpoint of the task the robot executes the trajectory in reverse to complete the movement,

reaching its initial position. One closed movement is considered as one trial which was repeated

thirteen times. As illustrated in 2.7 the velocity of the end-effector is 6-12 cm/s. Therefore these

trajectories represent consistently smooth movement at a reasonable speed as this scenario was

assumed to be representative of common behavior of a humanoid robot when executing dexterous

tasks.

Measurement: For observing trajectories a common method is tracking the end-effector’s po-

sition by continuously computing its forward kinematics. This is not possible for this experiment

due to the robot’s lack of positional sensors. Therefore a motion capture system was used to track

the hand’s position during trajectory execution. Each trajectory was repeated thirteen times and

tracked at a rate of 55Hz. The standard deviation of the error in the measurement of the position

of the end-effector was found to be 0.847cm on the x-axis, 0.142cm on the y-axis, and 0.241cm on

the z-axis.

Results: The analysis of the tracking data can be seen in Fig. 2.7 and 2.8. One can see that

the movements are executed consistently without outliers or major jerks. These figures indicate

a consistent performance during the robot’s trajectory execution. The visualization in Fig. 2.7

shows the standard deviation of the tracking during trajectory execution. The fact, that no larger
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increase can be observed during movements allows for the assumption that our tracking method was

sufficiently accurate and stable. The measured speed of the end-effector was measured at 6-12cm/s.

Further does the scatter plots in Fig. 2.8 show evidence for our initial assumption that the final

trajectory is dependent on ~pI and ~pF . It is clear to see that the average trajectory (red) diverges in

the middle of the trajectory. This could be caused by the different initial parameters like internal

friction. This experiment evaluated that the standard deviation during trajectory repetition to

be 8mm. We consider this degree of precision as sufficient for the experiments we are planning to

conduct using this robot. For motor skills like grasping an object the inaccuracy shouldn’t be bigger

than the radius of the biggest cylinder graspable with a completely open hand. Providing this degree

of accuracy allows objects to slide into the hand of the robot even when not perfectly approached.

For our robot this requirement is met as the current hand can grasp cylindrical object up to 8cm in

diameter. For experiments including human-robot interaction this level of precision is also sufficient

for tasks link handshaking or passing over objects.

Experiment 2: Crank Rotation

Goal: To ascertain whether the robot can exploit external mechanical constraints to perform a task

with a low complexity control scheme.

Setup: We decided to use the operation of a hand crank as the task in this experiment. Fig.

2.9 & 2.10 show the experimental setup during the experiment. The end-effector of the robot is

loosely bound to the handle of the crank. The crank itself is free moving with negligible resistance

to rotational movement. The crank shaft apparatus is attached to a table and the central axis is

placed approximately 40cm to the right and 45cm in front of the center of the body of the robot.

This placement offered the greatest freedom of movement to the robot. This ensures the outcome

is not influenced by operating near the bounds of the work envelop, which might be influence by

extremal values of the muscle tensions. The distance between the robot and the crank was two

thirds of the maximum distance the robot can reach forwards.

Command generation: For the crank rotation experiment three poses were defined to turn the

crank counterclockwise. Each pose is defined by a pressure configuration ~p1, ~p2, and ~p3. Spatially,

the poses are defined at θ1 ∼ 10◦, θ2 ∼ 170◦, and θ3 ∼ 190◦, where all angles are measured in a

anti-clockwise direction about the center of the crank. The zero position vector is anti-parallel to

the normal vector to the face of the robot. After the third movement the arm was pulled back into

the initial position. At the three stationary positions, the pressures of muscles were designated to

be either at 90% or 20% of their maximum pressure. By trial and error, it was discovered which

subset of pressures needed to be changed to achieve transition from one pose to the next. We note

that the configuration of pressures to successfully complete the task is not unique. The minimum

pressure value of 20% of the maximum value was chosen to provide stability.

Measurement: Tracking of the task was performed using a video recording.
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Results: The execution of the task is illustrated in Fig. 2.9 & 2.10 where the muscles at 90%

pressure are shown highlighted in red. The satisfactory execution of the task supports the hypothesis

that the human body structure can be advantageous when operating on constraining mechanisms.

If the control commands are executed when the end-effector is not bound to the handle of

the crank, its trajectory greatly diverges from the circular path taken during the experiment. A

combination of compliance and internal constraints on the movement range of the musculoskeletal

system allow the exploitation of the external constraints enforced by the crank to complete the

movement. One can see in the sequence of the first three images in Fig. 2.9 that the shoulder

linkage mechanism applies a force towards the center of the crank. This subsequently leads the

shoulder mechanism to lift which causes a small rotation of the elbow and turns the hand outwards

letting it rotate the crank for the first movement. Also worth noting is that the elasticity of the

system is preventing it from inflicting damage on itself when applying a force against an external

constraint. In the case of a mechanism like the crank, not only is the robot not damaging itself

against the given external constraints but it uses them to guide itself only with a simple control

scheme and the characteristics of its body.

2.5 Conclusion

In this paper we introduced a novel musculoskeletal robot actuated by pneumatic artificial muscles.

The design is bioinspired, where the structure of the human body was approximated for mechanical

simplicity and robustness instead of directly remodeled. Two experiments emphasizing the robot’s

motoric capabilities were conducted. Experiment 1 validated its dexterousness in slow and smoothly

repeating trajectories. The second experiment illustrated how the human-like structural constraints

of the robot in combination with the flexibility of its PAMs allowed the operation of a crank using

a simple control scheme.

According to these results can it be concluded that the robot is capable of serving as a reliable

platform for long-term experiments. Its design and choice of actuators allows for fast and dynamic

as well as slow and steady movements, as was demonstrated by the two experiments.

This robot has been built for extensive experimental use, with its design allowing for fast and

cheap replacement of broken actuators. This is a major advantage over the widely use method of

tendons and motors as they have high maintenance cost both financially and time-wise.

A possible alternative actuation scheme is the use of virtual agonist-antagonist mechanisms,

such as introduced by [69]. Their use could eradicate the current shortcomings of PAMs, as soon as

complex high DoF systems using such devices can be developed.
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2.6 Future Work

The robot platform presented in this paper proved its feasibility for experimentation in the domain

of human-like manipulation by mimicking their motoric capabilities. Subsequent research will focus

on possible control methods. For controlling musculoskeletal robots there exists a lot of preliminary

work [59][67][41][30][33][32][54].

Future work will be focused on learning techniques using neural networks to train a model for

forward and inverse dynamics. This aim will be pursued in parallel to experiments utilizing rein-

forcement learning to achieve various skills like mechanism operation such as doors. It is assumed

that the anthropomorphic nature of this robot will scaffold the learning curve for mechanisms de-

signed for human use as the robot can exploit the same traits of its morphology as a human. A third

approach is the use off deep q-networks which show a high degree of potential in solving sensorimo-

toric tasks such as playing arcade games. We hypothesize that the combination of vision, pressure,

and tension data will complement this method. We will investigate whether this method can be

used to learn motor skills requiring eye-hand coordination such as playing basketball or darts.

Acknowledgements

We thank Mr. Takuya Urino, Mr. Hajime Saito, Mr. Kazuya Yura, and Mr. Satoshi Yamanishi

who contributed to the implementation of the hardware.

Funding

This work was supported by JSPS KAKENHI Grant Numbers 16KT0015 and 17H05908.



22
CHAPTER 2. ANTHROPOMORPHIC MUSCULOSKELETAL 10 DEGREES-OF-FREEDOM

ROBOT ARM DRIVEN BY PNEUMATIC ARTIFICIAL MUSCLES

Trapezoid

Deltoid

Pectoralis Major

Pectoralis Minor

Triceps Brachii

Biceps Brachii

Extensor Carpi Radialis Longus

Brachioradialis

Flexor Carpi Radialis

Supraspinatus

Serratus Anterior

Latissimus Dorsi

Teres Minor

Brachialis

Flexor Digitorum Profundus

Pronator Quadratus

Extensor Digitorum

Extensor Carpi Ulnaris

Extensor Carpi Radialis Brevis

Anconeus

Supinator

Weight whole system: ~150kg

Weight arm assembly: 4.4kg

Approx. Range of Motion:

46cm
3
3
cm

5
7
cm

3
6
cm

3
4
cm

2
9
cm

21cm

Figure 2.2: The comparing illustrations above should empathize the similarities between the muscu-
loskeletal morphology of the human upper body and the robot presented in this paper. It is obvious
that the dimensional relations between the individual body-parts are nearly identical. Further does
it list all muscles that were adopted from the human anatomy.
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Figure 2.3: Cutaway model of a pneumatic artificial muscle used in this robot.

Golgi Tendon Organ Artificial Golgi Tendon Organ

Figure 2.4: The left image shows a drawing of a human Golgi Tendon Organ. It is located in between
the actual muscles an the tendons attaching the muscles to the bones. On the right is a photo of
our design for an artificial Golgi Tendon Organ. It also is placed in between of the artificial muscles
and the bones of the robot. Both fulfill the task of sensing the tension a muscle is exposed to.
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Figure 2.5: This image show the different components which needed to control the robot’s mus-
cles. The system at the moment provides a controlling capacity of 32 muscles and therefore the
same amount of each sensor/actuator type and ADC, DAC and Bridge Transducer boards. Those
controller boards (6 in total) are connected via one shared SPI-Bus.
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Figure 2.6: This block diagram visualizes the architecture of the software stack running on the robot.
The main part is the driver which updates the data of the hardware controllers via SPI and stores
them inside of the RobotHW interface. In addition controller manager spawns muscle controller
threads which calculate the individual control parameters for each muscle.
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Trajectory (a)

Trajectory (b)

Figure 2.7: The two plots above are visualizing the tracking results of individual trajectories over
all 13 repetitions. It can be seen that the repetition is done by the robot with a standard deviation
of 8mm. Further does it indicate that the spatial speed of the end-effector was 6-12cm/s.
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Trajectory (a)

Trajectory (b)

Figure 2.8: The scatter plots show the tracking data during the repetitions of the trajectory (blue)
and their mean values (red). The divergence of the average paths illustrates that the initial and
final state of a trajectory influences its specific form by factors like flexibility and internal friction
due to different initial pressures.
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(1-1) (1-2) (1-3) (1-4)

Figure 2.9: The images above visualize the first half of the crank rotation experiment. In the
beginning the robot is building up force and also lifts its should to allow an outwards rotation of
the elbow by which the rotation starts. The activated muscles are marked red for illustrating the
control pattern.

(2-1) (2-2) (2-3) (2-4)

Figure 2.10: In this sequence of images the robot is completing a rotation of the crank by contracting
the red marked muscles.
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Chapter 3

Highly-Integrated Muscle-Spindles

for Pneumatic Artificial Muscles

Made from Conductive Fabrics

3.1 Introduction

Research in bio-inspired humanoid robots and biomimetics is recently drawing an increasing amount

of attention. One field beside the simple replication of the human morphology is its actuation using

artificial muscles. The McKibben design of pneumatic artificial muscles (PAMs) is broadly used for

this purpose.

They show properties like fast response and are flexible by design. Using them to actuate a

human-inspired robot can help to increase the capabilities of bio-inspired robots, as well as the

understanding of the human body. One downside of this type of actuator is its low control precision.

A typical approach, therefore, is to estimate the current length of the actuator and to control it

through the applied pressure. Unfortunately is the relationship between pressure and length non-

linear and highly dependent on factors like externally applied lateral forces, and internal properties

like friction.

This problem was approached by introducing a new version of an artificial muscle spindle, which

can be embedded into the PAM. This was achieved by using conductive fabrics, which were applied

directly to the inner tube of the PAM. Therefore a change in dynamic properties like stiffness and

flexibility could be avoided.
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3.1.1 Related Work

This work relates to previous efforts of researchers to increase the precision, and therefore, the

usability of PAMs. This paper is introducing a hardware extension to traditional PAMs, which

closely oriented on its biological counterpart. The following paragraph lists research, which relates

to the aim of adapting muscle spindles to PAMs.

Hardware Jaax et al. [29] concentrated their efforts on creating a prototype of an artificial

muscle spindle, without embedding it into a PAM. In their published design for an artificial muscle

spindle, Erin et al. [13] proposed a PAM which is covered with a mesh of copper wire held in place

by silicone. Their design allowed to estimate the muscle’s displacement based on the inductance of

the coil formed by the copper wire. A shape-memory alloy was used by Peng et al. [58] To measure

the length of a PAM when it exerts a specific force. Hannaford et al. [20] published a platform to

research human neural control. They described their setup to control PAMs by approaches inspired

by motor units. However, it did not include the feedback of physically represented muscle spindles.

Contributions The results and methodology of this work can aid the research of human muscle

control and coordination on the lowest level. A broader understanding in this area in combination

with seamlessly embedded sensory-feedback can drastically increase in the motoric abilities of PAM-

actuated robots.

3.2 Neurophysiological Background of Muscle Spindles

In the following section, the sensory-feedback system will be introduced, which is described in the

literature as muscle spindles. This introduction will explain why this type of receptor should be

considered to be of high potential to advance the capabilities of PAMs in musculoskeletal robots.

Further, will this form the foundation of the reasoning regarding the physical properties the artificial

muscle spindle was designed for.

The biological muscle spindle consists of two different kinds of sensing neurons. Fig. 3.1 visualizes

the structure and the placement of the two neurons within the muscle.

The muscle spindle provides the input for the motor-units, which are essential for the muscles

to maintain a specific length, as well as the cooperation of antagonistic muscles. To achieve this

the two afferent neurons, which the muscle spindle consists of, modulate their firing rate based on

two aspects of the muscle’s state. The Ia afferent neuron is wrapped around the nuclear chain fiber

and detects small changes of the muscle’s inflation. Its firing rate hereby depends on the change

rate of the muscle’s inflation. The II afferent neuron, however, changes its firing rate regarding the

sustained inflation of the muscle. Further, do the γ efferent neurons moderate the excitability of the

Ia and the II afferent neurons.
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Figure 3.1: This image shows the representation of the biological muscle spindle (Inspired by Purves
[62]). On the right side the response to inflation of the Ia and II afferent neurons is also visualized.
This is the feedback that allows the motor-units to effectively control the and maintain the length
of muscles.

3.3 Artificial Muscle Spindle

3.3.1 Concept

The vital information for the realization of a bio-inspired motor-unit is sensory-feedback of the mus-

cles. In human anatomy, several receptors are responsible for this. Most notable are the muscle spin-

dles and the Golgi tendon organs, whereby the latter is more involved in preventing over-stressing,

and the first one supports the maintenance of the muscles’ length. Therefore, the muscle spindles

were chosen as the most desirable source of feedback to implement a more dexterous control scheme

for PAMs. The biggest challenge was the choice of material for the artificial muscle spindle’s Ia

and II afferent neuron. The design described in this paper was defined after the following design

requirements:

❼ can be embedded into the PAM

❼ fast response

❼ simplicity of measurements
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❼ not causing the muscle to fail prematurely

❼ not changing the elasticity of the muscle

Other researchers already published several designs of artificial muscle spindles; however, they

either could not be embedded, needed additional circuitry to be read or even reduced the durability

of the PAMs. The design concept of this work’s artificial muscle spindle is shown in Fig. 3.2.

Figure 3.2: This image shows the functional concept of the design for an artificial muscle spindle.
Two sensors made from conductive fabrics are placed in similar locations on the PAM as their
biological counterparts are on a muscle fiber.

The design integrates the Ia and II afferent neuron by placing two different kinds of conductive

fabrics in-between the inner rubber tube and the outer braided sleeve of the PAM. The type which

represents the Ia afferent neuron changes its resistance when it is stretched. It is positioned in the

middle of the muscle and is partially wrapped around it. The second sensor which represents the II

afferent neuron, is made from a piezoresistive fabric and changes its resistance under pressure.

The choice of two different fabrics was made so the stretch of an unpressured PAM can be

detected as well. The stretch sensor alone is not capable of measuring this reliable, as the diameter

of the PAM decreases and no stretching takes place. The pressure sensor, on the other hand, can

easily detect the change of pressure in-between the rubber tube and the braided sleeve when an

external force stretches an empty muscle.

The design recreates the structure of the biological muscle spindle in regards to the measured
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properties and the placement of the sensing elements within the muscle. However, the outputs of

the afferent neurons in biological muscle spindles are signals in the form of spikes. The outputs of

the artificial muscle spindle are continuous voltages. Further does the II afferent neuron represents

the steadiness of the muscle’s inflation. The artificial muscle spindle utilizes this element to measure

the stretching of an unpressurized muscle.

With this setup, both outputs can be reproduced, which biological muscle spindles provide to the

motor-units. Theoretically, only the version of the Ia afferent neuron would be sufficient. Because

the sustained level of the stretch can be directly derived as the rate of change. The version of the

II afferent neuron is therefore not needed for its biological purpose, but in an PAM it can provide

data of an unpressurized muscle.

3.3.2 Components

To comply with the requirements which were defined in the concept section, the selection of materials

were initially lead to a specific direction. External mechanisms were not feasible, due to their size and

inevitable change of the muscles dimensions. Therefore a possibility was investigated to integrate

the sensor in-between of the inner tube and the outer braided sleeve of the PAM. Using the work

of Erin et al. [13] as a starting point, finding a way to preserve the original flexibility of PAM was

focused on. It was found that the usage of conductive fabrics would allow this. The components,

which were finally used for the artificial muscle spindle shown in Fig. 3.3.

Using two different types of conductive fabrics and directly attach them to the inner rubber tube

of the PAMs, was found to be the most viable solution. The used fabrics change their resistance by

stretch (EeonTex LTT-SLPA-20K) and pressure (EeonTex NW170-SLPA-2k). Small stripes of these

materials are placed similar to their locations inside of real muscles. The stretch-sensitive fabric

wraps around the middle part of the muscle and recreates the feedback of the Ia afferent neuron,

while the pressure-sensitive material is placed longitudinally in the lower third of the muscle. Two

magnet wires are glued to the fabric with conductive adhesive, which cures at room temperature

(KAKEN TECH CN-7120). These wires are fed into aWheatstone bridge to measure their resistance.

The change in resistance causes a difference in measurements of up to 1.7 V using a 5 V reference

voltage. Fig. 3.4 illustrates the response time and the slew rate of the artificial muscle spindle.

It can be noticed that the response to a change in pressure reaches the threshold of 50 mV

distributed over the complete pressure range of the muscle within 10 ms. The underlying electronics

of the system samples the air pressure and voltages of the artificial muscle spindle at 100 Hz. The

threshold of 50 mV was selected by evaluating the signals’ noise. During this process, the noise

was measured for 50 intermediate pressures between 0.0 MPa and 0.85 MPa. The pressure sensitive

fabric showed no significant change in resistance when low pressures were applied. This can be

explained by the fact that the outer sleeve is about 4 mm wider in diameter, and some inflation

of the rubber tube has to take place before the material makes contact with the sleeve to register
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Figure 3.3: The images above display the materials, which were finally used for the artificial muscle
spindle. Image a shows the conductive fabrics, and b the inner tube made of rubber as well as the
outer braided sleeve. In image c magnet wire is shown and d shows the conductive adhesive that
was used.

pressure. This property, however, was later found to be useful to detect external stretching of the

relaxed muscle. In this case, the sleeve and the inner tube are pressed together by the external force

and hereby can be measured.
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Figure 3.4: The diagram above visualizes the feedback of the artificial muscle spindle. It further
shows the response to a change in pressure. For this sample the valve was opened without ramping,
which resulted in a response within 10 ms.

3.3.3 Assembly

In this paragraph, the manufacturing process of the artificial muscle spindle will be described. Fig.

3.5 shows the four most important steps of the process.

Preparing the Fabrics: The first step includes the connection of the two different fabrics

EeonTex LTT-SLPA-20K and EeonTex NW170-SLPA-2k with the magnet wires. Creating a con-

ductive and robust connection between these two different materials was one of the most significant

issues. For this work, a conductive adhesive is used, that cures at room temperature KAKEN TECH

CN-7120 and therefore does not damage the fabrics through typical curing temperatures around

70◦C to 90◦C. Using this adhesive, the magnet wires are first sew-in into the fabrics and then secured

into place using the conductive compound. A finished sensor of the stretch-type can be seen in Fig.

3.5 on the upper left image (a).

Attaching the sensors: The second step is designated to fix the two individual sensors onto

the rubber tube, so they stay in place during the assembly. After the assembly, the sensors stay in

place due to the contact between the inner tube and the outer sleeve. However, having long wires

attached to very light pieces of fabric exacerbate their handling. Therefore, the two sensors get fixed

on one side before the insertion into the outer sleeve. For this step, UHU Max Repair extreme was
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Figure 3.5: Image a shows the magnet wire sewn-in and fixed with conductive adhesive. Image b
shows the fabrics and wires being fixed as lightly as possible on one side to the rubber tube. Image
c shows the tube plugged both sides and the wires already threaded through the sleeve at their final
position. Image d shows the finished assembly of the muscle.

used. Any adhesive, which does not degrade the rubber is usable for this purpose. The position of

the sensors can be seen in Fig. 3.5 on the upper right image.

Preparing the insertion: To be able to insert the inner tube into the sleeve the wires need

to be organized in advance. This step can be seen in Fig. 3.5 on the lower right image. During this

step, the plugs at both ends of the tube are inserted as well. This step is essential to decrease the

twisting of the wires in the finished muscle. Therefore, the wires are threaded through the outer

sleeve before the insertion.

Finalizing the muscle: In the last step, the rubber tube is slide into the braided sleeve, while

the wires need to be kept on minimal tension to avoid the creation of loops. The muscles are then

finalized by sealing the ends using metal wires as it can be seen in the lower left image of Fig. 3.5.
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3.4 Evaluation

In this section, two essential aspects of the design’s properties will be emphasized. The first im-

portant trait is the longevity of the assembly. Therefore several muscles N = 10 were tested and

repeatedly pressurized to estimate the average lifetime under full load. The second characteristic is

the stability of the muscle spindle’s output.

3.4.1 Longevity

A primary design goal was the preservation of the PAM’s durability; therefore, multiple endurance

tests with these actuators were conducted. The PAMs were repeatedly contracted using a pressure

of 0.85 MPa, during these tests. Of specific interest was the PAM’s tendency to rupture, as well

as the possible breakage of the magnet wires, which connect the fabrics to the Wheatstone bridge.

It was found that out of the sample group N = 10, no actuator ruptured during 300 individual

contractions. This fact validated the choice of adhesives as they did not weaken the inner rubber

tube of the PAM. The magnet wires (0.15 mm diameter) however, showed increased sensitivity to

fatigue breakage. This issue needs to be addressed in future revisions of the design.

3.4.2 Stability of Measurements

The visualizations in this section will illustrate the margin of variance of the spindles’ output when

actuated repeatedly. This data was generated by continuously actuating the PAMs with a constant

airflow and recording their feedback. The actuation was repeated 30 times. It could be observed

that once a set of repetitions were started, it took around 3 activations for the feedback to settle

in a closer margin of variance. This warm-up period contributes significantly to the extent of the

minimum and maximum values, which are shown in Fig. 3.6 and Fig. 3.7.

The evaluation of the Ia neuron shows a non-linear relationship between the pressure and its

feedback. However, the stretchable fabric is sufficient to cover the whole actuation range of the

PAM.

Like the Ia neuron did the II neuron show a non-linear relationship to the pressure of the PAM

it was embedded into, as well as being able to cover the PAM’s whole actuation range. For the

piezoresistive fabric, the change in pressure shows an initial reduction of its output before it starts

raising in a similar way to the Ia neuron. This can be explained by the free travel the inner tube of

the PAM experiences due to the slight difference in diameter compared to the outer sleeve. Through

this data, two analogies to biological muscles and their sensory feedback can be made. First, the

design has a warm-up period once the muscles are activated from a cold state, till their feedback

settles. Second, for the II afferent neuron to show predictable feedback, minimal pressure is needed

to maintain firm contact in-between of the outer sleeve and the inner rubber tube of the PAM. This

property can be interpreted as an analogy to the muscle tone of musculoskeletal systems.
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Figure 3.6: This illustration shows the stability of the feedback over 30 repetitions for the Ia afferent
neuron from 0.22 MPa to 0.78 MPa.

3.5 Conclusion

3.5.1 Conclusion

In this paper, an augmented version of the McKibben design of PAMs was presented. By using

conductive fabrics, a biomimetic approach to muscle spindles was created. The design allows for

artificial sensory feedback of the Ia and II afferent neurons. The usage of fabrics and their positioning

in-between of the braided sleeve and the PAM’s inner tube caused no noticeable changes in the

muscle’s characteristics. This work demonstrated that the significant difference in resistance, and

therefore, the output voltage of the spindle, renders this design robust to inductive interference. The

combination of these traits makes this design very favorable for musculoskeletal setups with a focus

on the realism of muscular sensory feedback.

3.5.2 Discussion

The artificial muscle spindle followed a biomimetic approach for its design. However, the output

is not electronically converted into neuron-like firing patterns. This transform of the output needs

to be done in software. The selection of materials was a result of the goal to embed the muscle
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Figure 3.7: This illustration shows the stability of the feedback over 30 repetitions for the II afferent
neuron from 0.22 MPa to 0.78 MPa.

spindle seamlessly into the PAM. Conductive fabrics allow the placement of the sensors directly

in-between of the inner tube and the outer braided sleeve of the PAM. This does not only replicate

their respective location in biological muscle spindles, but it is also favorable for not changing the

PAM’s flexibility as well as its dimensions.

Another important aspect is the correlation between the non-linear signal of the artificial muscle

spindles and the change in length and diameter of the PAM. In Fig. 3.8 the change in length and

diameter is visualized for an unloaded PAM from its unpressurized state up to 0.41 MPa. This data

was collected by 40 intermediate measurements and the pressure was raised till the PAM stopped

expanding.

It can be noted that the change in length and diameter is linear as soon as the inner rubber tube

makes contact with the outer sleeve. This need for the inner tube’s initial expansion explains the

PAM’s delayed response to pressurization. Based on this data we can assume that the non-linearity

of the artificial muscle spindle’s output is caused by the fabrics. However, it needs to be considered

that all measurements were made with unloaded muscles.

The decision to integrate both afferent neurons (Ia and II) was based on this design’s biomimetic

approach. It was found, that the second sensor (II) is not necessary to produce a similar feedback

to the biological muscle spindle. However, in this case the position, which was adopted from the II
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Figure 3.8: This diagram shows the change of a PAM’s shape during pressurization. The diameter
starts to increase faster than the length because the inner rubber tube first needs to expand to make
firm contact with the outer sleeve.

afferent neuron, supported the measurement of an unpressurized PAM. This is possible due to the

pressure between the inner tube and the outer braided sleeve when an external force stretches an

unpressured PAM. This also justified the usage of a second type of conductive fabric. Positioning

this sensor at the location of the II afferent neuron, further was tested to be highly effective.

3.5.3 Future Works

To allow a larger and more sophisticated robot, it would be advantageous to improve the embedding

of the artificial muscle spindle further. The wiring of the current revision causes no problems in

simple setups, but in a robot actuated with numerous PAMs, it will get convoluted quickly. Further

development needs to be done to increase the longevity of the assembly. The current design focuses

highly on its flexibility and the reduction of a mechanical impact to its hosting PAM. The adhesive

connection between the wiring and the fabric was enhanced by choosing a conductive adhesive,

which cures at low temperatures. However, the wires them-self, which are 0.15 mm in diameter, are

exposed to strong forces in-between of the PAM’s layers. This caused the current design to typically

fail from fatigue breaks of the wires. Solving this issue, through adjustments in materials will be

the primary focus of further improvements to the design. Once this issue is resolved, it is assumed
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that the sensory-wise enhancement can provide a viable solution for complex musculoskeletal robotic

systems.
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Chapter 4

Using Conductive Fabrics as

Inflation Sensors for Pneumatic

Artificial Muscles

4.1 Introduction

Pneumatic artificial muscles (PAMs) utilizing the McKibben design have been widely used in soft

robotics. Therefore, numerous previous approaches have been made to provide feedback for this non-

linear type of actuator. Adding a sensory device to a flexible actuator presents many challenges,

especially when considering the preservation of its distinguishing features, e.g. flexibility, compliance,

and shape. In order to benefit from the potentials of PAMs, notably their compliance, relatively

high dynamic, and force to size ratio [4], a variety of sensor designs were developed.

Considering the approach for measuring the actuator’s deformation allows the previous research

to be grouped into three types. Some designs used special materials for the PAM, which allowed for

the measurement of deformation [66, 18, 57, 15, 22, 12, 72, 63]. Others attached components to the

actuator, measuring the change externally [19, 35, 44]. The third type is inserting a sensor into the

actuator to measure the increase of its diameter [2, 70].

It should be noted that previous sensors that preserve the flexibility and shape of PAMs are part

of the actuator’s structure, which prevents the usage with another actuator in case of its failure.

However, the sensors that are transferable alter the dimensions and, to an extent, the flexibility of

the actuator, which needs to be considered when routing the PAMs.

In this paper, we present the design of an external inflation sensor for PAMs that can be cost-

efficiently produced and does not change the actuator’s shape or flexibility due to the exclusive use

of soft materials in the form of conductive fabrics. This allows for its usage in more complex and
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dense systems, in which a deformation into a non-convex form or the addition of rigid components

would significantly increase the friction with adjacent actuators. Our design addresses these issues,

while also being easily transferable or replaceable in the event that either the actuator or sensor

breaks.

Our application of the design presented in this paper is the usage in musculoskeletal systems

with antagonistic muscle pairs like our upper ten degrees-of-freedom robot arm [24]. In such a setup,

PAMs are in close proximity to each other and even in direct contact with adjacent PAMs, thereby

generating constant friction. However, if the sensors of two adjacent muscles come into contact, their

feedback would degrade due to the conductive nature of our sensors’ surface. A system in which this

problem would be likely to occur is a system like the UB Robot Hand [56] if its actuators would be

switched from servomotors to PAMs. In such situations, additional precautions need to be taken.

If the size constraints of the system do not allow for sufficient clearance in between sensors, the

sensors themselves could be fitted with an additional insulating layer. Such a layer could be created

using medical dressings as those are typically very flexible and therefore would only contribute to a

small amount to the constraining of the actuator caused by the sensor. Having a small volumetric

footprint and being flexible is highly important in such systems, so as to not introduce an additional

friction hazard for the actuators. Therefore, producing the sensor separately so it can be transferred

between various actuators of the same diameter is also highly desirable.

In section 4.3.2, we show our design’s static response. The conductive fabrics we use have

stretchable and less-stretchable directions, determined by the orientation of its weave. As both

directions have different responses in regards to their electrical resistance, we evaluated the behavior

of both orientations. Our evaluation of the hysteresis in section 4.3.4 further justifies our decision

to make sensors with their fabric being oriented in the less-stretchable orientation. To evaluate our

design’s performance on a real PAM, we carried out a series of experiments in section 4.3.3 to show

our sensor’s feedback in different load-scenarios on PAMs of different diameters. To further reduce

our sensor’s production complexity, we compared the strength of two different adhesives to avoid

sewing when creating the sensor. In section 4.2.3, we conducted breakage tests for seams formed

from sewing to those created with adhesives.

4.2 Introduction of a Conductive Fabric Sensor

4.2.1 Sensor Design

Our design utilizes conductive fabric, which changes its resistance when stretched. The resistance

of these fabrics is decreasing when stretched, which is contrary to a solid conductor. The resistance

of a solid conductor equates to R = pL
A

where p is resistivity, L is the conductor’s length, and A is

the cross-sectional area. However, the situation of conductive knitted fabric is more complex. Li et

al. [37] published a paper focused on the conductive characteristics of conductive yarn and fabrics
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knitted from them. A solid conductor’s resistance increases when elongated due to its increased

length and simultaneous decrease of its cross-sectional area. Besides its length, the contact force of

the fabric’s loops and leads is a significant factor during the stretch. Therefore, when stretched, the

yarn’s contact force within the fabric increases, which results in an initial decrease in its resistance.

Under larger tensile forces, the increasing length of the fabric will cause an increase in resistance

before the material’s breaking force is exceeded. However, besides this counterintuitive reaction

to stretch, conductive fabrics’ thin and flexible nature makes them very viable for our application.

In our earlier paper [23], we presented an integrated design for such a sensor using conductive

fabrics. As we concluded in that paper, the highest priority for an improved design was reducing the

relatively high failure rate. Our new design addresses this issue, reduces the production complexity,

and enables the simple replacement of the sensor.

Figure 4.1 illustrates an actuator equipped with our sensor.

Figure 4.1: This illustration shows our inflation sensor attached to a pneumatic artificial muscle.
The usage of conductive fabrics allow for no change in the actuator’s shape or flexibility.

Instead of between the actuator’s inner tube and outer sleeve, our design is wrapped around

the PAM. This change heavily reduced the shearing stress in the wires and increased the sensor’s

longevity. Creating full sleeves instead of tying a small patch of fabric to the actuator further sim-

plified the production process. Because the previous design’s manufacturing process was laborious,

the production and deployment was simplified. Another advantage that emerged was the possibility

to retrofit our sensor to existing PAMs. Also, the weakest point in the earlier version is the magnet

wire itself, which is now decoupled from the actuator’s movements and is only subject to its external

support’s motions. Based on these changes, we can now present a sensor that requires no additional

steps during the actuator’s production and, therefore, can also be replaced if it is no longer required

or needs maintenance.

In Figure 4.2, we show one of our actuators with a diameter of 10mm in its deflated and inflated

state. When this actuator is pressurized with 0.7MPa, it is reduced in length by 40mm.
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Figure 4.2: This image shows a pneumatic artificial muscle (PAM) in its deflated (a) and inflated (b)
states. This actuator, with a diameter of 10mm, shortens by 40mm when pressurized with 0.7MPa.

4.2.2 Production Process

In this section, we will elaborate on the final production process of our design. Figure 4.3 illustrates

the key steps during production. One of our sensors is created by the following steps. First,

the conductive fabric is cut to the appropriate length for a given muscle circumference. Through

empirical trials, we found that a well-performing length of EeonTex LTT-SLPA-20K is 5% shorter

than the empty muscle’s circumference plus 6mm for the bonding area. Next, an area of 3mm on

one of the short edges is covered with adhesive before the fabric is folded, and the bonding area is

clamped for curing. After the adhesive is cured, the now gauntlet-like sensor can be turned inside

out, producing a smoother seam. In the next step, two magnet wires are prepared by removing

the enamel with a soldering iron. This method leaves a rough surface on the wire, which makes

the fixation in the next step easier than sanding off the enamel. The two wires are then stitched

into the fabric, leaving a gap of 1cm. While other gap sizes are possible, to allow for sensors with

comparable feedback, the distance should be the same on all sensors. To secure the exposed ends

of the magnet wires in the fabric, conductive adhesive that can cure at room temperature (KAKEN

TECH TK Paste CN-7120 ) is then used to bond the magnet wires to the fabric. After the adhesive

has cured, the sensor can be sheathed over the PAM. Due to being intentionally undersized, no

additional measures are needed to secure the sensors on the PAM.
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Figure 4.3: The selection of images above shows the most important steps of the production process.
Image (a) shows the conductive fabric being cut to size, and with the appropriate amount of adhesive
applied on image (b). The fabric is then clamped to produce a sleeve (c). The enamel of the magnet
wire is removed, and solder is applied to its ending (d) before being sewn into the fabric (e). The
final senor is shown in image (f) after the conductive adhesive was applied to secure the wires in
place.

4.2.3 Material Selection

This section will introduce the individual characteristics of the two types of conductive fabric and

adhesives we evaluated for our sensor design.

Conductive Fabrics

We selected two conductive fabrics that change their resistance when being stretched. The first one,

EeonTex LTT-SLPA-20K, has a resistance around several kΩ over a distance of 1cm. In contrast, the

second fabric, ElectroLycra, has a resistance of less than 10Ω per centimeter. This fact required two

different measurement approaches. The high resistance EeonTex LTT-SLPA-20K can be measured

with a variable voltage divider, while ElectroLycra requires a constant current source to measure

the voltage drop occurring based on its resistance. EeonTex LTT-SLPA-20K is a nylon/spandex
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mixture coated with a proprietary conductive formula. ElectroLycra is a silver-plated mixture of

nylon and other undisclosed elastic fibers.

Bonding Compound for Fabrics

As a minimal requirement of bonding strength for our seams, we considered an actuator’s anticipated

inflation under full pressure. The example of inflation shown in Figure 4.2 shows a PAM’s inflation

at 0.7MPa. When our PAMs are pressurized, their diameter changes from 0.94cm to 1.90cm, almost

precisely an increase of 100%. Therefore, we know that our sensor is expected to stretch no more

than double its length when using our actuators. Figure 4.4 illustrates the force a sensor experiences

by stretching for a 1cm piece of fabric. Knowing that the test-stand moves with 0.8mm/s, we expect

the 1cm piece to be stretched by 100% within 12.5s. The areas in Figure 4.4 highlight the stress the

sensor experiences after 12.5s. For ElectroLycra this is 15N , and for EeonTex LTT-SLPA-20K this

is 12.5N . Based on this data, we determined that a bond must be able to withstand at least 15N .

Due to the materials’ variance, the values are not absolute, but provide an appropriate reference

point. However, as the break tests show, the adhesives satisfy this 15N requirement almost by a

twofold. We also used break test data from tests with adhesives because the sewing of fabrics could

possibly change the specimen’s stretch characteristics. Therefore, we decided to use the data of

tests with adhesives to ensure the stretch characteristics are comparable. In our experiments, we

tested two adhesives against sewing for their interfabric bonding strength. We evaluated this by

break testing all three bonding methods with both types of fabric. The test samples each consisted

of two pieces of 1cm wide fabric, which were bonded over 5mm on each side. The specimen was

then clamped into the motorized stand so that 1cm of fabric, including the seam, was between the

clamps. In the next step, the stand separated the clamps at a speed of 0.8mm/s until the bond failed.

The results are plotted in Figure 4.4.

From our evaluation, we concluded that, in general, for both fabrics, sewing will result in the

strongest bond. Limited by our digital force gauge, we only measured the tensile force up to 50N .

However, during operation, the forces acting upon the bonds are expected to be considerably lower,

as previously established. During our development of the production process, we identified that

sewing together the sleeves is the most time-consuming, and, based on individual dexterity, variable

part of the whole process. Therefore, we evaluated two adhesives designed for usage on fabrics. The

first adhesive is Loctite DNC-030 (Adhesive I ), which consists of 50% urethane resin and water.

The second adhesive is Powerace A05 (Adhesive II ), also using 50% urethane resin and 50% water.

Even though both products use the same base component to create flexible bonds on fabrics, the

different proprietary additives justified a comparison in our opinion.

Through our test, we found that both adhesives bond better with EeonTex LTT-SLPA-20K and

that Adhesive I produces a stronger bond than Adhesive II with both fabrics. The best bond,

following sewing, was achieved using Adhesive I on the EeonTex LTT-SLPA-20K fabric. For our
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Figure 4.4: The plots above illustrate our evaluation of a suitable interfabric bonding solution.
Two adhesives were tested against sewing the sleeves for both potential materials. The upper row,
(a), (b), and (c), shows the tests on eeonTex LTT-SLPA-20K. The second row, (d), (e), and (f),
shows the tests with ElectroLycra. They individually show the tensile force on the vertical axis
and the time elapsed on the horizontal axis. For this experiment, the motorized stand was set to
a speed of 0.8mm/s. It can be observed that the adhesives generally bonded better with eeonTex
LTT-SLPA-20K. Further, Adhesive I produced the best adhesive based bond with the eeonTex
material. The significantly more labor-intensive production step of sewing, however, outperformed
all adhesive/fabric combinations. We ended the sewing test at 50N , due to the maximal load of our
digital force gauge.

design, we decided to use Adhesive I over sewing due to its simple usability while meeting the

demands in terms of tensile robustness. Throughout our later experiments, the seam formed by

Adhesive I did not turn out to be a cause for the sensor to fail. This validated our decision to

use Adhesive I to simplify the production process. Figure 4.5 (a & c) shows an opened sensor, so

the seams created with the adhesive are visible. Evaluating the seams purely by the eye does not

yield any remarkable difference. However, through our break tests, we could show that the bonds

with the better performing adhesive are stronger on EeonTex LTT-SLPA-20K. Producing bonds
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withstanding more than 25N with both fabrics validated the subsequent change of our production

process from sewing to using an adhesive.

Bonding Compounds for Wires and Fabrics

Securing a conductive thread to a conductive fabric can be done in multiple ways. In the realm of

wearables, a common method is sewing in a conductive thread made of stainless steel. These threads,

however, lack an insulated coating, which makes them harder to handle. In a more complex system,

several actuators will be placed in close proximity to each other. In such a scenario, the separation

of conductive threads could be challenging. This situation could be mitigated by insulating the

conductive threads in an additional production step. If this is done using a sleeve, the wires will

become stiffer and heavier and potentially cause additional problems. If the thread is insulted with

a non-conductive coating, it is important to make sure that this coating does not wear off due to

the constant bending. Magnet wires are coated with a resistant enamel.

For our design, we chose magnet wire. Their enamel coating reduces the potential of short

circuits. However, due to their tendency for fatigue breakage, sewing them into the fabrics was

not a viable option. Due to this tendency of copper wires to fatigue break, specific care needs to

be taken to reduce the bending. This is fortunately possible due to the low weight of 0.15mm

magnet wire. Therefore, we use a conductive adhesive to establish a conductive connection between

fabric and wire. Most conductive adhesives have a high curing temperature of around 100◦C for an

extended amount of time. For our design, we chose KAKEN TECH TK Paste CN-7120, as it has

sufficient conductive properties and does not required heating to cure. The heating process would

have degraded or destroyed our fabrics. Typically, we measured resistances of 1Ω between the

fabric and the magnet wire’s junction to the adhesive. Compared with the typical resistance of the

EeonTex LTT-SLPA-20K, this increase is negligible, but compared to the resistance of ElectroLycra,

it does contribute significantly to the total resistance of the sensor. Regarding the longevity of the

bond formed by KAKEN TECH TK Paste CN-7120 between the magnet wire and the two types of

fabrics, we experienced no case in which the bond was the cause of a malfunction. When inspecting

the bond after some time in a working system, it did not appear to have deteriorated or become

brittle. However, it can be observed in Figure 4.5 (b & d) that the bond with EeonTex LTT-

SLPA-20K appears to be more uniform, as this fabric has a smoother surface than ElectroLycra. In

practice, however, no qualitative difference between the bonds to the two fabrics could be observed.

We decided to do no additional testing on the adhesive’s bond strength due to its good bonding

qualities. This decision was based on preliminary manual strength tests of the bond between magnet

wire and fabric. During these tests, we bonded different diameters of magnet wire (0.1mm, 0.15mm,

and 0.2mm) to EeonTex LTT-SLPA-20K and ElectroLycra using KAKEN TECH TK Paste CN-

7120. After the bond had cured, we attempted to forcefully separate the magnet wire from the fabric

by hand. During this manual process, the bond between the magnet wire and fabric withstood the
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Figure 4.5: In this image, we present a detailed depiction of the quality of the adhesive seams for
both fabrics and the wire to fabric bond for both materials. Images (a) and (b) show the bonds
for EeonTex LTT-SLPA-20K, and images (c) and (d) show the bonds of ElectroLycra. It can be
observed that the bonds of EeonTex LTT-SLPA-20K appear smoother, due to the denser weave of
its fabric.

tensile force. The result was that the magnet wire itself broke before the adhesive failed. Based

on these preliminary results, we concluded that the tensile strength of the wire we use is inferior

to the bonds formed by using KAKEN TECH TK Paste CN-7120. Therefore, a break test of the

bonds formed by the conductive adhesive is not needed, as it would only yield the tensile strength

of generic magnet wires.
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4.3 Experimentation and Evaluation

4.3.1 Experimental Setup

Our setup for static testing (Figure 4.6) is used to measure the change in resistance over displace-

ment, as well as conducting the breaking test to evaluate the textile adhesives. We designed a

dynamic testing rig for our experiments, which allows us to measure the length changes when vari-

ably loading the muscles. For our testing, we used the FGP-5 digital force gauge from Nidec Shimpo

in combination with an FGS-50E-H motorized test stand from Shimpo and a DS-025 linear encoder

from Mutoh. These components allowed us to precisely evaluate the change in resistance of the

Figure 4.6: In the image above, we show the setup we used to measure the static behavior of our
sensor. We used a motorized test stand, a force gauge, and a linear encoder to collect our data. This
setup was later used for the break test in the course of the evaluation of bonding methods, as well
as for the repeatability and stability tests of our design.
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different materials as they are stretched. The motorized stand we used has no position encoder

itself, therefore, we added a linear encoder externally. In addition, we designed custom brackets to

fix the specimen in the test stand. Our design distributed the tensile force over a larger surface to

avoid the tearing of individual fibers or an uneven application of the force.

In our dynamic testing rig (Figure 4.7), the PAM is placed on a stand, and a linear encoder with

a guide roller allows the exact measurement of the change in length of the PAM. To evaluate the

sensor’s dynamic behavior, the rig also includes a deflection roller to load the muscle with varying

weights. Experimenting with loaded muscles grants insight into the actuator’s compliance.

Figure 4.7: The image above shows our setup for the evaluation of the dynamic behavior of our
sensor. All actuators used for our experiments had a length of 21.5cm. Once the specimen is
connected to the system, the pressure and length are measured by a pressure sensor and a linear
encoder.

Experimentation Protocol

We evaluated several different sets of muscles and sensors. Both materials were tested on two

PAMs of varying diameters. This allowed us to infer that a constant performance on these diameters

would indicate a general viability of this sensor type on PAMs of all sizes, as long as the inflation

of the PAM does not exceed its stretch-capability. In detail, the data was collected in the following

manner.

For measuring the static properties, a sample of fabric is fixed in the tensile tester. In a second

step, the fabric was loaded with 0.1N of tensile force as a reference starting point. Then, the stretch

was increased by 0.25mm and the resulting resistance was measured. The stretch then was increased

by 0.25mm and the resistance was remeasured until 100% stretch was reached.

The dynamic properties are measured by first fixing the PAM (each of a length of 21.5cm) with

the sensor in the testing rig. Then the pressure, length, and resistance feedback were measured

for repetitive inflation in a sinusoidal waveform. The waveform was generated by the following
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Table 4.1: This table lists the parameters we determined via polynomial regression, and the resulting
functions are plotted in Figure 4.8. (1) are experiments conducted in the fabrics’ less-stretchable
direction, and (2) are those conducted in the fabrics’ stretchable direction.

Setup x5 x4 x3 x2 x b

EeonTex (1) 8.534e-09 -1.421e-06 6.708e-05 0.0007744 -0.1557 13.39
EeonTex (2) -8.203e-09 1.822e-06 -0.0001566 0.006596 -0.1293 8.189

ElectroLycra (1) -2.367e-10 1.074e-07 -1.827e-05 0.001461 -0.06022 2.835
ElectroLycra (2) 5.275e-08 -8.868e-06 0.0005502 -0.01566 0.1941 3.598

expression, where t is the time in seconds and pressuregoal(t) maps t to pressure in MPa:

pressuregoal(t) = sin(2π×(t−0.25))+1
5

(4.1)

In this function, t is offset by −0.25 to center the pressure peaks within the three-peak plot. Lastly,

we permute over all combinations of PAM diameters, sensor material, and loads.

4.3.2 Static Behavior

We evaluated the static characteristics of our two types of fabric to determine which would yield the

best results for our application. The fabrics were tested using a 3cm by 1.5cm sample with a copper

wire distance of 1.0cm and a clamp distance of 1.5cm (Figure 4.6). We further considered that the

fabrics show different responses to stretch based on the direction of stretch in relation to its weave

pattern. Therefore, we also sampled the fabrics in a 90◦ rotational offset. The results are plotted

in Figure 4.8. During our tests, we pre-loaded the fabrics with 0.1N as a reference starting point.

The 1.5cm portion of fabric was then stretched by 1.5cm to 100% stretching. Every 0.25mm, the

resistance was sampled.

In our evaluation, we found out that in the case of both fabrics, the less-stretchable direction

produced a cleaner feedback (Figure 4.8). The more stretchable direction showed, in both cases, an

initial indifference to stretch before the resistance starts changing significantly. ElectroLycra and

EeonTex LTT-SLPA-20K showed a high sensitivity from the beginning of the stretch if it occurs

perpendicular to its stretchable direction. We could also observe that even in the more favorable

direction, the change in resistance due to stretch is non-linear. However, this was generally expected,

even if less severe in the case of the EeonTex LTT-SLPA-20K fabric. Using MATLAB’s system

identification functionality, an order of five was estimated to be the most usable degree for modeling

our sensor’s feedback via polynomial regression. Based on the resulting polynomial regression, we

modeled the response of the sensors during the experiments, which are shown along with the data

points in Figure 4.8. The parameters of the resulting models are listed in Table 4.1. Due to the

fabric’s variance, the values will differ between individual sensors.
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Figure 4.8: (a) shows the change of resistance of eeonTex LTT-SLPA-20K in the less-stretchable
direction. (b) shows the change of resistance of eeonTex LTT-SLPA-20K in the stretchable direction
of its weave. (c) shows the change of resistance of ElectroLycra in the less-stretchable direction. (d)
shows the change of resistance of ElectroLycra in the stretchable direction of its weave. It can be
noticed that for both fabrics the less-stretchable direction shows a cleaner, monotonic output.
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4.3.3 Dynamic Behavior

Based on the evaluation of the static behavior, we decided that all sensors for the dynamic exper-

iments will be manufactured so that the fabric is stretched in its less-stretchable direction. For

better comparison, we grouped the results of our dynamic evaluation by the PAM’s diameter. We

used two different PAM sizes: 10mm and 15mm. The data were filtered by a 2nd order low-pass

Butterworth filter with a cutoff frequency of 30Hz. Those parameters rejected the switching noise of

the supply voltage while conserving the imperfections of the feedback. The evaluation represents the

change in resistance during the inflation of the actuator normalized by the lowest value measured

during inflation. This is done to account for the potential variance in absolute values of individual

sensors. In Figure 4.9, we compiled the results of the 15mm PAMs. Pressure and length are in

an inverse relationship as the muscle shortens when pressurized. Comparing the two loads, we can

observe that in the case of the EeonTex LTT-SLPA-20K based sensor, the lowest resistance, which

is reached during full inflation, is reduced by 0.5kΩ, due to the stretching caused by the weight.

This is similarly observable for the ElectroLycra based sensor, with a shift in resistance of 0.8Ω.

To illustrate this shift, we prepared a comparison in Appendix 4.5.1 based on the individual tests’

absolute feedback values. This illustration also shows through the shift that the absolute lengths

for varying loads changes while the range of changes in length stays the same, as can be observed in

Figure 4.9 & 4.10. Other than the shift in resistance, no further changes of the sensor’s feedback,

neither its response time nor its slew, can be assessed. Figure 4.10 shows our tests’ results using

a PAM of 10mm diameter. The first noticeable difference is the reduced peak-to-peak change in

resistance due to the smaller absolute change in circumference and, therefore, the sensor’s stretch.

The second interesting difference is the lower impact of the load on the feedback. It might be de-

duced that a bigger PAM is easier to stretch by lateral force than a smaller PAM when exposed

to the same internal pressure. The results also show that the length can not be precisely derived

from the feedback due to slight variations in the sensor’s positioning in combination with the high

sensitivity of the sensor’s material. Therefore, simply rotating the sensor on the muscle could cause

a drift of its output. Another important finding from the dynamic experiments is the phenomenon

which will from hereon be referred to as overstretch. In Figure 4.9 & 4.10, we marked the areas

where this effect takes place, and we illustrate this in Appendix 4.5.2. By highlighting the figures of

the dynamic experiments, we can define two states during the experiments. In the non-highlighted

areas, our design presents a monotonic relation of the pressure and the length. In the highlighted

areas, our sensor generates erratic non-monotonic feedback. This happens due to the actuator’s

overstretching caused by the load when the actuator gets completely deflated. In the description of

the production process 4.2.2, we mentioned that the sensors’ length was chosen to be 5% shorter

than the deflated actuator’s circumference. This allows the sensor to maintain its position and to

have constant contact with the actuator. However, if the actuator gets loaded and deflated com-

pletely, the load’s moment of inertia causes the actuator to stretch to a point where the sensor
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Figure 4.9: The plots above show the dynamic behavior of our sensors made from eeonTex LTT-
SLPA-20K and ElectroLycra. The results were generated using PAMs with a diameter of 15mm,
which were loaded with 1kg and 3kg. The transparent boxes mark the area in which the sensor loses
contact with the actuator due to overstretching. This phenomenon is explained in Appendix 4.5.2.

loses contact with the actuator. When the sensor loses contact, its feedback becomes erratic and

non-monotonic. This problem could be mitigated by further reducing the sensor’s circumference in

relation to the actuator’s circumference. Another way to mitigate this effect would be the avoidance

of total deflation of the muscle. As we stated in our introduction, we designed this sensor to be used

in musculoskeletal systems with antagonistic muscle pairs. These systems require a minimal base

pressure resulting in countering forces to stabilize their structure. This can be compared with the

muscle tone of natural muscle systems. While the possibility of an actuator getting overstretched is

a potential disadvantage, it can be mitigated.

4.3.4 Hysteresis

Hysteresis is a common phenomenon caused by the dependency of a sensor’s current state based on

its previous states. It is therefore important to measure this property for the materials of our sensor’s

design. To assess the extent of this, we used the motorized test stand for a continuous stretch and

relax movement. The length was measured via a linear encoder in parallel to the sensor’s resistance.
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Figure 4.10: The plots above show the dynamic behavior of our sensors made from eeonTex LTT-
SLPA-20K and ElectroLycra. This second set of trials used PAMs with a diameter of 10mm and
the same two loads. The transparent boxes mark the area in which the sensor loses contact with
the actuator due to overstretching. This phenomenon is explained in Appendix 4.5.2.

The data was collected at a rate of 950Hz and was not filtered. Based on the static results, we

expected that both materials would perform better in their less-stretchable orientation. In Figure

4.11, we plotted the results of our tests. This illustration confirms our previous observations. It can

be noted that (a) and (b), which show the results when the sensor is stretched against its stretchable

direction, are also the most useful in regards to hysteresis. Contrary to this, we can see in (c) and

(d) that the feedback follows a more non-linear trajectory.

4.4 Discussion and Conclusion

Our results show that our sensor’s feedback in relation to the absolute length of the actuator does

not perform as well as the linear encoder. This weak relationship could be explained by the combined

non-linearity of the actuator itself and that of our sensor. The non-linear nature of PAMs represents

a significant disadvantage of this type of actuation. Based on this, we can state that our sensor is

less viable if the total length needs to be measured. However, if the application’s goal is to maintain

an arbitrary state of inflation and compensate for tensile forces, our sensor proved to be a viable
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Figure 4.11: The image above shows the hysteresis we measured for the two materials. The plots
(a) and (c) show the sensor’s response for eeonTex LTT-SLPA-20K in its stretchable and less-
stretchable orientations. In (b) and (d), the same experiments were conducted with sensors made
from ElectroLycra.

solution.

We found that, when compared with the pressure feedback, the feedback of our sensor design

is less expressive. Further, it could be assumed that our sensor’s feedback might be redundant to

the pressure feedback. However, as we could see in the dynamic testing results, a change in our

sensor’s feedback can be observed when the actuator is loaded with a different weight. In these

situations, the pressure feedback remains constant, even when the change in length varies due to

the load on the actuator. Having inflation feedback of each PAM can be used to group reciprocal

muscles and create a control schema that compensates for external perturbations. Such a controller

combined with an inverse kinematic could then execute loaded tasks in its environment. An example

would be picking up a weight. In contrast, control schemes based on pressures can not detect and

counteract forces that are exerted to the system externally. Interacting with the environment in an

adaptable manner would be a great advancement for musculoskeletal systems using PAMs towards

being practicable for broader usage in experiments where compliance and adaptability are desired.

Further research on this design would include improving the production process in regards to tools

and individual steps. Using adhesive already greatly reduced the build time per sensor, so we hope
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to identify additional options to reduce the time required to build a sensor, as well as increasing

their quality by reducing the influence of an individual’s skill on the final sensor.

During the development of our sensor’s final design, we also tested different locations for the

sensor to be placed. However, we found that the most viable position is found in the middle of the

actuator. This potentially is attributed to the way the actuator deforms when it is pressurized. In

Figure 4.2, it can be noted that it creates a curvature towards the actuator’s ends. Being placed

over or near these areas would interfere with the uniformity of the sensor’s deformation and could

be detrimental to its performance. Therefore, we decided that in our design, the sensor should

generally be placed in the middle of the actuator. Due to our sensor’s work principle, which relies

on the deformation through the actuator’s inflation, it needs to be considered that the constraining

force of the sensor reduces the actuator’s peak tensile force. In practice this decrease is found to be

3.2% for EeonTex LTT-SLPA-20K and 3.6% for ElectroLycra. If this peak performance is critical

in a system, then the dimensions of the actuators need to be adjusted when using our design.

An important aspect of stretchable fabrics is their loss of flexibility and, therefore, a change of

their resistive characteristics. We, therefore, also evaluated the repeatability and stability of our

sensor’s feedback after 5000 stretching cycles. In Appendix 4.5.3 and 4.5.4, we included the results

of our tests evaluating these properties. We found that sensors made from both materials generate

repeatable feedback. In regards to their stability, however, the individual materials differ from each

other. When assessing the hysteresis of EeonTex LTT-SLPA-20K after 1000 and 5000 cycles, the

hysteresis stays stable in form and range. Therefore, a re-calibration is not expected to be necessary

for sensors made from this material. Sensors made from ElectroLycra, however, show non-monotonic

feedback between 1000 and 5000 cycles. The cause for this is expected to be a constant elongation

of the material in the beginning of its usage. An option to mitigate this behavior could be to pre-

stretch the material before assembling the sensor and thereby adjusting the size and guaranteeing

the material’s constant tension.

In this paper, we showed a novel design of an inflation sensor for PAMs. Throughout this paper,

we showed that using off-the-shelf components can be used to create a responsive soft sensor. This

soft nature is also its most significant disadvantage, as it is hard to generate absolute feedback for the

current length of the actuator. As a result, we see the applications of this type of sensor in the area of

soft robotics, where precision can be substituted by adaptability. In this area, musculoskeletal robots

utilizing PAMs can benefit from our design. Firstly, it is easy to recreate and can also be retrofitted

to existing PAMs, due to its external deployment. Secondly, its small size and low footprint on the

PAM allow it to be placed in complex musculoskeletal systems, in which actuators can be routed in

close proximity. Our evaluations demonstrate that our design provides repeatable results while being

simple in design. Compared to earlier solutions, which we listed in the introduction, our design is

smaller in dimension than previous external sensors. With this design, we hope to foster the research

in musculoskeletal systems by offering an easy entry-point for non-pressure-based control attempts.
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4.5 Appendices

4.5.1 Output Shifting based on load

In the appendix, we will exemplify the shift in feedback our design generates when stressed with

different loads. Figure 4.12 shows the plots of the absolute resistance values during the dynamic tests.

Besides a noticeable increase in resistance between sensors for actuators of different circumferences,

it can be observed that the resistance-range shifts when the actuator is loaded with different weights.

Considering that the actuator’s resistance is decreasing when stretched, the direction of the shift

is expected. In the case of a higher load, the actuator will be stretched to a greater length during

relaxation and will be prevented from entirely contracting when being pressurized. Compared to a

more lightly loaded actuator, the feedback reaches a higher peak resistance due to the additional

stretch and is restricted to a higher minimum value.

4.5.2 Overstretch

During our dynamic experiments, we noticed the phenomenon that the sensor generates non-

monotonic feedback. We discovered that this was due to the actuator being stretched to a degree

where the sensor loses contact. If this happens, the feedback becomes erratic and does not represent

the actuator’s current inflation state. A possibility of mitigation is to produce the sensor with a con-

siderably smaller diameter than the deflated muscle or preventing the actuator from total deflation.

Figure 4.13 illustrates this issue.

4.5.3 Repeatability of Hysteresis

In Figure 4.14, we show the hysteresis of our design when made from EeonTex LTT-SLPA-20K and

ElectroLycra after 1000 and 5000 inflation cycles. This evaluation is meant to show the stability

of our design. In both cases, the hysteresis does not change considerably in respect to its form

and range. However, while the sensor made from EeonTex LTT-SLPA-20K retains its monotonic

behavior, the sensor made from ElectroLycra starts to produce non-monotonic feedback. This is
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Figure 4.12: This figure shows the absolute resistance values during the dynamic tests. It can be
noted that there is a consistent pattern of how resistance values change between tests. Firstly,
the resistance increases for the thicker actuators due the greater length of fabric necessary to wrap
around the actuator. Secondly, the range of resistance shifts when the system is exposed to an
increased load.

suspected to be caused by the material being permanently stretched within the first 1000 cycles.

Being elongated could cause the sensor to lose tension and therefore lead to a situation like over-

stretching. Other than a re-calibration of the sensor, a possible mitigation approach is pre-stretching

the material before using it to assemble the sensor.

4.5.4 Repeatability of Feedback

In Figure 4.15, we illustrate the repeatability of our design’s feedback between 1000 and 5000 cycles.

In these cycles, the sensors were inflated and deflated over a period of three seconds. This evaluation

shows that both fabrics’ responses do not deviate to a great degree within this usage window. The

ElectroLycra sensor shows a greater standard deviation than that of the EeonTex LTT-SLPA-20K
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Figure 4.13: This figure illustrates the phenomenon of overstretching as it happens during the
dynamic experiments. Due to a tensile force, the actuator gets stretched and, therefore, reduces its
circumference to the extent that the sensor is unable to compensate for this deformation. In this
situation, the sensor loses close contact with the actuator and produces non-monotonic feedback.

sensor, most notably during deflation.
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Figure 4.14: This illustration shows the hysteresis plots of sensors made from EeonTex LTT-SLPA-
20K and ElectroLycra after 1000 and 5000 inflations. It can be noted that the shape and range of
both hysteresis do not change considerably.
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Figure 4.15: This illustration shows the sensors’ feedback which were made from EeonTex LTT-
SLPA-20K and ElectroLycra over 5000 inflations. It can be noted that for EeonTex LTT-SLPA-20K,
the standard deviation is less pronounced than for ElectroLycra.
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Chapter 5

Collision avoidance via reflex-based

control in a musculoskeletal system

5.1 Introduction

Researchers in recent years made efforts to explore and increase the performance of humanoid robots

utilizing their shapes to recreate behaviors easily achievable with a human body. It is a common

practice to use McKibben pneumatic artificial muscles for musculoskeletal systems as they have

comparable characteristics to biological muscles. This approach is expected to allow such robots

to potentially solve tasks the same way as humans due to supposably similar motor skills, which

could be facilitated to improve walking, running, jumping, grasping, or interacting with obstacles.

These assumptions are based on the fact that McKibben pneumatic artificial muscles have several

mechanical properties that are found significant to those in the human musculoskeletal system [9].

Therefore, if the human’s control could be modeled over their motor skills and adapt such a model

to humanoid robots, it should be possible to build a humanoid robot that shows highly improved

motor skills comparable to those of humans. During the last decades, several designs of robotic

arms were published which focused on showing the advantages of the application of neurobiological

knowledge in control approaches for robotic arms. Further, experimentation with different control

models derived from nature used with robots could also foster understanding of the human’s central

nervous system (CNS). Such an increase in understanding could further support the optimization

of the control models of robots, as it was demonstrated by the robotic arm system developed by

Blake et al. for their studies regarding spinal circuits [21]. Also, models based on the cerebellar

pathway were used for the control of the movement of arm segments [14, 55]. Simulations were

also used to recreate neural control systems to fulfill several tasks [17]. Other contributions like

those of Wu et al. investigated practical use-cases for a control schema base on the muscle-reflex
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mechanism to increase the compliance of a PUMA 560 [68]. However, none of these publications

focused on utilizing reflex circuits to increase the capabilities of manipulators when interacting with

their environment. Robots require a physical presence to interact with the real world, which is

hard to recreate realistically through computer simulations. Further does the shape of a robot

greatly influences its effectiveness of interaction with the environment. This needs to be taken into

account when an environment manipulating agent is discussed. In humans, the continuous nature

of reflex circuits affects voluntary movements and the unconscious processes, which are primarily

aimed to protect the body from injury. So, a movement and posture control schema for robotic

arms, inspired by the human’s CNS, focusing on reflex-based control, was considered to have high

merit. When used for a robotic arm, this type of control schema could generate movements and

might deal with environmental uncertainties and intentional external disturbance from humans. The

experiment in this work will describe the realization of compliant behavior for an antagonistic acting

pair of pneumatic artificial muscles generated through continuous feedback from in series tensile force

sensors.

5.1.1 Control Approaches

A typical approach to modify behavior is a Subsumption Architecture, which inhibits the motion-

generating sections of the behavior in the case of a satisfied condition. However, in musculoskeletal

systems, the systems are under constant dynamic adjustment based on the muscles’ receptors’ feed-

back. So in these low levels of control, no decision-making takes place. The adaptiveness of the

system is based only on this continuous feedback loop but is able to generate behavior that sub-

jectively could be perceived as intelligent, conscious behavior. Obviously, such feedback loop-based

control would have lower complexity than a decision-based system. Based on this assumption, we

investigated the applicability of this system to generate compliant behavior from continuous feed-

back. This paper will further compare the performance of our feedback-based approach to one that

was realized using a subsumption architecture to create compliant and impact mitigating behavior

for an oscillating inverted pendulum actuated by pneumatic artificial muscles equipped with tensile

force and inflation sensors.

Subsumption Architectures

Subsumption Architectures where before described and used for the realisation of adaptive behav-

iors by Brooks [5], Connell [8] and Ferrell [16]. These publications used this architecture for mobile

robots. However, we believed that this intriguingly intuitive way of creating increasingly complex

behaviors would be a prime candidate to control musculoskeletal systems on their lowest level. Due

to its low-level nature of intertwined sensory feedback and control signals to the actuator, a sub-

sumption architecture should be viable for a comparison being decision-based while at the same time

maintaining relatively low complexity. Our experiment shows that no complex model control schema
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is needed where interconnected, parallel executed tasks can achieve such behavior with a low de-

gree of complexity. Contrastingly to more traditional approaches, a subsumption architecture-based

control model uses as a stack of incrementally more complex task-achieving behaviors to realize

non-trivial behaviors while reducing the duplications of functionalities within its system. Individual

implementations of behaviors are called layers. Lower-level behaviors provide the functional foun-

dation for higher layers, which can influence the lower layer’s outcome through the subsumption of

inputs or the inhibition of outputs within the wiring of the layer’s atomic functions. Higher-level

layers, therefore, should not recreate functionalities of lower layers but augment their capabilities

through subsumption and inhibition. Our middle layer - Swing Arm - oscillates the pendulum within

its positional limits by feeding our lowest layer with the sole purpose of maintaining an angular posi-

tion with a given stiffness. So there are multiple paths for a layer’s information to flow, contrasting

the typical - perception, modeling, action - approach. Therefore, it can be imagined as a concurrent

system of behaviors working on the same shared resources utilizing path blocking mechanisms for

communication. Each of these paths is concerned only with a small subtask of the system’s overall

task, such as controlling the actuator’s stiffness, the joint’s position, and the avoidance of collisions.

Each of these layers is except the global in- and output functional independent but can have a path

manipulating connection to the lower layer. Therefore each layer constantly produces those motor

commands it deems appropriate for a given situation based on its sensor data. A layer is at no point

in time unable to perform its task due to the lack of data from higher layers. Thus even if organized

in layers of different priority, this architecture is not hierarchical in the typical interpretation. The

most distinguishing aspect of the subsumption approach is the realization of direct coupling between

sensors and actuators, encouraging the internal processing of each layer to be kept at a minimum.

During the design for the subsumption-based control schema for our robot, we first had to decide

which behavior is the lowest layer competence of our system. This layer typically represents the

most basic skill of a system, which itself is not dependant on the results of higher layers. In our

situation, this is the skill Hold Position (& stiffness) of our inverted pendulum. This layer only

regulates the inflation of the two PAMs so that the position of the joint changes based on the ratio

of the inverse divergence of the PAMs’ inflation from a given minimal inflation of both actuators,

which causes a central position of the joint. The second layer implements the sinusoidal oscillation

of the system’s arm from one side to another; it thereby uses the first layer and only forwards an

updated position to the underlying layer. The highest priority layer is the detection of collisions

and, in such a case, inhibiting the information flow from the middle to the lowest layer. The con-

ceptual advantage of subsumption architectures is the individual simplicity of its layers. In Fig.

5.1 we show the overview of our architecture. For our system, we utilize three layers. The highest

layer is the collision detection layer. This layer constantly monitors the feedback of the tensile force

sensors of each actuator. Once the observed forces diverge from the predicted values, its output

will inhibit the underlying layer, interrupting our inverted pendulum’s oscillating motion without
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asserting any additional force. The mid-layer generates the series of positions used to create the

trajectory. Its output feeds into the lowest and behaviorally most trivial layer. The lowest layer’s

goal is to maintain an arbitrary position and stiffness of the inverted pendulum from its left to its

right-most position through input values of −1 to 1.

Figure 5.1: This illustration shows the subsumption architecture used during the experiments.

Feedback-based Approach

Our feedback-based approach only utilized mapping and transfer functions, which were fed with the

sensor readings of every control cycle. Equation 5.1 shows the both functions used to generate the

oscillating pattern of the inverted pendulum by applying 180◦ phase shifted sinusoidal waveformes.

pressure1(t) = sin (t mod 2π)

pressure2(t) = − sin (t mod 2π)
(5.1)

These functions naturally alternate between -1 to 1, which can be adjusted through Eq. 5.2,

so we can use it to generate waveformes oscillating around values that can be directly used as goal
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pressure inputs for our control system.

sine transform(value, rangemin, rangemax) =
(

√

(rangemin − rangemax)2

2
× value

)

+

(

rangemin + rangemax

2

)

(5.2)

The sample and update rate of our control loop can be chosen. We used a stable update rate of

100HZ and a cycle time of 3sec. Equation 5.3 allows for a dynamic selection and yields the correct

iteration size over 2π for a given update rate and cycle length.

step size =

2π
update rate

sec per cycle
(5.3)

Our control is based on the dynamic gain-based adjustment of the iteration size based on the

perturbations measured through the tensile force sensors. Equation 5.4 shows how we derive the

change rate of the tensile force sensors based on a moving average and the current value. Throughout

the systems movement, these values a constantly changing, but during a collusion we can detect a

distinct spike in our mapping.

∆ten(t) = tensile force 1t − tensile force 2t

change rate(t) =






∆ten(t)−
∑

t−1

n=0
∆ten(n)
t

t < ws

∆ten(t)−
∑

t−1

n=t−ws
∆ten(n)

ws
t ≥ ws

(5.4)

This change rate is then used to dynamically adjust the iteration size based on the change rate

and a tuneable gain. The intention is to minimize the iteration size over several measurements

based on the change rate, thereby effectively halting the execution of the oscillating motion. This

application of the sensor feedback to the pattern generator is formalized in Eq. 5.5.

step sizet+1 =
step sizet

1 + (change rate× inhibition gain)
(5.5)

The movement it based on a time dependant variable t that can be feed into the previous func-

tions. Equation 5.6 describes how a succeeding element is calculated based on the aforementioned

iteration size derived from an increasing counter value and mapped to a value range of 0 to 2π.

t(t+ 1) = (t+ step size) mod 2π (5.6)
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The whole feedback-based controller is based on these equations. It only utilizes value mappings

based on the feedback data and no conventional logic. In the next section, we will show that the

performance of this controller is comparable with such generated from a more conventional approach

like the subsumption architecture.

Inflation Controller

The lowest layer, however, might have the most trivial behavior. Still, due to its role as the functional

base and therefore nearest to the hardware, we illustrated its structure in Fig. 5.2. The block

Figure 5.2: This illustration shows the information path in the lowest layer.

accepts two inputs, the already mentioned goal position, and the stiffness or holding force that

should be applied to the system. During startup, the system initializes and gathers data points like

the individual feedback of the inflation sensors in the actuators’ deflated and inflated state and the

baseline feedback from the tensile force sensors and their feedback when both actuators are fully

inflated and therefore their maximal feedback. Based on this data, the lookup tables are created

through linear interpolation. The pendulum’s position control is based on the pressure difference

of both actuators centered around an idle pressure that holds the pendulum in the middle and

introduces a minimal level of antagonistic strain for stable positioning. The maintenance of the

individual actuator’s inflation is realized via a PID controller. This layer’s second input controls

the gain on the idle pressure to change the stiffness through uniform additional inflation of both

actuators.
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5.2 Experimental Setup

Our experimental setup is shown in Fig. 5.3. We use a framework that holds one PAM on each side

of an inverted pendulum to create an antagonistic acting muscle pair that actuates one joint and,

therefore, changes the pendulum’s angle. As this experiment aims to evaluate the control approach,

we attempted to increase the repeatability of our system by using linear rails holding the PAMs in

place and constraining their movement to their tensile component. Through this, we could eliminate

variances in our measurements that would result from the slippage of the actuators. Each actuator

Figure 5.3: This image shows the experimental setup used for the experiments.

is equipped with an inflation sensor made from conductive fabric and custom tensile force sensors

in series to the actuator. The fishing lines are used to connect the actuators with the framework.

The framework further contains a fixture for a digital strain gauge, which can be positioned within

the pendulum’s trajectory so the extent of the impact force can be measured.

5.3 Methodology

In this section, the subsumption architecture and our feedback-based approach will be used to realize

compliant behaviors in our system. The previously introduced architecture is utilized to generate

interconnected two behaviors. The primary directive of the system is the performance of a side-

to-side motion. However, an external perturbation should interrupt trajectory execution, which
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would be detected via a divergence from the tensile forces expected through the artificial Golgi

tendon organs. With our experiment, we will investigate this behavior. During our experiments,

an inverted pendulum will move side-to-side controlled by the controller of least priority. In Fig.

5.3 the inverted pendulum used for this experiment is shown. It is actuated by two antagonistically

acting pneumatic artificial muscles controlled by the low-level controllers based on a subsumption

architecture and reflex-based. Attached to the structure holding the actuators and joints in place

is a mount for a digital strain gauge, which can be placed within the trajectory of the oscillating

inverted pendulum recreated by our setup. The maximum force was be measured at ±0◦, while the

stiffness set to 50% of the individual maximal holding force of an actuator pair. These numbers

were derived from the system’s work envelope of +40◦ and −35◦ based on its maximal range of

motion. This discrepancy has to be explained by the variance of handcrafted pneumatic actuators.

In such unbalanced situations, the use of inflation sensors combined with tensile force sensors allows

actuators of different inherent properties to work in a cooperative setup due to the equalizing effect

of their sensory feedback used in our control structure.

5.4 Experimental Results

The results achieved during our experiments allow us to suspect the principal applicability of the

control architecture in the form we investigated it. Our testing series resulted in an average impact

force when using the subsumption architecture at 3.31N at a cycle time of three seconds and an

average of 3.48N at a five-second cycle time. The standard deviations were found to be 0.36 at a

cycle time of three seconds and 0.3 at five seconds. Fig. 5.4 and 5.5 shows those results. The

increase in peak impact force during slower oscillations seemed to be counter-intuitive. Still, it can be

explained with the function used to detect collision in the subsumption architecture. The detection

is based on the same change rate of the tensile force sensors as it is also used by the reflex-based

model and shown in Eq. 5.4. The subsumption architecture used this function to change points.

These change points are more significant if the rate changes rapidly, e.g., faster oscillations. When

moving at a slower rate, the impact is less violent, and therefore, the change rate is less distinct what

causes the collision detection to trigger with a slight delay when compared with the response during

a faster movement. The results of our reflex-based controller shown in Fig. 5.6 and 5.7 show a

comparable response to the collusion. For this controller, the average impact force at a cycle time of

three seconds was found to be 4.66N , and for collisions at a cycle of five seconds 3.68N . However, the

standard deviations were found to be 0.17 for a cycle time of three seconds and 0.23 for a cycle time

of five seconds and are therefore noticeable lower than those produced via the controller based on a

subsumption architecture. Nevertheless, the obvious assumption that a reflex-based controller might

cause higher peak impact forces at higher movement speeds than the binary logic-based subsumption

architecture could also be initially confirmed through our experiments. However, it is worth noticing
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that the reflex-based controller produces lower impact forces in slower movements.

5.5 Conclusion

This paper investigated the practicability of a control schema base on a constant feedback loop

compared to a controller based on a subsumption architecture to realize collision avoidance for a

pair of antagonistic pneumatic artificial muscles. Based on the experiments presented in this paper,

it could be inferred that such practicability is factual. We could show that our control schema

allows for the emergence of stable compliant behavior purely by the inhibition based on feedback

adopting the system’s movement constantly. Due to the individual nature of hand-made pneumatic

artificial muscles, every estimation of variance will inevitably contain this error of the actuators

themselves. However, the lack of a clear trend in combination with a clear cluster suggests that our

proposed control schema can compensate for these factors. An interesting insight of this experiment

is that it shows the advantage of the sensory abundance of a musculoskeletal joint over a servo

motor. The servo can precisely measure the current rotation of its shaft as well as inferring the

effort for its movement based on the amperage. The musculoskeletal joint actuated by antagonistic

muscles freely moved with a fixed stiffness can detect perturbation simply by comparing the tensile

forces of the involved actuators. It isn’t said that with the current mechanical possibilities that

the musculoskeletal systems have a clear advantage over traditional actuators like servo motors, but

their specific morphology allows for interesting low-complexity control schema, which possibly in the

future could give these systems an operative edge over conventional actuators.

Future Work

Our results showed that in a single-joint antagonistic muscle setup, a controller utilizing a reflex-

based model is a viable solution to implement the low-level behavior of such a muscle pair that can

be performance-wise compared with well-known approaches like the subsumption architecture. The

next step would be the transfer of these results to systems with a higher degree of freedom. We

expect that following the idea of layered behaviors of increasing complexity through the utilization

of the underlying behaviors, the extension of our controller should be transferable to such systems.

In particular, it would be valuable to investigate maximal complexity through the number of layers

in the field of manipulation. Considering the increase in complexity in relation to degrees of freedom,

it could be beneficial to have individual controllers for individual joints or groups of PAMs being

integrated into a controller which plans more complex tasks.
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Figure 5.4: The graphs above show the response of the system using the subsumption architecture
during collisions.
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Figure 5.5: This illustration shows the peak impact force using a subsumption architecture at cycle
times of three and five seconds.
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Figure 5.6: The graphs above show the response of the system using our reflex-based model during
collisions.



5.5. CONCLUSION 77

Figure 5.7: This illustration shows the peak impact force using our reflex-based model at cycle times
of three and five seconds.
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Chapter 6

Conclusion

This study focused on the development of a humanoid musculoskeletal robot to investigate control

methods for the realization of reflex-based control. Chapter 2 presented our design for a humanoid

upper body structure which morphology is closely oriented on the human upper body’s musculoskele-

tal system. The skeleton was closely recreated with each joint, and a complex sliding and ball joint

structure was used for the shoulder. This system’s capabilities to replay trajectories in a repeatable

manner were evaluated. We also showed that the inherent compliance of the structure allowed the

operation of a crank using only key poses and exploiting the external constraints of the crank to

allow for reliable rotations. This system was also used for extermination on several learning-based

methods to create motor skills with this robot. Using a Kinect v2 Campell et al. [6] implemented

an interactive handshaking behavior derived from the observation of handshaking approaches to the

robot made by multiple subjects. Liu et al. [38] implemented a motor babbling approach for our

system to generate an inverse kinematics model. Based on these results, we concluded that the

system’s lack of sensory feedback of the actuators limits its potential as it does not allow for the

compensation of external perturbations. In the following, we focused on the creation of adequate

sensory feedback for pneumatic artificial muscles, besides the tensile force sensors designed after the

functional principle of the Golgi Tendon Organ. In biological muscles, its contraction is detected

by the muscle spindles, which are also responsible for providing the motor units with feedback so

that antagonistic muscles can be controlled effectively. We, therefore, investigated multiple designs,

which would make the functional principle of muscle spindles available for our control method. In

chapter 3, we proposed our first design for an artificial muscle spindle with the goal to embed it

seamlessly into the actuator. We also followed the biological design by embedding two individual

sensors into one actuator. Through our experiments, we could show that this design was capable of

providing the expected feedback about the actuator’s inflation. However, this design tended to fa-

tigue breakages of the probe wires caused by the shearing forces it exposed to between the actuator’s

inner rubber tube and outer braided sleeve. We, therefore, improved our design in this aspect and
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proposed our new design in chapter 4. The new design comprised only one stretch-sensitive sensor,

which is wrapped around the actuator. This design had a highly improved longevity and made the

production of the sensors themselves easier and allowed for the swapping between actuators in the

case of a malfunction and the deployment to existing actuators. Chapter 4 described the charac-

teristics of sensors made from conductive fabrics in great detail and proved through the conducted

experiments that this design is a capable novel approach for generating inflation feedback from pneu-

matic artificial muscles. In chapter 5, we proposed a control method using the bio-inspired sensors

we created in our earlier research. This research focused on the creation of reflex-like behaviors

as they are found in biological muscles, where motor units control the contraction of antagonistic

muscle pairs. We could show that no complex control strategy is necessary to achieve such behavior.

Through the continuous feedback into multiple parallel low complexity behaviors, we could realize

compliant behavior, where the system would interrupt its movement when an external perturbation

is detected.

6.1 Future Work

Manipulation results from the intricate cooperation of the nervous system, the musculoskeletal

system, and the environment. In our studies, we investigated how the control complexity for mus-

culoskeletal systems can be reduced through the usage of bio-inspired feedback. Thus, the results

showed that through the proper selection - based on what is found in nature - of feedback, the

control complexity of musculoskeletal systems can be drastically reduced. As the work presented in

this thesis investigated the feasibility of our control approach, more experiments on more complex

systems need to be conducted in the future. A first step would be the deployment of our sensory sys-

tem presented in chapters 3 and 4 to a robot with more degrees of freedom so that gravity can have

a more significant effect on motor skills. A potential system would be made of three hinge joints, so

while being exposed to the influence of gravity, the system is still constraint into a two-dimensional

plane. With this system, the creation of models for inverse kinematics could be investigated to eval-

uate the influence of our control scheme’s compliance to the system’s capability of reaching a goal

pose. This system can also further be used to evaluate the resilience to external perturbations and

the stability of the goal reaching when payloads are attached to the robot’s end-effector. The next

stage would be deploying these sensors to a complex musculoskeletal robot like the upper body robot

presented in chapter 2. This system would introduce interacting muscle groups of more than two

individual actuators. The behavior of our control approach presented in chapter 5 and its potential

to reduce the complexity to realize motor skills in such a system should be investigated. Especially

how our control architecture scales with the complexity of a manipulator when used for its low-level

control would need further research. Besides the domain of manipulators, our approach could also

be investigated for musculoskeletal systems used for locomotion. As these systems naturally depend
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on fast reactions to environmental changes, it could be assumed that a reflex-based control schema

like ours could be beneficial for such systems. However, the results of our experiments do not pro-

vide a clear indication of the potential due to the vastly different nature of these behaviors. During

locomotion, the lower extremities are under constant strain and, to some degree, act as a spring;

that is why models like the SLIP model can be used to control locomotion.
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