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Abstract

With the help of new technologies used to sense signals from the human body, this project aims
to design a sensor, manufactured using the 3D printing technology, to detect muscle contractions
using Force Myography (FMG). FMG uses force sensors to detect the signals from the muscles
during movement, mainly force sensitive resistors (FSR) and strain gauges. These sensors are
easier to personalize and manufacture utilizing 3D printing.

This project uses as a reference point the increment in cross-sectional area of the muscle when
it is contracting. This way a device that senses stretching like the strain gauge or a pressure sensor
such as the FSR can detect the muscle activity measuring mechanical changes in the material. The
sensor designed in this thesis is a 3D printed FMG band with four strain gauges that are attached
to the upper arm. This band can stretch when the muscle is expanding sensing the movement of
the arm.

Experiments on the material, the strain gauges and the band allowed to determine that the
sensor can detect the muscle contraction and categorize the muscle movement. The 3D printed
sensor presented advantages in customization and reduction on costs due to the ease of manufac-
ture. FMG proved to be a robust indicator of muscle activity, which shows a readings similar to
the muscle’s behavior.
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Chapter 1

Introduction

1.1 Context

There is a steadily increasing research activity dedicated to the development of technologies that
enable the acquisition of signals from the human body. This activity is aimed at signals related to
the physiology and the biomechanics of the human body, targeting the enhancement of the quality
of the interface between the individual and his/her environment.

Muscle contractions physiological activities that have lately been studied in various discip-
lines with the objective to accurately acquire its corresponding signals. The data obtained from
the muscle can be used in many different fields, from rehabilitation and up to human-machine
interfaces.

Currently, the most used technology to detect muscle activity bye EMG sensing; electromyogra-
phy (EMG) is the technique to acquire the signal that the skeletal muscles produce when they are
active. The convenience of using it,the quality of signal and the costs of the EMG electrodes
make this technology an attractive method. However, the signal acquired depends on many
characteristics of the patients, e.g. their skin, and the way the electrodes are connected, this
can disturb the reading of the signal and add noise or other non-necessary interference to the
actual reading.

Force Myography (FMG) features as a more robust alternative to conventional EMG, this
type of reading is less susceptible to measurement noise, and it can be as accurate as EMG when
correctly designed and used[7]. Essentially, FMG senses the change in shape of the muscles when
activated, allowing to easily and conveniently detect contraction or movement of the targeted limb.

Since the sensor technologies are evolving and becoming more complex, new manufacturing
technologies are also being developed. The 3D printing, also known as additive manufacturing,
is one of the new technologies being investigated to enable the manufacture of devices. Due to
its low costs and rapid deployment, applying 3D printing to the medical field has improved the
fabrication of prototypes and reduced the lead time.

Using 3D printing to create an FMG sensor takes the advantages of both technologies. It makes
possible to create a customizable sensor, comfortable and economical, that can sense the muscle
activity without much interference. When the sensor is designed, it allows developing a technology
with specific functions and characteristics not found in commercial sensors. Some advantages that
a 3D printed sensor for FMG provides are the improvement of features enabling categorization of
the muscles, better adaptability to different environments and modifications of the output without
the need for complicated electrical interfaces.

The project here presented, aims to combine the innovation of the additive manufacturing and
the force myography to develop a sensor able to detect the muscle activity, in an easy way and
with reasonable accuracy.

3D Printed Sensor to Detect Muscle Contraction by means of Force Myography 1



CHAPTER 1. INTRODUCTION

1.2 Problem Statement

Force myography is presented as a robust alternative to detect the muscle activity while reducing
the complexity of the signal acquisition. These type of sensors can be adapted to the patient
needs, decrease the preparation of its use and ease the post processing of the signal obtained.

The use of 3D printing to manufacture force sensitive devices is a field seldom studied. It is
important to explore the use of force sensitive devices, its properties and the configuration needed
for them to perform efficiently. The selection of the material used to manufacture the sensor also
plays an important role, regarding the mechanical behaviour of the device and its conductivity.

With a proper characterization of the technology and the materials to design the device, it is
possible to develop a reliable FMG sensor to detect the muscle activity.

1.3 Goals

This research project focuses in to develop a force sensitive device able to detect the muscle
contraction using force myography. The project has two primary objectives. First, to select
a proper force sensing technology and use it to design a customizable sensor able to adapt to
the muscles of the upper arm. Second, to evaluate the designed sensor to identify the muscle
activity correctly, the data obtained has to be analyzed to detect reliability and repeatability of
the technology.

To successfully accomplish the second objective, some research questions were established:

e [s it possible to relate the change in resistance of the sensor with the increase in cross
sectional area of the upper arm?

e Can the contraction be related to the variation of resistance in the sensor?

e Are the resistance measurements repeatable?

1.4 Approach

The method to successfully answer the research questions is described below.

The force sensors can detect the deformation of the muscle where they are attached. To detect if
the arm is going to change its shape enough to deform the force sensors, it is essential to model the
behavior of the muscles tested. Based on the biomechanics of the muscles it is possible to evaluate
their performance with a proper model that allows comparing the mechanical characteristics of
the muscles with the properties of the materials selected to design the device. Due to the limited
knowledge about the materials used in 3D printing, several tests have to be conducted. The
manufacturer provided some mechanical and electrical specifications, but a characterization of the
material will provide complete and actual information about their properties.

Another feature regarding the additive manufacturing is the different parameters that allow the
customization of the manufactured prototypes. Since the devices are likely to be multi-material,
the 3D printer requires a correct configuration of these properties, such as the temperature, the
velocity of printing and the correct filament extrusion. For this purpose, several tests will help to
identify the critical parameters needed for an optimum manufacturing.

It is important to select the optimal technology, the sensing principle, the materials and the
correct designing protocol to develop a sensor that detects the muscle activity. Therefore, different
force sensors are tested and modeled to select an appropriate one. With the material characterized
and the sensor selected a model of the device is the next step to determine if the technology will
be adequate to characterize muscle behavior.

After understanding the functioning of the material and being sure that it can be adapted to the
muscle behavior, the following action is to design the sensor. For this purpose, some requirements,
and guidelines are established, supported by a designing methodology.

2 3D Printed Sensor to Detect Muscle Contraction by means of Force Myography



CHAPTER 1. INTRODUCTION

Finally, with a working sensor that fulfills the requirements, an experimental protocol is pro-
posed to determine if the device can detect the muscle activity correctly in different subjects. The
experimentation proposed will help to determine the functioning, the comfort, and the safety of
the designed device.

1.5 Report Organization

The introduction chapter of this report presents the motivation of the project and the general
approach to fulfill the objectives proposed. Chapter 2 gives a brief introduction to the basic
concepts related to the project. Chapter 3 focuses on a description of the mathematical models,
regarding the muscles of the arm, the sensors used, and the results after comparing them with real
measurements. Chapter 4 explains the methodology used to design the device and describes the
characterization of the materials. The requirements and specifications of the sensor are also ex-
plained. The experimentation protocol the procedure and its results are presented during Chapter
5. Finally, chapter 6 concludes the project work and comments on the possible future work for
this innovative technology.

3D Printed Sensor to Detect Muscle Contraction by means of Force Myography 3



Chapter 2

Background

2.1 Introduction

To put the project’s theoretical framework into perspective, the following background knowledge is
presented regarding the techniques and materials employed. The sensor designed in this assignment
is aimed at measuring the muscle contraction. Thus, a brief description of the muscles in the upper
arm and information about the technologies used in the force myography is also given. In the end,
a short literature overview of some previously published work related to the new developments in
the area of force myography is presented.

2.2 Arm Anatomy

In the current section, a detailed description of the anatomy, including location and muscle com-
position of the arm will be provided.

The human arm is the limb attached to the neck in the upper part of the body. Based on its
components and joints, it is divided between the shoulder, upper arm, forearm, and hand. The
shoulder is the joint attached to the neck and the trunk; the upper arm is the segment between the
arm and the elbow joint and contains one bone, the humerus. The forearm is the section between
the wrist and the elbow and contains two bones, the lateral bone named radius, and the medial
bone, the ulna. Finally, the hand is located after the wrist joint.

The human arm is highly mobile at the moment of positioning the hand in space. The elbow
joint located between the upper arm and the forearm has major movements denominated: flexion
and extension. At the other end of the forearm, supination and pronation occur. The pronation
happens when the hand turns 180 deg due to radius bone going over the ulna, and supination is
when the hand goes back to its natural anatomical position from a pronated position. The wrist
has major movements being able to perform several movements such as adduction, abduction,
extension, and flexion. These movements are possible due to the activation of muscles from the
forearm.

The objective of this project is to detect activation of muscles from the upper arm since those
muscles, as presented by Gray et al. [8], contain more muscle fibers than other muscles in the
human body and are more predisposed to expand further while being contracted.

2.2.1 Upper Arm Muscles

The upper arm is positioned above the elbow joint, and it contains two compartments of muscles:
the posterior compartment, with muscles that extend the elbow joint, and the anterior compart-
ment, with muscles that mainly flex the joint.

The anterior compartment contains three muscles, the coracobrachialis, brachialis and biceps
brachii. The posterior compartment contains the triceps brachii, as shown in Figure 2.1. A brief

4 3D Printed Sensor to Detect Muscle Contraction by means of Force Myography



CHAPTER 2. BACKGROUND

description is now given for each of these muscles.
Anterior Compartment:

e The coracobrachialis is located from the shoulder innervating at the middle of the humerus,
and it is in charge of flexing the upper arm at the shoulder joint.

e The biceps brachii is a two-headed muscle that has no attachment to the humerus itself. It
is attached to the forearm on one side and to the shoulder on the other. The biceps brachii is
a powerful flexor of the forearm at the elbow joint, and an essential supinator of the forearm

when the elbow is flexed.

e The brachialis muscle is beneath the biceps brachii muscle, and it flexes the forearm at the
elbow joint [8].

Posterior Compartment:

e The triceps brachii is the only muscle in the posterior compartment of the arm. It has three
heads that converge into a large tendon inserting into the ulna. The triceps brachii is the
muscle in charge of extending the forearm at the elbow joint.

De]toid —

Trfceps —— Biceps

Brachfa'w’s

Brachforad\'alis

Figure 2.1: The upper arm is formed by three main muscles: Biceps Brachii, Brachialis, and
Triceps Brachii. These muscles are around one single bone, the humerus. Different muscles are
activated when different movements are performed. As the arm is being flexed, the biceps and the
brachialis are activated, and when the arm is extended, the triceps brachii performs most of the
work.

The muscles of the upper arm are typically attached to a bone over a significant region known
as the line of pull or line of action. This line describes the direction of the muscular force, and its
relationship with the axis of rotation of a joint determines the action that the muscle produces.
When there is an angle between the line of action and the muscle fibers it is called the pennation
angle. This angle can affect the way the muscles are contracted, by elongating or compressing
the muscle fibers in different directions. The Figure 2.2 shows the types of pennated muscles in
the human body. The muscles contained in the upper arm have a pennation angle. While the
biceps brachii and the brachialis have an angle between 1 deg and 3 deg, the triceps is about 15 deg
pennated [9)].

3D Printed Sensor to Detect Muscle Contraction by means of Force Myography )



CHAPTER 2. BACKGROUND

Figure 2.2: Muscle architecture related to pennation angle. Muscle fibers can be oriented parallel
to the muscle axis that generates force, a)Longitudinal, at a fixed angle, b)Pennated, or at multiple
angles, ¢/Multi-pennated. This figure shows idealized view of muscle architecture [1].

2.2.2 Forearm Muscles

The forearm is the section of the arm located between the elbow joint and the wrist; it contains
the bones ulna and radius. Its muscles are associated with movements of the wrist joint, flexion
of the fingers and thumb, and pronation. The forearm is also divided into two compartments,
anterior and posterior:

e The anterior compartment contains the muscles related to the flexion of the wrist joint: flexor
carpi ulnaris and radialis, pronator teres, palmaris longus, flexor digitorum superficialis and
profundus and flexor pollicis longus.

e Muscles in the posterior compartment are mainly in charge of the extension of the wrist
joint: extensor carpi radialis longus and brevis, extensor digitorum, extensor carpi ulnaris,
anconeus, supinator extensor pollicis longus, and brevis, among others. [§]

Most of the muscles are only activated when the hand performs movements. The high amount
of muscles in the forearm is related to the high capacity of the hand to perform delicate movements.

[8]

2.2.3 Muscle Contraction

The human arm is denominated as a musculoskeletal system, as it contains mainly muscles and
skeleton. A relevant characteristic of these type of systems is they can willingly perform muscle
contractions. The phenomenon that describes contractions is presented in the following section.

Muscle contraction happens when the muscle fibers are generating tension. The muscle does
not necessarily shorten when contracted and the muscle tension can be produced without a change
in length. Frequently, the muscle contraction is described through two factors: length and ten-
sion. Based on those factors, it is divided into two categories, isometric contraction, and isotonic
contraction [10].

Isometric contractions happen when the muscle produces tension without changing length. On
the other side, isotonic contraction occurs when the muscle changes in length but the tension
remains constant. Isotonic contraction is at the same time subdivided into eccentric contraction,
which happens when the muscle’s length increases, and concentric contraction when the muscle’s
length shortens [10].

According to a research on modeling of muscle tissues made by Spyrou and Aravas [11], the
skeletal tissue has a Poisson’s ratio between 0.45 and 0.5 thus, is considered incompressible. When
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Figure 2.3: Muscle contraction. During the isometric contraction, the muscle contracts without
presenting movements. The isotonic contraction is defined as concentric contraction when the
muscle shortens, and as an eccentric contraction, when the muscle elongates.
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the muscle contracts its cross-sectional area changes, which could be an indication that all the
muscle fibers are expanding at the same rate. However, the relation between the size of a muscle
and its contraction depends on the muscle architecture.

There are two types of cross-sectional areas, anatomical and physiological. The anatomical
cross-sectional area (ACSA) is the area of the muscles widest point and perpendicular to the
length of the muscle. When the muscle fibers are in parallel, the ACSA cuts across the muscles
indicating the cross-sectional area of the muscle fibers. However, if the muscle is pennated, the
ACSA cuts across only one portion of the muscle, without being a uniform cross-sectional cut
[12]. The standard measure used to approximate the number of muscle fibers in a muscle is
the physiological cross-sectional area (PCSA). The PCSA cuts through all the fibers of a muscle
regardless being pennated or not [13].

When there is a change in the cross-sectional area of the muscle, there is an activation of the
muscle considered as a muscle contraction. Independent of the type of contraction, the muscle
activates every time it performs a movement, which can be tracked by different techniques such
as ultrasound, EMG, FMG, among others.

2.3 Stiffness

The human arm has mechanical properties used to stabilize its joints during different movements
and tasks. An impedance component used to maintain the stabilization is this stiffness, which is
especially important during posture maintenance [14]. When related to the human arm, stiffness
can be categorized in two different ways:

e By its relation with the components of the limb, it can be classified in muscle stiffness, joint
stiffness, and end-point stiffness. The muscle stiffness is in the connective tissue and the
muscle fibers. The joint stiffness is given by the amount of torque increment per unit of joint
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angular reflection [15]. Moreover, the end-point stiffness is the one expressed at the limbs
extremities.

e Related to the source of forces that create muscle deformation, stiffness can be divided in
passive or active. When the muscle deforms due to an external force applied to it, it is
known as passive stiffness. When the muscle generates the force is active stiffness; the one
produced by the muscle contraction.

The muscle can modify its stiffness over time according to the task that is performing. During
an initial strain, the muscle behaves as an elastic spring. At this moment the muscle undergoes an
initial length change and presents a high stiffness over a short period of time, which is identified as
short-term stiffness. But beyond a certain amount of force, when the variation of length continues,
the stiffness drops and the muscles starts presenting a viscous behavior [16].

The stiffness of the muscle affects the velocity of the contraction. As mentioned before there are
different techniques targeted to measure the movement in muscles. Below, there is a description
of these techniques.

2.4 Electro Myography

Electro Myography or EMG is a technique that records and evaluates the electrical activity pro-
duced by the skeletal muscles. EMG uses electrodes to detect the electrical potential from the
muscle cells when these are neurologically activated [17].

Currently, there are two types of EMG, surface (sSEMG) and intramuscular. The use of sSEMG
has many advantages providing a safe, comfortable and noninvasive technology for detecting muscle
contraction.

This technique allows to observe the muscle energy throughout the movements and with a
proper sensor array, to differentiate aspects of the muscle architecture. However, it has also
significant disadvantages. The EMG is limited to monitor few muscle sites, and it cannot interpret
when another group of muscles activates the same movement. However, the main weakness is the
possibility of ”cross-talk,” a phenomenon where energy from one muscle group travels to the
recording field of another group. It may make challenging to isolate the signals from the muscles
targeted [18].

Due to these and other limitations on the electromyography, the investigation of muscle sensors
is motivated to finding new alternatives to develop better technologies aiming to detect biosignals
with robustness and accuracy [19].

2.5 Force Myography

Force myography (FMG) emerges as an alternative technology that utilizes force sensitive devices
to detect muscle activity [20]. FMG was proposed under the assumption that it is possible to use
pressure sensors around the muscle to map different movements [19] detecting distinct muscles
activated at the same time.

The movements of the wrist joint are controlled by the muscles contained in the forearm known
as extrinsic hand muscles. When the forearm is activated, some muscles expand outwards and
some inwards from the surface. This expansion results in pressure change observable at the skin
of the forearm. If categorized, forearm movements can represent specific actions of the hand and
the wrist. The same behavior is present in the upper arm muscles when the elbow joint moves.
The expansion of the biceps and the triceps are more prominent due to the increased size of the
muscles. This expansion is measured by force sensors utilizing the force myography.

Nowadays, FMG is used to detect the shape changes of the muscles during contraction using
mainly force sensitive resistors. While the muscles contract and move, the deformation of the
muscles exert a force in the sensors fixed to the targeted muscles [21].
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FMG has some advantages compared to other myography techniques. Compared to EMG,
force myography is robust to external electrical interference, skin sweating or humidity, it is less
expensive and easy to implement and use [7]. Using FMG makes it uncomplicated to quantify
the muscle activation caused by changes in the muscle shape. It can measure the kinetic activity
during the muscle contraction and also senses any external changes and radial pressure occurring.

In the end, FMG does not measure the muscle activity directly, but through mechanical de-
formations. In that sense, EMG, as a direct representation of the muscle activity, may be expected
to be a better way to determine the muscle contraction, as long as the electrical interference and
the motion artifacts can be kept controlled. The FMG may also cause some mechanical loading
due to the elastic band where the sensors are attached.

2.6 Force Sensors

In the following section, some details about the force sensors utilized in force myography will be
laid out.

A force sensitive sensor (FSS) is a device, mainly electromechanical, able to detect changes
in force often as a mechanical transducer. FMG is often implemented utilizing force sensitive
resistors (FSR). However, there are two main types of sensors that can be used in FMG, the strain
gauges, and the FSR.

2.6.1 FSR

FSR is one of the sensors typically used in force myography, mainly because of its ability to
measure pressure points caused by a variation of muscle deformations. A force-sensitive resistor
described best by its flat shape, which functions by displaying a decrease in electrical resistance
when normal pressure is applied on it [22].

FSR typically consists of two polymer layers, a semiconductive film on one side and a conductive
pattern on the other. The films are facing together but separated by a thin air coating; this
separator allows the device to have a high resistance when no pressure is applied. As more
pressure is applied to one layer of the FSR, the contact between the two films increases. Thus,
the bigger the acting force, the less resistance the FSR provides [23].

Figure 2.4: The FSR consist of two membranes separated by a thin air gap, which is maintained
by a spacer. When pressed the carbon layer shorts the two traces with a resistance dependent on
the applied force. Figure obtained from [2].

Unlike other piezoelectric transducers, the FSR is a slow sensor, due to its dependence on force,
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which allows it to be insensitive to vibration and acoustic noise. Compared to other force sensors,
FSR is advantageous due to its low cost, reduced size, and excellent shock resistance, being also
able to operate in moderately under extreme circumstances such as low temperatures or dynamic
systems. However, despite its good force sensing, it lacks in terms of providing high accuracy.

The FSR is not a pure force or pressure sensor since its output depends on the part and size
of the sensor addressed, the type of actuator, and the ratio of the area of the applied force [22].
A significant advantage of FSR is its impedance, being purely resistive greatly simplifies electrical
interfacing. Analog interfaces are simple because the FSR is placed in series with a current source
and the voltage measured across the FSR is then computed to determine the resistance using
Ohms Law.

FSR is a low-profile, unobtrusive device, with a smooth interface and easily arrayed that has
a long life service. However, due to its accuracy limitation (+-15%), a strain gauge or a load cell
is a more viable option for applications that need better accuracy or detection of small changes of
force [22].

2.6.2 Strain Gauge

On the other hand, the strain gauge is a measurement device that calculates the stress in a body

When a force is applied to a body, the body deforms. This deformation is known as a strain.
It is possible to define a strain as the deformation of a material or an object per unit length or
fractional change in length. This deformation can be positive if the body is stretched or negative if
it is compressed. The fundamental relationship between the mechanics of a given the material and
its strain is the stress applied to the body. The stress in the material has to be computed through
measurable parameters. Thus, with a determined strain and the properties of the material, the
applied stress can be calculated using a strain gauge.

The typical metal-foil strain gauge takes advantage of this effect to determine mechanical prop-
erties by measuring electrical properties, which depend on the body deformation of the gauge. An
essential electrical characteristic that varies in proportion to the strain is the electrical resistance,
fundamental in the design of piezoresistive or semiconductor gauges.

The mechanic behavior

Conductive Material

7
Backi ng Material

Direction of Strain

Force Applfed

Connectors

Figure 2.5: Basic design of a strain gauge. The strain gauge is connected through the terminals.
The gauge reacts in two different ways, when the area narrows the resistance increases, when the
area thickens the resistance decreases.

The semiconductor strain gauge which is the one used in this project considers the piezoresistive
effect of specific materials to produce an elastic behavior, this way it is possible to produce positive
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or negative resistance changes when is strained. The strain gauge can be physically small while
maintaining their high nominal resistance. Semiconductor gauges show a high sensitivity to strain,
but the variations in resistance to strain are nonlinear. Their resistance and their output are
temperature sensitive [24].

When the conductive material of the strain gauge is deformed in the axial direction, its length
will change, and its cross-sectional area will change as well due to the property of the material
known as Poisson’s Ratio. Figure 2.6 illustrates the behavior of the strain gauge when stretched.
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Figure 2.6: Effect of stretching and contracting a material.

The strain gauge will change its form while deformed according to the change in length (AL),
which is a function of the material properties and the ratios of longitudinal and transverse strain
[25].

An essential characteristic which varies in proportion to the strain of the gauge is the electrical
resistance. [26].

The strain gauge resistance can be expressed as R = U/I where U is the voltage across the
gauge, I is the current passing through it, and R is the gauge resistance. When the resistance
changes from R to R 4+ AR, the voltage, the current or both, will also be modified. Therefore,
change in resistance can be measured in two ways, with constant voltage or with constant current.

e Constant Voltage. When the voltage stays constant, the current will change according to
the variations in resistance; then it is possible to determine the resistance of the gauge by
measuring the current through the gauge.

e Constant Current.If the current stays constant, there will be changes in the voltage drop
across the gauge while the resistance is changing, thus, determining the electrical resistance
of the gauge is possible by measuring the voltage drop in the strain gauge.

Measuring the resistance with a constant current could be most effective when dynamic strain
is being measured. If a dynamic force is causing a change in the resistance of the strain gauge,
the time between the change in voltage is measured, thus small changes in lead resistance due to
temperature variations can be neglected.

Semiconductor gauges with a constant-current measurement are more likely to detect small
changes due to muscle deformation. The performance of the strain gauge designed for this project
will depend on the materials used, the resistivity of the material has a high input on the resistance
changes of the strain gauge.

For the strain gauge used in this project a measurement using constant current suits better.
Since the current is more harmful than the voltage to the human body [27], a measurement using
a constant current is utilized.

The damage produced by current depends on several factors and can cause a slight sensation
in the hands or a heart fibrillation, depending on exposure conditions, current magnitude, and
duration. The safe values of current are between 1 mA and 5mA [27]. It is safer then to have a
small value of current constant with standard voltage variations than a variable current due to
high resistance values
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The properties of its conductive material make the absolute value of resistance of the strain
gauge less predictable, being that the material is exposed to high temperatures and is modeled in
different shapes and forms, affecting the conductivity of the material. The unexpected behavior
of the material can cause high values of current, which can cause discomfort to the users of the
sensor.

With a constant current measurement, the voltage values will not exceed the range of volts
(v!) when the resistance reaches values of 1 M2 if the current is always I = 1pA.

Utilizing different materials during the construction of the strain gauge allows obtaining dif-
ferent results conductivity, hence in resistance values. It also depends on the type of manufacture
which allows customizing, at a certain extent, the form and size of the gauge.

2.7 3D Printing

Layer manufacturing (LM), also called 3D printing, rapid prototyping (RP) or additive man-
ufacturing, is a technology to create a three-dimensional object. It has been a revolutionary
development in the field of manufacturing for the past two decades [28]. Rapid manufacturing
uses physical or chemical phenomena to build parts by adding material layer by layer. This process
was first introduced in the late 80s according to Kurt [29], with the stereolithography (SL). This
technique uses liquid-based process using photosensitive polymer.

From this technique, many others technologies were developed including fused deposition mod-
eling (FDM), ink jet printing (IJP), 3D printing (3DP), selective laser sintering (SLS) laser vapor
deposition (LVD), among others. This broad range of technologies makes possible to print in a
great variety of materials, from metals and polymers to concrete and even food. According to a
sales analysis [30], the most popular and commercial available LM processes are SL, FDM, and
SLS.

FDM is the technique used to manufacture the sensor of this project. It was developed by
Stratasys, Inc. [31] and offers functional plastic prototypes with Acrylonitrile butadiene styrene
(ABS), polycarbonate, polyphenylsulfone (PPSF), and other materials. These materials are pro-
duced from custom blends of commercially available thermoplastic resins, making material prop-
erties one of this technologys strong points.

The FDM process consists of building by deposition of semi-molten polymeric materials onto
a base plate or a previously solidified material. The solidification happens by cooling the material
on the colder underlaying layers. The material is obtained from a solid filament of thermoplastic
material fed into an XY controlled extrusion head. After that, the material is brought near above
the melting point to ensure resolidification by natural cooling. The flow rate is adapted to the
head traveling speed, to achieve the desired layer thickness and laminate width. When using FDM,
some parts still could seem rough and is less suited for small details [29]. However, it provides the
resolution necessary to produce the sensor of this project.

The process to build an object using additive manufacturing can be described in nine steps
below described.

1. Generation of the geometric model using a computer-assisted design (CAD)

2. The geometric model is then translated into a tessellated version of a CAD, a process where
the surface of the CAD is piecewise approximated using one or more geometric shapes [32].
The result is a Standard Tessellation Language (STL) format.'

3. The STL file is then examined to detect flipped triangles, bad edges or hidden lines that
could affect the slicing of the figure.

4. Determine the optimal orientation, considering the surfaces of the object and the capabilities
and limitations of the machine, such as the largest and most exact plane at the bottom [34].

IThere are additional formats to tessellate the CAD model, depending on the CAD software and the printer
[33].
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5. Slice the STL file using software dedicated.

6. Provide support to overhanging features of the object.

7. Define the toolpath for the material deposition for the model and the support.
8. Manufacture of the prototype.

9. Finally, post-processing of the object. Removing and cleaning excess material adhered to
the part.

FDM has been rapidly developed in different fields to improve the manufacturing of new
objects. New devices are recently adapted for a consumer-oriented use. The advantages of this
FDM printers are related to the inexpensiveness of the procedure, its easy maintenance, the few
spatial requirements and the low power usage [35]. Desktop 3D printers are well known due to its
open-source technology. This feature allows to explore in different customization of the devices
or to diversify in the materials used. The advantage to select different materials is the main
idea behind the sensor designed in this project, to create with a consumer-oriented 3D printer an
electronic sensor able to detect mechanical flexing of the muscles.

2.7.1 Materials

The materials selected to print the sensor are an essential part. Nowadays, flexible materials are
more common in different devices printed, and the piezoresistive behavior previously observed in
flexible conductive materials [36] indicates that it could add great value to the sensor detecting
the muscle activity. The main body of the 3D printed sensor consists of a flexible thermoplastic
polyurethane (TPU), and the electrical lines are made of a conductive TPU. Both materials are
described below.

Dielectric TPU

NinjaFlex is a flexible dielectric filament made from TPU, resulting in uniquely flexible and
robust prints [37]. The mechanical characteristics of this flexible material, are presented in Table
2.1.

According to the manufacturer, when the material is in contact with the skin it is not likely to
result in irritation during solid form, and the chemical structure does not suggest a specific alert
for any chronic or acute toxicity.

X60 Ultra-Flexible Filament is another option for the dielectric TPU used as a base for
the sensor. The material has as specification half the tensile modulus than the NinjaFlex, which
implies that the material can be easily deformed.

According to is manufaturer, MakeSharper [38], the material is non-toxic and is perfect for
wearable devices which will need to stretch to fit.

ETPU[39] NinjaFlex[37] X60[38]

Tensile Strength 15 MPa 4 MPa 23 MPa
Tensile Modulus 12 MPa 12 MPa 5 MPa
Elongation at break 250 % 660 % 760 %
Hardness 95 Shore A 85 Shore A 61 Shore A
Volume Resistivity <300 cm - -
Printing Temperature 200-230°C  200-230°C 190-210°C

Table 2.1: The table shows the specifications of the materials tested to design the device

Conductive TPU
PI-ETPU 95-250 Carbon Black [39] is a professional conductive and flexible filament. It is made
of a rubber-like Thermoplastic PolyUrethane (TPU) compound material with a carbon black filler
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bound in the base polymer. In Table 2.1 some mechanical and electrical characteristics of the
material are shown.

This material is never in contact with the skin of the user; this is to avoid any current traveling
through the users skin when the device is working.

Previous Work

The use of flexible 3D printed materials is a recent application where there are no many technologies
yet developed. However, FMG using commercial force sensors is a technique vastly studied.
Relevant work related to FMG sensors is presented in this section. Force myography has been
adapted for various applications. Philips and Craelius [40] first proposed FMG as a technique
to produce topographic maps in a prosthetic socket utilizing pressure sensors. They mapped the
pressure exerted against the socket to categorize finger flexion and extension. With this same
technique, Craelius and Yungher [41] used an array of force sensors to detect movement generated
due to muscle activity on the forearm, being able to accurately differentiate six grasps with the
arm in a fixed position. From this point forward, several applications of the FMG used as a
premise that the pressure pattern obtained from the array of sensors gives information about the
pressure points primarily [40].

Aiming to use force sensor to develop a pressure pattern, occasioned that FMG is now also
known as residual kinetic imaging (RKI) or muscle pressure mapping (MPM). Erina et al. [42]
used RKI to control a robotic prosthesis. They developed a prototype using a strap and attached
FSR sensors from Interlink Electronics evenly spaced on the inner surface. When the prototype
is fixed to the arm, it can detect muscle deformation due to the muscles creating pressure against
each FSR. This way they could analyze muscle movement. Recently Li et al. [21] used a cluster
of 32 FSR sensors combined with a Support Vector Machine (SVM) algorithm to classify finger
motion based on distribution MPM. They successfully detected and validated 17 different finger
motions. Based on the same procedure, Castellin et al. [43] used FSR attached to the forearm
to detect forces in the fingers. They tested in 10 subjects the movement of the muscles while the
users were pressing accurate force sensors with their fingers, matching the muscle activity with
the recorded forces.

Strain gauges are also used to detect the muscle activity, but only in complex configurations.
Salter [44] suggested applying pressure to small metal cantilevers to detect the force applied by
each finger, relating it to the muscle activity.

Since the applications of FMG previously discussed are related to the use of FSR and the
muscle mapping using FMG, the innovative approaches to these applications can be divided into
two branches, ease of use and implementation, or the improvement of the accuracy. An example
of the improved accuracy is the high-density force myography (HD-FMG) which Radmand et al.
[19] used to detect changes in surface pressure caused by displacement of superficial and deep
forearm muscles, and even bone movement to create a map of the limb. This technique uses the
basic concept of FMG, encircling the forearm with a high-resolution grid of 128 pressure sensors,
thus, increasing the accuracy and quality of the signals acquired. Another example, this time
regarding the ease of implementation, Xiao and Menon [45] developed an easy-to-use strap with 8
FSR sensors to extract FMG signals from the posterior compartment of the forearm. Successfully
detecting the movement of the fingers when flexed.

2.8 Conclusion

Since FMG utilizes, force sensitive devices to measure the force exerted by the muscles. Therefore,
it is highly related to the FSR and the strain gauges, which are commercially available and well
tested electromechanical sensors. Several applications of the FMG are aimed at mapping the
muscles of the forearm or to categorizing gestures of the hands and limbs.
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One way of improving this technology is by using a different method of manufacturing. Piezores-
istive materials have been used to produce pressure sensors or mechanical stress sensors. However,
these devices require multiple processes of fabrication compared to the 3D printing.

The idea of using 3D printing to develop a customizable sensor emerges from the natural usage
of FMG applications, and it is aimed at broadening the usability of the signal obtained. Since the
sensor is more robust and less noisy than the EMG, it needs less post-processing. By printing the
sensors, the connectors are built in the same process along with the conductive lines, making the
sensor implementation much more manageable than commercial force sensors.

The project will explore the use of FSR and strain gauges and analyze the advantages and
disadvantages of both technologies. It will measure and test the materials selected, to determine
if they are suited for the performance expected on the sensor. Finally, this work will study the
performance of different sensing structures to determine the optimum design for the final 3D
printed sensor.
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Models

3.1 Introduction

A model is a simplification of the real world, an adaptation meant as a tool to analyze the system
and its behavior. The simplest model which still serves the research goal is the best model [46].
This chapter describes different models developed for the better understanding of the techno-
logies used during the project.
Analysis of the musculoskeletal system, the materials selected and the force sensors used to
acquire the signals is also developed.

3.2 Muscle Modeling

3.2.1 Musculoskeletal Model

A model of the muscles of the upper arm is necessary to know how much the muscle’s cross-sectional
area (CSA) is increasing and if the 3D printed sensor will elongate at the same ratio during the
muscle contraction. This model should be able to demonstrate a change in cross-sectional area
CSA of the upper arm, more detailed, the change of its perimeter.

Large-scale musculoskeletal models contain different parameters divided into categories. In-
ertia parameters (mass, rotational inertia), geometry parameters (joint rotation centers, muscle
attachments and ligaments) and muscle parameters (physiological cross-sectional area, optimum
length, and contraction velocity).

Since the sensor of this project is aimed to detect changes in muscle activity, the model focuses
on the muscle and the geometric parameters. The mechanical properties of the skeletal muscle have
been widely studied over the years to quantify its behavior with mathematical models. Fazekas et
al. [47] have classified the musculoskeletal models according to the approach of study as follows:

e Hill-type model, which is the type of model most used in biomechanics. A. V. Hill [48]
discovered the model during experimental observations. The model includes three elements;
an active contractile element (CE) in series with a passive elastic element (SE) and a parallel
passive elastic element (PE), emulating the motion of the muscle fibers and the properties
of the tendon as shown in Figure 3.1.

From the Figure 3.1 it can be observed that the input to the model in the neural input (N,)
and the output is the total force (Fiota1). With this model Hill [48] suggested that when a
neural input is maintained, the change in forces creates a change in length like a spring-like
behavior [3], this gives the derivation of the spring constant as,

k= AF/AL (3.1)
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Figure 3.1: Hills model configuration illustrating the passive series element (SE) and the contractile
element (CFE) in parallel with the passive element (PE). The model shows the total force exerted
as the summation of the force in the series element and the passive element (Fiota1 = Fie + Fpe)[3]

As the model representation shows, AL is just X, that is the summation of the displacement
of CE and SFE, X, = Xce + Xee.

When the neural input changes, the muscle shows a damping behavior [3]. The linearization
of the change of force and length is observed in short times, such as sudden change.

e Morphological models, namely, designed considering the isovolumetric property of the
skeletal muscle, the volume stays as force is applied and the muscle contracts. This force
then depends strongly on the morphology of the muscle [47]. A morphological type of model
uses the force-length relation of the muscle to predict geometrical characteristics of the
muscle, and the most common model was developed by Zajac in 1989,[4] while modifying
the Hills model to produce a musculotendinous model, the diagram is presented in Figure
3.2.
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Figure 3.2: Zajac adaptation of the Hill’s model related to the tendon length (L), the muscle
length (Ly) and the musculotendon length (Lyr). It also considers the real pennation angle for
the muscles [4]

The model presented for the muscle in this project is based on a morphological model since
the objective is to determine the geometric characteristics of the muscle. Since it is also based on
Hills Model, it will use the elements of that model to determine the length of the muscles involved
in this project.
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Muscle Force-Length Relation

An observed behavior of the muscle is the force-length relationship, which describes the phe-
nomenon where a single or a group of muscle fibers exert different levels of maximum isometric
force depending on the change in length. [Gordon et al. 1966][49].

Two underlying mechanisms affect the force-length relationship: active and passive. During
the active force-length relation, as the muscle contracts, the cells forming the sarcomeres of the
muscle (actin and myosin) overlap; the different degrees of overlapping lead to the different amount
of force generated, as shown in Figure 3.3.
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Figure 3.3: Active and Passive Force Length Relation. The plot obtained from Garner and Pandy
[5] represents the behavior of the muscle isometric force. Active muscle force in a range between
0.5 Ly to 1.5 Ly (solid line), and passive force when muscle is stretched beyond its optimal
length Ly, (dashed line).

The passive force-length relation reflects the elastic elements in the muscle. Therefore, the
passive force can be unnoticeable during small fiber elongations, but it is important when the
muscle is stretched beyond a determined length, when the passive force is produced.

Mathematical Muscle Model

Using the modified model explained by Zajac [4] and taking into account the force-length relation-
ship for a musculotendinous system, it is possible to obtain an approximation between the muscle
architecture of the biceps and the force applied during the contraction.

Garner and Pandy [5], developed a model based on Zajacs relation to finding different properties
of the upper limb. This model was able to emphasize the solution in four elements: the maximum
isometric force Fy, the optimal muscle length Ly, the pennation angle («) of the muscle and
the tendon length Lt. The diagram 3.4 shows the relation between the muscle lengths and the
force generated.

The implication of the force-length relation is that the muscle is limited by a range of length
to perform effectively, Zajac [4] determined the effective operating range of muscle between 0.5
Lyio and 1.5 Ly, demonstrating that the muscle cannot generate force beyond these lengths.

Lyrmin = Lt + cosa( Lyimin) (3.2)
LMTmax - LT + COSO‘(LMmaX) (33)

In which Lyirmin and Lymax are the minimum and maximum length of the entire muscu-
lotendon system analyzed. This valuesare calculated using the length of the tendon (Lt) and the
minimum and maximum lengths of the muscle Lyimin and Lymax respectively.
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Figure 3.4: The diagram shows the importance of the slack length of the tendon, which determines
the size and strength range of the muscle. While having a large slack length (1) the muscle
excursion is small. On the other hand, when tendon slack is small, the muscle excursion is large.
It also shows the relation to the optimal muscle-fiber length (Lyi,) and the physiological size of
the muscle [5].

It is also possible to relate the muscle’s length to the PCSA in terms of the volume known
utilizing the relation showed by Garner and Pandy [5]

LM()
Where Pcga is the physiological cross-sectional area obtained by dividing the volume (V') over
the optimal length (Ly,).

3.2.2 Circumference Analysis

Using the model of Garner and Pandy [5] it is possible to determine the length of the muscles
during contraction and relate the change in length to the change in CSA of specific muscles when
different forces are applied.

To relate the change in length to the change in circumference it is necessary to first relate the
length to the CSA analysis. The value of circumference is the one that will show if the 3D printed
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sensor can be deformed enough to produce a resistance variation.

An approximation of the muscle’s structure in the upper arm can be explained with a simple
diagram. Considering the shape of the upper arm as a uniform cylinder eases the analysis. This is
only regarding the CSA of the muscle and not the length which is obtained in relation to the force
with Zajac’s model [4]. Each muscle is shaped on its own natural form. However, it is possible
to study each muscle as cylinder-shaped and analyze the increase individually as shown in Figure
3.

5.

Veins and Fat

Figure 3.5: Approximation of the upper arm muscles, 1) shows an approximate axial view of the
muscles surrounding the humerus (upper arm bone). 2) shows a representation of cylindrical form,
two heads of the biceps, one for the brachialis and three heads of the triceps.

Poisson’s ratio

Considering the muscles of the upper arm in a cylindrical form as stated in Figure 3.5, it is possible
to compute the increase in diameter utilizing the Poissons ratio. When a rod is compressed or
elongated by a determined force (F') the change in length (AL) can be related to a change in
diameter(Ad), this relation is expressed in the Equation 3.5, and it is known as the Poisson’s

width.
Ad=—d- <1 - (1 + ALL> _U> (3.5)

Given that the skeletal tissue is essentially incompressible it has a Poisson ratio between 0.45
and 0.5 as expressed by different authors [50, 51, 52].

Modeling Assumptions

The Zajac adaptation of Hill’s model and the Poisson’s width equation for rod deformation help
to predict the increase in the size of the muscle of the arm. However, it is important to establish
some assumptions that will narrow the model:

e Only the flexion at the elbow joint will be analyzed. Considering that the change in dia-
meter of the muscles is more significant than during the extension (when only the triceps is
activated).

e When the upper arm is flexing, the muscles activated are the Biceps Bracchi and the Bra-
chialis. These are the muscles analyzed for a change in cross-sectional area.

e The pennation angle of the Biceps Bracchi and the Brachialis is no higher than 3 deg. Thus,
it can be ruled out since it does not have an impact for small distances. However, a value
higher than 10deg can change the type of muscle as presented previously in Figure 2.2.
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Considering that the values for PCSA or ACSA found in the literature are similar due to
the small angle of pennation, using either of them will deliver similar results.

Results

Garner and Pandy [5] analyzed the muscle’s architecture of the upper arm using the Zajac’s model.
They were able to calculate the length of the muscles on the upper limb, and some architecture
as its PCSA, tendon length, volume, and the max force exerted for an estimated activation.

On the other hand, [53] utilizing the Hill’s Model determined the size of the ACSA for the
same muscles. The information regarding the muscle’s architecture of the upper arm is shown in
the Table 3.1.

Volume  Fy, PCSA ACSA Muscle  Tendon i

. Length  Length

3 4 2 2\[E

f)  (N)B] (em?) (et AR FER (o)
Triceps brachii 298.2[54] 2332.9 68.3[55] 27.7 26.7[56] 19.9[57] 12.1[58]
Biceps brachii 365.8[5] 849.2  31.9[55] 11.9 28.9[56] 20.5[59] 17.9[58]
Brachialis 265.9[5] 853.7  25.8[5] 13.9 20.3[53] 1.7]

"These are the results obtained with the model of [5]

Table 3.1: Muscle architecture of the upper limb. The table presents a recompilation of different
authors that obtained information of the upper body through different studies. The measurements
are average data from male patients between 25-45 years old

Assuming that during the arm flexion the triceps and the humerus do not change their cross-
sectional area, the analysis is applied only for the biceps and the brachialis contraction.

The maximum and minimum length values of the Biceps brachii and the Brachialis can be
calculated using the relation that Zajac [4] designed. The optimal length, Ly, is taken from the
Garner and Pandy model [5].

As shown in Figure 3.5 the cylinder shape of the arm is obtained by the total values of the
cross-sectional area of each muscle plus the Humerus. Thus, the starting CSA at max working
length will be:

ACSA,tot = ACSA,Biceps + ACSA,Brachialis + ACSA,Triceps + ACSA,HumeruS (36)

This equation does not consider the fat and veins of the arm; this is because when the muscle
of the arm is contracting the fat and veins are displaced from the muscle’s belly which would be
later the most prominent point in circumference, the point measured with the FMG sensor.

With Equation 3.5 the increment on Biceps and Brachialis diameter is independently calculated
and added to the total cross-sectional area of Equation 3.6 to determine the augment in CSA.

The new total CSA represents the muscle contraction; with this value, it is possible to compute
the new circumference of the upper arm.

The Figure 3.6 shows that when the biceps brachii and the brachialis are compressed the
circumference of the upper arm increases. On the contrary, the muscle’s cross-section decreases
when the muscles are stretched, as hypothesized. After force is not exerted the muscle stops
contracting which stops the increase in circumference.

According to [61] muscle tissue can exert approximately a maximal stress of 330 kPa at optimal
length. With the contraction data, it is possible to estimate the optimal force applied during
the change of length at maximal muscle activation, utilizing the relationship between the cross-
sectional area and the force.

Fyvio = Crmax - Posa (3.7)
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Figure 3.6: Both plots show the increase in circumference while the muscle length is decreasing,
the value may differ from real due to the approximation of fat and veins in the upper arm.

Where Fy, is the force exerted at optimal length, Posa is the cross sectional area and Chax
is the muscle stress, which according to [61] the maximum muscle stress has a value ~ 330 kPa.

After modeling the change in circumference due to length decrement, the next model focuses
on the force exerted by the muscle of the upper arm during the flexion of the elbow.

3.2.3 Force Model

Muscles from the upper arm are capable of exerting a different amount of force. They produce
force when performing simple tasks, to move the arm from one place to another or to lift weights.
Muscles can only contract, so they come in pairs. In the upper arm, biceps brachii is the one in
charge of closing the limb, and the triceps brachii is the extensor which opens the arm.

The arm can be visualized as a mechanical system to ease the analysis. The muscles have a
spring-like behavior and produce a force; they are attached to the bones, not at the joint but in
a specific insertion point.

The Figure 3.7 shows an upper limb in a rest position at 90deg, with the different forces
exerted by the muscles and the loads. It also illustrates the free body diagram that can be used
to analyze the force exerted from the biceps to the arm; force used to maintain the position or
performing different actions.

The model shows four forces applied to the forearm and the load. The forces are denominated
as follows:

e Fp is the force exerted by the Biceps Brachii.
e [y is the force from the elbow joint.

e w, is the weight of the arm.

e w is the weight of the load.

Since Fp and Fg are unknown, it is necessary to take the elbow joint as the pivot to calculate
Fg. The relation of the torques then states as follows:

dow, + dsw, = d1 Fg (38)

If the angle of the forces is different than 90 deg, then it is important to consider that sinf is
included in the relation. The equation then becomes as follows:
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Figure 3.7: Free body diagram of the arm, while holding a load.

sin(f2)daw, + sin(fs)dsw
Fg = .
B sin(@l)dl (3 9)

This equation makes possible to calculate the force that the biceps brachii is exerting with
different weights. If the angle changes, the force exerted is also modified. The length of the biceps
muscle is adjusted to the movement, and the force provided depends on the length; when the
muscle is shorter, the force is smaller than when it is stretched [62].

3.2.4 Circumference as a measure for muscle contraction force

After evaluating a model of the force that the muscle can exert with a load and with an approx-
imation of the increase in circumference due to the muscle contraction, it is possible to determine
the relation between the force exerted and the change in the cross sectional area of the muscle.

For the evaluation of the muscle’s length, the values considered were in the range of 0.5 Ly,
to 1.5 Ly, of the optimal length. If the value of 330 kPa [61] of stress is used, it is possible to
use the force values obtained in the previous model to determine the cross-sectional area, utilizing
equation 3.7. This way, relate the force applied by the muscle when contracting to the change in
circumference.

The Figure 3.8 shows a decreasing force when the circumference of the arm is increasing, which
is an expected performance [63]. The muscle exerts the highest force at a maximal length, and
the force decreases as the muscle shortens.

The change in circumference is proportional to the change in length. When the circumference
of the arm is at maximum the muscle is contracted to is minimum optimal length, which results
in a minimal force exerted.

However, it is important to mention that the force model is for an elbow flexion of an arm
with a load of 3kg. For this reason, a stress value of 330 kPa was not necessary. Instead, the ideal
change in circumference was obtained with a muscle stress of ~ 30 kPa.

The force exerted by the muscle is enough to increase the circumference of the upper arm. The
next model is to determine if the material can deform to the same extent as the muscles of the
arm.
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Figure 3.8: Change in force related to the increase in circumference of the upper arm. Left plot
shows the absolute values and right plot shows the fractional change.

3.3 FDM Filament Model

According to the model of the previous section, the muscles of the upper arm can sufficiently
expand their circumference. Then, it is necessary to model the sensing material used, to investigate
its mechanical and electrical properties. This way determine if the strain gauge is able to expand
at the same ratio at the muscle. The following model will represent the change in shape of the
material as stretched and its electrical behavior during the deformation.

3.3.1 DMaterial Properties

When the muscles of the upper arm are contracted, its circumference increases approximately 9 %
as shown in the Figure 3.6. The conductive filament in its original state has a maximum elongation
of 225 % according to the provider [39].

Thus, modeling the filament will show the change in resistance due to the stretching in its
original conditions. The equation 3.5 from the Poisson’s width can be used to compute the change
in diameter of the filament.

The analysis fo the model should be made on a piece of material with the same dimensions as
the original filament. Thus, the material has a diameter of 1.75 £0.05 mm and a length of 50 mm
and has a Poisson’s ratio between 0.45 and 0.5 same as the dielectric material (Ninja Flex) [64].

Procedure and Results

If the elongation of the material is & 9 %, the final length will be of 54.5 mm. With this information
it is possible to calculate the change in resistance utilizing the relationship between the area of
the conductive material and its resistivity. The electrical resistivity is a property that quantifies
how strongly a material opposes to the flow of electrical current [65]. The electrical resistance of
an object depends on two factors: the material it is made of and its shape. For a specific material,
the resistance is inversely proportional to the cross-sectional area and proportional to the length.
Thus, the resistance is given by:

L

(3.10)

Where p is the resistivity in Qcm, L is the length of the gauge, and A is the cross-sectional
area. The electrical resistance of the filament is expected to be greater for a more extended piece
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of filament and less for a filament with a more extensive cross-sectional area. The factor that
considers the nature of the material is the resistivity p, and at a given temperature it can be used
to calculate the resistance of the filament with a defined geometry.

While the filament is stretching, the resistance is expected to increase due to increase of the
length, and the reduction in the area of the filament. Additionally, there may be a contribution
from the change in conductivity when the material is strained, the piezoresistive effect. In total
small strains € are found:

R OR OR

AR AL AA Ap

"L ta T, (3.12)
AR 19
T =Lt (2veL— ) + Ea?pLEL (3.13)

If the material is considered incompressible, the strain is small and the piezoresistive effect is
absent. It is possible to calculate the Gauge Factor (GF) from this relation, which indicates the
ratio of relative change in electrical resistance due to mechanical strain as in Equation 3.14

AR
R
L
On the other side, an approach with a large strain including the piezoresistive effect, it is
represented by:

AR\ pL
Ry )

R=R, (1 +o2) =
mwr
_ po(1+ poer) - Lo(1 +ep)
- mra3(1+er)?
(1+ poer)(1 +er)
(1 — I/€L)2

=R, (3.15)

AR (1+poen)(1+eL)
R 1 (3.16)

From the latter, it is possible to plot different expressions. The Figure 3.9 shows the calculation
of %f assuming a v = 0.5. The behavior observed in the plot is obtained with and without
considering the piezoresistive effect. It is possible to observe a linear behavior when the material
input is neglected in %.

It is possible then to use Equation 3.16 to compute the resistance change of the filament and
to determine its material and geometric contribution.

Figure 3.10 shows the change in resistance of the filament decomposed. As expected the
geometric input gives a GF ~ 2 while material input which considers the piezoresistivity of the
filament for a large strain, gives a negative behavior.

According to the model, the resistance of the filament decreases due to the negative piezores-
istive effect. However, this is only during small strains. When combining both inputs in the
evaluation of the filament, the result shows a mixed behavior as shown in Figure 3.11.

For an elongation of 9% when the strain is small, the resistance decreases, however after the
elongation of the material reaches a determined value the resistance increases again. The value
where the resistance begins to increase will depend entirely on the electrical properties of the
filament.
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Figure 3.9: Various expressions from the Equation 3.13", calculating %{f assuming r=0.5 with
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Figure 3.10: Geometric and Material inputs in the resistance value when the filament is elongated
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Figure 3.11: Combined contribution in resistance behavior during the elongation of the conductive
material.
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3.3.2 Strain Gauge Model

It is important to acknowledge that, due to 3D printing, the material will not have the same
electrical properties as in its original state. Figure 3.12 shows the first design of the strain gauge
to be 3D printed. Similar behavior is expected, however, since the material is exposed to high
temperatures the absolute values of resistance may change.

Modeling Assumptions

The strain gauge, as shown in Figure 3.12 has 55 mm of length and 22 mm in width. The layer
used to print it is of 0.15 mm width, and the thickness of the gauge is 0.5 mm, and the conductive
part of the gauge is composed of three layers.

The conductive material printed on the strain gauge has a total length of 400 mm, due to the
8 lines printed, with a line width of 3 mm.

Figure 3.12: Strain gauge first model

The gauge will be analyzed using the same principle as the filament using the Poisson’s strain
with the equations 3.17, 3.18 and 3.19.

These equations represent the strain in the transverse direction and the strain in the longitud-
inal direction, as illustrated in Figure 3.13.

eL = AL/L (3.17)
er = AD/D (3.18)
ET
__¢r 1
v - (3.19)
[N/
e LAY,
/

Figure 3.13: Diagram that represents the behaviour of the material while stretched based on the
poisson strain.

Since the Poisson’s ratio and the change in length are known data, it is possible to calculate
the transverse strain. Then, the reduction in area is computed for a stretching of the strain gauge.
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After calculating the change in area and length, the remaining unknown factor to calculate the
resistance is the resistivity of the material.

The resistance of the strain gauge can be expressed by two different inputs if the equation is
modified. The original equation for the resistance is the one showed in Equation 3.13 where p is
the resistivity in € cm.

From this relation, under strain, the fractional change in R is obtained by taking the total
differential [66], stated in Equation 3.11. Which lead again to the Equation 3.16 previously de-
termined. This equation used to calculate the changes in resistance of the strain gauge considering
the piezoresistive effect of the material.

Procedure and Results

After completing the analysis, Figure 3.14 shows the relation between the change in resistance and
the change in length.

As expected the resistance computed has the same behavior than the filament. In this case, the
plot only shows the fractional change in resistance for an elongation of 9 % to predict approximately
the values expected during the experiment.

The plot shows enormous changes for the small strain. This change is negative due to the
material input at the beginning of the strain, and the values depend solely on the electrical
properties of the material.

Since the sensing material is larger in the strain gauge than in the filament the piezoresistive
effect contributes more to the resistance values than the geometric input. Thus, the negative
values can be observed for an elongation of 9 %.

Change in Resistance
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Figure 3.14: The change resistance considering the linear contribution of the of the strain gauge
and the input of the material electrical properties according to Equation 3.16

The real behavior of the strain gauge depends on many different factors. Since it is a 3D
printed object, the resistance is dependant on the electrical properties of the material, the type of
manufacturing, and the electrical interface.

The temperature is a factor that affects the resistance in semiconductor strain gauges. However,
this factor can be neglected or modified by using different arrangements in the connection of the
gauge.
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These features can be optimized to decrease the variations in measurement. Thus the next
chapter is meant to standardize the manufacturing of the strain gauge to obtain equivalent per-
formance through different prototypes.

3.4 Conclusion

The importance of the models takes place in the prediction of the behavior of the systems. The
muscle model showed that, as expected, when the arm is shortening it produces an increment in
the cross-sectional area. When the length of the muscle is reduced to the minimal optimal length,
it is possible to observe an increase of 9% in the circumference of the upper arm. This percentage
is useful information to calculate if the material and the 3D printed sensor can stretch at the same
ratio.

The model that analyzed the relationship between the change in circumference and the force
exerted by the muscles during a concentric contraction suggested that when the arm is producing
the lowest force, the contraction of the muscle is more prominent. This result is due to the change
in length of the muscle. This model is then representing the force exerted by the muscle through
the change in circumference. This way is possible to prove that the change in circumference of the
band will be able to detect the contraction of the muscle through the muscle force.

The models regarding the filament indicated the high contribution of the properties of the
material to the resistance output. Geometric properties affect the measurements of the material.
However, the piezoresistive effect of the filament may have higher contribution than the shape of
the material at small strains.

The strain gauge model suggested that it can perform similarly to the filament. Nevertheless,
since the strain gauge has more conductive lines of material, the absolute values of resistance
may be higher and the input of the piezoresistive effect more dominant through relatively longer
elongations.

The model of the strain gauge also suggested noticeable changes in resistance, which will ease
the signal acquisition and postprocessing.

Nevertheless, despite the significant readings, the value of the resistance is high. Therefore,
it is essential to improve the design of the strain gauges according to the possibilities of their
geometry, to enhance the electrical characteristics of the sensor.
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Design

4.1 Introduction

The present chapter presents the process followed to improve the performance of the strain gauge.
Currently, Figure 3.12 shows an 8-line strain gauge of 55 mm long and 22 mm of width. And most
of its performance is attributed to its geometry, the resistance of the gauge depends not only on
the material properties but also on its shape. The objective of optimizing the design is to reduce
the absolute value of the resistance in its natural state, to allow the use of a constant current
measurement without having using high voltages, and to improve the changes in the resistant
when is stretched, which is the target value measured necessary to detect the muscle movement.
This process will be performed while configuring the parameters of the 3D printer and testing
different designs of the technologies.

4.1.1 Material

The sensor is made of two materials, one for the base, and one as sensitive material. The primary
material and base of the strain gauge is the NinjaFlex which is a flexible dielectric filament made
of TPU. It has a melting point between 200 °C and 230°C and it is fabricated by the company
NinjaTek.

The second material is the PI-ETPU 95-250 (ETPU) a flexible conductive filament made with
a rubber-like structure with a carbon black filler bound to the base polymer. This filament is
fabricated by the Palmiga Company; its melting point is between 190 °C and 220 °C.

Both materials have similar Young Modulus (~ 12 MPa), which improves the performance of
the sensor since it will deform approximately at the same ratio. The relevance of this property
lies in the elastic deformation, both materials will return at its original form after elongated at
approximately the same ratio.

4.1.2 Printing Specifications

The material will have the best performance when printed under the best conditions. Frequently,
the provider of the material proposes specific configurations for the printer, such as temperature,
layer height, the velocity of printing, among others.

Although the specifications suggested for the NinjaFlex worked correctly during the printing
process, and the dielectric material was printed with good quality. When the first prototype
was tested with the conductive ETPU, the resistance was higher than expected. Therefore, the
following changes to the configuration were tested:

e Lower the temperature of the printing to around 200 °C.

mm
min °

e Reduce the velocity of printing to around 900
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o Try different sizes for the layers to increase the cross-sectional area of each line printed.

Using a low temperature and a low velocity for the ETPU improved the lines of material, they
were more continuous, showing the material less brittle after printed. Changing the size of layer
did not affect the printing since the layers were small enough already. Regarding the resistance
values, the conductivity of the material remained the same as before the changes.

4.2 3D Printer Configuration

The 3D printer used for this research to manufacture the sensor is a Flashforge Creator Pro [67].
Flashforge has two extruders which allow printing two-material objects easily. It is optimized with
a fully enclosed chamber that eliminates temperature interference from the exterior environment
and stabilizes the printing temperature for accurate prints. However, the extruder that comes
with the printer is dedicated to non-flexible materials such as PLA or ABS. Thus, it was necessary
to modify it to use a different extruder able to print flexible filaments.

The selected one was the Flexion Extruder [6], a high-speed printing extruder for ultra-flexible
filaments, down to 60 ShoreA. It contains a brush that is constantly clearing the drive roller of
plastic shavings, which allows less material to be scraped while printing and keep the teeth of the
extruder sharp.

The Flexion Extruder uses a high-stiffness lever to compress the filament. The compression
is controlled with a cam and adjust screw, rather than the traditional spring. This configuration
increases the tension and improves the control over the tension. Figure 4.1 shows the design of a
dual Flexion Extruder.

Gl

T
E

“FLEXIONHT.

Figure 4.1: A dual Flexion Extruder that allows better control of the flexible filaments. Image
obtained from [6].

3D printing could seem straightforward. However, every parameter set for printing affects the
result of the object desired. 3D printing involves several features and characteristics that allow the
user to customize the objects and devices further. For this purpose different specifications of the
printing have to be taken into account. Various tests were performed to maximize the advantages
of the 3D printing and to determine the specific configuration necessary to obtain high quality
printed objects.

4.2.1 Infill

One of the essential properties of the 3D printing is the infill parameter. A 3D printer extrudes
lines of material in X and Y making discrete steps in the Z direction. This procedure causes that
in every layer the 3D printer has to fill the object with a specific pattern, this is called infill. There
are four main shapes of infill. The grid, rectilinear, honeycomb, and triangular. Using the optimal
temperature selected for both materials, different patterns of infill were tested.

The same object was printed utilizing the different types of infill. This way it was possible
to verify if different patterns result in improvement of the printing quality. Figure 4.2 shows the
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design printed, the orange part is the NinjaFlex, and the black part is the ETPU, four types of
infill were printed in both sections at different velocities between 1000 = and 2000 T==

min *

Figure 4.2: Object to test the different types of infill.

The results showed that the variation of velocity do not have a significant impact on the
final object. At lower velocities, the line of printing seems to have a better resolution, but the
improvement is not as significant compared to the higher velocities but the time of printing is
considerably more.

The honeycomb and the triangular patterns are not suitable due to the shape of the line.
Since the ETPU filament will be conducting, the diagonal lines of those types of infill increase
the electrical resistances of the object, thus, are less suitable for the intended objects. It was
concluded that the line form created by the rectilinear infill is the most adequate for the objects
printed. It helps the printer to produce a pattern of straight lines that improves the conductivity
of the ETPU and merge the material layer by layer.

4.2.2 Line Width

Some objects are printed with small spaces in between the lines. The smaller the size of the
nozzle the thinner lines can print. A good knowledge of the smaller size of line printable helps
to avoid unconnected lines in the objects. Since the material used is conductive, the influence
of the continuity of the line is rather high. It is necessary then, to maintain the lines without
interruption. Thus, various sizes of line width were printed to determine the smallest continuous
lines possible.

The diameter of the nozzle for printing the NinjaFlex is 0.6 mm, for the ETPU this is 0.8 mm.
The 3D printer has a parameter that allows to increase the expansion of the filament when it
comes out of the nozzle, denominated extrusion multiplier. If the printer is well calibrated and
the extrusion multiplier is set to 1, the line printed with ETPU will be of 0.8 mm width (same
size as the diameter of the nozzle),if it is set to 1.5 the line would be of 1.2 mm approximately.
Since the NinjaFlex is the base material, its lines will not affect the performance of the sensor.
Nevertheless, the lines of the ETPU must have an excellent line width to improve the conduction.

The primary objective is to detect the minimal amount of printing distance to provoke a
separation between lines. Lines multiples of 0.8 mm were printed in a NinjaFlex base to detect
optimal spacing; the line width varied from 0.8 mm to 3.2 mm with a extrusion multiplier of 1.

Figure 4.3 shows the object designed. After printing it was observed that the lines of 0.8 mm
are not printed, this is due to the extrusion multiplier, even using the value of 1 the printer could
not print a line of the desired width. However, lines of 1.6 mm, 4mm and 2.4 mm are printed
correctly and with good quality. The 3.2mm shows a small distance between the lines which
indicates that they were printed separately without filling the space between them.

4.2.3 Parallel Lines

Since the conductivity of the object is dependent on the line width, it is possible that the resistance
increases when the infill is not uniform. Therefore, printing small parallel lines seems like a better
approach. The lines are designed to be printed slowly, straight and the same size as the nozzle
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Figure 4.3: Comparison of the trial with the desired design for testing different types of linewidth.

(0.8mm for ETPU), this way the infill property of the 3D printer is avoided. The design is showed
in the Figure 4.4

Figure 4.4: Figure of the trial lines that were tested. 1) is the printed structure and 2) is the
design desired.

A group of four parallel lines forms the path of the lines. The conductivity of the lines printed
cannot be interrupted due to disruptions of the infill pattern. As expected, the resistance of the
lines in the object decreased and became more constant through different printed trials, showing
consistency through prototypes. After establishing the configuration for high-quality printing, the
next step is to design the force sensitive devices that are going to be part of the final device.

4.3 Strain Gauge

Strain gauges are a simple form of sensor, with the capability of obtaining considerable readings. It
measures the strain of the device due to stress applied; stress in the form of stretching or bending
to produce the deformations. As a mechanical sensor, it can be used as an indicator of force,
bending, torque, pressure, acceleration, etc.

Methodology

It is necessary to set a methodology for designing; this process helps to detect the early problems
and to focus on the requirements of the device. The Figure 4.5 shows the design methodology
followed for each technology.
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Figure 4.5: The methodology for the process of designing new objects.

Specifications and Requirements

Strain gauges could have different applications. When designed, it is possible to focus on some
properties of the device to improve different qualities. Therefore, it is important to set the re-
quirements of the system and its geometric specifications [25].

Requirements

Capacity to measure strain. Although it is evident, the system should be able to measure
strain under static and dynamic conditions.

Small size and weight. The device should be small in size to ease its mounting, and with
a low weight, so the inertia is negligible when measuring strain during dynamic conditions.

Temperature independence. Even if it is a difficult requirement to achieve, it is import-
ant that small variation of temperature doesn’t affect the system on a large scale.

Linear response to strain. Linear relation between unit change in resistance and change
in strain, providing a constant sensitivity

Low cost. Since it is a 3D printed device, the cost is already low compared to the production
of other strain gauges.

Adequate electrical connections. The device will perform near the human skin, thus,
as a safety measure, the electrical interface should be secure to avoid disconnection during
movement.

Specifications
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e Adaptable to the arm. The device has to be long enough to adapt to the arm in size and
it should be comfortable to wear.

e Flexible. Even if the material is flexible already, the thickness of the strain gauge has to
be wide enough to avoid failure but flexible to improve the measuring.

e Low resistance values. To be able to perform a safe reading for the user the resistance
values should be low. The common way to measure a strain gauge depend on the voltage
and the current applied to it. This values must not exceed the safety guidelines [27].

¢ Repeatable conduction. The lines of the sensitive material should be printed correctly. If
the material is brittle or not continuous, it can produce unnecessary and inexplicable changes
in resistance.

4.3.1 Prototypes

The first approach was to design a strain gauge of 30 mm long, 20 mm wide, and 3 mm of thickness
with the connections on the top and bottom as Figure 4.6 shows. The lines of the resistance
were in the middle of the material. The result was a resistance value of ~ 80 M) and the
measurement did not show repeatability. Thus this prototype did not fulfill the requirements.
Since the gauge was about 3 mm thick, it had restricted flexibility while bending it. Thus, there
were some modifications to the design.

30
20

Figure 4.6: First design of the strain gauge. Dimensions in mm

The second design was slimmer than the first, the thickness was reduced to 2 mm considering
both materials, the length was increased to 55 mm, and the width was also increased to 30 mm.
Figure 4.7 shows the second model with improved flexibility; the first prototype had the lines
correctly printed, without bleeding.’

However, the lines were too narrow causing an increased value in resistance, and it did not
show repeatability during several printings. It was necessary to redesign and to try a different
approach to reduce the absolute resistance value of the strain gauge.

The second model fulfilled almost all the specifications and requirements; the only characteristic
left was a better conductivity. The absolute value of resistance of a 3D printed strain gauge
depends mostly on the geometry of the conductive material, and the method of printing. Since
the configuration of the 3D printer was already optimized, the geometry of the strain gauge was
tested to improve the results.

1Due to the nature of the FDM’s extrusion mechanism, the material is continuously near the melting point at
the edge of the nozzle. This state can cause the material to leak while printing. During multi-material objects, one
material can ”bleed” on top of other leaving marks. This condition is called ”bleeding.”
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Table 4.1: The eight different prototypes vary only in line width and line shape. All the models
have the same base measurements and the same length for the sensitive material. The conductive
material was printed at 1500 mm/min with a layer height of 0.15 mm for a complete thickness of
0.5 mm.

Different designs were proposed using the base dimensions of 65 mm of length, 25 mm of width
and 1.5 mm of complete thickness. Table 4.1 shows eight different models of strain gauges. Its
behavior was analyzed to test the the requirements established for the strain gauge. The readings
were performed with a 4-probe measurement at a constant 1 pA utilizing a multimeter Keithley
2000 [68]. The values compared were the absolute resistance (M) and the fractional change (
AR/R) for an elongation of 9 %.

e As expected the resistance values were higher in the gauges with thinner lines, due to the
smaller cross sectional area.

e The round corners did affect in small proportion the resistance values; this is because the
continuity of the lines in the curves is not efficient, even after printing at slow velocities.

e The shape of the gauge affects the resistance related to the length and area of the conductive
material. However, the difference is not remarkable except for the 5th and 6th models which
has the thinnest line width as shown in 4.1.
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In the end, the model of the strain gauge number 3 was selected. Since it showed the lower value
of absolute resistance and the higher change due to deformation. The final model was adapted
to have connective points to ease the electrical interface. The Figure 4.8 shows the model of the
strain gauge selected.

0
-

Figure 4.8: Strain gauge final design

4.4 FSR

After the strain gauge was optimized, the next step was to analyze the functioning of the FSR.
The force-sensing resistor is a button-like sensor, that when pressed, makes contact and increases
contact area between its layers, allowing to conduct current through its layers. The FSR is a
useful type of sensor that, when well designed, can detect useful insight on the muscles during
force myography, as showed by previous research [20, 44].

Requirements

The following requirements were suggested to develop a 3D printed FSR: [23]

e Size. The FSR will be used to detect the pressure of the more prominent part of the muscle
when contracted, the belly of the muscle. The FSR should be large enough to detect the
muscle movement, but small to fit the upper arm without being uncomfortable.

e Reproducible technology. A constant behavior is expected, the device should provide a
consistent force distribution to be able to calibrate the resistance changes on the FSR [69].

e Optimal electrical interface. The electro-mechanical connectors should be considered at
the moment of designing, so there is no excessive space used afterward.

e Sensitivity. The resistance of the FSR will tend to drop quickly at first and then more
slowly as the spaces of the FSR are being compressed. This behavior is advantageous to
cover an extensive range of force values, but also makes the FSR very sensitive to light
touches. By using a voltage divider, the FSR output can be linearized, and the gain could
be used to increase the FSR’s effective range [70].

4.4.1 Prototypes

Considering the requirements, some prototypes were designed based on the functioning of a push
button. The first design is formed by a base made of ETPU, separated by a small space of
NinjaFlex, closing the device with a top part of ETPU. When there is pressure applied to the
device the resistance should decrease, since the top and the bottom layer are in contact.

Figure 4.9 shows the first prototype of the FSR sensor. The design included a cup and a base
of conductive material. However, due to the lack of support and the small dimensions, the top
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cup failed to maintain its form. Low velocities and different types of infill were used to assist the
bridging between the structures of the FSR, still a new design had to be proposed.

Figure 4.9: First prototype of the FSR sensor.

The second prototype was designed with a cut on the sides to allow the printing of support
lines in the middle of the device. The lines were thin allowing them to be removed after printed,
the cup size was increased to maintain its shape after the support was removed, and the base was
bigger to provide stabilization to the area of pressure. These new features are illustrated in Figure
4.10

However, the support lines did not work as expected, and it was more difficult to remove
them. The top and bottom layers were always in contact, or never released. Different positions of
printing were tested without favorable results.
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Figure 4.10: Second prototype of the FSR ~ Figure 4.11: Third prototype of the FSR
sensor, with support lines to be later removed ~ sensor, printed with a different orientation.

The third prototype was turned 90 deg in X-axis to manage a stable printing. This way it was
possible to leave a small space inside the half-circle of the FSR.

Nonetheless, this prototype failed to achieve the dimensions, since the base of 2 mm was big
enough to start to feel uncomfortable when pressed against the upper arm skin. This size was
without considering the electric connectors.

Some remarks are worthy of mention after testing the FSR. The force sensitive resistor is
a valuable sensor that can efficiently provide relevant information about the muscle contraction.
However, the many trials indicated that it was not possible to obtain designs that could be reliable
fabricated by 3D printing. The printings did not have a good quality at reduced distances, and
the small size of the device was an important characteristic.

3D Printed Sensor to Detect Muscle Contraction by means of Force Myography 39



CHAPTER 4. DESIGN

Technologies Comparison

Lastly, a comparison between the two sensors was made to decide which technology would be more
suitable for the final device. Table 4.2 shows the contrast between the main characteristics of the
technologies.

The size and weight of both sensors were adequate. The size of the strain gauge was more
adaptable to different conditions, and the first design of the FSR was small enough to be used on
the skin combined with other sensors. However, the installation of the FSR was more complicated,
and the conductive material would be in contact with the skin all the time; which also affects the
electrical interface. Meanwhile, the strain gauge proved to have a satisfactory electrical interface,
and it was quickly adapted to the band in the final sensor.

Finally, the response of both sensors was linear. The strain gauge increases as its stretched
and the FSR changes its conductivity accordingly to the pressure exerted on it. However, the FSR
did not show repetitive behavior during the different measurements.

Strain Gauge FSR

Size and Weight X X
Installation X
Electrical Interface X
Linear response X X

Table 4.2: Comparison of force sensing technologies.

The result of the comparison shows that the FSR was more suitable to provide information
about the activation of a specific muscle, since it can detect light pressure applied. However, the
prototype did not work as expected due to difficulties on the fabrication. The strain gauge showed
information of the general activation in the muscles of the upper arm. The size of the strain
gauge is more adaptable to the circumference of the arm than the FSR, and it shows changes
in resistance when stretched. Finally, the electrical interface of the strain gauge was printable
without the necessity of any additional procedure after printing, while the FSR prototypes did
not have any proper connection for the testing.

A combination of both technologies was not considered, since using the strain gauge alone would
provide enough information about the arm for this project. The FSR could be a valuable addition
because it provides specific information about each muscle. However, it has to be redesigned to
avoid contact of the conductive material with the skin of the subject.

The FSR alone could be an excellent tool to categorize the muscles activated while contracting
the upper arm. For this reason, it could be considered in the future work as a combination of both
technologies.[40, 21, 43]

4.5 Band

After having selected the main sensing technology of the device. The next step was to set some
guidelines to design the final sensor.

The sensor was aimed to work on the upper arm. The muscles conforming this part of the
body, are in constant movement, and therefore in continuous deformation.

Guidelines

The guidelines below areuse by Gemperle et al.[71] to design wearable systems, and are an indic-
ation of the features to consider when designing a new device used in the human body.

e Placement. It is important to consider where is going to be attached the device.

e Form. Defining the shape of the device will help to improve the design.
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Human movement. Consider the dynamic structure of the human arm.

Proxemics. Acknowledge of space of the user, space where the arm moves.

Sizing. How is it going to adapt to different sizes?

Attachment. Method to attach the device to the arm.

Containment. Considering the sensors that will be included in the device.

Weight. The weight of the device should not hinder the movement or balance of the arm.
Interaction. The way the user interacts with the device.

Heat. The human body is sensitive to products that create, focus or trap heat.
Aesthetics. Shapes, textures, and colors dictate the perception of the device [72].

Long term use. If the device is used for a extended period, consider the effect on the user’s
arm.

Considering the guidelines, it was possible to detail a description of the functioning and char-
acteristics of the sensor.

The sensor will be attached to the upper arm with a band shape made of flexible material.

The contraction of the upper arm will increase the cross-sectional area when the length is
reduced. This action will stretch the band around the arm causing a stretch in the strain
gauges.

The band should be tight enough to avoid slipping but be comfortable at the same time.
The band should be adjustable to the circumference of the upper arm.

After several hours of use the device can start feel uncomfortable, therefore, it is important
to design the band adjustable for a better comfort.

Characteristics

The characteristics required for the band were selected after the guidelines To detect the most
significant qualities that the band requires:

Thickness. The band should be thin enough to allow its deformation when stretched along
the muscle of the arm.

Width. The width of the band depends on the strain gauge. However, extra space should
not be necessary, since the strain gauge is already optimized. The slimmer the band, the
better will adapt to the arm and be more comfortable.

Adjustable. The arms are different for every user; the band must be able to adapt to the
size of the arm for each subject.

Electrical Interface. The wires connected to the band should allow free movement of the
user and be easy for the researcher to adjust.

Stain-gauge built-in. The strain gauge selected should be built in the band and not attached
to it; so the deformation of the band is the same as the strain gauge, and the readings are
as accurate as possible.
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4.5.1 Prototypes

The prototyping started after organizing the characteristics desired. It is important to mention
that the first designs of the band were made in parallel to the strain gauge analysis. Some of the
first designs do not include the final version of the strain gauge presented previously.

The first proposed design was a full band with strain gauges on the external face. The band
would be placed on the outside of the upper arm as an accessory and be positioned over the
muscles measured. The thickness of the band was 5 mm, and it was intended to be printed in one
piece.

152

| Gl |

140

Figure 4.12: First design of the band proposed
using a support base.

Figure 4.13: First design of the band proposed
without support base.

The first prototype had 3 mm of width; this caused a challenging printing without supports,
even at lower velocities. The gauges were also losing contact at the first layers due to bleeding of
the nozzles. After noticing these errors, and due to the lack of stability while printing, the design
had to be changed.

The next approach was to reduce the width of the band while adding support for the base to
be printed. Besides, a change of the band’s shape was implemented to reduce variations during
the printing.

Figure 4.12 and 4.13 show the first prototype, using a support base on the left side and without
support base on the right side. Unfortunately, in both prototypes, the band was not adjustable
and impossible to fit for some users. The gauges on the side were uneven due to the position of
printing, causing interruptions on the printed lines for the conductive material.

The next design was meant to be formed by two pieces to add adjustability. The Figure 4.14
shows the small band with the strain gauges built into the lines; this was to avoid the ”bleeding”
at the moment of the printing and to obtain a continuous line of the conductive material. The
hole in one side of the object is planned to allow strapping the second part of the band. The
elevations on the other superior face are intended to lock the band in different positions.

However, the thickness of the band was around 4 mm which did not allow the band to stretch
or to deform; this was not noticed in the first prototype because it was printed as a circle, which
could be deformed easily. The strain gauge in the middle of the band was not deforming correctly,
so the values read for the resistance were not consistent after several measurements, the values
varied in range of +4 MQ.

The third design proposed changed the dimensions of the band. The thickness was reduced to
a 1 mm, this way the band would stretch with the arm correctly. The strain gauges were printed
on the top face of the band, which allows printing the lines correctly, with appropiate resistance.
This change would also allow adding a connection method for the electronic interface.

The band was divided into two parts which will later be attached using metal pins. This way
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30

Figure 4.15: Third design of the band proposed.

the manufacturing of the two separate pieces would reduce the possibility of error, and correctly
printed would increase the stability of the measurements. One part of the band comes with a hole
to close the band and adjust it to the size of the user’s arm as shown in Figure 4.15.

4.6 Final Design

The final design of the band includes four strain gauges of the optimized version, intended to have
accurate electrical measurements. Two of the strain gauges are stretched along the band, thus,
when the band is stretched the strain gauges will measure the increase in circumference due to
muscle contraction. The other two gauges are in opposite direction to the band, oriented to the
perpendicular part of the stretching, this way when the band is stretched the resistance values
of this two strain gauges will remain almost constant. Each strap of the band contains one large
strain gauge and one short perpendicular. By using a Wheatstone bridge as an electrical circuit,
the use of the four strain gauges allows to compensate for temperature dependence and improve
the reading to a linear, constant and stable measurement of the gauges.

The four strain gauges have four small holes to introduce electrical pins for a 4-point resistance
measurement. This way the connection is stable and allows movement of the arm which eases the
data acquisition during the experimentation.

One strap of the band has a hole to introduce the other part of the band. When the second
part is introduced, it can be locked with a button-like system of six holes. The band is adjusted
and then locked in the desired position.

The band was designed as a two-part system to allow an extra third part in the middle. Some
users are more muscular than the average, which increases the size of the biceps. Hence, an
extension of 3 different sizes was designed to be used if needed.

Figure 4.16 shows the final design of the band with the optimized strain gauges, and Figure
4.17 shows the measurements of the band when designed.
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Figure 4.16: The selected design for the band contains different extensions allowing the sensor to
be adapted to different users.

The final band without extension has a lenght of 33.2 mm, which after locked gives a circum-
ference of 29 mm, the average size for the upper arm.
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Figure 4.17: Measurements of the final band including the optimized strain gauges.

The next chapter will describe the experiments performed in the bands and the sensor techno-
logies used.

4.7 Conclusion

Designing the FSR and the strain gauge previous to the band was a wise decision. It allowed to
compare the advantages of both sensors and to optimize the mechanical and electrical character-
istics individually.

The information about the human arm needed for this study could be obtained by the use of a
strain gauge alone. Therefore, it was not needed to include an FSR in the final design. The band
seems to deform as needed, and the next step is to test the changes in resistance due to stretching
in different environments and conditions.

The strain gauge designed showed the importance of the geometric qualities of the device. It
has been demonstrated that the resistance of the conductive material depends on a significant
scale on the design, the width, lines, and infill of the printing. The different designs of the strain
gauge suggested that the more narrow the area is, the more resistance is obtained.

The final design of the FMG sensor band reads consistent values of resistance, showing repeat-
ability through different prototypes, and it is ready for the experimentation.

The following chapter presents the experimentation of the technologies and the clinical assess-
ment of the FMG sensor.
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Chapter 5

Experimentation

5.1 Introduction

The previous chapter gave an idea of the behavior of the technologies used in this project, this
chapter will be dedicated to the experimental determination of the performance of the used ma-
terial and fabricated devices, as well as with a comparison with the models introduced in the
previous chapters. The experiments consist in testing the relationship between the elongation and
the changes in resistance of the various systems.

5.2 Filament

The initial experiments are performed on the conductive filament, due to its importance in a 3D
printed device. This material will show changes in its resistance properties when stretched. There-
fore, some experiments were performed to analyze the change in resistance during the elongation
of the material.

5.2.1 Setup

The first experiment is using a piece of uprinted filament, a piece of PI-ETPU 95-250 Carbon
Black (ETPU). The raw material has dimensions of 50 mm length and diameter of 1.75 mm, and
it was stretched during different conditions to observe the properties of its resistance.

The filament was attached from one side to a fixed part and on the other to a sliding rail. A
motor pulls the rail at 6 ==.During the stretching of the filament, its resistance is obtained by a

multimeter Keithley 2000 using a four-point measurement. The multimeter provides a constant
current of 6 pA. Figure 5.1 illustrates the setup where the filament was attached.

To Multimeter To Multimeter
Fi[ament
= Stretching
) bt
Sliding Rail Motor

Figure 5.1: Setup used to stretch the filament while testing the resistance changes.
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The following tests were performed on the filament:

e The filament is stretched 9 %.
e Three samples of the filament are stretched up to the breaking point.

e Two samples of the filament with the same geometric properties are stretched and released
5 times.

These three different tests will help to understand if the filament can be elongated enough com-
pared to the muscle’s change in cross sectional area. They will show if the material properties differ
from sample to sample, or if it is constant through the entire batch of material. Moreover, finally,
these experiments will demonstrate the performance of the filament during extreme stretching.

5.2.2 Results

For the first experiment, the sample of the filament was stretched 9% to determine its change in
resistance. It was noticed that the resistance decreased during the stretching. The model predicted
an increase in resistance due to a reduction of diameter in the filament.

However, the initial absolute value of the filament was around 4.2 k{2, and it decreased almost
25%. Figure 5.2 shows the measurement results of the filament when exposed to stretching.
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Figure 5.2: Resistance measured while filament  Figure 5.3: Computed resistivity of the fila-
is stretched 9% ment tested

The decrement in resistance could be related to the input on the material’s resistivity. As
showed in the filament model of chapter 3 Figure 3.11. The model showed that for small strains
the piezoresistive effect had more impact on the resistance of the material than the geometric
change.

To corroborate if there was a negative resistivity as the assumed in the model of the filament, the
resistivity was computed using the Equation 3.13. Figure 5.3 shows that the material has a negative
resistivity, which decreases almost —60 % for only 9% of the filament elongation, suggesting that
at least for a small stretch the material’s piezoresistive effect may contribute more to the resistance
than the geometric input.

For this purpose the filament is after tested up to breaking point. This way it is possible to
confirm if at some point the material resistance increases due to the geometric contribution.

The second experiment consisted in stretching three samples of filament under the same condi-
tions. This test was meant to analyze the consistency of measurements through different samples
of the filament. This way, it is possible to confirm that the material has the same properties in the
entire spool. Figure 5.4 shows the resistance decreases when the material is stretched to around
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20 mm; the filament can return to its original state after this deformation. However, when the
filament is elongated up to 150 mm, it is not able to return to its original state, this is known as
plastic deformation. At this point, the resistance starts to increase up to several M(2; nevertheless,
the material will be used under elastic conditions.

There may be a narrow range where after the plastic deformation the material can have some
reversible effects, however this analysis may take a deeper characterization of the filament [73].
Nevertheless, the FMG sensor will work under the same range as the upper arm; this spectrum is
up to around 9 % of increment, even considering a prestretching while mounting the band, Figure
5.3 suggest that the elastic deformation is up to 40 %. Thus, the sensor will work only during the
elastic deformation of the material to detect muscle activity.

The third experiment was meant to investigate the reversibility of resistance changes during
reversible stretching. Two different samples were stretched several times to detect if the material
would maintain its decrement constant; Figure 5.5 shows a drift during the measurements, while
the first sample is at first presenting a fractional change of —60 % during the initial stretching,
after the sixth time the relative change is only over —40 %.
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Figure 5.4: Filament measured up to breaking point

That behavior could affect the detection of muscle activity after several uses. The second
sample showed a similar difference between the first and the sixth measurement. Figure 5.6 shows
the end point values after stretching the filament for each sample during the six measurements.
The plot shows that both sections of material have similar measurements of resistance at the initial
elongation, changing at least —60 %. During the following stretching, the values of both filaments
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stayed within comparable ranges. At the end of the sixth measurement, the fractional change
in resistance was reduced up to ~—42% in both samples, demonstrating that both samples of
material have a similar performance.

Filament Stretching, Sample 1 0 Filament Stretching, Sample 2

T T

Measurement Measurement

AR/R
AR/R

0.7 . . . . | 0.7 . . . .
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1

AL/L AL/L

Figure 5.5: Two samples of material tested under the same conditions to determine its repeatab-
ility.

The material showed a comparable conduct during the measurement of the two samples. This
result suggests that the material may have consistent properties along that specific spool. Even if
there is a drift during several measurements that drift could be proportional in different samples,
when having the same conditions of temperature, and mechanical stretching for each sample, at
least when they are from the same batch of material.
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Figure 5.6: Final value of the fractional resistance for both samples of material

5.3 Printed Filament

The conductive ETPU changed its properties after being printed due to the exposure to heat.
Therefore, it is necessary to test the material after printing to determine its mechanical and
electrical characteristics. The information obtained will give more insight related to the eventual
performance of the material in the strain gauges.

5.3.1 Setup

The printer was set to extrude 10cm of filament at 200°C and later removed directly from the
nozzle. Three samples of 50 mm long with a diameter of &~ 0.8 mm were obtained, these samples
were tested for changes in resistance while stretched; the fragments of filament were attached to
the setup shown in Figure 5.1. They were stretched at 6 mm/ min and measured with the same
multimeter Keithley 2000 at a constant current of 1 pA

Henceforth, the trials performed were:

e Stretch and release filament at 2 mm/ min.
e Stretch and release 6 times at 6 mm/ min.

This information will provide insight about the change in resistance after the material is printed,
and how the temperature change affected the piezoresistive effect of the filament.

5.3.2 Results

Both tests were to detect the effect of the temperature on the electrical characteristics of the
filament. After printing, the material was stretched several time, the first experiment showed that
the absolute value of the resistance of the filament was higher than before printing and the second
experiment tested to detect the drift on the measurement after several elongations.

As shown in Figure 5.7, the relative change in resistance was similar. The initial elongations
started with significant changes up to —60 % and decreased over the number of stretches. During
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Figure 5.7: Relative resistance changes of the  Figure 5.8: Resistivity of the material com-
printed filament while stretched. puted for the printed filament.

the final elongation, the resistance was changing around —30 %. These values are consistent with
the filament in its original state.

Figure 5.8 shows the resitivity computed using the Equation 3.13 for the printed filament. The
material input is negative as expected, and for the 9% elongation the values are similar to the
ones presented for the filament in original state.

5.4 Strain Gauge

The model of the strain gauges showed a reduction in resistance due to stretching. However, after
analyzing the results of the filament experimentation, it is possible to hypothesize that the printed
strain gauges will also show a decrement in resistance while stretched.

5.4.1 Setup

The setup of Figure 5.1 was modified properly to clamp the strain gauge. The dimensions of the
strain gauge tested are 55 mm long, 20 mm of width and 1 mm thick. It is important to mention
that the first trials were made on eight different designs to select the one with better performance,
as showed in Chapter 4 Table 4.1. After selecting the strain gauge with the best design, the rest
of the experiments were tested in that model.

The following tests were performed on the 8 different designs:

e Initial resistance measurement of the strain gauge designs of Table 5.1
e Fractional change for an elongation of 9%

After the selection of the strain gauge, the following tests were performed:
e Elongate three strain gauges with same dimensions and design to 9%

The tests provided insight into the properties of the design of the strain gauge selected. At
the same time, it was possible to notice if the strain gauge would change its resistance enough to
detect the muscle activity.

5.4.2 Results

The different designs of the strain gauge varied in geometric aspects and forms of lines; these
variations produced higher or lower absolute resistance values. After measuring the value of each
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Table 5.1: The eight different prototypes vary only in line width and line shape. All the models
have the same base measurements and the same length for the sensitive material. The conductive
material was printed at 1500 mm/min with a layer height of 0.15mm for a complete thickness of
0.5 mm.

resistance, it was noticed that, as determined in the model, the wider the lines, the lower the
resistance of the gauge. Table 5.1 shows the results of the experimentation in the 8 different
designs.

As it is shown, the design number 3 presented better fractional change in resistance. This
factor would help to determine the muscle contraction, thus, it is important to be a large value,
this way it can detect smaller deformations of the material.

After the selection, the manufacturing of the strain gauge was optimized for 3D printing using
the parameters selected in Chapter 4, (infill, line width, velocity, etc..).

The next test was to stretch the strain gauge and observe its behavior during stress. Three
different strain gauges with the same dimensions and model were adapted to the setup in Figure
5.1 to be stretched up to 9%.

Figure 5.9 is showing the difference in absolute values for the resistance in the different strain
gauges. However, the relative change is quite similar after stretching, decreasing ~—7.5 % These
values represent the expected performance of the band when attached to the arm.

The decreasing resistance suggests that the strain gauge have a similar behavior to the filament
previously tested. Since the resistance is decreasing The results show a decrement in resistance
most likely due to the contribution of the material piezoresistivity to the computed resistance as
observed in the previous experimentation performed on the filament.

With the value of resistance measured, it is possible to use Equation 5.1 to compute the value
of resistivity and observe the magnitude of the material contribution to the resistance.

AR 1
=+ (e, — V%) + —=—¢ 5.1
R L ( L L) p OeL, L (5.1)
Figure 5.10 shows the values of the change in resistivity for the three gauges tested.
This experiment showed that the strain gauge decreases its resistance when stretched. Moreover,
after testing different strain gauges of the same model and dimensions, the values obtained for
resistance are in the same ratio.
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Figure 5.10: Resistivity of the material com-
puted for the three gauges.

5.5 FMG Band Sensor

The experiments of the FMG band sensor are aimed to detect a relationship between its change in
diameter and the variations in resistance that this may cause. These tests present an opportunity
to check the behavior of the band in a different setup with similar conditions to the upper arm.

5.5.1 Setup

For a first approach, the band was tested attached to a PVC tube. The tube contains an air
tube that expands when inflated, causing the increase in circumference of the PVC tube. This
setup resembles the circumference of the arm, and when the air is pumped into the tube, the
circumference raises. Since the tube is increasing uniformly, it is viable to control the size of the
circumference, and ensure that the expansion will be approximate to the arm contraction.

Figure 5.11 shows the setup used for the band assessment, the FMG sensor attached to the
PVC tube.

The following experiments were designed to obtain different information about the band:

e Increasing tube’s circumference from 30 cm to 36 cm

e Stretch the band around the tube 6 times for 20s until it reaches the circumference desired,
and the remain 100s at that given strain. After the stretching, release the band to test the
value for hysteresis.

The muscle model showed that the muscle could increase in circumference from 32.5cm to
35.5cm when contracted; this is around 9%. The tube is increasing more than the expansion
predicted to test the band resistance and establish the limits of its elastic deformation.

After stretching and releasing the band several times, the band could show a drift similar to the
previous experiments and strain gauges. The resistance on the band could also present electrical
hysteresis which means the absolute value of resistance is not returning to the original state. This
hysteresis causes a drift on the measurements and can be estimated.

Stretching the band for 20s to reach the 9% stretching and delay its return for 100s allows
examining the performance of the band during continuous stretching conditions.
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Figure 5.11: System used to test the band, the tube increases in size uniformly, allowing to test
the band stretching and measure the circumference simultaneously.

5.5.2 Results

The first experiment was meant to analyze the consistency of the characteristics of the strain
gauges as a part of the band. The approach was to test the resistance of the band and observe, if
it was possible to obtain a significant fractional change when stretched.

Figure 5.12 show the band decreasing its resistance about 7%. The absolute values of resist-
ance are ~5M(), but the fractional change is constant, although, it shows a small drift through
measurements. Similar at the one observed when the filament was tested.

The second test was to observe the resistance on the band after stretching it 6 times. During
this procedure, a drift similar as the one in the filament tests was observed; the band showed a
decrement in the absolute value of resistance after each time of stretching. Figure 5.13 shows a
drift of about 18 % for the absolute value of resistance during the various measurements.
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Figure 5.12: Initial measurement of the band. Figure.5.13: Measurement of the band stretch-
ing 6 times.

The test also showed the performance over time of the band. The sensor was stretched in the
first 20 s to 32 cm of diameter, and remained elongated for 100s to observe if the resistance keeps
decreasing over time while stretched. The result, was a decreasing resistance, although, it was not
at the same ratio, as observed in Figure 5.14.

The plot shows the ending fractional change in resistance when the band is stretched and the
fractional change when the band is recovering. It seems that when the band is returning to its
original state the fractional change is not the same. Also, through the different trials, the value is
decreasing, although, it seems to be doing it uniformly.

The bottom part of the Figure5.14 shows the absolute value of resistance at the beginning of
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the measurement and after the recovery. The resistance is decreasing over the trials at a steady
ratio.
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Figure 5.14: Drift analysis of the band, its absolute resistance values and the relative change.

For the final analysis using the PVC setup, the band was stretched and released while measuring
the resistance to evaluate the hysteresis of the material.

Figure 5.15 shows the hysteresis of the six times that the band was stretched. The first
measurement suggests that the band is recovering ~ 2 % lower than its initial value. However, the
last measurement, after a drift of almost 18 %, shows a similar condition.
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Figure 5.15: Hysteresis of the band showing the drift between the first measurement and the sixth.

The material seems to return to a lower value after each elongation; this behavior could be
because of the time that the band takes to return to its original state. However, it may take more
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than a few minutes for the electrical property of the material to recover from the stretching.
In any case, this is an undesirable property of the sensor, that may be investigated in future
work to determine a solution.

5.6 Sensor Evaluation in Subjects

The evaluation of the sensor in subjects is meant to deliver results on the actual performance of
the band and its detection of the muscle activity. The band is tested while executing different
activities.

5.6.1 Setup

The band is attached to different users around the upper arm with the strain gauges placed
above the Biceps Brachii. The resistances of the band is connected to a multimeter Keithley 2000
while performing a 4-point measurement. The FMG band sensor was designed to be interfaced
electrically as a Wheatstone bridge, however since the AR values are large enough, there is no
reason to use a bridge, and the resistances are measured separately.

For the evaluation of the FMG sensor, an EMG electrode will be attached to the arm slightly
above the band on the Biceps Brachii allowing to measure the muscle activity of the arm simul-
taneously as the FMG. The data in junction will be processed by a MatLab script via USB from
the multimeter and the EMG interface simultaneously.

The EMG sensor is part of the Trigno™ system, fabricated by the Delsys Inc. It is a dry,
wireless electrode able to obtain EMG signals as well as motion information about the part where
it is attached. For the purpose of the tests only the EMG signals will be obtained|[74].

5.6.2 Experimental Protocol

Five volunteers (18+) participated in the study and signed the informed consent form. The faculty
ethics committee approved the measurement protocol. The subjects were guided to perform the
following tasks:

e Isometric examination: The subjects arm remain flexed at 90deg, during this period,
different weights are added, from 1kg to 5 kg, while measuring the circumference of the arm,
the resistance variation, and the EMG.

e Isokinetic examination: The subject performs a series of 3 movements at three different
velocities, from the completely extended arm (=~ 180 deg) to completely flexed (= 45 deg),
the weight increases from 1 kg up to 5kg. The three different velocities are at 50, 60 and 70
BPM.

The total duration of the 12 trials (three isometric and nine isokinetic) are performed in less
than 45 min.

5.6.3 Results

To compare the signal from the FMG and the EMG sensors, it is necessary to choose a post-
processing stage of the data obtained carefully. The EMG detects the electric voltage generated by
the muscle cells when these cells are neurologically activated during contraction.[18] The envelope
of the signal is obtained to compare the EMG signal with the FMG measurement. The absolute
value of the signal is obtained to analyze the EMG signal; this process is also known as full wave
rectification. The signal is rectified to obtain the shape or ‘envelope’ of the EMG signal. When
the signal is rectified, the negative swings turn into positive swings. This rectified signal is the
low-pass filtered, within a range of 5Hz to 100 Hz, the result is the envelope of the signal. A
discrete version of a traditional low pass filter such as the Butterworth[75] or Chebyshev[76] filter
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is applied. These are also known as ’infinite impulse response’ (IIR) filters. The combination of
the rectification and the (IIR) filter helps to acquire the envelope of the signal [17].

Since the EMG is a signal obtained in volts, the FMG signal was processed compiling the
absolute fractional change in voltage of the data AV/V which is the same as the fractional change
in resistance AR/R when a constant current of 1 pA is applied through the readings, additionally,
a high-pass filtering with a corner frequency of 0.05 Hz was applied to reduce the effects of drift.
Further, fractional changes were also computed for the EMG signal and adjusted to the FMG
signal’s magnitude. Finally, the amplitudes of both signals were equalized, this way the shape of
both signals can be compared.

5.6.4 Isometric Experimentation

For the isometric analysis, Figure 5.16 shows the signals from the EMG and the FMG compared
to the force model. The model was adapted for the isometric task; the test consisted in increasing
the load to the grip of the subject while the arm remained contracted at 90 deg with a load of
5kg every 8s for a total of 35s. The signals were post processed with the same filtering as the
isokinetic analysis.

The plot shows a a different behavior of both sensors than the isokinetic results. The signal
of th FMG presents a peak that represents that the muscle is expanding when the load is posi-
tioned on the arm. On the other hand, the EMG singal is now more stable and consistent than
for the isokinetic analysis; the measurement represents the muscle activation through the entire
contraction. Both signals are similar to the behavior of the force modeled.
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Figure 5.16: Sensor signals from Subject #2 while performing an isometric contraction every 8 sec
with a 5kg load. Blue rectangles represent the time during the upper arm contraction.

To determine the average value of the measurements the mean of the signals was obtained. The
mean is the average value for a set of numbers and is defined as the sum of the sensor measurements
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(A) divided by the number of measurements (n)[77]:

1 N
= N;Ai (5.2)

Figure 5.17 shows the mean results from the isometric experimentation from the five subjects,
the standard deviation was also calculated to determine the spread of the measurements.

The standard deviation was computed by calculating the squared root of the variance; the
variance is the concept expressing the 'spread’ around the mean value pu. The standard deviation
is then the square root of th summation of the mean subtracted from each value measured (A)
divided by the number of measurements [77], expressed as:

LN
T=A\N Z (Ai — p)? (5.3)

After both signals are processed, the mean of the FMG shows a not consistent behavior while
increasing the weight. This behavior may not be due to the sensor, since the EMG is also not
detecting more muscle activity. However, both sensors could be giving false readings due to
external conditions, e.g. movement artifacts, from cables or the electrodes/band. On average, the
muscle activation increases when the load is increased. It is also observed that the FMG signal
has a larger standard deviation than the EMG signals, this could be due to the FMG signals
presentign more drift and hysteresis than the EMG signals.

This figure also represents different behavior according to the muscularity of the subject. The
subjects #1 and #2 were more muscular than the subject #3 or #5, showing what could be
interpreted as a less muscle activation and a smaller change in CSA. Even if at the moment of
the task the subjects are lifting the same weights and exerting the same force, this may be due
to the coactivation of more muscles such as the shoulder or the back, to compensate the lack of
muscle fibers of the biceps. Nevertheless, this result also may not be related to the muscularity of
the subject but associated to the mounting of the band. A better performance may be measured
if an standarized collocation of the band was used, e.g. tightness of the band or prestraining to
determine a constant initial point of measurement.
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Figure 5.17: Mean of the EMG and FMG signals during isometric contraction for each subject
and its standard error.

5.6.5 Isokinetic Experimentation

Figure 5.18 shows a comparison of the signals obtained from the Subject #1 when performing an
isokinetic task at 60 BPM with a load of 5kg. In the image, signals from both sensors (EMG and
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FMG) are evaluated against the force model. The Force model presented in chapter 3 is used to
represent the movement from extended arm to fully contracted considering the load of 5kg and
the weight of the arm. The distances of the arm are adapted according to the subject, and the
weight of the arm is considered to be the average of 2.5kg as found in the literature [62]. During
the contractions, the FMG signal seems to follow the behavior of the modeled force with a greater
resemblance than the EMG signal.
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Figure 5.18: Sensor signals from Subject #1 while performing contraction every 8 sec at 60 BPM
with a 3kg load. Blue rectangles represent the time during the elbow flexion and extension.

It is important to remember that the EMG signal has a considerable sensitivity to noise and
movements, and its shape may be representing the muscle activity instead of the force modeled.
On the other hand, the FMG signal only represents the expansion of the cross-sectional area of
the muscle, showing a more gradual change through the complete contraction. When the muscle
is contracted the signal reaches the highest point, and it decreases steadily as the muscle lengthens
again.

Even if the units are not the same, the pattern of the FMG sensor represents the movement
of the arm correctly. When the contraction starts, the FMG sensor detects the expansion of the
upper arm and the relaxation of the muscles as the tension changes.

Figure 5.19 represents the mean envelope of all the subjects while increasing the velocity of the
contraction for different weights. The plot shows a apparent difference in signal for the FMG sensor
but also the standard deviation is higher for the FMG than the EMG in all the measurements.
The mean values of the FMG show more relation with the increment in weight over the different
tasks than the EMG signals. It is normal to observe a higher detection of muscle activity when the
velocity of the contraction is at 50 BPM, due to the reduced velocity of the contraction, meaning
that muscle fibers are activated for an extended period, and there ismore time the signal of both
FMG and EMG detects the muscle contractions.

However, this plot shows a slight decrease in EMG detection when the weight is 5kg during
the three different velocities; this could mean that due to the increased weight, there is a co-
activation of different muscles to compensate the lack of strength from the Biceps Brachii. This
co-contraction would diminish the activation of the muscle tested. A similar muscle from the
upper limb as the shoulder, the forearm or even a back muscle could be more involved in the
movement reducing the recruiting of muscle fibers of the Biceps Brachii where the EMG sensor
was positioned. These co-activation of muscles would not be detected by the band, since the band
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is only attached to a portion of the upper arm, that includes the Biceps, the Triceps and the
Brachialis. A way to detect if other muscles are also being activated when lifting larger loads, is
by using additional sensors in specific targeted muscles that may being activated.
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Figure 5.19: Mean of the EMG and FMG signals during isokinetic contraction for all the subjects
and its standard error.

5.7 Muscle Classification

The human muscles can only contract, that is why they come in pairs with an antagonist muscle.
In the case of the upper arm, the Biceps Brachii antagonist is the Triceps Brachii which helps to
extend the arm after contracted. When the arm moves, there is a co-activation of the muscles,
allowing the arm to move with stability through its trajectory. The FMG sensor detects the muscle
contraction. However, a test was designed to evaluate if the FMG sensor is also able to classify
each muscle’s activation separately; this way it would be possible to categorize the muscles that
are activated, as previously done by Paradiso et al. [20] and Chen et al. [42].

5.7.1 Setup

The FMG Band sensor is designed with four strain gauges allowing it to detect the stretch of the
band in different positions. The band was positioned on the subjects with one strain gauge over
the biceps and one over the triceps during the execution of a task involving the co-activation of
the muscles.

The task consisted in the flexion and extension of the elbow joint to activate the muscles of
the upper arm. The complete movement of the arm will last 10s at a velocity of 50 BPM during
a total of 35s. The movement will be with a load of 3kg to perform an active contraction. Figure
5.20 shows the two positions of the arm holding the load.

Since the movement is aimed to produce a contraction in the biceps, the results should show
a more significant change in the strain gauge positioned above the Biceps Brachii than the one
situated over the Triceps.

Even if the strain gauges are standardized regarding its absolute value of resistance, during a

second measurement the strain gauges will switch positions to discard that any difference in the
outcome could be related to the strain gauge and not its position.
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Extension

Figure 5.20: Movement to test muscle classification of the FMG sensor, flexing the elbow joint at
50BPM with a 3kg load.

5.7.2 Results

To compare the two signals the fractional change in both strain gauges was computed. In Figure
5.21 one of the measurements is showed. The strain gauge on the biceps showed a higher change
than the one over the triceps. After the Triceps value is subtracted from the Biceps one, the
remainder not being a flat-like result suggest that the bicep strain gauge is detecting a higher
change just as hypothesized. However, since the result could be detecting only that one strain
gauge is changing more due to the printed characteristics and not because of the position further
analysis is needed.

In general the majority of the measurements even after changing the position of the strain
gauges presented a higher change while positioned over the Biceps. The mean of the signals was
computed and showed in Figure 5.22. The first plot shows the mean of the Biceps being slightly
higher than the mean of the Triceps. The third plot is showing a difference between the two means
of about 3 % when fully contracted.

Nevertheless, 3% of difference for a fractional change of ~40 % is a modest value. This result
means that the band could detect which muscle is more contracted but is not a definitive classific-
ation. The muscles of the upper arm may be more detectable due to its size. However, to classify
muscles in other parts of the body, a combination of technologies is suggested, such as using EMG,
or adding more force sensors to the analysis.
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Figure 5.21: Fractional change of Biceps and Triceps movement during concentric contraction at
60BPM with a 3kg load of subject #3.
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Figure 5.22: Mean values of the measured Biceps and Triceps signals, with the mean subtracted

result.
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Statistical Analysis of Muscle Classification

The statistical analysis aims to evaluate the two strain gauges obtained during the categorization
of the muscles by comparing the measurements where the first strain gauge is positioned over the
biceps brachii and the second gauge over the triceps brachii.

From this test two different signals are obtained, the shape and values of its measurements
indicate that there is a difference between the mean values. However, it is important to corroborate
using an statistical analysis [77].

A paired t-test was selected to test the difference between the strain gauges of the FMG Band
sensor, using a significance level at p < 0.01[77]. The analysis was performed for each pair of
strain gauges in the five different subjects.

Subject 1 2 3 4 5
P-value <0.001 <0.001 <0.001 <0.001 <0.001

Mean difference
[AR/R] 0.0510 0.0532 0.0929 0.0554 0.0692

Table 5.2: Table with the results of the paired t-test, showing the P-values for the comparison
between the strain gauges of each subject while detecting biceps and triceps simultaneously.

The Table 5.2 shows that the P-value for each comparison of the strain gauges are < .001,
in all cases the null hypothesis is rejected. Even if the signals are different statistically, it is not
possible to conclude that the band can detect which muscle is being activated by using only the
strain gauges; to obtain a more accurate information about the muscles contracted it is suggested
to add a different sensor.

5.8 Conclusion

Each experiment was designed to obtain different characteristics of the material used and the
sensors designed. The tests related to the filament showed that for a small strain the material’s
piezoresistive property has more contribution to the change in resistance than the changes in
geometry, causing a decrement in resistance when the filament is elongated. However, this behavior
changes when the material reaches a threshold or a minimum level of resistivity, and it is at this
point when the resistance starts to increase according to its change in shape. Although, this
threshold depends on the material properties and the way they change after being 3D printed.

The strain gauge’s experiments demonstrated that after a number of elongations the abso-
lute value of resistances starts to drift, but the fractional change remains consistent through the
stretch applied; this behavior suggests that its the behavior is repeatable during the different tests
performed, even after printed and tested on the band.

The band showed substantial changes in resistance while stretched. Although, the sensor is
highly dependable on its geometric properties, and the elastic deformation generates a drift on
the measurements that can be compensated with a high-pass filtering.

The band showed a decrease in fractional change after several stretches, showing some electrical
and mechanical hysteresis, the material is not returning to its original absolute value of resistance
at the same rate as it is stretched. However, after some minutes the values stabilize, and the band
performs the same as during its initial state. A pre-stretching of the band could reduce the drift
on the measurements and improve its accuracy since the values would be starting from a new
baseline.

The band can perform an initial categorization of the muscles involved in the contraction
by being placed over the muscles targeted. The difference between signals showed that muscles
expand differently during specific contraction meaning that with proper processing of the signal,
different muscles can be read with the sensor. However, the difference is not remarkable, and a
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CHAPTER 5. EXPERIMENTATION

better classification could be performed with the assistance of additional sensors such as EMG,
FSR or additional bands.

The assessment of the sensor in different subjects suggests that the band can detect the muscle
activity. The similarity in behavior between the FMG signal and the force model indicates that the
FMG, due to its robustness, could detect the force exerted by the muscle according to the model
presented. If the behavior of the band could be compared with t a more complex musculoskeletal
model of the upper arm representing the change in force due to muscular activity, would be possible
to test if the FMG band is reliable to detect the force exerted by the arm when contracted.

Finally, the experiment showed a relation between the size of the arm of each subject and
the performance of the band, since subjects with more muscular volume showed better results
during the readings. These results were not exclusive of the FMG sensor since the EMG sensor
also acquired better signals, which could mean that more muscle fibers were activated through the
tasks performed. Nevertheless, this relation could also be caused due to movement artifacts from
the cables and the electrode which can be neglected with a design of the band able to maintain
the wires in one position and a standardization of the protocol to attach the bando to the body.

3D Printed Sensor to Detect Muscle Contraction by means of Force Myography 63



Chapter 6

Conclusions

The research of new technologies to detect and process biosignals is a growing field. So more
devices will be soon developed towards using information from the human body to interact with
the surroundings.

Developing an FMG sensor utilizing 3D printing fabrication brings a piece of information
to the biomedical and the manufacturing field. The project presented in this report concerns
the production of a band utilizing FMG to detect muscle contractions of the arm. The initial
prototypes of this sensor mark the initial point to the new developments of sensors using FMG
techniques. Even though EMG is a more established technology in the biosensors field being
studied for several years, the sensor designed seem to give useful information regarding the muscle
contraction with many possible advantages and the possibility of improvements.

The band is fabricated using two flexible TPU plastics a dielectric one (NinjaFlex) used as
a base for the band and a conductive TPU to introduce the sensing technologies desired in the
sensor. The band utilizes the strain gauge as the main sensor to detect the stretching of the
band and is fully adaptable to the studied muscles of the arm. Different experiments showed that
the band could detect the increase in muscle activity by measuring the resistance of the strain
gauges during the increment in cross-sectional area of the arm muscles. The more the muscle is
contracted, the more is the change in CSA. The FMG band was capable of fulfilling the tasks it
was designed for.

Comparison of the FMG sensor readout with the EMG signals showed a high correlation
between both. For a better understanding of the movements performed, the signals were studied
against the force model of the movement from the arm under different loading conditions. The
result of the analysis demonstrated a similarity in the behavior of the FMG sensor and the force
modeled for isokinetic and isometric experimentation. The 3D printed FMG sensor establishes an
advantage concerning standard FMG sensors when customization is required being able to adapt
to the size and form of the users arm. The 3D printed band is more comfortable and allows to
use it a longer time without inconvenience. The electro-mechanical connectors can be adapted to
the band to reduce the bulkiness of the sensor and ease its electrical interface. The sensor-band
can provide various gauges directly printed into the band to allow the simultaneous detection of
various muscles and allows for the categorization according to the level of activation. Generally, 3D
printing technology allows a cheap and faster alternative for personalized sensors with considerable
advantages in the field of manufacturing and feature richness of devices.

This first prototype of the sensor developed in this thesis work raised the expectations for
future devices using FMG technology. Changes in design and manufacturing can help to improve
the performance and interface of the sensor. Using FMG as an alternative to sensing biosignals,
allows obtaining a more robust indicator of muscle activity which reduces the post-processing work
on the signal and increases the similarity with the musculoskeletal system behavior.

The FMG sensor-band may be able to measure muscles in different limbs, but much less, or
not at all to measure activities of internal muscles since they do not allow to have a band around
them.
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6.1 Future Work

The primary purpose of this project was to confirm the use of 3D printed force sensors to detect
muscle activity. Even after proof, there are different improvements to the designed model that
can be suggested.

3D printing is an open hardware technology that allows improving rapidly in materials and
manufacturing. The materials used for this sensors are likely to be obsolete in the next few months.
More flexible materials, as well as more conductive ones, are being developed at this moment; thus
utilization of different materials or a combination of those, likely generate a more accurate and
comfortable device. The behavior of the conductive material is the base of the sensor since it is
adapted to the skin of the user and reacts to the movements of the muscle.

With an accurate device, it is possible to adapt the sensor to different areas of the body where
there are more muscles activated at the same time. One example is the forearm, even if it changes
its cross-sectional area uniformly when contracted, the forearm contains all the flexor and extensor
muscles that allow movement in the hands and the wrist joint. Categorizing each muscle when
activated independently can develop a more useful sensor for further applications.

One of these applications is the movement classification. Detecting each muscle when activated
helps to detect precise movements. For instance, the pinch strength is related to the level of muscle
fibers recruitment, each movement of the musculoskeletal system has a different muscle activation,
which, when detected with the proper techniques can help to classify the movements of the human
body.

Improving the design of the sensor may also be helpful to counter the effects of movement
artifacts, allowing the wires to be part of the band to reduce movement and therefore undesired
noise in the signal.

Finally, adding a different printed sensor technology is also possible. E.g., by integrating FMG
and EMG sensors in one band. Different sensors can fulfill different purposes during the detection
of the muscle signals. Or even in sensing the interaction with the surroundings. 3D printing
broadens the field of biosensing by allowing the devices to adapt to the shape of the human body
and its environment.
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Measurement Proposal

Assessment of 3D printed FMG sensor

Principal researcher: Gijs Krijnen (gijs.krijnen@utwente.nl)
Researcher: Eric Perez (e.a.perezlorea@student.utwente.nl)

Introduction

Currently, the most used sensor to detect muscle signals from the human body are the
Electromyography (EMG) Sensors; they are reliable, cheap and easy to use. Finding new
alternatives to improve the signal acquisition and ease the signal processing is one of the
objectives of the biomedicine nowadays. 3D printing technology has revolutionized the
manufacturing field, allowing the users to obtain customized devices with comfortable and
useful designs. Utilizing the 3D printing expands the field of techniques used to produce
and manufacture sensors. One of them is the Force Myography (FMG), exploiting the
flexible polymers is possible to manufacture force sensitive sensors (FSS), furthering its
applications and interfacing with actuators and transducers.

Goal and Research Questions

This research focuses in to develop an FSS to detect the muscle contraction as an
alternative to EMG sensors by means of FMG.

Research Questions

= s it possible to relate the change in resistance of the sensor with the increase in
cross section of the upper arm?

= Are the signals from FMG comparable to the ones obtained from EMG?

= Does the type of contraction be related to the variation of resistance of the sensor?

= |s repeatability present during the measurements?

Subjects

For this research subjects, adults (18+) can volunteer, subjects can withdraw from the research
at any moment without stating any reason.

Exclusion Criteria

Subjects with reported injuries or disease to their arms, cognitive disabilities or history of skin
allergies or sensitivity to cosmetic products cannot participate in this study.

Materials

= Printed FSS Band

= EMG sensor and Electric Interface
= Multimeter Keithley Model 2000

=  Wires/Clamps

= Laptop Computer

=  Weights (1kg to 5kg)
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Measurement Setup
Printed FSS Band

The band showed in Figure 1 is the sensor used during the procedure. The band is printed
using two flexible materials, conductive TPU (Black) and dielectric TPU (Orange or
Transparent). The band is self-secured with the included strap. The sensor was
manufactured utilizing an FDM 3D multi-material printer. The flexible thermoplastic
polyurethane (TPU) utilized is NinjaFlex, manufactured by NinjaTek, Manheim, USA. The black
material used in the band is a flexible electrical conductive TPU filament PI-ETPU 95-250
fabricated by Palmiga Innovation, Sweden.

Figure 1 FSS Band manufactured with flexible TPU, conductive (Black) dielectric (Orange).

EMG Sensors

Ag/AgCI Electrodes will be used to determine the EMG signals. The electrodes will be connected
to the upper part of the bicep muscle, just above the correct positioning for the band. A reference
electrode will be connected at the elbow or at the wrist bone of the same arm where the skin is
thinner, and the bones are more prominent.

Multimeter

To acquire the data a multimeter Keithley Model 2000 shown in Figure 2 will be used to perform
a 4W measurement, applying a constant current to the conductive material while measuring the
change in voltage due to elongation. The data will be processed by a MatLab interface to acquire
the voltage during the procedure. The MatLab program will monitor the voltage changes while the
sensor is being stretched.
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Figure 2 Multimeter Keithley Model 2000 used to measure the change in resistance.

EMG Interface

The electrodes of the EMG will be connected to an electrical interface that processes the signal
and sends it via USB to a computer. A MatLab software will process the information and show
the data necessary. The script is designed to obtain both signals (FMG and EMG) simultaneously.

Measurement Procedure.

During the measurements, muscle contraction will be tested. A sensor-band will be attached to
the upper arm of the subject. Since the base of the material is NinjaFlex (a dielectric TPU), there
is no direct contact with any conductive part of the sensor. The band will be connected to a digital
multimeter Keithley Model 2000 that will provide no more than 1 yA to the band, varying the
voltage in a range between 5V and 1V depending on the resistance change, this value is harmless
for the human body, however in case of any discomfort the procedure can be stopped
immediately.

The protocol of measurements is divided into two parts and states as follows:
Isometric Measurement

During the isometric measurement, the subject’'s arm will remain flexed at 90° supporting a weight
bar. The measure will start without the weight and it will be changing to three different weights,
1kg, 3kg and 5kg.

Isokinetic Measurement

During the isokinetic measurement, the user will perform a series of 3 movements at 3 different
velocities, from the completely extended arm (=180°) to completely flexed (=45°), the weight will
increase from 1kg up to 5 kg.

Trial measurements can be performed in order to understand correctly the task and to test the
measurement system before the procedure. The multimeter will be set up with a MatLab interface
recording the measurements while performing the tasks.

The procedure will be performed in adults (18+) without any skin allergies or sensitivity to cosmetic
products. Subjects are free to quit the research at any time without stating a reason.
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Data acquired

The data will be acquired by a Multimeter Keithley Model 2000 and processed by an interface
utilizing MatLab. The data will be saved utilizing the subject number without any personal data.
The file .mat will contain information about the current applied to the device, the voltage read and
the time of the measurements.

Risks

During measurements, a voltage is applied to the conductive material, even if the material is not
in direct contact with the skin and it's a harmless value in case of any discomfort the measurement
is stopped immediately.

The skin of the subject will be only in contact with the NinjaFlex material which is not likely to
result in irritation in solid form or any other potential health effects’.

[1] “Safety Data Sheet NinjaFlex 3D Printing Filament”, 2016 https://ninjatek.com/wp-content/uploads/2016/05/SDS-NinjaFlex-rev0.pdf
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Information Letter
Assessment of 3D printed FMG sensor
Dear reader,

In this letter, we would like to inform you about the research you have applied to participate in.
The experiment entitled “Assessment of 3D printed FMG sensor” is part of the proposed research
“3D printed sensor to detect muscle contraction by means of Force Myography”, and is focused
on the measurement of muscle activity.

Note: As a volunteer, you are free to withdraw from the study without any reason stated at any
time.

Objective of the study

Muscle contraction is present in every movement of the human body, managing the signal by
means of any acquisition device increases the purposes of its use in different actuators. The 3D
printed sensor used in this evaluation detects by means of FMG the signal of the muscle.

The aim of this research is to evaluate the performance of the 3D printed sensor in different
subjects to determine its reproducibility regarding the results and its reliability.

Description of the experiment

During the study, measurements of your muscle contraction will be tested. In this measurements,
a sensor-band will be attached to your upper arm. The band will be connected to a digital
multimeter Keithley Model 2000 that will provide no more than 1 YA to the band, varying the
voltage in a range between 5V and 1V DC depending on the resistance changes, this value is
harmless for the human body and the base of the band is made of dielectric material which means
no current will be in direct contact with your skin. However, in case of any discomfort, the
procedure can be stopped immediately.

The measurements consist of two parts: isometric and isokinetic. During the isometric
measurement, the arm will remain in a flexed position around 90° supporting a weight that will
increase three times. The isokinetic measurement will be 3 measurements increasing weight at 3
different velocities, moving the arm from a non-bent (180°) to a completely-bent (45°) position.

There is a programmed rest between both measurements up to 5 minutes, and the band can be
readjusted to avoid misreading the signal.

On the other hand, EMG electrodes will be allocated near the band to read the muscle’s signal
and a reference electrode near the elbow or the wrist bone depending on your comfort.

Risks

During measurements, a voltage is applied to the conductive material, even if the material is not
in direct contact with the skin and it's a harmless value in case of any discomfort the measurement
will stop immediately.

Subjects

For this research subjects, adults (18+) can volunteer, subjects can withdraw from the research
at any moment without stating any reason.
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Exclusion Criteria

Subjects with reported injuries or disease to their arms, cognitive disabilities or history of skin
allergies or sensitivity to cosmetic products cannot participate in this study.

Data acquired

The data will be acquired by a Multimeter Keithley Model 2000 and processed by an interface
utilizing MatLab. The data will be saved utilizing the subject number without any personal data.
The file .mat will contain information about the voltage applied to the device, the current read and
the time of the measurements.

Questions?

If you have any questions regarding the procedure, please do not hesitate to contact the
researchers by asking in person or via email to Eric Perez (e.a.perezlorea@student.utwente.nl)
or Gijs Krijnen (gijs.krijnen@utwente.nl).

Kind regards,

Eric Perez
NIFTY Group
University of Twente
e.a.perezlorea@student.utwente.nl
Tel: +31 (0) 6482244209
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Informed Consent
Assessment of 3D printed FMG sensor

| hereby declare that | have been informed in a manner which is clear to me about the nature and
method of the research as described in the information letter.

| am 18 years or older, and | have been informed about the requirements regarding skin allergies
and/or sensitivity to cosmetic products. My questions have been answered to my satisfaction. |
agree of my own free will to participate in this research.

| reserve the right to withdraw this consent without stating any reason, and | am aware that | may
withdraw the experiment at any time. If my research results are to be used in scientific publications
or made public in any other manner, then they will be made completely anonymous. My personal
data will not be disclosed to third parties without my express permission.

If I request further information about the research, now or in the future, | may contact: Eric Perez
(e.a.perezlorea@student.utwente.nl) or Gijs Krijnen (gijs.krijnen@utwente.nl).

If you have any complaints about this research, please direct them to the Acting Secretary of the
Ethics Committee of the Faculty of Electrical Engineering, Mathematics and Computer Science
(EWI) at the University of Twente, Drs. Jorien van Loon, P.O. Box 217, 7500 AE Enschede (NL),
telephone: +31 (0) 53-4893748.; email: j.vanloon@utwente.nl.

Name of the Subject:

Date: Signature:

| have provided explanatory notes about the research. | declare myself willing to answer to the
best of my ability any questions which may still arise about the research.

Name of researcher:

Date: Signature:
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Faculty of Electrical Engineering,
Mathematics and Computer Science

Appendix 6. Checklist for submitting a research proposal to the Ethics Committee

(See Chapter 3)

Checklist for the principal researcher when submitting a request to the EC or the EC member
for an assessment of the ethical permissibility of a research proposal

1. General
1. Title of the project:
2. Principal researcher (with doctoral research also a professor):
3. Researchers/research assistants (PhD students, students etc. where known):
4. Department responsible for the research:
5. Location where research will be conducted:
6. Short description of the project (about 100 words):
7. Expected duration of the project and research period:
8. Number of experimental subjects:
9. EC member of the department (if available):
2. Questions about fulfilled general requirements and conditions
1. Has this research or similar research by the department been previously submitted to the EC?
L] Yes,
[ ] No
If yes, what was the number allocated to it by the EC?
Explanatory notes:
2. Is the research proposal to be considered as medical research (Also see Appendix 4)
[] Yes
[JNo
[] Uncertain
Explanatory notes:
3. Are adult, competent subjects selected? (83.2)
[] Yes, indicate in which of the ways named in the general requirements and conditions this is so
] No, explain
[] Uncertain, explain why
Explanatory notes:
4. Are the subjects completely free to participate in the research, and to withdraw from participation
whenever they wish and for whatever reason? (83.2)
[] Yes
] No, explain why not
[] Uncertain, explain why
Explanatory notes:
5. In the event that it may be necessary to screen experimental subjects in order to reduce the risks

of adverse effects of the research: Will the subjects be screened? (83.4)
[] Screening is not necessary, explain why not

[] Yes, explain how

] No, explain why not

[ ] Uncertain, explain why

Explanatory notes:



10.

Does the method used allow for the possibility of making an accidental diagnostic finding which
the experimental subject should be informed about? (§3.6 and Appendix 4)

] No, the method does not allow for this possibility

[ Yes, and the subject has given signed assent for the method to be used

L] Yes, but the subject has not given signed assent for the method to be used

[] Uncertain, explain why

Explanatory notes:

Are subjects briefed before participation and do they sign an informed consent beforehand in
accordance with the general conditions? (83.2, §3.3, 83.7, 83.8)

[] Yes, attach the information brochure and the form to be signed

[] No, explain why not

[] Uncertain, explain why

Explanatory notes:

Are the requirements with regard to anonymity and privacy satisfied as stipulated in (83.8)?
[] Yes

] No, explain why not

[] Uncertain, explain why

Explanatory notes:

If any deception should take place, does the procedure comply with the general terms and
conditions (no deception regarding risks, accurate debriefing) (§3.10)?

] No deception takes place

[] The deception which takes place complies fully with the conditions (explain)

[] The deception which takes place does not comply with the conditions (explain)

If deception does take place, attach the method of debriefing

Explanatory notes:

Is it possible that after the recruitment of experimental subjects, a substantial number will withdraw
from participating because, for one reason or another, the research is unpleasant? (83.5)

[ ] No

[] Yes, that is possible

If yes, then attach the recruitment text paying close attention to what is stated about this in the
protocol.

Explanatory notes:

3. Questions regarding specific types of standard research

Answer the following questions based on the department to which the research belongs.

11.

12.

13.

Does the research fall entirely under one of the descriptions of standard research as set out in the
described standard research of the department? (Chapter 4)

[] Yes, go to question 12

[] No, go to question 13

[] Uncertain, explain what about, and go to question 13

Explanatory notes:

If yes, what type of research is it? Give a more detailed specification of parts of the research which
are not mentioned by name in this description (for example: What precisely are the stimuli? Or:
What precisely is the task?)

If no, or if uncertain, give as complete a description as possible of the research. Refer where
appropriate to the standard descriptions and indicate the differences with your research. In any
case, all possible relevant data for an ethical consideration should be provided.
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Checklist

1. General

1. Title of the project

3D Printed sensor to detect muscle contraction by means of Force Myography
2. Principal Researcher (with doctoral research also a professor)
Gijs Krijnen (gijs.krijnen@utwente.nl)

3. Researchers/research assistants

Eric Perez (e.a.perezorea@student.utwente.nl)

4. Department responsible for the research

EWI/ EE / RAM

5. Location where research will be conducted

University of Twente

6. Short description of the project

Using the versatility of the 3D printing, it is possible to design devices to works as an alternative of the
currently developed. Force Myography as an alternative sensing to recognize movement is relevant
due to its robustness while detecting signals. The goal of this research is to assess the functioning of
the 3D printed sensor designed. The sensor was printed utilizing a multi-material FDM 3D printer
utilizing flexible polymers, one of that conductive material. The band-like structure is placed around
the upper arm while the user produces different movements, the analysis in a change of current will
determine the usefulness of the sensor.

7. Expected duration of the project and research period

The research period will take around one hour, the duration of the project will be until September
2017.

8. Number of experimental subjects
5 to 10 subjects.
9. EC Member of the department (if available)

No EC member available at RAM



2. Questions about fulfilled general requirement and conditions

1. No
2. No

3. Yes, the subjects are healthy, adult (18 years or older) and mentally competent volunteer, who
voluntarily participates in the trial. Subjects will not have a history of skin allergies or sensitivity to
cosmetic products. And they will be informed of the procedure while signing an informed consent and
reading the information letter.

4.Yes

5. Screening is not necessary; the subjects will be asked before if they fulfill the skin requirements.
6. No

7. Yes

8. Yes

9. No deception takes place

10. No

3. Questions regarding specific types of standard research

11. No, go to question 13

12. -

13. The attached document will describe the research.
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