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Abstract

Soft robotics plays a vital role in modern day robotics as day by day demand for soft robotic
devices increases. To fulfill this demand more research are now focused on soft robotics and
soft actuators are one of the main focus area. Soft robotic applications, such as soft robotic
exoskeletons, often use pneumatic artificial muscle actuators. Soft robotic systems utilizing
pneumatic artificial muscle actuators are a popular area of study as compactness, lightweight,
high power-to-weight ratio, and great safety are just a few of the benefits.

Having sensors embedded to this soft muscle actuators are important as it would make close
loop control of the actuators possible. Despite the benefits of pneumatic artificial muscles, they
lack sensory feedback for controlling force and displacement. To achieve close loop control,
sensors are rarely incorporated into the actuator design. The major drawbacks of currently
available sensor feedback systems are that they increase weight of the system and, in some
circumstances, cause structural deformations.

The design and fabrication of a displacement sensor to use in a novel soft robotic muscle
actuator is presented in this study. Several advantages of this actuator and displacement sensor
over conventional sensors and soft muscle actuators include ease of manufacture and negligible
effect on actuator performance owing to sensor. Furthermore, as compared to soft actuators
and sensors that are already available, the proposed soft actuator and sensor are affordable.
The displacement of the actuator was determined using a novel inductance sensing approach,
allowing closed loop control of the actuator.

The performance of the soft robotic muscle actuator and displacement sensor was evaluated
experimentally by the author. The prototype actuator is light in weight (14g) compared to other
actuators and has a high strain (65%) and force-to-weight ratio (Capable of lifting 160 times
of its self-weight). The dimensions of actuator are 110mm in length and 31mm in width. The
sensitivity of the suggested sensor is 0.0022 µH/mm and the hysteresis is less than 1.5 percent,
with an average error of less than 4%. Controlling the actuator over a square wave as a reference
curve using the built-in displacement sensor was used to test and validate feedback control of
the actuator. According to the results, this sensor can accurately determine the displacement of
the soft muscle actuator and can be employed in a variety of soft robotic applications.

Keywords-Soft Robotic Muscle Actuators, Soft Sensors
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CHAPTER 1

INTRODUCTION

Present trend on robotics shift towards “Soft Robotics” whereby the components of

a robot made using softer materials with novel actuation systems compared to tradi-

tional robotic actuation. Soft robots have fewer or no rigid materials compared to con-

ventional machines and robots, and are made mostly of softer materials such as rubber,

silicone, polymers, or any other easily deformable materials [27]. Rigid robots have the

ability to be incredibly powerful and precise, and they are widely utilized in the manu-

facturing industry [39] and industrial automation. Then again the field of robotic grows

beyond manufacturing and industrial automation and move towards healthcare, human

assistance and home automation [27]. With this trend conventional robots require com-

plex safety protocols and stability control algorithms to operate around humans or any

other fragile workspace while soft robots do not required such complications due to

its inherent compliance [50]. Thus soft robots can interact with humans and environ-

ment in safer manner where this unique features allows it to have various application

areas [26].

Pneumatic artificial muscles widely used in soft robotic applications due to their

ability in producing forces and displacements [23] [7]. One such application is us-

ing pneumatic artificial muscles (PAMs) as actuators for lower limb robotic exoskele-

tons [52]. Due to advantages such as compactness, lightweight, high power to weight

ratio and high safety, soft robotic systems with PAMs is an immerging topic of in-

terest [10]. First pneumatic artificial muscle design is McKibben type muscle actu-

ator which was introduced in 1950s [7] and currently developed to industrial scale

actuators. At present 20cm size McKibben actuator can produce around 3500N [9].
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Some of the developments of McKibben muscle are hydraulically actuated McKibben

muscle which generate high forces compared to traditional McKibben muscle [32]

and most recent development is thin McKibben muscle which have advantages such

as high compactness and lightweightness [25]. Other than McKibben muscle recent

research is focused on developing pneumatic muscle actuators which are more com-

pact, lightweight and generate high power to weight ratio. Soft Robotic Pad [44], Flat

Pneumatic Artificial Muscle [23], Active Support Splint [42] and Pneumatic Artificial

Muscles Reinforced by Straight Glass Fibers [34] are few such actuators.

Wearable robotic devices such as robotic exoskeletons made out of pneumatic ar-

tificial muscle actuators have become popular due to its unique features such as high

safety, light weightness and low mechanical constrains [37]. Such exoskeletons use

soft actuators for knee, ankle movements [17] and finger movements [35] etc. How-

ever, dimensions of currently available pneumatic artificial muscle actuators are ba-

sically cylindrical in shape and trend is to develop flat thin PAMs which are more

suitable for wearable devices like robotic exoskeletons.

Despite the benefits of PAMs, feedback for force and displacement control is lack-

ing. To achieve close loop control, sensors are rarely incorporated into the actuator

design. However, it should be noted that there are few rigid methods such as obtaining

position feedback of PAMs using encoders [7], potentiometers [20], hall effect sen-

sors [5] and semi rigid methods such as getting force feedback using strain sensors [54]

and gauge pressure sensing [21]. On the other hand, methods that use conductive liq-

uids as sensors, have been implemented. It was discovered that encapsulating a liquid

conductive substance like gallium-indium alloy inside a channel made in the actuator

acts as a strain gauge that can be used to measure the actuator’s deformation [12] [33].

The major drawbacks of this type of sensor feedback system are that it adds extra

weight and, in some cases, causes structural deformations [2].

This research discusses about a soft muscle actuator with a displacement sensor

that has a flat low-profile orientation and uses a novel inductive sensing approach. The

actuator is actuated by vacuum pressure and contracts longitudinally. The actuator’s
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skeleton is a low-profile spring, and the spring’s inductance is used to sense the actua-

tor’s displacement.

1.1 Objectives of the Thesis

• Design and develop a soft muscle actuator with an embedded sensor which can

measure deformations of the actuator.

• Develop control method to control the mentioned actuator and evaluate the per-

formance of the said soft muscle actuator

A low profile vacuum actuated soft muscle was developed where the low profile

skeleton spring is used as displacement sensing element. To feedback control the ac-

tuator, a proportional control system was employed, and an experiment was planned

and carried out to validate the control system by determining whether the measured

value from the feedback is stable. The position signal collected from the displacement

sensor was used to implement position feedback.

1.2 Thesis Overview

Altogether this thesis consists of four chapters where chapters are extending as fol-

lows. Chapter 1 describe the introduction about this research and the overview of the

research. Chapter 2 discuss about the soft muscle actuators available in the research

field, their functionality, present trend and their drawbacks. Different types of sensing

methods used in soft muscle actuators and different type of materials are discussed as

well. Chapter 3 consists of the low profile muscle actuator embedded with sensor de-

sign, fabrication and characterization. The Final chapter of the thesis discusses about

control system of the soft muscle actuator and validation of the feedback control of the

actuator and conclusion of the research.
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CHAPTER 2

LITERATURE REVIEW

Literature about soft muscle actuators can be basically categorised into three main

topics

1. Types of soft muscle actuators

2. Sensors for soft muscle actuators

3. Materials used for soft muscle actuators

The structure of the literature review can be graphically visualized as below

Figure 2.1: Structure of literature review
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Since this research is mainly focus to develop a soft muscle actuator embedded with

a displacement sensor it is important to get an idea of present trend towards soft robotic

muscle actuators, their functionality and drawbacks. Further it is important to get an

idea about sensors incorporated for soft muscle actuators as well as materials used for

soft muscle actuators.

2.1 Soft Muscle Actuator Types

2.1.1 McKibben Muscle

McKibben pneumatic artificial muscle was developed during two artificial limb re-

searches that were conducted in 1950’s and 1960’s. McKibben muscles are made up

of an internal bladder which is covered by a corded mesh. This shell type outer case of

the muscle is attached to fittings or to tendon structure at either end. It tends to expand

its volume by pushing its inner surface against the external shell, when the pressure

of the gas inside the internal bladder is increased. The actuator gets shortened with

the volume increment, because of the very high longitudinal stiffness of threads in the

corded mesh. It can produced tension, if it is coupled to a mechanical load. This phe-

nomenon causes characteristics similar to variable stiffness spring in the McKibben

muscles. Physical flexibility, light weight and nonlinear passive elasticity are added

advantages of the McKibben muscles compared to other artificial actuators [7] [1].
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Figure 2.2: McKibben muscle actuator [46]

Chou et al [7] has done a comparison of mechanical properties between McKibben

actuators and biological muscle and below figure demonstrate that comparison.

Figure 2.3: McKibben actuators and biological muscle comparison [7]

Theoretical contacting force of Mckibben muscle can be shown using below equa-

tion [32]
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F = (π/4)D2
0P(1/sinθ0)

2[3(1− ε)2 cos2 θ0−1]

Where D0, P and ε represent the inner diameter of the rubber tube at the initial

position of actuator, the applied pressure, contraction ratio, and θ0 represent the angle

of the spiral fibers respectively.

Figure 2.4: McKibben actuator construction [32]

Force comparisons of mckibben muscle with other conventional actuators are as

below

Figure 2.5: McKibben actuator comparison (FDV - Force density volume, FDM -

Force density per mass, EDV - Energy density per volume, EDm - Energy density per

mass) [32]
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McKibben actuator has high power weight ratio, low inertia and high compliance

capacity. It has the capability of producing contraction forces up to 7000N in a 100g

package [8]. When it is compared the contractile force of a PMA with a natural human

muscle for a given cross sectional area, the pneumatic muscle actuator has contrac-

tile force over 300 N/cm2 while the same for a natural muscle is 20–40 N/cm2 [46].

Force generated using mckibben type PMAs are generally vary linearly with applied

pneumatic or hydraulic pressure [47].

2.1.2 Hydro Muscle

Figure 2.6: Hydro muscle [29]

The requirement of higher number of manageable and independently operated de-

gree of freedom is one of the elementary drawback in mechanical wearable Exo-

Musculatures. There are around 800 skeletal muscles within a human body. Every

muscles consists of one hundred or more individual motor units [29].

The Hydraulically Actuated Muscle (HAM) Exo-Musculature solves this drawback

because it permits for one mechanism, to drive multiple self-actuated and controlled

degrees of freedom. There are several benefits of using hydraulically operated Exo-

muscles. Fast response time, and smaller energy loss are the two prominent advan-

tages. In addition to that, the higher pressure for incompressible fluid permits packed

system design with the same output force [32]. There are two different methods to

provide pulling motion, where the hydraulic muscles use elastic potential energy while
8



McKibben muscles use air pressure. Hydraulically actuated muscles and McKibben

muscles operate in opposite manner when it is pressurized. Hydraulically actuated

muscles extend for higher pressure while the McKibben muscle contracts. Hydraulic

muscle is more efficient and responsive because of the incompressibility of the working

fluid. But the McKibben muscle closely mimics the natural muscle [29] [43].

2.1.3 Thin Mckibben Muscle

Figure 2.7: Thin Mckibben muscle [25]

This Mckibben muscle has an outer diameter of 1.8mm and weight is 1.3g/m. In

applications bundle of this type of muscle is used where each bundle consist of 32 in-

dividual muscles to form a multi-filament muscle. When comparing this actuator with

conventional pneumatic muscles, this one is more lightweight and compact. Contrac-

tion forces and ratios are as below [25].
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Figure 2.8: Contraction forces and ratios of thin mckibben muscle configurations [25]

2.1.4 Active Modular Elastomer Sleeve

Figure 2.9: Active modular elastomer sleeve [36]

This actuator uses miniaturized Mckibben muscle array. One miniaturized actuator

has dimensions of 70mm relaxed length. Each mini muscle can achieve maximum

force of 93N. Contraction rate is 25% at 550kPa [36].
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Figure 2.10: Active modular elastomer sleeve characterization [36]

2.1.5 NiTi Spring Actuators

Figure 2.11: NiTi spring actuators [24]

NiTi coil springs are made out from straight wire which is wounded into a coil.

In order to reset the memorized shape, the coil is annealed at high temperature. The

mechanical properties of NiTi and its performances are depending on the annealing

temperature that is used for the reshaping process. If 25 mm long NiTi spring annealed

at 390 ºC, it can lift 37.5g weight with stroke length of 50mm. The weight of the NiTi
11



spring actuator is 0.014g, the amount of work done is 0.0184J and therefore the energy

density is 1226J/kg [24].

2.1.6 Soft Robotic Pad

Figure 2.12: Soft robotic pad [44]

A soft robotic pad is a soft pneumatic actuator that can do three different sorts of

movements: rolling, saddle, and warping. Simple design is used which uses silicone

rubber as fabrication material. In this silicone pad, it contains a thin air pocket to ac-

commodate compressed air which used to actuate the actuator. It can show designated

motions such as extending, rolling and bending type motions without any change in

thickness. To avoid spherical shaped balloon inflation during actuation different types

of constrains used. A vertical fiber array is used for thickness constraint. With only

this constraint spreading motion is achieved. The cross and parallel fiber arrays are

embedded in the top and bottom layers, respectively, allowing the silicone pad to bend

and roll under pressurization.

For fabrication of this actuator layer by layer fabrication method is used where one

silicone layer is produced with required constraints in it and then another layer is added

to it. The authors used an automated winding machine which produces different fiber
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patterns that gives required constraints to the actuator.

During SPA testing, bending angles of 90º and 180º showed at 84kPa and 121kPa.

Maximum force obtained is 12.4N at 130-140kPa [44]. Fabrication method is com-

plex and not optimized, No embedded sensor included which leads to lack of sensory

feedback, applicable as a flat muscle [44].

2.1.7 Flat Pneumatic Artificial Muscle

Figure 2.13: Flat pneumatic artificial muscle construction [37]

This flat muscle actuator is consisting of pneumatic elastomer actuators and fab-

ric sleeves. This is a two dimensional design which allows compactness as well as

ease in fabrication. In addition it is easily wearable and lightweight. This actuator

remains flat in its relaxed state and therefore it is highly compact which is suitable

for wearable suits. Additionally, the thickness of the muscle is reduced more than the

conventional soft pneumatic actuators by zero volume concept. McKibben muscle,

pleated pneumatic muscle and straight fiber embedded rubber muscle are examples for

soft pneumatic actuators. The flexible and in-extensible embedded Kevlar fibers com-

pel the circumference of the air chamber. When the air chamber is pressurized, Kevlar

fibers generate horizontal contraction force and displacement. There are two different

methods to fabricate zero volume actuators. One method is placing a positive mask on

the top surface of the cured bottom layer in order to refrain the liquid elastomers from
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being coated. The other method is applying pattern release sprayed on the unmasked

area to prevent top and bottom layers from bonding together.

Results showed that this muscle is capable of generating maximum initial force of

38N and create the contraction displacement up to 18mm for supplied air pressure of

104kPa [37]. Here introducing a sensory feedback system and introduction of fault

detection mechanism are few things that can be developed in the future.

2.1.8 Pleated Pneumatic Artificial Muscle

Figure 2.14: Pleated pneumatic artificial muscle construction [10]

The pleated pneumatic artificial muscle is designed to overcome several drawbacks

of the braided muscles. Deformation of the rubber tub is one of the disadvantages.

The deformation lowers the force generating capability due to its energy requirement.

Another considerably important issue is the hysteresis of braided muscles because of

the dry friction in between tube and the braid [19]. The design is done with following

seven goals, (1) to minimize the deformation of material used for the membrane (2) to

eliminate or reduce the friction and hysteresis (3) to have high tensile strength in the

lateral axis (4) to have consistent membrane stress (5) low pressure threshold (6) high

maximum pressure and (7) high maximum contraction [10].

14



2.1.9 Straight Fiber Embedded Rubber Muscle

Figure 2.15: Straight fiber embedded rubber muscle [34]

To make straight fiber inserted rubber muscle, high grade carbon fibers are put

axially in a tube of rubber. The muscle enlarges by apply of pneumatic force and

transforming the change of volume into shrinkage. Since this artificial muscles are

reinforced axially by using fiber, the tube’s elastic force is the only radial constraint..

Therefore, it is different than McKibben muscles and it can be acquired the contrac-

tion force and the elastic deformation of the tube [34]. This actuator consist a length

of 72mm and it is 12mm in diameter. The contraction rate of 35 percent or greater

generates around 200N of strain under a pressure of 110kPa [40].
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2.1.10 Soft Actuator Using Liquid Crystalline Elastomers

Figure 2.16: Schematic illustration of thermally induced contraction in LCEs [53]

Liquid crystalline elastomers can be use as soft actuators due to their unique combi-

nation of the anisotropic features of liquid crystal (LC) phases and the rubber elasticity

of polymer networks. It can be used in developing muscle like actuators due to its

inherent scalability. Since it responds to light, temperature and electric field, it can be

used in vast no of applications in soft robotic field. [4] [53].

2.1.11 Twisted and coiled soft actuator with spandex for artificial muscles

Twisted and coil soft actuators were fabricated using shape memory alloy and poly-

mer fibers. Polymer fibers gained high tensile stroke, large contractile strain, sub-

stantial repeatability and low hysteresis. Actuators are comparatively cheaper due to

the low cost of used polymers (nylon and polyethylene) [41]. This type of actuator can

contract about 34% and generate 2,480 J/kg, which is 64 times greater than mammalian

skeletal muscles [18].
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Figure 2.17: Twisted and coiled soft actuator with spandex [22]

2.2 Sensors for Soft Muscle Actuators

2.2.1 Eutectic Gallium-Indium (EGaIn) as Strain Sensor

EGaIn is the most used conductivity liquid in the present generation of soft robotics.

Following are the reasons which make EGaIn a good conductive liquid for sensory

purposes [11] [51] [3].

(1) Eutectic metal alloy - gallium (75%) and indium (25%) is liquid state @ room

temperature (to be used as a conductive liquid in room temperature even though it is an

alloy). (2) The resistivity - 29.4×10−6 Ω-cm. (Can be used as a contact electrodes).

(3) Commercially available. (4) Moldable (Ability to be shaped into free standings

while the energy is not minimized). (5) EGaIn is placed on a substrate and the substrate

is tilted, gravitational forces cause the EGaIn to redistribute underneath the confines

of the skin. (6) Bulk viscosity - 0.002 Pa (Due to low-viscosity it can be used as a

thermally stable, electrically conductive lubricant).

The sensor is made up of an elastic rubber matrix with channels of eutectic gallium
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indium (EGaIn) alloy. When the composite is strained, it contracts in the orthogonal

direction and lengthens in the direction of strain. This phenomenon happens according

to the materials poisson’s ratio. An increment of electrical resistance in the liquid metal

channels raised due to the lengthening and contraction that is applied to the channels.

This occurrence is taken place due to the geometric principles [30].

Figure 2.18: Eutectic Gallium-Indium (EGaIn) as strain sensor [51]

2.2.2 Smart Braid Inductance Sensor

Figure 2.19: Smart braid inductance sensor [14]

Smart braids are fabricated from electrically conductive wires with insulated coat-

ing that are connected to form a circuit. Aforementioned conductive fibers are placed

alongside with reinforcement fibers in an elastomeric actuator. The motion of the actu-

ator vary the geometry of the smart braid hence change the inductance [15] [16]. Smart
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braids are simple but effective as it does not respond to environmental conditions such

as temperature and inductance value basically vary with the geometry of the circuit

only [13].

2.2.3 Soft Displacement Sensor

Figure 2.20: Soft displacement sensor [48]

Here Mckibben actuator is integrated with a soft displacement sensor made out

of rubber. Sensor is designed with soft material to maintain the high compliance of

the actuator. There are basically three types of sensors used for actuators using this

concept. Two of these consist of carbon as conductive layer with different thickness

and other one uses gold as conductive layer [48] [28] [49].

Figure 2.21: Control of actuator using soft displacement sensor [48]
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2.3 Soft Material for Soft Muscle Actuators

Soft actuators are made out of highly deformable materials. Most of these materials

have low elastic modulus or contain fluids for easy deformation. The main character-

istic of these materials and composites are they can be activated and can be produced

required motions by external stimuli [22].

To mimic mammalian muscle is one goal in soft muscle actuators and few materials

can act as substitute or even outperform the mammalian muscle. Mammalian muscle

usually generates approximately 20% strain and 100 kPa stresses, with a work density

of 8 kJ/m3 and power to mass ratio of 50 . At peak performance, mammalian muscle

strain can exceed 40%, stress can exceed 0.35 MPa, work density above 40 kJ/m3 and

power to mass ratio above 284 W [31] [38] [22].

Figure 2.22: Young’s modulus comparison of different materials [22]

2.4 Research Gap

Since 1950’s soft muscle actuators have been developed although the vacuum type

actuation have not been realized. Therefore, the following findings have been found

after a detailed literature survey. By literature soft muscle actuator comparison was

done as below Table 2.1.
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Table 2.1: Actuator comparison using literature

In order to identify the research gap below graphical representations were done

Figure 2.23: Force vs displacement and displacement vs working pressure comparison

of available actuators
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Figure 2.24: Force vs resting length and force vs working pressure comparison of

available actuators

According to above data clear literature gap was found and this research is focused

on that.

• Less number of research carried out for negative pressure muscle actuators [S.Li

et al – 2017].

• Less number of actuators were fabricated for resting lengths between 50mm to

100mm.

• Using graphical representations there are certain areas to be addressed.

• Less number of research carried out for low-profile muscle actuators [Y.L.Park

et al – 2014].
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CHAPTER 3

METHOD

3.1 Conceptual Design

Low profile spring enclosed vacuum actuator has been proposed for this design.

Low profile spring is enclosed using a LDPE film and sealed in order to achieve re-

quired deformation. The outer film acts as a container and the inner spring gives shape

to the actuator. By applying vacuum to the actuator the air inside the enclosure released

and the atmospheric pressure works outside the enclosure to deform the actuator. The

relationship between actuator displacement and generated force was modelled as be-

low.

The principle of virtual work is used to derive the relationship between the gener-

ated force and the resultant deformation of the actuator. Considering an infinitesimal

displacement of the actuator cross-section, the sum of work done by the volume re-

duction and the resulting spring force is equated to the amount of work done. Here the

magazine spring is approximated to a conventional spring model of Fs =−kx.

FdL+PdV +FsdL = 0 (1)

F =−P
dV
dL
−Fs (2)

The differential pressure Patm−Pinner, is taken as P acting over an infinitesimal vol-

ume dV. This differential volume comprises of the multiplication of the cross-section
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A by dL. Therefore (2) reduces to;

F =−PA−Fs (3)

Considering the actuator contraction as positive (upwards when vertically fixed), (3)

can be re-written as,

F = PA− kL (4)

Hence, the generated force per displacement length for a constant spring coefficient

depends only on the applied vacuum pressure. The force generated per unit displace-

ment can be increased by the area.This can be done by increasing the cross-sectional

area of the actuator or by reducing the spring coefficient. For application in wearable

exosuit, the actuator would deliver fixed length actuation. Therefore, the force can be

controlled proportional to the applied vacuum pressure.

3.2 Design of the Actuator

The main objective of this actuator is to achieve linear contraction. An effective and

uncomplicated design was used to execute this actuation. Flat cuboid shaped design

has been selected for this purpose by considering the applications of the actuator. The

concept is to make the actuator as thin as possible and generate required forces so

that it can be used as an actuator for a soft robotic exoskeleton. Using literature, it

is decided to use vacuum pressure (negative pressure) as the working energy for the

actuator. Therefore, to achieve the required linear contraction a low profile flat metal

spring was enclosed in an in-extensible enclosure design so that once vacuum pressure

is given the whole structure collapse linearly and extends vice versa. Furthermore, the

flat metal spring helps to regulate the exhaust process and also it helps to maintain the

sectional dimensions during contraction of the actuator. As a result of these qualities,
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the contraction of actuator is more precise. Utilizing a spring makes quick return

of the actuator once the vacuum pressure is released , which improves the operating

frequency of the actuator and eliminate the requirement of positive pressure line.

The two main parts of the actuator are low profile flat spring which function as a

guide skeleton and covering enclosure Fig. 3.1. Guide spring was designed with fol-

lowing dimensions which have 1cm outer diameter in one side and 3cm outer diameter

in other side. This dimensions selected using literature to address the identified re-

search gap. To avoid twist and warping of the spring 1.2mm diameter wire has been

selected. Total height of the soft muscle actuator is 12cm. The covering enclosure has

to be in-extensible and should also be flexible to facilitate the required motion of the

actuator.

Figure 3.1: Prototype design of low profile actuator

3.3 Design of the Sensor

In a metal spring, inductance is a function of length of the spring. Therefore, by

changing the length of the spring, inductance can be varied. A capacitor and inductor

can be connected parallel across a voltage source to achieve LC tank circuit. In a LC

tank circuit resonance frequency can be achieved by matching the impedance of ca-

pacitor and inductor. Hence resonance frequency of a LC tank circuit can be measured

using below equation,
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f0 =
ω

2π
=

1
2π
√

LC

The inductance of a metal spring directly varies with its length. This characteris-

tic of a metal spring can be utilized as a sensor to measure the spring’s displacement.

Here the inductance value of the low-profile spring was measured using an inductance

to digital converter (Texas Instruments-LDC 1614). A capacitor of 1nF is parallelly

connected to the metal spring (inductor) to obtain a LC tank circuit. The evaluation

module (LDC 1614) is used to measure the oscillation frequency. The evaluation mod-

ule gives raw data (“DATA”) output where it represents the ratio of the sensor frequency

( fsensor) with respect to the reference frequency ( fre f ), in this case 43 Mhz [45]. The

sensor frequency is the frequency of which the LC tank oscillates. The ratio is given

by:

DATA
228 =

fsensor

fre f
(1)

Also

fsensor =
1

2π
√

LC
(2)

where“L” is the inductance value and “C” is the capacitor value. By adding the

values for equation (1) and (2) it can be simplified to

L =
9.69

DATA2 ∗106
µH (3)

Using equation (3), inductance of the spring was obtained and by plotting induc-

tance vs displacement curve sensor calibration was done.
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3.4 Fabrication of the Actuator Embedded with Sensor

A spring has been used as the main structural component for this actuator. Using

standard spring manufacturing methods, the obround shaped (low-profile) spring is

fabricated, and annealing was used to fix the shape. Two spring materials were used

which are mild steel (MS) and galvanized iron (GI). Both galvanized iron and mild

steel springs were fabricated using 1.2mm wire, for 11 effective turns over a 100mm

length. Other dimensions of the fabricated spring are shown in Fig.3.2. Then two

edges of the spring was soldered with thin conductive wires which at the end drawn

through the seam of the actuator and connected to LDC 1614 (inductance to digital

converter).

Thermal sealing was used to encase the spring inside the LDPE film. First two rect-

angular shapes were marked in LDPE film. This rectangular shape include dimensions

of flat spring, thermal sealing allowance and a pocket to include the LDC 1614 (induc-

tance to digital converter). Once these rectangular shape LDPE film is cut along the

markings one seam to seam sealing was done using thermal sealer.

Next the spring was placed inside the two rectangular shaped LDPE films and vac-

uum line position is marked. Then vacuum line is inserted in one of the film, placed

the spring again and remaining three ends were sealed using the thermal sealer. Two

conductive wires then drawn through the seam of the actuator. LDC 1614 placed inside

the pocket and conductive wires then connected to the LDC 1614. Finally the vacuum

line inserted location is sealed using adhesive. Several LDPE film thicknesses were

tested to identify the most robust and suitable film thickness. Low thickness film trials

have demonstrated low repeatability as they tend to damage the film surface ultimately

causing leakages in the actuator. Selected LDPE film thickness was 0.25mm.
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3.4.1 Fabrication Method
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3.4.2 Fabricated Prototype

Prototype actuator is lightweight (14g) compared to available actuators and has high

strain (65%) and force to weight ratio (lifting capacity of 160 times of its self-weight).

It is 110mm in length and width is 31mm.

Figure 3.2: Prototype dimensions and contraction ratio

Figure 3.3: Prototype actuator
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CHAPTER 4

CHARACTERIZATION OF ACTUATOR

4.1 Experiment to Select Skeleton Spring Material of the Actuator

The behavior of the low-profile spring differs from that of common circular helical

spring. The deflection of the spring under axial load and developed stresses are differ-

ent due to the obround (stadium) cross-section in the selected low profile spring [6].

Therefore, preliminary experiments were carried out to assess the force-displacement

characteristics of the low-profile spring. Results shown in Fig.4.1, indicate that it is

within reach to assume a conventional spring model of Fs = -kx for this low-profile

actuator as well.

Figure 4.1: Experimental force-displacement curve for GI and MS low-profile springs
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4.2 Experimental Setup for Actuator Characterization

An experimental setup was used to characterize the developed vacuum actuator as

shown in Fig.4.2. The test setup consist of a vacuum chamber, a vacuum pump, pres-

sure relief valves, a digital scale, set of weights and an actuator holding stand. The

vacuum pump used to generate vacuum and vacuum chamber stored the required vac-

uum for different experiments. Set of weights used as negative force to measure the

generated lifting force by the actuator and was measured using digital scale.

Preliminary experiments were performed to identify the spring coefficient of the

low-profile spring. Then, tests were carried out to find the maximum force variation

with applied vacuum pressure, maximum displacement for a given load with applied

vacuum pressure and force-displacement characteristics. The following experiments

were repeated for two types of actuators, comprising GI and MS springs.

Figure 4.2: Experimental setup for actuator characterization

Generated force vs vacuum pressure, displacement vs vacuum pressure and change

in force and displacement with vacuum pressure was plotted using experimental data.
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4.3 Experiment to Identify Maximum Displacement Variation of the Actuator

The experimental setup as in Fig.4.2 was used to determine the maximum displace-

ment characteristics of the low profile actuator. A 200 g mass was fixed to a setup

similar to previously described. Results were recorded and the displacement vs ap-

plied vacuum pressure graph was plotted. Fig.4.3 present the results.

Figure 4.3: Displacement vs applied vacuum pressure graph for actuators with galva-

nized iron (GI) spring and mild steel (MS) spring

4.4 Experiment to Identify the Maximum Force Characteristics of the Actuator

The experimental setup as in Fig.4.2 was used to determine the variation of maxi-

mum force with applied vacuum pressure. A boss head was used to mount an actuator
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to the frame. Initially a 3.3kg weight was kept at the scale and tare the scale. Then

vacuum pressure was applied and maximum negative reading was measured which

corresponds to maximum force per given vacuum pressure. Fig.4.4 preset the results.

Figure 4.4: Generated force vs applied vacuum pressure graph for actuators with gal-

vanized iron (GI) spring and mild steel (MS) spring.

4.5 Experiment to Identify the Force vs Displacement Behavior of the Actuator

Similar experimental setup (Fig.4.2) as above was used and an isobaric test was per-

formed to determine the force-displacement behavior of the actuator. Vacuum pressure

and attached loads were varied and the resultant displacement was recorded using the

readings given by the scale. Fig.4.5 preset the results for this experiment.
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Figure 4.5: Displacement vs generated force for different applied pressures
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CHAPTER 5

CHARACTERIZATION OF THE SENSOR

5.1 Experimental Setup for Sensor Characterization

A test setup was used to characterize the proposed displacement sensor. It consists

of a vacuum chamber, A vacuum pump, an arduino mega 2560, a motor controller

(L298), two solenoid operated flow control valves (FCVs), known weights and a 12V

power supply. First, the characterization of the soft muscle actuator with sensor was

performed and the same test setup was used to calibrate the displacement sensor. Fi-

nally the characteristics of the sensor such as sensitivity, resolution, hysteresis, and

repeatability were obtained.

A proportional control system was used to achieve the feedback control of the ac-

tuator. Control system was implemented using above mention equipments. To apply

and release vacuum pressure independently, each solenoid operated flow control valve

set to operate individually. Feedback signal was taken from the inductance to digital

converter (Texas Instruments-LDC 1614) and arduino mega 2560 was used to process

that data and control the FCVs accordingly. Actuator and actuator embedded with sen-

sor was characterized separately using two different control steps. First soft muscle

actuator alone was characterized to identify its behavior and then the complete system

consist of actuator with embedded sensor was characterized by implementing afore-

mentioned control system. Fig.5.1 present the relative block diagram.
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Figure 5.1: Control block diagram of the system

5.2 Displacement Sensor Calibration

The calibration process of the sensor was carried out by recording the inductance

values of the spring for different displacements of the actuator and they are graphically

represented in Fig. 5.2.

Figure 5.2: Inductance vs displacement curve

A linear relationship between the inductance (L) vs displacement (D) can be ac-
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quired from the plot by considering the effective region of the actuator. The linear

relationship is expressed using following equation (4).

L = 0.0022D+0.75 (4)

5.3 Hysteresis of the Displacement Sensor

The hysteresis of the sensor was determined using loading and unloading curve.

Displacement of the actuator was increased and decreased by fluctuating the vacuum

pressure inside the actuator and inductance values were measured for the varied dis-

placement values. Then they are graphically represented to find out the hysteresis. The

results are shown in the Fig. 5.3 and Table 5.2.

Figure 5.3: Loading and unloading curve
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5.4 Repeatability of the Sensor

The repeatability property of the sensor was determined by plotting the sensor read-

ings over twenty iterations for three fixed displacements. The results are shown in

Fig.5.4.

Figure 5.4: Repeatability curve

5.5 Sensitivity, Resolution and Average Error of the Sensor

The characteristic curve of the sensor was used to determine the sensitivity and reso-

lution of the sensor (Fig.5.2). The resolution of the sensor is calculated as 4.09mm/10nH

and the gradient of the graph depicts the sensitivity as 0.0022 µH/mm. The experimen-

tal data was used to calculate the average error of the sensor and the results are shown

in Table 5.1. Overall characteristics of the displacement sensor are shown in Table 5.2.
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Table 5.1: Sensor error evaluation
Sensor Output Actual Actuator Percentage

Displacement Displacement Error

(mm) (mm) (%)

27.62 26 6.24

46.48 44 5.62

39.92 41 2.63

59.18 58 2.03

60.41 62 2.56

71.89 69 4.18

Average Error 3.88

Table 5.2: Overall characteristics of displacement sensor

Sensitivity 0.0022 µH/mm

Resolution 4.09mm per 10nH

Hysteresis 1.49 %

Average Error 3.88 %
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CHAPTER 6

VALIDATION OF THE SYSTEM: CASE STUDY

To find out the stability of the feedback system and validity of the control system,

an experiment was designed and conducted. Experimental setup used for sensor char-

acterization was used for this as well (Fig.6.1 and Fig.6.2 ). Position feedback from

the displacement sensor was used as correction signal. Input for the system was a

20mm amplitude and 0.25 hz frequency square wave which used as position reference

signal. The actual actuator displacement was taken using a camera setup where data

taken from the camera was used to get the actual displacement using kinovea video

analyzer. Then the reference curve, sensor feedback curve, and actual actuator dis-

placement curve were compared using graphical representation to validate the control

system.

Figure 6.1: Experimental setup for measuring actuator displacement
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Figure 6.2: Schematic diagram of experimental setup for measuring actuator displace-

ment

Raw data was taken from LDC1614 which provides inductance of the embedded

metal spring according to equation (3). The corresponding displacement value was

calculated using characteristic equation of the sensor (L = 0.0022D + 0.75). A square

wave was given as reference point for this experiment and to avoid displacement limits

of the actuator an upper and lower threshold values were defined. Then sensor pro-

vided displacement value and reference value was compared and error was adjusted

by applying and releasing vacuum pressure to the actuator using solenoid operated

flow control valves. The required motion pattern was obtained using this algorithm

(algorithm 1).

Results from this experiment are graphically represented in the Fig.6.3. The blue

curve represents the input square wave, red curve represents the sensor feedback signal

and black curve demonstrate the actual displacement of the sensor which was taken by

analyzing the video data using kinovea video analyzer. By going through the Fig.6.3 it

can be seen that drift between input and output curves are insignificant where system

provides satisfactory position control for the actuator. Therefore, the embedded sensor
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can be used as a successful displacement sensor for this given actuator.

Figure 6.3: Results of position control experiment
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CHAPTER 7

CONCLUSIONS

Despite the growing demand for soft robotic actuators, the absence of accurate sen-

sory feedback systems remains a serious challenge. This problem is addressed in this

study with an unique displacement sensor integrated into a soft muscle actuator, which

yields promising results. The actuator is light in weight (14g), has a powerful lifting

force (160 times its own weight), has high strain (65%), and a low profile, and the

suggested sensor has no effect on these characteristics or the actuator’s performance.

The actuator does not require positive pressure for extension after actuation because it

has a return mechanism (an enclosed spring). In comparison to existing soft muscle

actuators with sensory feedback, fabrication of the actuator and sensor is straightfor-

ward and inexpensive. This proposed sensor allows the actuator to work at various

displacements and pressure levels, which will be useful in the future.

Even though the inductance of a spring does not behave linearly with displacement,

the sensor itself behaved linearly with a small margin of error in the actuator’s operat-

ing region. According to the results of the experiments it can be seen that repeatability

varies at first, but settles over time. This effect is related to the properties of the ac-

tuator where due to the characteristics of enclosing polythene the contraction of the

actuator improves slightly over time. Hysteresis is 1.49%. Sensitivity and resolution

are 0.0022 µH/mm and 4.09mm per 10 nH respectively. These data suggest that the

sensor can be utilized for this actuator with a narrow margin of error, as the sensor’s av-

erage error is 3.88%. The experimental results of the feedback control system suggest

that it can be utilized for actuator position control, allowing it to be used in the target

application, which is a soft exo-suit. As a result, this actuator can function without the
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use of external position sensors.

The concept, design, and development of an innovative displacement sensor for a

soft muscle actuator are discussed in this research. With regard to this research it can

be concluded that this sensor can be successfully used for the intended application

under the given environmental conditions after analyzing the sensor’s properties and

feedback control of the actuator. However, there is one significant drawback. Because

this sensor relies on the inductance of a spring to compute actuator displacement, re-

sults may be affected by high magnetic fields in the workplace. As a result, it can’t be

used in such situations. However, because the authors want to employ the actuator as

part of a wearable system, this constraint does not appear to be a major concern.

The feedback control mechanism will be improved in the future to achieve more

accurate control of the soft muscle actuator. This is accomplished by incorporating a

vacuum pressure signal into the system. The mentioned soft muscle actuator will also

be miniaturized in order to be used in more complicated applications.
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APPENDIX A

FIRST APPENDIX

# i n c l u d e ” LDC16xx lib . h ”

i n t i n = 4 ;

i n t o u t = 5 ;

f l o a t d i s t a n c e = 0 ;

f l o a t s e t p o i n t = 0 ;

f l o a t L = 0 ;

f l o a t i n i t i a l L =0;

b o o l e a n f i r s t = f a l s e ;

f l o a t i n c r e m e n t = 1 0 ;

f l o a t i n d i n c r e m e n t =0;

f l o a t i n d g a p = 1 * 0 . 0 0 2 5 ;

f l o a t h e i g h t =0;

u n s i g n e d long t ime1 ;

u n s i g n e d long t ;

u n s i g n e d long s t a r t ;

boo l s w i t c h 1 = t r u e ;

i n t t imegap = 2000 ;
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/ / u s e r s e l e c a t a b l e comppi l e o p t i o n

/ / 0 − use u s e r p o l l i n g t o r e a d s e n s o r d a t a

/ / 1 − use s y n c r o n i z e d s e n s o r r e a d wi th INTB p i n i n t e r r u p t

# d e f i n e IRQ HANDLER 0

/ / s i n g l e c h a n n e l c o n v e r s i o n s e t u p wi th d i s a b l e d INTB by d e f a u l t

LDC configReg d e f a u l t c o n f i g [ ] = {

{ LDC16xx MUX CONFIG , 0 x020f } ,

{ LDC16xx CONFIG , LDC16xx BITS ACTIVE CHAN CH0 |

LDC16xx BITS AUTO AMP DIS | LDC16xx BITS INTB DIS } ,

{ LDC16xx SETTLECOUNT CH0 , 0 x0000 } ,

{ LDC16xx RCOUNT CH0 , 0 x0080 } ,

} ;

# d e f i n e LDC CONFIG SIZE

s i z e o f ( d e f a u l t c o n f i g ) / s i z e o f ( LDC configReg )

/ / g l o b a l s e n s o r o b j e c t p o i n t e r

LDC16xx * l d c ;

/ / an ISR c o n t r o l f l a g f o r pend ing s e n s o r d a t a

v o l a t i l e boo l drdy = 0 ;

/ / i n t e r r u p t s e r v i c e r o u t i n e −when s e n s o r c o n v e r s i o n i s c o m p l e t e

/ / t h i s code s h o u l d be l i g h t n o t t o b l o c k t h e main

loop f o r t o o long

vo id onDataReady ( ) {

drdy = t r u e ;

}
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vo id s e t u p ( ) {

pinMode ( i n ,OUTPUT ) ;

pinMode ( out , OUTPUT ) ;

/ / p u t your s e t u p code here , t o run once :

S e r i a l . b e g i n ( 1 1 5 2 0 0 ) ;

s t a r t = m i l l i s ( ) ;

S e r i a l . p r i n t l n ( ” S t a r t i n g e x e c u t i o n . . . ” ) ;

/ / c r e a t e a new LDC s e n s o r o b j e c t , i n i t i a l i z e i n t e r f a c e

/ / I2C c l o c k of 100kHz or 400kHz i s a l l o w e d

l d c = new LDC16xx ( Wire , 4 0 0 0 0 0 ) ;

/ / v e r i f y c h i p ID . On f a i l h a l t program

u i n t 1 6 t id , manuf ;

ldc −> r e a d R e g i s t e r ( LDC16xx DEVICE ID , &i d ) ;

ldc −> r e a d R e g i s t e r (LDC16xx MANUFACTURER ID , &manuf ) ;

S e r i a l . p r i n t ( ” Chip ID : 0x ” ) ;

S e r i a l . p r i n t l n ( id , HEX ) ;

S e r i a l . p r i n t ( ” M a n u f a c t u r e r ID : 0x ” ) ;

S e r i a l . p r i n t l n ( manuf ,HEX ) ;

i f ( i d == LCD16xx DEFAULT DEVICE ID &&

manuf == LDC16xx DEFAULT MANUFACTURER ID){

S e r i a l . p r i n t l n ( ” V e r i f i c a t i o n OK” ) ;

} e l s e {

S e r i a l . p r i n t l n ( ” Wrong c h i p o r m a n u f a c t u r e r ID ,
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s t o p p i n g e x e c u t i o n . . ” ) ;

w h i l e ( 1 ) ;

}

/ / r e s e t d e v i c e wip ing p r e v i o u s c o n f i g u r a t i o n

ldc −> r e s e t D e v i c e ( ) ;

/ / l o a d our c o n f i g

ldc −> l o a d C o n f i g ( d e f a u l t c o n f i g , LDC CONFIG SIZE ) ;

# i f IRQ HANDLER == 1

/ / a t t a c h IRQ and s e t a p p r o p r i a t e LDC

r e g i s t e r s t o e n a b l e INTB i n t e r r u p t

/ / u s e r p i n 2 f o r INTB

ldc −>e n a b l e D a t a R e a d y I n t e r r u p t ( 2 , onDataReady ) ;

# e n d i f

/ / f o r debug , dump v a l u e s o f a l l r e g i s t e r t o t h e c o n s o l e

ldc −>r e g i s t e r D u m p ( S e r i a l ) ;

d i g i t a l W r i t e ( o u t , HIGH ) ;

d e l a y ( 5 0 0 0 ) ;

d i g i t a l W r i t e ( o u t , LOW) ;

d i g i t a l W r i t e ( i n , HIGH ) ;

d e l a y ( 1 0 0 ) ;

d i g i t a l W r i t e ( i n , LOW) ;

d e l a y ( 5 0 0 ) ;

a n a l o g W r i t e ( A0 , 2 0 0 ) ;

d e l a y ( 1 0 0 ) ;

a n a l o g W r i t e ( A0 , 0 ) ;
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}

/ / main loop

/ / t ime1 = m i l l i s ( ) ;

vo id loop ( ) {

t = m i l l i s ( ) ;

i f ( ( m i l l i s ( ) − s t a r t ) >=t imegap ){

i f ( s w i t c h 1 ){

h e i g h t = 0 . 8 1 ;

} e l s e {

h e i g h t = 0 . 7 6 ;

}

s w i t c h 1 = ! s w i t c h 1 ;

s t a r t = m i l l i s ( ) ;

}

/ / S e r i a l . p r i n t l n ( h e i g h t ) ;

d e l a y ( 1 0 ) ;

main1 ( ) ;

}

vo id main1 ( ) {

# i f IRQ HANDLER == 1

w h i l e ( ! drdy ) ;

d rdy = f a l s e ;
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# e n d i f

u i n t 3 2 t d a t a ;

u i n t 1 6 t s t a t u s ;

/ / r e a d t h e c h a n n e l no 0 . d a t a

ldc −>r e a d C h a n n e l ( 0 , &d a t a ) ;

# i f IRQ HANDLER == 1

/ / i n IRQ mode s t a t u s must be r e a d t o re − e n a b l e c o n v e r s i o n

and re − a s s e r t INTB

ldc −> r e a d R e g i s t e r ( LDC16xx STATUS , &s t a t u s ) ;

# e n d i f

/ / p r i n t r e a d d a t a i n t h e c o n s o l e

/ / S e r i a l . p r i n t l n ( da t a , DEC ) ;

f l o a t d = f l o a t ( d a t a / 1 0 0 0 0 ) ;

L = 9 6 9 0 0 0 0 / ( d*d ) ;

/ / S e r i a l . p r i n t ( L ) ;

c o n t r o l ( ) ;

# i f IRQ HANDLER == 0

/ / we t ime t h e loop by o u r s e l v e s

( o p t i o n a l l y we c o u l d ask t h e c h i p p e r i o d i c a l l y f o r s t a t u s )

/ / i d e a l l y you s h o u l d make s u r e we a r e s y n c r o n i z e d wi th s e n s o r

c o n v e r s i o n r a t e (RCOUNT + c l o c k s o u r c e )

d e l a y ( 2 4 ) ; / / ˜ 4 1 . 5 s p s

# e n d i f
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}

vo id c o n t r o l ( ) {

/ / L = 0 .0022D+0.75

/ / d i s t a n c e = ( ( L − 0 . 7 5 ) / 0 . 0 0 2 2 ) ;

i f ( f i r s t == f a l s e ){

d e l a y ( 2 0 ) ;

i n i t i a l L =L ;

/ / s e t p o i n t = i n i t i a l L + i n d i n c r e m e n t ;

f i r s t = t r u e ;

}

i n c r e m e n t =0+ h e i g h t ;

/ / i n d i n c r e m e n t = i n c r e m e n t * 0 . 0 0 2 5 ;

i n d i n c r e m e n t = i n c r e m e n t ;

s e t p o i n t = i n d i n c r e m e n t ;

S e r i a l . p r i n t ( ” , ” ) ;

S e r i a l . p r i n t ( L ) ;
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S e r i a l . p r i n t ( ” , ” ) ;

S e r i a l . p r i n t ( h e i g h t ) ;

S e r i a l . p r i n t ( ” , ” ) ;

S e r i a l . p r i n t ( ( L− i n i t i a l L ) * 4 0 0 ) ;

S e r i a l . p r i n t ( ” , ” ) ;

S e r i a l . p r i n t l n ( s e t p o i n t ) ;

/ *

d i g i t a l W r i t e ( in ,LOW) ;

d e l a y ( 1 0 0 0 ) ;

d i g i t a l W r i t e ( in , HIGH ) ;

d e l a y ( 1 0 0 0 ) ;

* /

i f ( L >= ( s e t p o i n t ) ){

d i g i t a l W r i t e ( in ,LOW) ;

d i g i t a l W r i t e ( out , HIGH ) ;

d e l a y ( 1 ) ;

}

e l s e i f ( L <= ( s e t p o i n t ) ){

d i g i t a l W r i t e ( in , HIGH ) ;

d i g i t a l W r i t e ( out ,LOW) ;

d e l a y ( 1 ) ;

}
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e l s e {

d i g i t a l W r i t e ( in ,LOW) ;

d i g i t a l W r i t e ( out ,LOW) ;

d e l a y ( 5 ) ;

}

}
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