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1.1 Background

An exoskeleton is a type of ortsis that is external to the by and assists in
applying and distributing forces to improve the weadrsr st r engt h, endur an
Exoskeletons differ from prosthetics andhosa; where posthetics aim to replace a part
of the body and orthes supporthe body part, exosketats are designed to enhance the
body[1].

Advances in technology haedlowed for the integration dfuman and machine to
become moreprevalent. Exoskeletons ares@nificant area of focus for thenilitary,
industry, and medical fiekd The military and industrial sec&inave turned to exoskeletons
as a method of solving ergonomissues. Workers who germ many repetitive tasks
involving lifting and holding heavy objects and tools experiencereal stresses on the
body that can lead to injury. According to the Occupational Health and Safety
Administration (OSHA), Muscular Skeletal Disorders (MSD) ealiby poor ergonomic
conditionsarea leadingtype of workplace injury. The types of exoskelats developed
for the military to improve ergonomics focus on improving endurdnyckghteningthe
loadsof soldiers.Industryhas improved ergonomics by adoywtiexoskeletons that work
as zeo-gravity arms,sotheworker is not bearing the weight of tteol.

The medical industry has numerous other uses for this technology. One use is as an
interface between doctors and surgical rolf@tsut, the most common applicatiomnas a
method teenhance the body and assist in the motion of those undergoing rehabilitation and

those with musculaskeletal disorderf8]. For those with musculaskeletal disorders, the



external structures allow one to perfoactionsand tasks previolisunachievable. These
includewalking, grpping, and lifting arms.
1.2 The Problem

For adultsthe amount of upper body dexterity and contiradluding the ability to
raise and move their arnt@n be the difference between independent and dependent living.
Accordingto the US Depament of Health and HumaS8ervices[4], thae is a set of
necessary activities of daily living (ADLS) thate definedas the vital activities one must
be able to perform to live independently. The key ADldude getting dressed, personal
care, eating, moving to and from a {&¢{[6].

Studies have found that immediately starting rehabilitation therapy afteoke
increases the chances of recovexy directly after a strokiereis some neural plasticity
that eases the ability to relearn movemdidfs For the purpose ofehabilitation the
combination of physical therapy with a therapist andgxoskeleton increased the speed of
recovery and th@atients ability to perform vital task$8] [9]. In both he rehabilitative
and every day assistive capabilitilaegydgoo uppe
complete necessary ADLS.

Thereis a higher rate of incidenad strokein femaleghanin males.Strokes are a
leading cause of impairments in AB[6][10]. A study from the nationdieart, lung, and
blood institute in cooperation with Boston University found that not only were stro@ee
prevalent infemalesbut of stroke survivors, women were 20% more likely to expege
total loss or impairment ithe ability to perform ADLs.Realing through articles on
existing exoskeletons and tholseing developedmost of theexoskeleton desigoaters

specifically to the average male. Additionally, many of the of the exoskeldtahgxist



for rehabilitation are either largéulky, and havy (requiring an external mounting area
for suppor} or are completely passive.

Elbow flexion is important for ADLs such as getting dressed and eating. As such,
it is often the focus odccupaibnal therapy and rehabilitatidar stroke patients who have
lost use of one or both armsh& elbow isalsoan ideal starting point for therapists because
it has fewer degrees of freedom and is responsible for just lifting the forearm. Therefore,
the lorg axis of the exoskeleton and the elbow can edmlkeptin alignment during
movement. Whereas the shoulder example, must support the weight of the entire arm
including the hand in multiple planes in space.

As with other medical deviceworn by users, a rehabilitation elbeflexion
exoskeleton should be bodffective and wearable. At a minimum, such an exoskeleton
should have the requisite force necessary to help the patient bend the elbow. It should also
be portable, safe, easy to cantrandtailored for different types of disabilities and users
[11.A wear able medical wewhce sheulsdemdsol Af
additional stress, unwanted negative soci a
[12].0 My main research question is to determing cetain diameter SMA spring in an
exoskeleton can produce sufficien f or ce t o fadncibitisgossibletndesiogn 6 s ar
an effective and wearable rehabilitation elbfi@xion exoskeleton tailored for the specific
needs of females? Thit one thais more compact, lightweight, and discrete so that it
will help promote comfort and social acceptance

To furtheranswerthe question on whether it is possible to create an efteion
exoskeleton using SMA springgither questions on the edigns of dlow-flexion

exoskeletonsnust first be addressedrirst, are tle larger diameter SMA actuators with a



larger diameter an@xtensionalstrain the best actuatorsuited for powering such an
exoskeleton?Second how does efficiency compare to gbng actuaion method?T hird,
afterhow many cycles do the actuators bdgidecay? Is there a point in which the amount
of decay begins tstabilize?Finally, how do the theoretical forces generated by the SMA
actuator systems compare to the actual,sunesd forcegproduced? It is important to
answerall thesequestions beforgroceeding to design an actual effective and wearable
elbowflexion exoskeleton for female rehabilitation patierfemally, while this study
focuses on an SMA elboflexion exosleleton for @ adult female patient, some of the
findings regarding maximunofces and actuation time will generalize to adult males and
children of both sexes. The specifics of such generalizations are beyond the scope of this
study.

To test these question two tests ere conducted. First the actuaowhere
characterizedising anlnstronto measurehe forces generated t$MA spring actuators.
Second aig was built whichincorporated theesults of the first test in a wig wihhSMA

spring actuators.

1.3 Objectiveof the Study

The thesis has three goals, the first goal is @étemininewhich arethe system
requiremergthat an elbowflexion exoskeletomsing SMA actuatorg/ould need to reet.
To address this goal, chapter 2 begins wiiteeature review of the at@amy, kinesiology,
and biomechanics of the human elbow, inclgdinreview of the differences between the

female and male elbowhe second chaptéuen provides a literatureviewof the system



requirements for elbovilexion exoskeletons araf existingexoskeleton designs. &hast
part of the second chapteradterature review of SMA spring actuators.

The second goal of the thesis isstplorepossible configuratiosiof SMA springs
that can be used for creating an elbitexion exoskeleton thabuld meet the requirements
described in the literature reviewChapter 3 reports the results of the SMA spring
characterization study. Different diameter acbtgivere charderized todetermine their
actuation behavior and force outpthieir maximum foce; the time needed to actuate to
that maximum force; the powereeded to reach maxirm force, and the potential for
spring fatigue and degdation.Chapter thre@lso addresss various limitations with the
characterization study.
Chapter 4 addressewtthird goal of the thesjswvhichis to begin the process of digsing
an SMA springpowered elbowflexion exoskeleton. The ggdlowever, was not tdesign
and build a fully functional exoskeleton. The goakteadis to use the more promising
SMA springconfiguration identified in the characterization study to baiid test a simple
elbowflexion rig. The main purpose of the rig is to testether the chosen SMA spring
configur ation has sufficient for ce,gieopowarf t
limitations and various other factorsA second purp@sof the rig studyis to identify
potential degadation in the maximum force ttie SMA spring actuators afterpeated use
in an elbow flexion exoskeleton righapter four reports the resutisthe rigstudyand
discusses certain limitatien
1.4 Significance ofinvestigating using SMAs for elbow flexion exoskeleton

Female adults are more likely than matsunterparts to experience a decreased

ability in performing ADLs.An exoskeleton thatan cater to the female wearer would



Impact the rate of occupanal adaptation and recovery tdmale who have residual
muscle weakness post cerebral accid8imice fenales are smaller and lighter than males,

it is important to have an exoskeleton thatdesigned to properly fit and exert the forces
necessary todnd the elbow of a femal@dditionally, a new wearable interface between
the exoskeleton and the user cbibhve multiple implications for the future of exoskeleton
design.Since SMA spring daators are small and compact, they may be a good choice of
actuator for the purpose oén elbow flexion exoskeleton. Studies have been done using
straight wire SMA actu#on for upper body exoskeletgnbut further investigation into

spring actuators caretermine their use for this application.



This chapteprovides diterature review and background informati@garding the
requirements that and elbow flexion exoskeleton using SMA actuators merddo meet.
The first section focuses dhe anatomy and kasiology of the male and female elbow
and the biomechanics of the elholihesecondsection of this chaptés a literature review
of the system requirements for elbdlexion exoskeletonsThe third section describes
various existing upper limb exoskedas. Thefourth section of this chapter provides a
literature review and background information of SMAs
2.1 AnatomyandKinesiology

The goal of the exoskel et osmysimslatihgthee nhan
natural movements and musculature propulsib the arm.This sectiondescribes the
anatomy and kinesiology of the human elbaveludinghighlighting some ofheprincipal
differences between the female and male upper arm anthropareekaking into account
anatomy and kinesiologg important wken designing an elbovflexion exoskeleton and
determining how many SMA spring actuators toude and the spacing between them.

2.1.1 Components of tredbow

The human arm excluding the hatah naturally articulate in seven directions and
thus has sevetiegrees of freedom (DOF). They are First Degree: Shoulder Biclond
Degree: Arm Yaw, ThirdDegree: Shoulder Roll, Fourth Degree: Elbow Pitch, Fifth
Degree:Wrist Pitch, SixthDegree:Wrist Yaw, andSeventhDegree:Wrist Roll. The axis
of the movementare at the wrist, elbow, and shouldgt3]. Complex muscular ah
skeletal systems facilitate movemeatboutthe joints. The mscles provide the force

necessary for displacement and for stabilizing the arm.



The elbow is where the hwerus meets with the radius and ulna. The elbow
provides two of the degrees of freed@mthe upper limb, flexion/extension (elbow bend)
and pronabn/supination (forearm rotation). The joints at the elbow, which provide the
bendng motion are the humeroradial joint, between the dwmand radius, and the
humeroulnar joint, between tiemerusand ulng14]. Two additionajoints, the superior
radioulnar joint, just below the elbow, and the inferior radioulnar joint, above the wrist,
serve as pivot points of the radius and ulna during foreatation.
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Figure 1: Joints of the elboyfrom ThiemeAtlasof Anatomy[15])



For adults, the arage ranges of motioof an elboware31.0- 41.0degrees for
flexion (forearm overlapping upper arm is,@80.7i 184.9degrees foextensior(forearm
overlapping upper arm is)068.087.8 degrees for pronation, and 6883 degres for
supination[14]. For the frame of this project the range of motion is measured from
complete flexion (forearm overlapping upper arm is Ohuiiéxion being betwen 3141
degrees.An elbow bend involves thectivation of the brachialis, biceps brachii,
brachioradialis flexor carpi radialis andpronatorteres for flexion and the tricep muscle
for extension [Eigure 2) [16]. Activation of the pronatoteres and pnoator quadratus
provide pronaton; activation of the supinator, biceps brachii, and brachioradialis provide

supination.

Back of body

Triceps

Brachioradialis

@) Extension

Figure 2: Muscles involved in elbow bend4]



2.1.2 Difference in female and male arm anthropometrics
The important anthropometrics for upper body exoskeldesgn are upper arm

length, forearm length, forem mass, bicep circumference, amdearm circumference.
These differences impact the design of the exoskeleton as the limitation on system size and
force requirements diffedbetween the two genders.

The majoiity of those who suffer cerebral accidents albeve the age of 5B];
nonetheless, individuals of all ages may suffer from cerebral accidents thagquae use
of an exoskeleton. Thanthropometric data used in this stuahgconpiled from databases
that used theotal adult populationf males and females in their repokéth the exception
of the massdata which come$ r o m H WwPPsantiges @fBiomechanicg17], the
information in the tale below comes from th2012Anthropometric Survey of U.S. Army
Personne]18]. The data in Table 1 shows th& & 95" percentile

Tablel: Anthropometric data for upper body of males and females
Dimension Male Male Male Female Female Female
5% 50% 95% 5% 50% 95%
 Upperarm length (cm) 334 363 394 3070 334 363
Lower arm + hand 44.40 48.0 52.0 40.40 43.8 48.0
length (am)
Lower arm (elbow to 24.4 26.7 29.5 21.80 24.00 26.80
wrist) (cm)
Upper arm mass (kg) 1.84 2.23 2.67 1.41 1.71 2.07
Lower arm + hand mass 1.57 1.91 2.29 1.18 1.44 1.74

(kg)

Bicep circumference 30.30 35.7 41.8 2590 30.40 36.00
flexed (cm)

Forearm circumference  27.50  31.0 34.8 23.50 26.3 29.6
flexed (cm)
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Theaveragemale arm is longer, has a larger circumference, and is heavier than that
of an averagefemale (Error! Reference source not found). Creating a wearable
exoskeletonrequires that the system fit within the parameters of theearels
anthropometric dateéSince theaveragefemale arm is smallghan the average male grm
the resulting syem shouldsuited for a sm@ller size range. This does acknowledge that
there is an overlap between the male and female arm size .r&ogabe design of the
exoskeleton in thiproject this translates intemallerproximal and distaldngths of the
actudor from the elbow. The @eease in circumference also impacts thegieas there is
a smaller surface area to attach the actuators to; there might be limitations to the number
of parallel actuators that can fit on a thinner alFior. anSMA spring systento function
efficiently, the actuators must be line with the desirednotion, so the maximum space

that could be occupied by the actuatisrdictatedby the width of the front of the bicep.

36.30 I 39.40 I 33. 4OI 36.30

=—12670-=  |=—29.50 26.80 =
50 % Male 95% Male 50 % Femole 95 % Female

Figure 3: Comparison of arndimensions for the 50th and 95th percentile males and
females. The measurements are in cm.

11



Deviations from this area of placemgstichas wrapping the &cators along the afmvil |

introduce torque into the system.

Designng an elbowflexion exoskeleton relies ommultiple (multivariant)
parameterssuch as those listed Tablel, to determine thelesign parameters afitting
criteria. Multivariant proedures are complex aach parameter is ndirectly tied to the
other[19]. For example, th®5"% in mass does not o@spond to the 95% in height.To
properlydesign an elbow flexion exoskeleton for fdesaor any bodyworn systema
method ofrelating the differenanthropometriclata must bestablishedin the case of fit
criteria, one rathod currently being stietl is the use of Principal Component Anas/gp
analyze thelifferent anthropometric datFor the design parametersore methods of
varying complexity existall with the goal of trying taccommodatéhe largest population
range The simplesand mostcommonly used method the univariant or 1Capproach.
This approach uses tB8% to 95"% to anthropometric dataf the different parametete
directly inform the design. Othermethods rely on feedback, prototypes, atigdital
modeling[19] .

As the design of the actual exoskeleton is beyond the scope of this peoject,
simplified univariantapproach was usdd estélish the testing weight and the location of
the center of mass of the arfithough the %% to 93'% are depicted iTable 1, this
study focused onlghe 50" to 93" percentile massas the mass of tharm is a main
consideratin of thecharacterization of th& MA 6 s heir application and use in the
elbowflexion exoskeletonlt is important to note that the focus is on characterizing the

springs for their application and use. The design of the ealesn itself and its intéace
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for the smaller arm range is outsidetb& scope of this project. Therefore, instead of
characterizing the load for the smaller portion of fémalepopulation, thespringswere
characterized for théigher loading conditons, long arm segments catarge segment
massesThe 50" to 93" percantile will be the higher load case and the springs would need
to produce more force. For smaller segment lengths,'tipefentie, the center of mass
would be closest to the elbow wwh would lead to a mechmal advantage. | have designed
for the averge female population. Although th& Bercentile might not fit the solution
designed, the system for the average would probaiblybe able to work for the 5
percentile due to themaller loadResults fronthis study can then be uses referencéo
design for the smaller arm sizes and ensure that it meets the requirdiseungsed in the
introduction.

In future studiesthe methods described by Iman et HI9] could be used to
determine and test the design of a full elbilaxion exoskelatn to ensure that it fits and
conforms to theequiremats necessary for the™to 95" percentile femaléength and 8
to 95" percentile female weight.

Using the data iTablel, the diameter of the 50th percentile female bicep is 9.68
cm (3.81 in). The human arm, however, is petfectly roundNone of he anthropometric
databases have informatiom the height anavidth of the bicep. Grosso et. al from the
University of Pennsylvania created a method for approximating the short and long axis of
the bicep based off of the circurafice using an approximaiaio of the axis. This method
was developedor the creatiomof humanlike avatars but takes into consideration real
anthropometric data and measurements. According to Grosso et. al, the following equations

can be used for deteimng the hight and widtbf the biced20]:
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Using the equations above, a new tablle2, is created to show the aproximate

major and minor axis for 50 and'9percentile mads and females.

Table2: Approximate bicep widths and heights for males and females
Dimension(cm)  Male Male Male Female Female Female

5% 50% 95% 5% 50% 95%

Cirmumfrance 30.30 35.710 41.8 25.90 30.40 36.00

(©)
Width (A) 4.41 5.20 6.09 3.78 4.43 5.25
Height (B) 5.20 6.12 7.168 444 5.21 6.17
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Using the values iMable 2, the available space to mount actuators female
upper arm is approximatefz43i 5.25 cm (2.5 in) in female3hus, the space available
in the female upper arm &proximately0.77 to 1.66cm lessthan thespaceavailablein
the male upper arm
2.2 Biomechanics of the elbow

In designing an elbow flexion exoskeletonisitalso important taunderstand the
biomechanics of the human elboBiomechanics is the study the internal anexternal
forces on the bodjL4]. Part of biomechanics is the kinetic study of motion which looks at
the forces that causendimpact motion. Breakig down the muscles, bones, ligaments,
and tendons and turning them into mechanical components such as pulleys and levers, an
approximate analysis can be made to determine the forces required for a movement or task
to occur.Giventhe canplex musculatureghe number of bones and joints in the bodg
well as variation in subjectthe mechanical analysis of a movemsntomplicatedThe
result is a model of body movement and associated values that are approximations of actual
values. Additionally, exoskedton designersneed to take into account the difference
between human and exoskeleton kinemdféds.

Notwithstanding this complexity, the majority of researchers have found it
sufficientto rely on approximations of torque exjarced at each joint and keep an armed

litted [22], [23].
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In these models, the lever arm most commonly used is 4 cm. As for the center of
mass, according td@atsiorsky et alas modified by de Leva, the @er of mass for the
female forearm is lcated at 49.59% of the total length for the forearm as measured from
the fromthe proximalend(the elbovy [24]. For the purpose dhe calculations and study,
| used a length odrm between the 3Dand 9%' percentile forearm length of the female
populaton, which is 25.4m. The resultant ceat of mass for this length is 11.5 cm from
the elbow with ararmmass of 1.59 kg. Using this informatidfigure4 and Equation4
show that the approximate force required by the bicep to maintain a famalat a90-

degreeangle is 44.25 N.

Triceps
muscle

\ A
Fg
\ 2 ~
\F U7 m, = 1.59kg
P CG
4.0
cm w,

11.5
Figure 4: Force exerted by bicep of a female arm modified from OpenSiax
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Equation4: Equationfor determining force excreted by bicep
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2.3 System requirements for elbow flexion exoskeleton

Exoskeleton requirements can be divided into system requirements, which pertain
to the systemds per for ma nperain to weambiltyisr r e g
section discusses system requirements. User requirements are beyond the scope of this
study The elbow flexion system requirements relevant to this study are the following: the
force needed to achieve elbow flexjotine power equired to lift the exoskeleton
efficiency, speed; rangef motion; reliabilityand repeatability

Other system requirements that are referred to in the literatiirare beyond the
scope of this studynclude: size and weight of the exoskelet compliaie (which is
relevant to the interface between the human body and the exoskegstsie)n control;
and natural motiofil1][26].

2.3.1The force needed to achieve elbow flexion

As discussed in the previous section, the exoskeleton would need to provide a
minimum force of 44.85 N or 4.57 kGenerally,the mechana capability of an elbow
flexion exoskeleton can either be measured as force or torque at the Bitsoexamples
that| use in section 2.4 of this paper on existing exoskeletons did not provide enough
information do determine maximum loadstorques asvell as sufficient information to
be able to calculate them. The articles also did not include power and speed. Some sources
did list a minimum torque that they used to ensure that the system could lift an arm, but did
not list all of the requements orfithe system could lift more than just the arm.

Table 3, modified fromNinhuijs et al.[26], set forth the force and elbow toirg
requirements for the elbow befat electricmotor, pneumatic, and hydraulic systeifise
table also includes efficiendyased on the values frovhe a | e 6 [41]. fflaepable also
includes speed and power. It shoblkl notedhat the powemeasurements afer a full
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upper body systempnjust the elbowMoreover, the measurements in the table are meant
only to provide general metrics and capabilities foreloow flexion exoskeleton. More
precision is difficult given that some sourgasvide torques (Nm) and others forces (N).
Similarly, some sourceare listedas degrees per second and others as meters per second.
Finally, the location of the actuators@haries.

Table3: Comparison of different actuator systems

Actuation Actuator Elbow Force Speed Power Efficiency
technology Configuration Torque  (N) (W) (%)
max
(Nm)

Electromagnetic Directly on the 23 - 48°[s 19 40-80%
actuators joint 7.2 - 75°/s  19.6 40-80%
(motors) External 28.4 - 95°/s 185 40-80%

position
Gravity - 50 0 0 -
compensation
Pneumatic Directly on the - 220 1.1 242 <30
joint m/s
Hydraulic Directly on the 89 - - - 7-40%
joint

2.3.2 Poweto achieve elba flexion

The goal for most systems is to generate sufficierte while reducing power
consumptiontherebymaximizing efficiency and portability. The issues of weight and size
are important in that a loyrofile design is also desirable to make th&esy noninvasive.

This project is an investigation into thppdication of SMA springs for aelbow
flexion exoskeletonandnot on the design and evaluation of a complete systhebcus
will be on power, forcerangeof motion, reliability, and speeof motion. These are the
minimum requirements that mubke comsideredwhen evaluating the feasibility of an

actuator.
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Like with many of the other requirements there is no set parameter for power, but
the aim is to keep power low and within a reasonabige for available batterieg\
reasonable range @efined hee asusing a maximum of a 25V battery and operating for a
full day, 8 hours. Depending on the Voltage andAhgp-hour(Ah) of the selected battery,
the maximum allowable power consumption walry. Looking at the available batteries
on amazon,dr an aveage large battery of 25V, the current rating is 2.1 Ah. With this value
of 2.1 Ah in mind, the maximum current that the system can draw to remain powered for
8 hours is .26A. Since the actuan is likely to not be constant for all 8 houddl], the
amount of maximum on time cde approximeedto 2-4 hours. There is no information
available on how long an elbow is bent during the day and this estimate is just an
approximationThis range brings theystem max current to 0.85205 A.

2.3.3 Efficiency
Efficiency (E) ik®srenetgpoutputhy a sysiemaaneared to warkoor

energy put in. Efficiency is given as a percentage. The efficiency of an elbow flexion
exoskeleton is important as in a full system it isteeldo power and weight of the system;

a more efficient systenmses less power to perform an action, and with less required power,
there is less total weight. The goal of many exoskeleton research projects, is to increase
efficiency and optimize systenig7].

2.3.4 Speed

Speed and the ability to control that speed are both important for an elbow flexion
exoskeleton. Although the exod&ton is a robotic device, it is being used as an assistive
device on a human and should be compatible with human motion. Depending on the

requirements for the use of the exoskeleton the speed requirement will vary. However, for
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safety reasons, the maximwpeed should be betweerRIseconds for complete elbow
flexion, approximately 100 degrees of rotat|@s.

2.35 Range of motion
To achieve the required range of motion to complete activities of daily Jitheg

exoskeleton must be able to complete the full range of motion which is from 130 degrees
(arm extended) and 30 degreasn{ flexion) assunng that 0 degrees is with forearm
overlapping the humer[29].

The SMA spring actuators should be able to hold the arm in the required position
to complete the desired task. Tioy knowledge ando the extent ofmy search, data
regarding the amount of time a pamit is heldwhen performing ADLs is not available.
Since the activity of brushing teeth is a task that has a recommended time, ibeould
assumedhat an exoskeleton must be able to maintainbm position in the elbow for
two minutes, the time recommaed by the ADA (American Dental Association) for
brushing teetfi30].

2.36 Repeatability

As was previously stated for durabilitgiven the life challenges that the devices
intended usermay be facedvith the device must beeliable and operate as intended each
time the device is initiated by the us@1]. Another way to view reliability is accuracy;
the system must reach the desired position and behave as desired. @mes$ysild not
only be reliable to work, but also repeatable in its actions. Repeatability is related to
precision, in érms of the exoskeleton, the system should reach the same position each time
it is actuated. Although accuracy is independent from poggian elbow bend exoskeleton

should meet both requirements.

20



2.4 Existing exoskeletons
There are numerous types ofap limb exoskeletons. The upper limb exoskeleton
Is not only defined by the application, but the method and amount of assistancedprovide
The simplest type of exoskeleton is usually used for orthosis and is to@aovide limited
extra supportlt is completely passive and tends to have only one degree of freedom. For
rehabilitation, many exoskeletons are passive and or only negdtedés due to gravity.
An overview of the different system and applications bladdressedut thefocuswill
be on systems that aim to assist with activities of daily living.

2.4.1 Passive exoskeletons

Passive exoskeletons do not rely on motorstweradctive types of actuatiodsing
springs and counterbalan¢cgmssive exoskeletomase able tacompensatéor gravity. An
example of a passive exoskeleton is the WREX exoskeleton. The WREX is one of the
leading andmostused exoskeletons and relies aiseries of rubber bands to negate the
weight of the wearerds ar m. Tishsenpleaeddees i t of
not have the added weight of actuatdise major limitation of the passive system is the
size as well as limited force. Thmassive systems like the WREX can only offer partial

assistance anareunable to bend the elbow on its oy@2].
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Shoulder Joints

Elbow Joints :

Figure 5: WREXpassive exoskeletq@2].

2.4.2 Electric motoexoskeletons

Most recent studies are fasmd on the electric motor type exoskeleton. The goal of
many of the electric exoskeletons is to provide further support and assist with the
movements. Electric exoskeletons have a vast range of usasearghlysoughtafter for
military and labor apptiationsas well as everyday wearable orthosis.

Electric motors have the benefit of having a high torque to volume ratio as well as
being highspeed. Another benefit of electric motors is their ease of contralaitity to
maintain a load. Control of moits takes form in both position control, and torque control.
Different gearing can be used to achitvedesiredtorque while also reducing the speed
of the resulting motion. For the application of the elbow ea&tetkn, these qualities are

key to succedsl actuation[26]. The limitations of electric motors in their use for
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exoskeletons is that they are noisy and can be expeAsldéionally, the gearing reduces
the efficiency of the system amtfluencesthe compliance of the exosleton by decreasing
backdrivability[11], [26]. Back driwvability is important and pertainstoarot 6 s abi | i ty
be moved when not powered. It would be a safety hazard if an exoskeleton lost power and
t he u s was Eiblydackd in a position.

Literature also cites power, size, and weight as a limitatbut theinvestigation
into existing maors and their technology shows that this is only a limitation depending on
the chosen motor and its application. Many small, lightweight, efficient, motors are
available on thenarketbut tend to come at a highgrice. With regards to power most DC
motors can be powered with a battery, but depending on the efficiency of the motor, the
usable operation time of the motor might be limifed)].

As a mainactuation method for upper body exoskeletons, many rehabilitative
exoskeletons, both wearable andtisinary, exist or are in development.n&the aim of
this study is to loolat wearable systems, a design by Cappetli. is reviewedin terms
of mechanical design and requirements. Of the motor driven exoskeleton systems, |
encountered in my research, the design by Cappello et al. wasshevearable. The soft
wearable exoskeleton developed by Capetlal. takes advantage of a motor and cable
system, integrating a cable inttextile-basedsoft frame. The system was designed to meet
a certain set of requirements established by the tie@uagh research and literature review
with the aim of minimizing user discomfoRor an exoskeleton to becarable, it must: be
compliant, lightweight, have limited moving parts, mimic natural motion, not constrain
movement, have the majority of the st located in a comfortable location, be

comfortable to wear, be safe, have force and position control,eaatfitient[33].
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The main subsystems to point out for meeting these requirements are the motor
assembly, the soft frame, and the series elastic elemesimdtor assembly comprises
a brushless DC motor and coil spool and aims at generating sufficient todguart arm
while also providing position control. The soft frame is the base of the exoskeleton and is
used to transmit the force. Although techoring methods are not explored in this thesis,
the soft frame merits elaboration as it is a novel anogamethod for exoskeletons. The
soft frame takes advantage of different stiffness fabrics and nylon webbing. The placement
of the different fabricss strategic stretchyfabric is placedin areas where flexibility is
required and facilitates compliance fbe more rigid nylon structures. The nylsrplaced
in regions were stabilityis necessary to distribute the experienced loads. The last
subsystm, the series elastic element is the system compliance portion of the proposed
exoskeleton. The elastic elents are springs which are placed in parallel with the cables

to absorb any shock in the system and prevent injury to the user.
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Figure 6: Wearable cable driven exoskeleton by Cappello §88].

2.4.3Soft exoskeletons

Softroboticsorthoticsarea type of exoskeleton where the components are soft and
flexible. A soft robotics device uses a combination of different elastomers and other soft
materials to provide actuation and sensing. Often referred to as wedtas, the efdic
actuators tend to be composed of an elastic chamber and a flexible yet structured material
(fabric or meshing). The soft muscles tend to be either pneumatic or hydidic
actuation is the result of air or liquid entering the eladtezmber. As tl bladder expands,
it pushes against the supporting material. The benefit of this type of actuation is that the
actuators can be thifightweight, and easily integrated into clothing. Additionally, they

provide multiple types of actuatiomihs. Most actators provide linear or rotary actuation.
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By altering the rigidity and placement of the soft robot, an actuator can provide shaped
actuatior{34]. The setbacks to the technolaggthat they require pumps and large battery
packs to run them.

2.4.4Shape memory exoskeletons
In exoskeleton design, a Bowden cable systeowiges a methodf maximizing

the mechanical transmission of a straight SMA wire. The Bowden cable uses the inherent
change in dimension of the heated shape memory wire when heated. Since the wire inside
the sheath is a straight wire actuator, with 4% a@sgion, longdngths of materigdre
requiredfor very small actuation. A spring system provides a greater stroke length
compared to overall length than the Bowden cable, but the Bowden cable provides greater
force[35].

An SMA elbow exoskeleton was developed by Dorin CopaciCarlos Il
University of Madrid that uses a Bowteable system for actuation. The Bowden cable
comprisedof a straight NiTi SMA corea Teflon lining, and a nylon sheath. The part of
the actuator directly over the joint is left uncovered tfter desiredlength to allow for
compressionAs the SMA corpresses, it slides along the outer layeB8nce the total

length of wire inside the shéhs must remain the same, the compression is observed at the

\
Figure 7: Bowden cable SMA elbow bend exoskeleton by Copaci et. a
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exposed section of the actuator, bringing the two sections together and causing the elbow
to bend[35] Two Bowden cable methods exist and are dependent on the total length
requiredfor actuation and the available spatiethe required length is less than the
availablespace, the cables cha routedhrough individual pulleys. Otherwise, the cables

are crimped, and the actuator runs the total desired length.

Copaci and his team alsleveloped a flexible Bowden cable actuator system for
actuating fingers. In this systemme outer sheath is a stainkessel coil, which allows the
fingers to bend. The coil has the additional benefit of acting as a heat sink, shortening the
cooling tme of the syster{86]. A system using an SMA sprirggometry of actuator has
not been tested for the applicatiohan elbowbend exoskeleton
2.5 Shape Memory Alloys

Shape memory alloys are a smadtemial thathavethe ability to be deformed and
return toa setshape. This behavias attributedo the underlying material properties of the
alloys whose crystaltie structure changes as the result of various phase transformations at
different temperatres. The high stress to high actuation ration of SMAs lead to a high
work output for unit volume. This specific advantage of SMAs is why the material is so
often studkd to use in theystem Although there is a high work per volume ratio, this does
not ranslate into efficiency as SMAs have a low force per power ratio.

Multiple memory alloys exist, most comprisidg a combination of Nic&l and
another metal. In thistudy the focusis on the specific NiTalloy which is 50% Nickl
and 50% Titanium. NiTi SMA is most often used in the biomedical industry and has high
success in integration in splints. As SMAs are not efficient, the best applications are for

systems Were large displacements are necessarwibhtlittle force.
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The principles of SMAG6s memory 1is the
material. The material exists in two phases with three different crystalline structures,
Austenite, twinned martensitand detwinned martensite. The restihgge of the SMA is
called the twinned martensite phase. When the material is deformed, lattice distortion
occurs, and stress is introduced into the material, turning the twinned martensite structure
into detwinned martensite. When the SMAs heatedto its starting transformation
temperature, defined as Austenite starting),(he material begins to change its structure

and returns to its memory stag).(

TEMPEF.A TURE _*_

Martensite :u@i" M 4% 4 o Austenite
{twinned)

Figure 8: SMA transition phases and temperatufes]

28



Forcesare generateduringthe process of heatingndthe transformation in the
material structure as the strain in the material is released. The stress and strain are
introduced into the material when the material is deformed. Heating the material leads to

the release ofreergy and the reduction in straii37] as depicted ifrigure9.

O (MPa)
Detwinned

800 Martensite

&c

Twinned
Martensite geces

cooling A A Detwinned
Austenite A, ‘ E Martensite

T(°C)

Figure 9: Stressstrain and temperature fol\#A [42]
The annealing temperature, time, and alloy composition influencgelikestress

andactivation temperature (Austenite start and find$.far as yield stress and strainet
raw unannealed wireals a higher yield stress bless reoverable strainlncreasing the
annealing temperature decreases the yield stress but increasesoth@ of recoverable
strain, meanin@n increase in actuation strofl@s], [39].

The Austenite start temperature of the wire, which is thégature at which the
SMA sfarts toactuate, and Martensite start temperature, which is the temperature at which
the SMA can be deformed, can be modified by changing the annealing temperature. The
raw SMA wire has a different behavioral pattern than theealed wires as the
microstiucture of the SMA changes during the annealing process. The rawhasea
higher Austenite temperature than a wire annealed at 350, but the Martensite temperature

is lower. During annealing, the structure of the alloy changed theconcentration of
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Titanium increaseswyhich is an explanatiofor the difference in behavioFor the other
annealing temperatures, Austenite and Martensite increase with a rise in temperature. There
is a largeincrease in Martensite temperatdirem 350 C to500 C annealingfigure 10

[38]. For this study, tla actugors were annealed at 450 C for 10 minutes using the 70 C
NiTi wire.
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Yield Stre
~
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2{1)" - . JU'vvvv
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Figure 10: Yield stress and Martensite statemperatures for different annealing
temperature$38]

Certain criteria for SMAs such as martensite temperature, hysteresis, Austenite
temperature, yield, and ss® carbe modified by changing the alloy and composition of
NiTi. An example is NiTiFe, which adds iron for increase in strerigpin.decades SMAs
that actuate at body temperature have been used in the bionedicdty. Example of
fields andproducts hat useSMAs are orthodontics,braces orthopedics staples and
plates;vascular, catheters and splin/dl thesedevices are designed ttuatein one

directonatb o dy t e mp e )ywath terexcepi(ioB af the braces which actuate with
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hot food (appr ¢4R8]i Adaitiosallyy SMAS arebused )n research on
compression garments that can activate at bedperatur@41]. Current research is being
conducted on new alloys and methods of optimizing shape memory &iloysther
applicationsbeyond medicalises.

2.5.1 Joule heating
A common méhod of heating SMAactuatorss via applied current in a method

calledJouleheating. Joule heating relates the applied current, the resistance of the material,
and the materiadrosssectionto a resultant temperature. As NiTi is a metak jike other
metals it compresses when heated. This means that the cross section and therefore the

resistance of the material changes as it is heated.

Ve = P(t) — hA(AT(£))

P(t) = V,(£)*R(1)

where

p = matenal density = 6.45x 10° kg/m“[6]

C =  specific heat = 465.2 J/(kg, °C) [6]

V wire volume = 1.434x10° m’

h = convection heat transfer coefficient = 131W/(m?°C)
A = wire surface area = 2.258x10* m?

P() = power consumed by SMA (W)

AT(t) =  Wire temperature above ambient (°C)

Vit) = source voltage (V)

R(t) = measured wire resistance({2)

Figure 11. Equations for Joule heating to find wire temperat[#8]
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2.5.2 Benefits and limitations of SMA actuators

In Design Optimization of Shape Memory Alloy Lineatu&tor Applicationsand
A review of shape memory alloy research, applications and opptesinilohd Jani
explored the benefits and limitations of SMA. He also discussed some methods to explore
to attempt to compensate for some of these limitatiBasdits of SMA are their small
size and higtpower density for a given actuator size.

More specifically, depending on the diameter of the wire, the straight wire
configuration of an SMASs able tosustain asignificantly high load.The straight wire
actuatorachieves actuation through the inherent compression of the wire as it is heated.
Since the actuatiors basedn the material deformation, a maximum compression of 5%
of the actuator length care achievedHowever, contracting and deforming the actuator
the full 5% introduces excessive strain on the material anthiéerefore recommeledthat
the straight wire onlype actuatedo 4% of total lengtj42]. To try and compensate for
this, pulley systems are developed to attempt to maximize actuation.

The other configuration of the SMA actuators is the spring. The spring is unable to
sustain as high loads bistable tgoroduce maximum displacemda8], [44]. Springs have
an advantagenithat they provide greater displacement than the straight wire. The spring
actuators can undergo displacement of up to 200% of the free spring length before the
deformation becomes irreversiblgl5]. The drawback to the springs is that the provided
activation forcas greatly reducedince the internal stress is torsional in springs rather than

axial in a straight we [46].
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Figure 12: Cross section of a sprifd7] .

The reasoning behind why linear force of a straight wire is greater than torsional
force of a spring can be ghained by a series of figureSigure 12 showsthe crosssection
of a spring. The force F (going up) is perpendicular to the wire of the coil (laying

horizontal). This means that the wire will experience a shear sseg®wn irFigurel3.

compress m-nal stress

tensional stress

shear stress

Figure 13. Modes of induced stre§48].
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In addition to the shear stress, a springan&srsional stra. In a stretched spring
the distance between the coilsgi®aterthan in the compressed spri(fggure 14). This
means that angle U increased. This increas

causes torsional stress.

Figure 14: Stretched vs. compressed sprjd]

In theactuation of a spring, the internal stress is caused via torsional loading rather
than axial loadingKigurel5). As a result, the stressiscongertt ed at t he wir eo
rather than being evenl y-sattiors The reboveryefalice al 0 n ¢
decreases as a result besmthe inner strength of the material is not fully utilized in the
spring geometry and the material on theda<f the wire does not have as much leverage

creating an opposite torque from the material on the outside.
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Figure 15: Axial vs torsional loading50].

In case of axial stress, every part of the cross section (SMA) will experience an
even load Figure 15). This means that when the wire is trying to recover to itSraig
state, every part of the wire contributes the same amount to the retmreery
Given the stress distribution under a torsion stress (high on the outside, 0 on the
i nside), itdéds also easier to over $Vhanet ch a8
applying the same force under an axial load, the stress throughouiréhés vevenly
distributed. However, in case of the spring, the stress will be much higher on the outside.

Since the stress is higher there, the maximum shear strain for a sibr@dg, is reached
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faster which means the spring SMA will have permanentipldsformation mucimore
easly.

Furthermore, the dynamic response and energy efficiency is decreased, mainly due
to the power exploitation, under torsional loading, of the nater the center of the solid
section, which adds to the cooling time anth®power consumption without contributing
to the strength. Despite their drawbacks, helical SMA actuators have been shown to be
reliable mechanical actuators, provided thatltizel is not substantigd3].

Besides wire geometry, wire diameter has a large impadorce, performance,
andheating. As noted in the section above, as the actuaterseatedia Joule heating
which is a function of the diameter of the wire, smaller diarsdieat and cool faster due
to a high surface to volume ratio. However, thakdiameter wires are not able to produce
as high forces. As the diameter of the wire increases so does theTbeckrger diameter
wire has a greater volume of material geirface area, which means that temperature
changesn both heating and coolintake longe and are thus harder to control

While SMAs have been used effectively in many applications, they are still the
subject of active studies, in order to better ustdewd the effect of nefinear behavior
[51]i[53], variability of SMAs due to manufacturing imperfectifg], thermodynamic
fatigue [55], and fatiguedue to loading conditionfs6]. One way of addressing the
potential sources of SMA variability is to perform a characterization study as the first ste
when designing applications using actuators. This is a @mapproach in the literature.

It is the approach used in this thesis.
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2.5.3 SMA spring actuators
2.5.31 Spring index
The spring index (C),nfluences the resultingprce and internalteessesin the

spring. Thespring index ighe ratio of spring diamet, D (D = D (inner diameter) +2d),
to wire diameter (d)Kigure 16). The ideal spring index is, 3his value is achieved by
balancing the ratio of the wire diametertb@ overall spring diameteHigher forces are
attainable at higher spring indexes, however winding the material to a smaller spring

diameter requires excess stress to be applied to the material, resulting in fifd&ures

Solid Coil Free-Length Coil
(n=7)

Figure 16. Spring parameterf5]

To accomplish the spring index of Bie core wire diameter must be double the
NiTi wire diameter.This is givenby modifying the spring index equation to use Di.
0 O QrQ

©)
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o O Q1Q

(6)

(7)

2.5.32 Extensional strain

Extensional strain is the ratio of displacement of the spring to the free length.

Y0
& +
v

(8)

Free length is ta zro- load length of the spring. This differs from the starting
length which is a fully compressed spring with a pitch angle of 0. For the simplicity of the
problem, the free length is approxted to be theasne as the starting length. This is not
the @seas the free length changes during actuation due to fgdéie

The maximum extensional strain accordind=t@ineering design framerk for a
shapememory alloy coil spring actuator using ast two-state modeby Shungming et
al. is less than 2 for a spring index of 3. This is because the maximum shear strain for a
SMA spring before it undergoes permanent plastic deformation iari¥as shown in

Figure 17, this pont occurs at an extensional strain of approximately [5.7]7 Relating

the y axis of (b) in the figure below to extensional strain, stroke length.igvhich is the

change in lengtfrom the initial length and initial length issL
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Figure 17: Maximum pitch anlg and extensional strain of SMA springg7].

The reason that maximum extension strairreleges with decreasing spring index
is due to the increse in shear stress. As described in 2.5.2, the helical shape of a spring
induces a torsional shear stress, the tighter the coil (i.e. kpeg index), the greater the
stress. This relationship igsible through the equation for shear stress in a gpdnAs
shown in(9, there is a constant 0) thatrelates to the spring inde&. In this equation,
a decrease in C increases K, resulting in an increase in sheafs3teBsspring design,

the life (number of cyclesdf a spring is improved by increasing the spring ingiey.

., YOO
T 0z- a
Y 9)
10 ¢
10 O
(10)

The values in SMA theoretical models do not always match actual findings in
studies. For example, Halsuh and Newman found a maximum strain of 2.9&fspring
index = 3. The results of the study in this thesis also found a maxanhbi@vablestran

greater than the 177predicted by the theoretical model described above in chapter 3.
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These results arghown in chapter 4 where | was able to meet aimmax achievable
extensional strain of 2.3&owever, it should be noted that this extensional strain comes
with limitations.

2.5.33 Theoretical force of SMA springs
Hookebds | aw r el aa ssng lsytstatiagstsat deformasion ofaai n

spring (x) is linearly related (in the elastic region of the material) to the force/stress (F)
applied by a spring constant (k) that is specifith® spring.An important note is that
Hookeds | aw ile m theplabtig, linear, uegionwfra stregsin curve.ln a
simplified form Hooke3 law is defined ashown in Equatioi11 [58], [59]:

"0 Qw

(11

Modi fyi ng Ho oKk etiéak approaiwation af the maxonurierce
produced by an SMA spring can be calculakdtbwing the methods by An et al. and

Holschuh et a45], [57].
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2.5.34 Flexinol actuator technical and design data

Wire diameter influences many of the properties of the SMA agatuatoluding
pulling force and current requirements; as diamiteneaseso do the pulling force and
required currenflTo choose the desired diametefficiency and design mulsé conside=d
Using information from Dynalloy on the properties of strayire actuation Table4) the
0.51mm wire has the highest ratio of grams to wire diam@¥@h respecto the amount
of material used, th8.51 mm wire is the most efficient in providing the greatest force.
However, when lookingtgpower consumption, th@38 mm wire produces the most force
per mA and is thus the most power efficig]. The 0.31 mm idmeter wire has a higher
resistance and requires less current to actuate, but with the higher resistance, it overheats
easily aad consumes more power for an applied currentsétieee diameter wires were
chosen tde usedor testing.

For the purposefahis study and for comparison, it is important to include the
Dynalloy Inc. information about their Flexinol actuator wire:

AThe following chart gives rough guidelines for how much
electrical current and force to expect with various wire sizes. If
Flexinol® actuator wire is used within the guidelines then obtaining
repeatable motion (typically 2% to 5% of working wire lengthjrfr
the wire for tens of millions of cycles is reasonable. If higher stresses
or strains are imposed, then the memory strain is likely to slowly
decrease and good motion may be obtained for only hundreds or a
few thousand of cycles. The permanent deformatiich occurs in
the wire during cycling, is heavily a function of the stress imposed
and the temperature under which the actuator wire is operating.
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Flexinol® wire has been specially processed to minimize this effect,
but if the stress is too great ohet temperature too high some
permanent strain will occur. Since temperatig@irectly related to
current density passing through the wire, care should be taken to

heat, but not overheat, the actuator wire.

Table4: Flexinol wire specifications for different diameterasght wire. * The Heating pull
force is based on 25,000 (472 MPa), which for many applications is the maximum safe s
for the wire. However, many applications use higher and lower stress levels. This depent
specific conditions of a given sign. The cooling deformation force is based on 10,000/fsi
MPa), which is a good starting point in a design. However, this value can also vary depel
on how the material is used. ** The contraction time is directly related to current input. TF
figures used here are only approximate since room temperatiregjrrents, and heat sinking
of specific devices vary. On small diameter wires (diameters less than or equal to 0.006"
(0.15mm) diameter) currents which heat the wire in 1 second can typiedHytlon without
overheating it. Both heating and coolirmgn be dramatically changed (see section 3 of the
technical characteristics at http://www.dynalloy.com//pdfs/TCF1140.pdf for more informa
*** Approximate cooling time, at room temperaturestatic air, using a vertical wire. The las
0.5% of deformion is not used in these approximations. LT = Low Temperature and HT =
High Temperature Flexinol® Actuator wirgl2]

Diameter Size Resistance Pull Force* Cooling Approximate** Cooling Time | Cooling Time
inches (mm) chms/inch pounds Deformation Current for 1 158°F, 10°C 194°F, 90°C
{ohms/metaer) {grams) Force*® pounds Second YLT™ Wire *** “HT” Wire
{grams) Contraction (mA) (seconds) *** (ceconds)
0.001 (0.025) 362 (1425) 0.02(2.9) 0008 (3.6) 45 0.18 0.5
00015 (0.038) 226 (890) 004 (209 0.016 (8) 55 0.24 0.20
0.002 (0.050) 12.7 (500) 008 (36) 0.032 (14 g5 04 03
0.003 (0.076) 59232 018 (BD) 0.07 {323 150 0.8 0.7
0.004 (0.10) 32(12a) 031 (143) 012 {57 200 1.1 09
0,005, (0.13) 1.9(75) 049 (223} 0.20 (89) 320 1.6 14
0.006 (0.15) 1.4 {55) 071 (321) 028 (128) 410 20 1.7
0.008 (0.20) 0.74 {293 126 (570) 0.50 (228) 660 32 27
0.010 (0.25) 047 (18.5) 196 (B9} 0.78 (356) 1050 54 45
0012 (0.31) 031{1232) 283 (1280} 113 {512 1500 B.1 6.8
0015 (0.38) 021 {B3) 442 (2004) 1.77 (802) 2250 10.5 88
0.020 (0.51) 011 {43) TB5 (3560) 304 {1424) 4000 16.8 140
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Dynalloy also includesformation on a linted number of springs:
AWhile these values will vary depending on how the springs

ar e used, ar e still a reasonabl e star

following chart gives rough guidelines as to how much current and
force to expect witharious Flexinol® aatiator springd

Table5: Flexinol wire specifications for different diameter spring. *The Stretch Ratio
"SR" and Displacement values are typically accurate, but remain approximate values. **
The Heating pull force is based on ~ 25,@80(172 MPa), which for many applications

Is the maxnum safe stress for the wire. However, many applications use higher and
lower stress levels. This depends on the specific conditions of a given design. The cooling
deformation force is based on ~10,q8% (70 MPa), which is a good starting point in a
desgn. However, this value can also vary depending on how the material is used. ***
The contraction time is directly related to current input. The figures used here are only
approximate since room tempéuees, air currents, and heat sinking of specific devic

vary. Both heating and cooling can be dramatically changed (see section 3 of the
technical characteristics at http://www.dynalloy.com/TCF1140.pdf for more

information.)

**ek Approximate cooling time at room temperature in static air, using a vertical

spring. The last 0.5% of deformation is not used in these approximations. HT = High
Temperature Flexinol® Actuator Sprinjg?2]

Sprna Wire 1R Cold, | Displacement o si?rt:ir;chl: Heating Pull Defonmaton Approdmate’™ | Cocing Tme
infmm}, Cuter 3R Hot* |/ Coil infmm)” Wire pounds Force™ Seconds "HT™ Wirg®***
Diameter in{mmy} (s'#;];‘:-::':;r} {grams} &{::2_?; Contraction (A} | {seconds]
%‘}23%%3]5]) 6535 | 006(15 | 0.11433) {gf;gj 0.215 (97.32) 34 15.0
“-3_1150{52-_35%11]3" 6535 | ooaprn | 021827 {3-339[’;) 0.122 (55.72) 19 9.0
‘}ﬁﬂggﬁfgﬂ 6535 | 002(06 |874¢2913) |0.08939.3)| 0.035 (15.94) 07 3.0

It is important to note for comparison of this table to the pt@sestudied in this

study, that SR (Spring ratio) is not the same as extensional strain. SR as defined by

Dynalloy is L/ Ls, which is what reamplefi ned

Dynalloy states that a SR of 4 for a 10 mm spring weesllt in a 40 mm spring. The

spring ratio can be rdefined as extensional strain by modifying the ratio to a difference
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of lengths. Using the cold SR for the 0.381 mm wire spring, trensitnal strain can be

found:

o, U
YY —
U

Yo 06 0 0 YYop
v .
T YYp ¢ p ud

As a result, since the values can be related to each other, the absolute length tested
for the springs are not required.

Additionally, in Table5, the spring index is not the sanguaed in this thesis. For
the 0.381 mm wire spring, the final outer diameter of the spring is 2.54 mm. Using the
equation for spring index, it determined to be 5.667. This distinction is important as it
relates to the higher maximum extensional strAmstated by An et. §67], maximum
extensional strain ineases with spring index. Looking up the spring index of the Dynalloy
spring in Figure 17, the resulting maximum extensional strain is approximately 5.5,

confirming the results from Dynialy.

2.6 Conclusion

This literature review and background highlights the issues of current elbow flexion
exoskeletons and the potential benefits of using SMAs and SMA spinnagticular, this
chapter concludes thatelaverage range of motion for ABIs between 3441 degrees of
flexion and 180184 degrees of extensiolhalso concludes that the anthropometrics of the
female sex is different than that of the male sex and that the maximum number of actuators

that cartheoreticallyf i t o n amid28, assume@n® space between the actuators.
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This chapter sets forth the principal factors for setting up the actuators on the arm and
determining the space between them, including the constraints provided by tagodlirai

of power, the potentialfooverheating, and the potential for shorting the systérhis
chapter also provided informatiamn the maximum power (25 V and 1.05 A) and the
importance of optimizing efficiencyAlso included is informatiorior understading the
behaviorand benefits & NiTi SMAs and NiTi SMA springs that is necessary for the

experiment and the rest of this thesis.
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This studywas conductedh two partsa preliminary materiagharacterization test
and a practical design tastinga simple elbowflexion rig. The chapters for the two parts
are separated as the results from the characterization testing influence the decisions for the
practical design tesiThe purpose of the claaterization test was to compare actuator
springs of vaying parameters to measure the force output and actuation time, so as to
determine whiclactuator woulde best suited for integration into the exoskeletgpn

The first section of thizhapter outhes the methods used for investigating the
different design considerations for SMA actuatoféie second section sets forth the results
from the characterization testing. Titérd section of this chapter provides a discussion of

these resultsThe last sction discusses various limitations.

3.1 Methods

This section begins by setting forward the procedure required for making the
actuators. It then describes the characterization testingarticular, it discusses the
selectiorofthe parameters to be ted. Section 3.1.3 describes the testing set up atiates
procedures. The last section sets forth the methods used for data analysis or the results.

3.1.1Making of actuators

Coiled SMA actuators were made using NiTi Flexinol wire from Dynalloy kHeth
varying diameters: 0.31mm (D19.38 mm (D2) and0.51 mm (D3). The 0.31 mm and
0.38 mm diameters hawan austenitstarting temperature of 70, andthe 0.51 mm has

an austenitestarting temperature of 90 . The Flexinol wirewas choseras it is the
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standard use at the University of Minnesota Wearable technology lab and the company
provides detailed specifications on the material.

3.1.1.1Coiling process

The spring actuators are made on a specific SMA coil maker at the University of
Minnesota Wearable Technology Lab which is an adaptaftidine method described by
Holschuh et al[45]. The actuatomaker consists of a motor at the bottonanfaluminum

extrusion, aveight, a coiling tube, and a turnbuckle with a begrifigure18.

Figure 18. Actuator spring maker.

In order tomake tle actuator a stainlessteel core wiras attachedo the motor
and the upper bearing. Before the csrsecuredo both ends, the coiling tulie slid over

the core. The SMA is then fed through a slot in the tube and secured to the motor hub.
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When everthing is in place, the weighs securedo the coil tube and the motoris
powered
The motoris keptat a constantotationrate. As the motor turnshe SMA coils
around the core. The tube constrains the outer diameter of the forming coil, the weight
keeps a constant load on the tube and coil, and a wire guide between the SMA spool and
the coil tule keeps tension on the wire. The combination of ab¢heatures prevents the
coil from unwinding and ensures a consistent packing density and spring pitch.
The core wire and ine guidewere selectedbr each diameter of actuator wire based
on the spring index (C)lhe springs of each diameter wire wereateel to achieve the
spring index of 3mentioned in 2.5.3.1.0 accomplish the spring index oftBie ©re wire
diameter must be double the NiTi wire diamefghnis is givenby (7, resulting in the
following coil diameters:
O 8 2y @Ma T QA
O 8 C2& Wa T @a
With the inner diameter and wire diameter known, the outer diametebecan
determine.

3.1.1.2 Heat treatingAnnealing process

Heat treating/anealing the coil sets the memory state of the spring by setting the
austenite state. The annealingpgess wa adapted from Holschuh et al. and used an
annealing temperature of 450 with 10-minutesannealing time. After the 10 minutes in
the furnace, theprings are quickly removed and quenched in a bucket of cold [#&ler

To minimize variability in théneat treatinginnealing procesall actuators used for
testing on the exoskeletovere annaledin the same batclieat treating/amealing all the

actuators at once ensured equal heating aadchingtime.
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3.1.2 Characterizatiomnesting
3.1.2.1Parameter determination
In order toperform the spring characterization and determine requirerfortise

exoskeleton prototype, the testing parameters nhestestablished The necessary
parameters #i mustbe determined are required wire diameter, test cyrspning index
and diameter, and spring length.
Although the 0.31, 0.38, and the 0.51 mmardeter wiresvere initially considered
for testing, results from initial bench testing eliminated@d mmdiameter from being
used in the characterization testing as the temperatures required for actuation were high

enough to cause the springs to ltds&ir memory.

3.1.2.11 Test current

Before running the characterization tests, simple benchtgpwas @ne to
establishtesting currentnputs. A 5 cm sample of each of the three diameter spwags
stretchedto anextensionalstrain of 2. Lead cdés from the power supply were then
connected to each end of the spring and secured in place witVtdiage was increased
until the actuators began to actuate. Voltags increasedntil full compression occurred
in approximately 1 second@he benchtp test was repeated 5 times for 3 different samples.
Results from the benchtop testiage showrbelow (Table 6). The results below are the

average of the different samples and trials. They were all approximately the same.

Table6:Benchtop results for determining testing cutrparameters.
Diameter First visible actuation Act uat i on Actuati on

D1 (0.3lmm) 2.5V, 0.29 Amps 4V, 0.5 Amps 5.5V, 0.68 Amps
D2 (0.38mm) 2.5V, 0.4 Amps 4V, 0.8 Amps 5.5V, 1.0 Amps
D3 (0.51mm) 2.5V, 0.87 Amps 4.5V, 1.5 Amps 5.5V, 1.95 Amps
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For an evercomparison all sampleswere testedat the same applied currents.
Results from this initial test eliminated the D3 wire as the current required for actuation
was higher than the maximum suggested current for the 0.31 diameter wire. Additionally,
the 0.51 mm diameter wire would hea the wint of permanent deformaticafter 2 to 3
cycles Lowerextensionastrains still exhibited the same permanent memory loss.

Comparing the results ifiable6Error! Reference source not foundo the specs
from Dynalloy reveals tht the required current for 1 second actuator was much less than
specified. Dynalloy states that the currents for 1 second actuation of the 0.31mm, 0.38 mm,
and 0.51mm diameter wirsfraight wiresare 1.5A, 2.25A, and 4/0respectivelyas shown
in Table4. For the provided spring diametersTiable5, the current for the 0.381 mm and
0.51 mm diameter wire springs for 2 second aabuadire 1.9 A and 3.4 A spectively.

The results from thedmchtop testing showed that it only took 0.68A, 1.0A, and 1.95A for

1 second actuatiomnd0.5A, 0.8A, and 1.540r 2 second actuatioh was unable to find
literature to support the discrepancyddynalloy does not prode all information about
testing onditions. Reaching out to representatives of Dynalloy, they stated that the length
of the sample is not relevant or responsible for the discrepancy. Possibilities in the
discrepancies could be dte sample size and geotng although Dynalloy says thahe

length does not mattethere might be other factors, such as annealing temperature that
might influence the results.

The chosen maximum current for testing was 1 Abwithis was furthereduced
twice for the 0.31 mndiameter wireduring characterizan testing During testinga test
samplewas discardednd excludedrom testingfor the 0.31 mm diameter widkuring the

first test conditionas when the sample got to 0.9 Amps, it begdyutrn and smoké&uring
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subgquent tests, whehe first two amples of Dwere testedpermanentieformation and
change in behavior led to testiaghirdsample at only 0.5 Amps maximuithough the
bench top testing was consistent, the currents welsesustained for sufficientime to
actuate the springs. Sustiag the current for the time required for testing and for the output
force to stabilize, overheated the springs at the higher currents.

3.1.2.1.3 Actuator length

Varying the distance dhe applied force from theijat as well as the length of the
actuator both demonstrated effects to the resulting force. For the straight wire actuator, the
actuator length calpe determineddy finding the required compression (C). Since a straight
wire can only compress up to 4%, thequired length (L) would be L=@4.

For the SMA spring, the length of the actuator is dependent on many factors

including extensional strain. Calculating the required length first requires optimizing the

system to determirthe desired force and wiréagineter. The relationship @311 /Lo can

be used tdackcalculatethe desired initial length for a givextensionastrain.

For the spring characterization, only one compressed levaghestedThe length
of 5 cm was usetbr testing based on initi@xoskeleton design where thempression
region was 8 cm centered over the elbow, using data from Copadi3&]aln this design,
when the elbow is bent 80 degrees, the distance between the forearm and upper arm at
approximately 2 cm from where they stop touching is 5 cm. Therefore 5 cm igiiheum
compressed length ohaactuator for this applicatn.

3.1.3 Data collection

Spring characterization testimgas adaptetom methods established by Holschuh
et al. forcharacterizatioof NiTi coil actuators in active compression garm¢s®g. For a
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wide representation of the force profile, each wiges testedt five differentextensional
strains ranging from-@ at 0.5extensionastrain intervals Extensionaktrainis definedas

the ratio of the change in lengththe original compressedrgth. Since the heating of the
actuators is related to current and Joule heating, the cuveentontrolled A total of 9
current stepsvere testedranging from0 to 0.8 Amps incrementing by 0.1 Amps.order

to constrain dier parameters that affectetlforce of the actuatpall actuators are made
using the same methpldave the same packing densind have the same spring index
Packing desity refers to the number of coils per inch. To reduce the effects of
environmenth factors between tests, albsts were conducted in a humidity and

temperatureontrolledchamber.

3.1.3.1Testing setup

An Instron 5542 tensile tester was used to colleetforce data for the different
tests. The Instron has two clamps to hold sasyme@e stationary and one dynic. For
this study they were both held static for each sesd, aforce wasapplied by the actuators
on the integrated load cell

The two clanps of the Instron were set 5 cm apart. Two samples each of D1 and
D2 were cut acm lengths, allowing for 1ng of excess at each end of the actuators for
clamping. The 1cm exces&s stretcheflefore clamping to reduce slipping in the clamps.
Alligator clips were then attached to the top and bottom of the spring. The cable of the top
alligator clip was wrapped annd the Instron to prevent any tug on the spring due to the
clip and cable. Once the sample was set up, the sample was stretched to the desired

extensioal strain. The setup is shown kigure 19.
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Figure 19: Sample setp i Instron. The left image is the set upewtdnsion strain of -
and the righ image is of extension strain of 1.

A Keysight E631A power supp with constant current capabilities was used to
power the actuator$t provides either 0 t@5 V and0 to1l Amp orOto6 V and0 to5 A.
The KeyseighE631A was chosen not only for the constant current option but bechuse o
the preprogrammable settys. These settings let me set the desired currents before testing
and associate them with a button on the power supply. The set currents allowed for
instartaneous application of the desired current at the beginning of theittestit having
to turn a nolio reach the desired current. This is important because dialing into a current
would have influenced results, both for force, and time to reach maximaendsithe first
few seconds would have been at lower and varying cstrent

A Fluke 8846A digital multmeter (DMM) was used to record the voltagégure

20). Recordinghe voltage over time on a DMM is necessary for power calculat®inse
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the resistance of NiTi changes with temperature, keepingtaot current results in a
voltage changdn order to complete the circuit and measure the voltage, the DMM was
conneckd to the power supply input and outplihe voltage was recorded every 0.036

seconds.

Socaaw - =
Q@ S o= = g =

Figure 20: The Keysight E631A power supply with constant current capabilities is ¢
bottom with a Fluke 8846A digital multimeter (DMM) top.

A thermistor was initiallyused to measureemperature througlan Arduino
microcontrollerwith a data loggerThis was placedit the base of the actuators to collect
thermal data. Othegemperatureneasuring methodsere attemptetdut not pursuedlhe
reasoning as to whjesewerenot viable methosifor temperature collectiois elaborated

in the discussion section.
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3.1.3.2Procedures
As stated in chapter 2.5.3.2, tbffness to the spring is known tiecreasafter

multiple heatingcycles[45]. The change in stiffres is greater in the first few cyclg9].

As a result, bfore initial testing of the samples, each sample was actuadestratched

five timesto anextensionastrain of 2.This was donesaright after annealing, the actuators
must undergo a few cycles of actuation to reach thermal and mechanical §&8]ilithis
pre-stretching was @he using a heat gun instead of a power supply to avoid the potential
of overheating.

Each samplewas fully compressedbefore being secured. The samples were
stretched while in the Instron, allowing for repeatable stretching to the desired length. The
force output of the actuateras recordeébr one minute for each samméeeach strain and
each current setting. Betweeach test, the clampgere returnedo 5 cm of separation and
the actuators were fully compressed to reset the actuators and maintaistertn
extensionaktrain. The samples were given two minutes td between cyclesDuring
testing, the samples cla®d into the Instromwere keptat the same spot to ensure that the
total, uncoiled, wire length between the positive and negative tdsngjomg to thgpower
supplywas constanieeping the coils in placalso allowed for consisteeitensionThe
sample were tested by holding the extensional strain and testing each current.

Sincethe samples are undergoing linear current incremerascending order, to
ensure that the resuligere not affectedoy the order ofthe test, the tesisere conducted
in analternating mannef test matrixis includedin the appendixThe order of the tests
for sample 1 of each diametwire were:

1 0-0.8 ampsand G2 extensionastrain(45 cycles)

1 0.80 amps and-D extensioal strain(45 cycles)
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1 0.80 ampsand0-2 extensionaktrain(45 cycles)

1 0-0.8 amps and-R extensionaktrain(45 cycles)
For sample 2f each diameter wire were

1 0-0.8 amps and-R extensionalstrain(45 cycles)

1 0.80 amps and-2 extensionaktrain(45 cycles)

1 0.80 ampsand2-0 extensionastrain (45 cycles)

1 0-0.8 amps and-Q extensionaktrain(45 cycles)

Sample 1 and sample df the 0.381 mm diameter wire springaded up being
actuated 180 times eacAs testing for sample 1 and 2 of the 0.31miantketer wire was
not completed, theyere mly actuatecapproximately 90 times.

As mentioned in chapter 2.5.3, Hge actuatorare actuate the packing density
decreaseggesulting in & increase iriinal compressed lengidndfree spring length (&.

As mentioned in the results belothe final compressed length of sample 1 of D1 (0.31
mm) increased b¢ cm, sample 2 of D1 (0.31 mm) increased3¥ cm, sample 1 of D2

(0.38 mm) increagkby 0.5 cm, and sample 2 of D2 (0.38 ningreased by).7 cm.The

large increase in the compressed length in the D1 (0.31 mm) springs me#m 8@ings
stopped fully compressinguch that when the Instron whsought back down to the set
compressedength, there was slack formed by excess spring between the clamps. A
result | chose to loosen the clamps and reposition the spring so the total amount of spring
between the clamps was 5cm such that the stretehgth for a giverextensionaktrain

would remain constart extensional strain of 2 and keep the samaseis the memory

of the springs kepthanging, they kegieing readjustedshifting the spring meant that the

total uncoiled length between thexininals changed, and so did the resistal here were
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two effects of the loose springs that led to theglecito reposition th®.31mmdiameter
springs. First, at loweextensionaktrain settings, the springs were not being stretched as
the new compresed length was longer than the desstdtched lengtiBeing too loose
the forces were essentially tharssat the lower strains as the uncompres$gehdjusting
the springs of 0.31mm samples 1 and 2 influenced the results of theAtestsesult, a
third samplewastested for the 0.031mmiameter wireat lower maximumextensional
strainsand currerg. Theorder of the tests for sample 3 of 0.31 mm diameter wire:were

1 0-0.5 amps and-Q.5extensionaktrain

1 0.50 amps and 1:B extensionastrain

1 0.5-0 amps and-1.5extensionastrain

1 0-0.5 amps and 1-8 extensionastrain.

3.1.4 Data analysis

In evalwating the actuators four factors were taken into account: maximum force;
the time needed to reach maximum force, the power needed to reach mdaice;rand
the potential for spring fajue and degredation. The data for the maximum force was
determined bylata provided by the Instron. The time needed to reach maximum force has
two components. First the greatest rate of change and the time tohreadisblute max.
The maximum power is tond by muliplying the maximum voltage by the curreiihe
contribution of extentional sain and current to achieving maximum force help can be
summarized by the force vs. extensional strain vs. current gkaphthis las metric,
currentwas chosen instel of power since power varies greatly even within a sample, and
currentis held constanwith the power supplyThe fatigue was observed by measuring the

change in compressed length.
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Eachsampleexperiences a different number of actuation cycles beéa@hing the
same test conditionin order to deal with potential hysesis of the springnd get
comparable resultenly the results in the last test were averaged and used for the force vs.
extensional strain vs. current gragghce by the end of tesg the samples had been through
approximately the same number of @&l In the case dhe D1 (0.31 mm diameter)
actuatorssince the first two samplegere eliminatedrom analysis because of permanent
deformation in early testing, thiareeaxis graph dbr D1 only depics the third tested
sample.

To illustrate the varialhty in the actuatos, the range and average maximum force
for each test of each sample was recorded to demonstrate just how much the actuators vary
within and between samples. The vafligy is important as it is linked to the performance
of the actuatrs. The range and aage time to reach maximum actuation and resistance
during actuation was also calculated to show the variability.

In addition to looking at the change in the resiseanver time, to compare the
resistance of the samples, the maximum eninimum resistance&as calculated for each
test along with the difference between them. The average, range, and standard deviation
for the difference in resistance was calculated fhediameter at a given extensional
strain and current settinffhe esistance was found/llividing the measured voltages by

the set current for each test.

3.2 Results

This section goes over the results of the characterization test.

3.21 Maximum forceand time to maximum force

First, force vs. time was measured to deiae the maximum foee and time to

achieve maximum forcé he force vs. time graphs thate showrdepictthe highest and
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lowest resultant forces for a given diameter, extensional stath,power setting. The
graphs choseto depictthe force vs. time foextensional straingf 2 and 1.5 for the two
diameter wires. Looking at the graphs of force vs. time the time it takes for the actuators to
heat up and produce the maximum force isblesi The remainder of the force vs. time

graphs can be found in Appeir A.

Diameter 1 Force vs Time for € 1.5 at 0.5 Amps Diameter 1 Force vs Time for € 2 at 0.5 Amps

Force (M)

Diameter 2 Force vs Time for £ 1.5 at .5 Diameter 2 Force vs Time for £ 2 at .5 Amps
Amps

|l

Farce(N)
-

Figure 21. Graphs ofthe force vs time for D1 & D2

For the smaller diameter wires after multiple actuation cycles, the actuators began
to exhibit behavior consistent with Bwo-Way-Memory effectinstead of compressy, as
further described in thdiscussionThe negative forces as depicted-igure22 aredue to
this Two-Way-Memory-Effect, coupled with the way that the Instron measures foldes
behavior was most notable for extensional strain dktOextensional strain of O as the
actuator was heated it began to amgp between the grips of the Instron, instead of

compress. The way the forces are measured on the Instron is by lookinfpatethacting
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on the grips. As the spring extended, it wasomger in tension as the excess spring began
to buckle, leading to egative forces. The negative forces recorded show this behavior,
however, the magnitude of the negative fortedess than ta actual negative forces
produced by the expanding spring. Aspring expands, the force is going in opposing
directions. Insteadf translating the force to both grippers, the reacting forcéhe two
stationary grippers causes the spring to buckle, idueart to he flexibility, helical

geometryand lack of stfness in the cos.

Diameter 1 Force vs Time for £ 0 at 0.8 Amps

= SamplelTl

Force (M)

Figure 22:Graph of force vs. time from diameterl at extensional st
of 0 depicting spring elongation

3.22 Time to reach maximurorce

Using he force and time data, the time for each actuator to reach maximum force
was recorded. The average maximum force, the standard deviation of the maximum force,
and the range of maximum rfee was recorded for all samples and trials for each

extensional strim and current setting. The average time for actuation, rangetodtion
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time, and standard deviation a€tuationtime were also recorded. Since the maximum
force and time for actuatiofor O A is only noise, the values recorded were nuiesented.
The values for D2E3 are shown belowTiable8Table 8, the remainder of the tablese

in the appendixA summary of the overall average time to nmaxim force for extensional
strain of O to 2 for the 0.31mm afB8mm diameter wire is shownTable7. Figure23-
Figure 26 depict box and whisker graphs for a visual represematidhe average and
range of max force and time to max farEgure23 represents the average and range for
all currents tested and all extensional strains for diameter 1 (0.3 Figm)e24 shows the
information for diameter 2(0.38mniigure25 shows the range and average to achieve the
maximum force for diameter 1, afigure26 shows the time to max force for diameter 2.
Versions of these graphs separhout by diameter and extensional strain are in the
appendx.

Table7: Sumnary of total average time to the maximum force
Total Average Time to Maximum Force

Extensional strain Average SD
c0 34.3878 20.69429
C00.5 41.7696 16.00829
Co1.0 40.2394 14.90044
Col.5 38.9496 13.88186
C02.0 31.357 18.04702
Max TimeAverage 38.41778
.~ Diametero3gmm
Extensional strain Average SD
c0 35.38517 23.00125
C00.5 48.922 14.31758
CO1.0 45.853 15.39103
CO1.5 40.62067 15.84019
CO2.0 39.34972 15.67569
Max TimeAverage 42.02611

61



Trial Max Actuation Trial Max Actuation Trial Max Actuation Trial Max Actuation
force (N) time to force (N) time to force (N) time to force (N) timeto
max (S) max (S) max (S) max (S)

S1T1 0.048151 54.684 S1T1 0.159085 48.276 S1T1 0.358109 51912 S1T1 0.768253 52.596
S1T2 0.035644 35.028 S1T2 0.155657 56.664 S1T2 0.391514 56.592 S1T2 0.928293  58.572
S1T3 0.042814 30.24 S1T3 0.133944  40.716 S1T3 @ 0.338749 47.988 S1T3 0.670559  42.948
S1T4 0.043378 4824 S1T4 0.179785 18.9 S1T4 0.347444 55.656 S1T4 0.729006 42.12
S2T1 0.045706 57.528 S2T1 0.388812 45324 S2T1 0.864997 55.332 S2T1 0.419828 57.348
S2T2  0.04533 57.204 S2T2 0.196304 59616 S2T2 0.395829 51588 S2T2 0.764321  32.328
S2T3 0.039%6 51.3 S2T3 | 0.159013 45.792 S2 T3 @ 0.383252 56.232 S2 T3 0.767374 56.196
S2T4 0.036523 51.3 S2T4 0.154252 52.128 S2T4 0.362177 54.18 S2T4 0.729059 51.48
AVE 0.042163 43.6905 AVE 0.190856 45.927 AVE 0.430259 53.685 AVE 0.722087 49.1985
RANGE 0.01250 42.228 RANGE 0.254869 40.716 RANGE 0.526247 8.604 RANGE 0.508465 26.244

0.004479  15.2855 0.082098 12.56206 0.176864 2.97074 0.142728 9.21007
Trial Max Actuation Trial ax Actuation Trial ax Actuation Trial Actuation
force (N)  time to force (N)  timeto force (N)  timeto force (N) timeto
max (S) max (S) max (S) max (S)
S1T1 2108124 60 S1T1l 4.628794 60 S1T1 6.947985 55.476 S1T1 8.751187 59.328

S1T2 | 2.698867 52.956 S1T2 | 4.206271 57564 S17P 6.63342 44,424 S1T2 8.880727 50.616
S1T3 1.294652 57.276 S1T3 3.357055 50.616 S1T3 5.244244 50.904 S1T3 7.398974 55.188
S1T4 | 1.899992 57.6 S1T4 3.907981 59.616 S1T4 5.732485 38.232 S1T4 | 7.927141 45

S2T1 2179914  49.356 S2T1 4.472947 56.116 S2T1 6.290046  44.316 S2T1 8.09582 46.44
S2T2 | 1.716062 45.684 S2T2  4.01062 51.66 S2T2 | 6.230272 57.744 S2T2 | 8.397757 38.628
S2 T3 1.743002 58.356 S2T3  4.40206 56.34 S2T3 5.76374 39.528 S2T3  7.999237 31.248
S2T4 | 1.64938 60 S2T4 | 3.837828 56.952 T4 @ 6.294648  48.096 S2T4 8.574269 32.616
AVE 1.911249 55.1535 AVE 4.102944 55.983 AVE 6.142105 47.34 AVE 8.253139 44.883
RANGE 1.404216 14.316 RANGE 1.271739 9.384 RANGE 1.703742 19.512 RANGE 1.481753 28.08
SD 0.421999 5.289274 SD 0.411745 3.404737 SD 0.542595 7.064418 SD 0.491506 10.18173

Table8: Max force and actuation time for D2 E3 for all trials. Table includes average, range, and standard deviation



Range and Average Max Force For All Extentional Strains and Currents of Diameter 1 (0.31mm)
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Figure 23. Box and whisker graph depictingnge and average max force for all extensional strains and currents tested for diameter
1 (0.31mm)
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Range and Average Max Force For All Extentional Strains and Currents of Diameter 2 (0.38 mm)
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Figure 24:Box and whisker graph depicting range and average faecefor all extensional strains and currents tested for dian 2

(0.38mm)
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Range and Average Time to Max Force For All Extentional Strains and Currents of Diameter 1 (0.31 mm)
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Figure 25:Box and whisker graph depicting range and average time to reach max force for all extensional strains and currents tested

for diameter 1(0.31mm)
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Range and Average Time to Max Force For All Extentional Strains and Currents of Diameter 2 (0.38 mm)
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Figure 26:Box and whiskegraph depicting range and average time to reach max force for all extensional strains and currents tested

for diameter2 (0.38mm).
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3.23 Force vs. current vs. extensionabst

For the face vs currentvs extensional strain graphs, the valuesdue the force

are the average of the maximum force found in the lastieiéeen samples.

Force vs current vs extensional strain for D1
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0.2
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0.4 0:5

Current (Amp)

Extension
strain

m-0.5-0 m0-0.5 m0.5-1 m1-15 m15-2 m2-25 m25-3 m3-35

Figure 27: Graph depicting force vs current vs extensional strairCfbr Graph
actually goes to extensional strain of 2.

The graph above depicts foreg currentvs. extensional straifor D1. Thisgraph
depictshow thecurrent and extgsional strairresuls in different forcesand that at an

extensional strain of 2, the forces decrease.
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Force vs current vs extensional strain for D2
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Figure 28. Graph depicting force vs current vs extensional strain for D2

Figure 28 shows the same pattern Bigure 27 where the force decreases as

extensonal strain of 2.
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3.24 Power and Resistance vs. Time

Using the Voltage data recorded from a Digital Multi Meter (DMM) and the set
current, it was possible to create graphs of the change in resistance ovéigime29
depids results for diameter 1. For the higher currents, thd 8owuation in the resistance

is visible. More graphs of resistance vs. time are in Appendix A.

Diameter 1 Resistance vs Timefdr.5at 0.8

Amps
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Figure 29: Resistance vs. timerfdiameter 1 extensional strain oblat .8 A.

In addition to the resistance vs time graphbjds and box and whisker charts of
the max, min, and difference between resistance were takenvalues for diameter 2 and
extensional strain 2 are shownTable 9. Therest of the tablesra in the appendixt is
important tonote that the outliers in the resistance for sample 1 diameter 1 (0.3&rexm)
due to adjustinghe sample between tests as memory decay occurred. This is further

discussed in the discussion seotaf this chapter under the heading of memory loss.
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Trial Min(h) Max@) Diff;) Trial  Min(h) Max@) Diff;)  Trial  Minth) Max@) Diff() Trial  Minth) Maxh) Diff(h)
Resistance Resistance Resistance Resistance Resistance Resistance Resistance Resistance Resistance Resistance Resistance Resistance
S11 6.22655 ~ 6.49763  0.27108 S1T1 5.23155  5.40961  0.17806 S1T1 @ 4.8967333 5.109933 0.2132 S1T1 4.3099 4.9727 0.6628
S1T2 4.70918 4.75787 0.04869 S1T2 4.657255 4.83617 0.178915 S1T2 4.4657333 4.597633 0.1319 S1T2 3.92355 4.821075 0.897525
S2T1 4.36199  4.36668  0.00469 S2T1  4.355855  4.40282 0.046965 S2T1 4.2577333 4.376333 0.1186 S2T1  4.046425 4.519825 0.4734
S2 T2 3.53464 3.5408 0.00616 S2 T2 3.53563  3.63411  0.09848 S2T2 3.5468733 3.626297 0.0794233 S2 T2 3.3062 3.660525 0.354325
S3T1 6.15341  6.25471 0.1013 S3T1 477701 4.823515 0.046505 S3T1 4.5185333 4.6423 0.1237667 S3T1 3.9593 4.831075 0.871775
S3 T2 466631  4.77388  0.10757 S3 T2 443022 453604  0.10582 S3T2 4.1379333 4.338233 0.2003 S3 T2 3.66685  4.08135 0.4145
S3T3 3.98385  3.99934 0.01549 S3T3 3.95439  3.99114  0.03675 S3 T3 3.8455767  3.94603 0.1004533 S3 T3 3.525  4.754525 1.229525
S3T4 491129 497808 0.06679 S3 T4 4.86636 5.5025  0.63614 S3 T4 4.7605333 5.084833 0.3243 S3T4  4.043475 4.555875 0.5124
AVE 0.077721 AVE 0.165954 AVE 0.1614929 AVE 0.6770313
RANGE 0.26639 RANGE 0.59939 RANGE 0.2448767 RANGE 0.8752
SD 0.087932 SD 0.19809 SD 0.0804326 SD 0.300862
T S - S
Trial  Min(h) Max(h) Diff(@) Trial  Minth) Max@) Diff;) Tral  Min(h) Max@) Diff;d) Trial  Min(h) Maxh) @ Diff()
Resistance Resistance Resistance Resistance Resistance Resistance Resistance Resistance Resistance Resistance Resistance Resistance
S1T1 4.08202 5.08344  1.00142 S1T1 3.5415333 4.415017 0.873483 S1T1 3.4983429 4.317314 0.8189714 S1T1 3.3785625 4.261825 0.8832625
S1T2 3.7495  4.44472) 0.69522 S1T2 @ 3.6735167 41806 0.507083 S1T2 3.5238571 4.068086 0.5442286 S1T2 @ 3.6663375 4.128738 0.4624
S2T1 3.44592  4.20904 0.76312 S2T1 3.3106667 3.931667 0.621 S2T1 3.3328 4.109557 0.7767571 S2T1 3.1680625 3.8986 0.7305375
S2 T2 3.20948  3.65448 0.445 S2T2 3.0500833 3.796867 0.746783 S2T2 2.9918571 3.556757 0.5649 S2 T2 @ 3.3162125 3.9185 0.6022875
S3T1 3.56368  4.27432 0.71064 S3T1 3.2254667 4.123233 0.897767 S3T1l 3.5371571 4.525529 0.9883714 S3 T1 3.0644875  3.77975 0.7152625
S3T2 3.5181 4.3321 0.814 S3T2 3.3150833  4.19745 0.882367 S3 T2 3.2295 4.100371 0.8708714 S3 T2 3.0905875 3.8496 0.7590125
S3T3 3.73556 4.5034 0.76784 S3 T3 3.3882667 45084 1.120133 S3 T3 3.2961429 4.001286 0.7051429 S3 T3 3.3621125 3.857275 0.4951625
S3T4 3.85022 4.35406  0.50384 S3 T4 3.4802833 4.379533  0.89925 S3 T4 3.3532 4.156371 0.8031714 S3 T4 3.2483375 4.001738 0.7534
AVE 0.712635 AVE 0.818483 AVE 0.7590518 AVE 0.6751656
RANGE 0.55642 RANGE 0.61305 RANGE 0.4441429 RANGE 0.4208625
SD 0.175173 SD 0.189744 SD 0.1500912 SD 0.1434825

Table 9:Minimum and maximum resistance for D2E2

shown

. Average, raage standard deviation for the difference in resistance are also
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Figure 30: Box and whisér graph depicting range and averagleange in resistand®r all extensional strains and currents tested for

diameterl (0.3Lmm)
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Range and Average Change in Resistance During Actuation for Diameter 2 (0.38mm)
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Figure 31: Box and whisker graph depicting range and average change in resistaraledrtensioal strains and currents tested for

diameter2 (0.381mm)
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To visualize the difference in average maximum power, a summary table was GiegaeekD.

Tabe 10: Summary comparison of average maximum power

Extensional Diameter

strain
5N
5N

B (0] p

B (0) p

E M

E M

E M®Pp
5 M®p
E H

0.31 mm
0.38 mm
0.31 mm
0.38 mm
0.31 mm
0.38 mm
0.31 mm
0.38 mm
0.38 mm

O OO0 O0OO0O oo o

OA 0.1A

0.0078
1.76694
0
2.4894
4.73046
1.62393
6.4
2.53899
1.27973

0.2A

0.0155923
3.5039775
0.0146
4.3811175
8.78659
3.2510225
8.48169
4.0443175
2.8396625

0.10501898
5.28186
1.1327325
6.05278125
12.413295
4.9161825
11.453175
5.52949875
4.186875

0.446191
7.198325
2.58198
8.254535
14.96302
6.40773
14.37772
7.17358
5.160705

0.5A 0.6 A 0.7A 0.8A
1.31740675 - - -
8.5798125 9.8184 10.8509275 12.08701
4.8180375 - - -
9.54505625 10.577445 11.8500813 12.57914
17.4363625 - - -
7.8869875 9.2506425 8.17326125 11.4792
17.026825 - - -

8.966975 10.096493 11.3114925 12.60271
6.45088125 7.9084275 9.52462875 10.75001

73



3.25 Potential for spring fagiue and degradation
In addition to the recorded datasual and measured length results to show the

memory decay of the spring during testing. After the completion of the testing the samples
were compressed to their maximum anebisured to determine hanuch the compressed

length changedHrror! Reference source not foundFigure32).

D1(0.31mm) Sample 2

D1(0.31mm) Sample 3

Figure 32 Thefinal compressed length afteompleted testing

All the sampés did show some degree of memimigs (extension). All the samples
were originally cut to 7 cm when fully compressed. Afesting, 1 (0.31 mm)sample 1
was 11 cm, DX0.31 mm)sample 2 was 10.6 cm, IL31 mm)sample 3 and D20.38
mm) sample 1 were 3cm, and DZ0.38 mm)sample 2 wag.7 cm.Figure32is a good

visual representation but the measurements are approximations as the springs kept buckling
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when the images were being taken. The measurements listed above are the actua
measurements when the springs laeld against the ruler.

In the case of samples 1 and 2 for diameter 1, they experienced significant amount
of decay with over 40% increase in length.
3.3 Discussion

The variables manipulated in this study were wir@ansgdter, current, and
extensionalsain, to measure the timerfactuation and actuation force.

Initial bench top testing eliminated D3 as an option as the memory degrteled
a couple of cycleat the currents requiréd achieve the required tempenadoractuation.
This might havebeen due to the annealingniperature used for the wire. This wire has a
higher starting actuation temperature and using the same annealing temperature and time
for all actuators might have influenced the behavior. Ium&nown what annealing
temperaturavas used by Dynalloy for &m to get the current rating of 3.4 A for 2 second
actuation which is higher than the 1.95 A found in the bench top test. Further investigation
and characterization of the larger diameter wipeing is neededas there are many
uncontrollable variable#\s such, till testingwas only conductedn D1 and D2.

3.3.1Maximumforce and time to maximum force

The resultsfrom actuation characterizatioshow thatfor a given power and
extensionaktrain the0.31 mmdiameter wire ofteproduces equal or greater forces than
the 0.38mmdiameter wire spring. This behavior da@ explainedy the higher resistance
of D1 which causes the wire to actuatere quickly and at lover currents than the D2
springs.Although initial analysis might led one to believe that the D1 springs are best,

further analysis and investigation reveal many factors that make the didesstédeal
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than D2 for the applicatiofor the exoskeleton. These factors usedcomparison &
behavior, brce, and power.

Looking at time to achieve maximum force, for all samples, all diameters, all
currents besides 0, and all extensional strains be@dndthe average time to reach
maximum force for wire diameter of 0.31 mm was 38.41778 sks;and for hmeter of
0.38 mm wa 42.02611 seconds. Although this was the time to achieve maximuméorce,
closer look at the force vs. time graphs shows thatatiteators begin to heat up and
produce force nearly instantaneously with the largatst d change in drce occurring
betwea 5 seconds and 10 seconds. At this point, the rate of change of force decreased.
This shows that although it takes a long time for the actuators to reach maximum force,
there is no preheating time where the actuatorstargding idlewaiting to heat upa a
point where actuation can beghs discussed at the end of this chapter in the section titled
limitation, this thesi®nly focuses on SMA witlanaustenite starting temperature of 70
It is possible that using a neaital with lower activation tempeature might lead to shorter
warming time but not activation time.

For all current settings, all samples, all diameters, forces increased with extensional
strain until a 1.%extensional strainthe forces for extensionatrain 2 wereconsistently
lower than extensionalstrain of 15. This is due toover extensiorof the actuators at
extensionastrain of 2which begins to fatigue the sprifg7] [45]. The force at extensional
strain of 2 is lowethan the force of extensional dtrd..5 even in the samples that were
first tested at extensional strain of 2 and therefore had not yet experienced hysteresis from

prior testing.
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3.3.3Powerand resistance vs. time

Since the thinner diameter wire sprisgonly able to run for longeeriods of time
at 0.6 Amps and arextensionalkstrain of 2, its maximum force that can repeatdisy
expectedrom the actuator is between 1.5 and 2 Newtons.sphnmgs using Dare able
to run with higher currents for longeeriods of timearemorerepeaablke, andareable to
produce forces between 5 and 7 Newtdiifse graph above depicts forge currentvs.
extensional strain

If the actuators were to lmwered for 1 second for instantaneous actuation, with
a control sgtem that was to use pulse widtlvdlation to control the power state of the
actuators, then the actuators could theoretically be actuated for a longer period of time, in
which case D1 migt be used, but the temperature required to sustain the contiaidtien
required force would stillamage the D1 actuators.

From a power perspective, the higher resistance of D1makes it such that the springs
use more power for a given currefihis rehtionship between power and resistance is
given by P=fiR. At lower currents, the total power going through the actuators are
approximately equal with D2 often ceuming more powelThe influence of the higher
resistance is more noticeable at higher ausd-or the current setting of 0.8 Amps, D1
consumed pproximately 3.2 Watts where D2 consumed approximately 2.32. The thinner
spring thereforeconsumes about 1 Watt more than the thicker wiables of max power
for each test and sample are includethe appendix.

3.34 Potential for spring fatigue artegradation

Fatigue from repeated cycles can lead émnory lossn shape memory alloy§0].
For example, Weber et al Wracancies of sphape memory alloge nt i on t hat @ARe

the deformation and heatingcyglen ai r reveals a rather rapi
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cyclesonahdevbay Bpecimen perfor ned.The t hi n

behaviorof the SMAs influenced both the results and testing methGbanges in the
behavior of the spring arelinitation of the materiaand compensation for such effects
might have also influenced results as testing methods had to change.

3.34.1 Memory loss
The 031mmdiameter wire springdid nothandle as much cumeor extensional

strainas the B8 mmdiameter wire springs. Both tested diameters experience hysteresis
as described in the literature reviddowever the hysteresis effects on the spring roeyn

and spring lengtlwere greater in the thinner diameteire spring During the Instron
testing, where thB2 diameter springs consistently held their memory and returned to their
initial free spring length after every actuation, the D1 springs beglasddheir memory.

The loss of memory was detected even tefiompleting the first full test cyclen the

first two samples of D1 springs (testing of the third D1 sample was diffsires# it was

not tested in the higher extensional strains and higheemts and therefore did not
experience the same extremeéhdeor). The measurements of the free spring lengths of
each sample after testing completion show this difference in memory loss. Where both
samples 1 and 2 of D2 experience approximately 8.5iéfease in length at the
completion of testing, sample 1 ofilezxperienced a 52.86% increase in length, sample 2

a 42.86% increase Ilengthand sample 3 experienced a 4.29% increase in length.

3.34.2 Twoway SMA actuation

In addition to the memoryks, the memory state and behavior of @t mm
diameter wie changedinitially, only the packing density of the wire was changing. At the

end of the first test the smaller actuatorgxensionastrain 0, began to expand whie
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currentwas applied but would compreback to the new starting lengés they ooled.
After the secod test, the actuators memory was completely reset, and theytbexygand
fully when powered and would only compress if forced. Essenttaligems as ithe
springs transitioned from extension springs into compression springsteVeaesal of
memory shte meant that the applied current was heating the springs hot endugh to
theminto an extra state

The nvestigationinto this reversed performance revealed thatay be consistent
with abehavior known as twway shape memgreffect (TWSME). Muliple studies have
been conducted on the training of NiTi SMA to have away actuation without the need
of an externallyapplied stres§51]i [65]. The TWSME is the result of thermomechanical
loading (training) of traditional orway shape memory effecOWSME). Repeated
deformation and heating between the ansé and martensitéishing temperatures cause
a dislocation in the structure of the NiTi SM®6].

There are four methods for trainiag OWSME actuator into a TWSME actuator,
pseudoelastic cycling, shape memory cycling, combination pseudoelastic and shape
memory cycling, ovedeformation, and constrained temperatureiogd31], [34], [36].
Pseudoelastic cycling involves cycling loading and unloading at above austenite finishing
temperature. Shape memory cyclisgtraditional SMA aatation, where the actuator is
cooled below martensitic finishing temperature, deformed below the strain limit, and
heated to austenite finishing temperature. Continual cycling to the same deformed
condition will cause the actuator toeep towards the dafmed condition while cooling.

A combination of pseudoelastic and shape memory cycling is a combination of the two

cycling methods. Ovedeformationis observedvhen the actuatas deformedoeyond the
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strain limit at below the martettis finishing temperture. By deforming beyond the strain
limit, permanent deformation causes a loss in memory. After and®fermed actuator
compresses during heating, it will cool to the deformed state. The last method of
developing tweway actuationconstrained temperatei cycling, is the easiest to achieve,
and most likely what caused the behavior during the characterization test. This method of
training actuators involves stretching the actuators when below martensitic finishing
temperature, constining to not allow caonpression, and heatingrhile constrained.
Cycling cooling and heating while the actuator is constrained. When the actuator is
unloaded and returned to the original memory position, subsequent heating will lead to
extensiorof the spmg into the deformedgsition, with cooling returning the spring to the
compressed statpp5].

The method used for testing the actuators in the characterization testing is the same
method used for twavay actuation training under constrained temperature cydlisgg
this method two-way behavior came observeafter 520 cycles. After initial two-way
memorywas observedcontinual deformation of the actuator beyond the strain limit led to
a permanent reversal of memory state, similar to the effect of thelef@mation method.

The behavior was most notable for extensiatain of 0. At extensinal strain of
0 as the actuator was heated it began to expand between the grips of the Instron, instead of
compress. The way the forces are measured on the Instron is by lookingoat¢hecting
on the grips. As the spring extead it was no longer itension as the excess spring began
to buckle, leading to negative forces. The negative forces recorded show this behavior,
however, the magnitude of the negative fortedess than theactual negative forces

produced by the expamdj spring. As a springxpands, the force is going in opposing
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directions. Instead of translating the force to both grippers, the reacting force on the two
stationary grippers causes the spring to buadefe grippers force the expanding spring
to compess With the bucklingthe load patithangesand more load isoncentrated at
the center of the bend (buckle) of the spriAg.a result of the way the Instron collects
data, it is unable to measure the foat¢he buckle, only that against the gripsjtss not
possible taascertairthe actual magnitude of the foregertedby the expanding spring.

As a result of such extreme behavioral change, the first two samples of the thinnest
diameter springwere aly testedwice. By the second round of tesg with each sample,
the actuators began to expand instead of compress. To more accurately assebgd1, a
sample of thed.31 mmdiameter wirewas testedvith a lower maximum current and
extensionastrain.This sample experienced a lesser change kipgdensity and memory
loss than the previous sampldhis sample also did not experience the sameviap
actuation behavior

3.35 Temperature

The temperature testing was inconclusive. Four methods for negasemperature
were attemptedbut none werable to determine theéemperature accuratelfrhe first
method was to use a thermistor connected to an Arduino. The small diameter of the spring,
combined with low packing density when stretched, and reg@mapression, prevented
the thermistor from makg good contact. Attepis were made to make better contact by
using a flat thermistor instead of a domed thermistor, butetiheeraturevas still unable
to be read. Temperatures measured using the thermésiked at 42 , this is much lower
thanthetmper at ure should have been considering
The temperature was also taken using a multimeter with a thermocouple. This
device was more successful than the thermistor, batact was gt an issue. The
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thermocouplewaa abl e t o me ais ane mstaocp, but mcompit® contact
prevented the measurement from being repedteah attemptto achievebetter contact
the thermocouplevas insertednto a small tube fikd with thernmal paste around the
actuator. Beer contactvas achievedHowever the thermal paste and tube interfered with
the behavior and heating of the spring and caused the region with the maseheatind
compress, further expanding other regior the sprg.

The final attempt for tempature was a FLIR C2 thermal camera. From literature,
thermal imaging is usually the only way to measure the temperature of SMAmWoreler
to achieve accurate measuremeni® emissivity of the SMA used must be knowamg
the thermal camera must havehigh resolution[68]. The FLIR C2 had too low of a
resolution to get an accurate regee of the temperature of the SMA.

For future esting, a method of welding theogopuples to the spring actuators
shouldbe explored Other institutions are currently working on developing methods for
measuring theemperatureof straight wire using weldk thermocouples, but tony
knowledge this technjue has nobeen attemptetbr springs[69]. Additionally, a high
resolutionthermal camex is recommended to gather more accurate images and thermal
data.

Since temperature could not be measured, the approximation of temperature via
joule heating was used as #mimate for the spring temperature.

3.3.3.6Actuator choice conclusion

Based orthe resultsof testingthe wires of diameter 0.31 and 0.38 mimwas
determined thathe 0.38 mmdiameter wirevas the best wire to use feubsequent testing
in the elbow kexion exoskeleton rig. Where the 0.31 mm actisat@ad a maximum force
of 3.21 N,the 0.38 mm wire had a higherax force of 8.88 N. Additionally, the 0.38 mm
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actuators consumed less than half the power than the 0.31mm actuators. The final reason
for choasing the 0.38mm wire actuators was that the &otsavere more repeatable at the
higher currents and extensional strain showing a smaller change in free spring length. It is
important to note that these decisions are based on the comparison to only3safithée

0.31 mm diameter wire actuators as thier two were deemezbmpromisedAlthough

the samples 1 and 2 of the 0.31mm wire tested at higher currents displayed equal to higher
forces than the 0.38 mm wire actuators, they were unreliable and ddoaygdickly.

Samples 1 and 2 also displayed ghhthange in free length whichrnist desirable.

3.4 Limitations of characterization studies

There are a number dimitations to the characterization studi€Bhe first
limitation is thatthe characterization focused only two wire diameterof onealloy, set
at one annealing temmdure There are othediameters and alloys that exist and could
have been tested délitionally, as mentioned in chapter 2, different annealing temperatures
influence the actuation temperature. It is unknown how thes@bles might have
influenced resus.

The second limitation is the number of sampt@sly three samples were tested fo
diameter 1 (0.381 mm). Although 3 were tested, only one was used for comaes iden
others were adjusted during testidgljusting tre samplesnight have inflenced pwer
and force readings as there was the same amount of current going througrelestové
investigation is necessary to discover the influenceeafljustingthe spring.Force and
resistance graphs were included in tasults to show the decay and #féects of higher

currents and extensional strain on the first two samples of ddarhefince changing the
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positions of the clamps might have influenced results for force and power, the data and
results from the first tav samples were not used when canipg the two diameters and
was only included in this thesis to show the behavioeesl during testing. Only sample
3, a new sample not tested to the extremes of temperature and extension, was compared to
the diameter 20.381 mm) springs. Besides th@itation of the number of samples of D1
(.31 mm) vs D2 (0.381 mm), there is a liniiba on the overall number o&sples. Ideally
this study would have been done with more samples, however, there was a limitation on
the umber of samples that could beted due to time.

While there are many limitations, one can stilke observationghe 0.381 mm
wire was more power efficient and produced more force than the 0.31 mm diameter wire
spring. Although the sample of the 0.8i1m diameter used most for compan was not
tested to the same values as the 0.381 mm diameter wire, the besedi&rsen would
be the same. Looking at the tables in the appendix for the force and power maximums for
extensional strains of 2 and JaBd current of .8 A, using samg@dor both cases as sample
2 was tested for these conditions first and were notsetjuor experienced any loss of
memory yet, the maximum force was still produced at extensional strain of 1.5 for diameter
of 0.381. The pwer is also less at diameter 813 approximately 1 Watt less, for all

settings making it more power efficient.

3.5 Conclusionf characterization studies

The characterization test measured the output force and chargeianceluring
actuation forsprings of two different diametevires (0.31 mm wire and 0.381 mm wire)
These were testddr extensional strains of O toirtreasing aintervak of 0.5 and currents

of 0.0-0.8 at intervals of 0.1. The sprisgf diameter 0.3Imm were tested at these
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parameters for two sampleBhesamples began to exhibit fatigue add not actuate back

to the 7 mm starting lengtinstead, theybegan to expanavhen heatednstead of
compressingAs a resultthe samples were adjusted which influenced the resultseThe

two samples were discarded andew sample, (sample 3) was tested for the 0.31 mm wire
spring. This sample was tested to lower extensional strains and current settings to reduce
the memory lossffect.

Based on the resultd testing, thed.38mmdiameer wire demonstrated the most
reliable actuation with a smaller change in free spring leng@ths diameter wire spring
also produce more force ast wascapable of handling higher currem®rereliably than
theD1 actuators. Power wise, DZasalso moe powerefficient than the D1 aaators.

It was also shown that for Diameter 2, the force at extensional strain 2 was less than
the force at extensional strain of 1.5. This matches results froset Ah as discussed in
chapter 2, where the maximusiess than 2Theoretically the highehe extensional strain
the higher the forcehowever, these results show that with other factors, the theory only

holds until a certain point.
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This chaptefocuses on the third goat the thesis: to test the genefadsibility of
using SMA spring actuators to actuateedbow bend exoskeleton. To carry out the tests,
two SMA actuator rig systems were built: A 1.5 extensistralin rig and a 3.0 extensional
strain rig. In addition, @ervo motor rig was built for ppose of comparisorThe first
section of this chaptetescribes the methods used. The second section sets forth the results
of the tests carried out on the thragsr The third section of this chapter is a discussion of
those results. The fourth sectidescribes various limitations to the rig test. The final

section of the chapter is a summary of the chapter.

4.1 Methods

This methods section is divided intioreeparts. The first part describes tbetupof the
two SMA acuatortesting rigs The secondart describes the setup of the servo motor rig.
The thirdpartdescribes the test procedures used to test the rig.

4.1.1Set up of the SMA testing rigs

Two SMA balsa wood rigs were built to simulate the forearm, Elbow,ugper
arm. Each SMA rig wastfed with 6 SMA spring actuators, which were wired in series.
The actuators in one rig were set to 1.5 extensional strain, and the actuators in the second
were set to 3.0 extensional streitach rig was also fitted with@mputer fan.
The first part ofthis sub section describes the design of the lever arm ugkd in
two SMA rigs. The servo motor rig discussed in subsectior?4uises the same lever arm.

The second part of this subsection discussesdtgof the SMAactuators on the rig.
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4.1.1.1 lever armset up
The rigsare basedon the average female forearm length from the elbow to the

center of masswhich is 11.5cm[24]. The location of the center of masslso basedn

the anthropometric dat®io accomplish the 4 cm lever adatermined for degn, the lever

arm on the test rigskeletal model) was set to 8 cm. Since the joint is approximately 4 cm
from the elbow surface at 90° angle, the lever arm is actually 8 cm from the pivot of the
joint (Figure33). The value of 4 ;m comes from textbooks and biorhanical models used

for determining the force exerted by the bi¢2p]. Copaci et al also used this distance

[35], [36].

Joint
[ ]

Scm

Figure 33: Lever am showing 4 cm from elbow surface is approximately 8 cmdtbow joint

4.1.1.2 SMA actuator set up

The SMA actuator setpucomprisesof two plastic piecesupporting the springs
located near the position of the bicéjne top plastic support is kept stationary and the
bottom one is left to flaa Attached to e bottom plastic support is a Kevlar cable that
routes throughhooks located at 8 cm on both side#ghe hingeand ends at the wrist.

The system worksy heating the springs until they compressl translating the
linear strokeéhrough the cable untihe eltow flexes.Details of the individual components

of the SMA &tuator set up are detailed below
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4.1.1.2.1 Number of actuators

Based on the characterization studychapter 3 and the literature review, each
SMA rig was fitted with 6 SMA springs of 0.38mdiametemiTi alloy wire springswith
an actuation tempematr e o fln chio@sing the number of SMA actuators to include in
the SMA rig, the main constraint wélse power supply needed to power the actuators.
Based on the literature review, a limitation of 25 VDC power supply was edp&&ven
this and the usef series configuration in the 6 SMA springs (discussed below), the number
of actuators that could beagson the SMA rig was limited to 6. Increasing the number of

actuators increases the voltage needed to power the actuators.
4.1.1.2.2 Series configuram of the SMA spring

The springs were wired in a series by alternating connections on the floating or fixed end

(Figure34) with both power leads at the top (fixed end) of the system.

Figure 34: Left, Actuator series connection; right,taator parallel connectior
The actuators wernglaced in a series toedu the electricalcurrentvariability in

the system during actuatiomhe actuation is being driven by curreahdthe circuit in

series results iequal current through each spring. When actuators are plagedallel
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instead of irseries, it is more difficult to assure that the current going through each actuator
Is the same. This is because resistance changes as actuators are heated, sachweh if e
the actuators have the same length, the current gbimogigh each of them mayeb
different. Actuators with lower resistance will draw more current than those with higher
resistance. This will lead to unequal forces through parallel actuatorspdsssble to
reduce the likelihood of unequal forces byirfitt the start of each of ¢hactuators with a
properly sized resistor. However, if the rate of change of the actuator resistance across all
actuators is not constant, the resistors will not ensgual currentA second advantage of
the electricallyseries actuatodesignis avoiding having excess lead wires in the system
which would be necessarytlie system werelectricallyin parallel

There is dradeoffinvolved. The total voltage requddor a parallel circuit is less
than that required for ases circuit. However, givethe challenges of the parallel circuits,
it was determined that the series circuit was the best for this rig. This tradeoff is discussed

in the limitation section ofhe chapter.
4.11.2.3Actuator system actuator length

The bomechanical model was useal measure the total linear displacement for

flexion at the elbow from 130° to 30°. The measured displacement was Tiatafrom

actuator characterization showed thatensional strainC3= 1.5 produced higher forces

thanC3= 2. Using extensional strainfd.5 and displacement of 10 ¢citine equatiorCo:

I} /Lo was rearranged to give the desired free spring lengjh (L
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A second actuator system waeated with shorter springs to evaluate the option of

an alternative length thavould require less poweFigure35). The shorter springs were

created to have an extsional strain o€3-3, which is equivalent to stretching the springs

to four times their free spring length. For tiaene 10 cm displacememheshorter springs
were cutto 3.33 cm. It is important to note that the image below is of the system during

testing, and the length of the springs spring actuators depicted is not the original cut length.

| ol _
Figure 35. Two actuator lengths. Left extensional strain of 1.5 (6.66 cm compresse
Right original extensional straiof 3 (3.33 cm compressed), 40 cm during testing wr

image was taken.

4.1.2 Servo motor g setup

For this project,a traditional cable and motor systewas comparedo the
previously characterize8MA actuators. The cable systaises a pulley at the motor head
to coil the cable as the motor turns, translating rotational motion into lineaordvizdve
an advantage irhat theyare able tgroduce high torque for relatively low power. The
coiling of the cable on the pulley at th@tor shaft also decreases the length of the cable

and has a large stroke. The motor used is a HiTech HS5646WP Fhivanotor has a
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stall tarque of 11.31 Kg*cm at 6 Volts and caheoretically provide a maximum of
108.244N verticalift with a 20.5mm plley at the shaft of the motor.

Mechanically, the set up for the servo actuator system is the same as the SMA
systens, where there is a levarm of 8 cm as shown iRigure33. The difference is that
there is only one cable running through the system. Additionally, instead of running
through eyelets, theable runs through a Bowden cable witle @md near the actuatonda
the other at the same position as the eynlédte SMA system, 4 cmAlthough there is a
different number of cablesjnce both systems have the same lever arm and location where
the weight is being appliethe total amoundf force being transmittkto the servo actuator

is the same as the totahd being transmitted to the 6 SMA actuators.

-

l

Pulle\

e Resulting linear force |

—

Figure 36:Right image depicts the loads of the SMA actuators with extensional strain of
1.5. Left image dects components and loadéthe servo system.
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4.1.3 Test methods amthta collection

The testing methods for the test gigvere developed based on the actuator
characterization test¥hreetests were carried out. The first test was a benchmark test to
characterize the maximumeight the three rigs could lift, curremequred to lift that
weight, and actuation and cooling timBuring the benchmark tesfficiencyof thethree
rigs was calculatedThe benchmark test and the efficiermajculationsweredone at the
same time sice the results from the benchmark test weesled todetermine efficiency
At the end of the benchmark and efficieriegt, actuatorg the 1.5 and 3.0 extensional
strain rigs began to budue to the final testing parameteréus, the two SMA rigs were
fitted with 6 new actuators each. The firatlasecond set of actuators came from the same
batch of SMA spring actuator§he parameterthat causethe actuators to burwere not
usedin subsequertiesting

Thesecondest was &ycling test. The aim ohts test was tobserveany potential
drift in total actuation.Total actuation ighe difference between the fully stretched and
fully compressedength of the springAnother way of defining total actuation is the
difference bateen the starand final wsition of thebottom end of thactuatorset This
test was carried out because of the drift in maximum force and compressed length observed
in the characterization test in chapter 3 with the SMA spring actuator with diameter 0.3
mm. This observed driftn the 0.31 mm spring actuators was one oféasons that | use
the 0.38 mm actuator in the SMA rig tests. The repeatability test aimed to determine
whetherthe same drift would be observed under the test conditions of the §MA r

The third test a loadcycle testwas run after the third testhe load cycle test
measuredhe force produced by the actuators at each mm of actuabed. testing was
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done to determine the force produced by the actuators when trying to lift bt \a&igg

the actuation cye. The loadhg is different than with the Instron where the springs are
kept extendedh a static positiomnd force is purelfinear. In the rig, he springsareable

to fully compress during actuatioand although the actuatiois linear, the forces
experienced arenot constant due to the geometry of the rig and the change éxéhied
forces ashe elbow bends.

Only the two SMA systems went through the repeatability and load cycle test since
SMAs are the focus of this studynd the servo used wastiary testedand is rated to
hundreds of thousands of cycles.

The variables being manipulated wem@ount of extensional strain two SMA
systemsamount of appliedoad, cooling methodype of actuatorand suppliedcurrent.
The measured values were @rfor actuaion, time for cooling, actuation forcéotal
actuation and efficiency.The purpose of total actuation is to also determine the drift in
total actuationDescriptions of each test addta analysis amiscussed below

4.1.3.1 Benchmark tes8etting paameters for maximum weight, actuation and cooling
time, and current

This benchtop test used various weights to characterize the three test rigs as to the
maximum amount foweight they could each lift, the actuation arwbling time at each
weight, and thecurrent and voltage requirements at each weight.

Weights were added to the center of mass of the 1.5 extensional strain SMA rig,
the 3.0 extensional strain SMA rig, and the servo motoiThg.weights were 500g, 700g
1.0 kg, 1.2 kg, and 1.kg. They wee tested in this order and data was collecigidg a
multimeter and a stopwatchhe actuators ieach SMArig were actuated with a 25VDC

maximum voltage power supplifor the servo actuator, thated voltage is 6VDCThe
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current it draws ol depends on the load applied to the servo. Increasing the voltage
beyond 6VDC will create excess heat which will damage the s@dditionally, due to

the higher efficiencyand lower power demandf the sevo motor, less energgets
transformed into heal his means the servdoes not need active cooling in form of a fan.

At each weighteachSMA rig was actuateébur times:

0.8 Amps without fan cooling

0.8 Amps with fan cooling

0.9 Amps without fan@oling

0.9 Amps with fan cooling.

At each weight the servo actuator rig was actuated once since there was only one
testing condition.

Eachweight was tested twicat thetwo different current setting@nce with and
once without fan cooling)recordingtime for actuation and return using a stopwatch.
Actuation was considered complete when the angle between the forearm and upper arm
was 305 springs fully compresseth cases where the actuators did not actuate all the way,
actuation was considered com@d 2 seconds after the actuator stopped moving. This 2
second buffer was added to the test in order to ensure that the actuators had fully stopped
moving.

4.1.31.1Efficiencyof the two SMA rigs and the servo motor rig

Data for efficiency wasollected at the same time as the data for the benchmark
test. Thepeak voltageand currentvas recorded for eadhal of each conditiorio use for

determining the efficiency of &éheach of the three systemBhe peak voltage was
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determined from the power supply since the power supply was kept at a constant current.
Choosing the peak voltage will give the wecsise efficiency. The average efficiency will
be slightly higheras disassed in section 4.4.1.Additional confirmation was taken by
connecting a multimeter torgbe locations near thpower switches forhe rigs. The
efficiencyof the two lengths of actuator systems and the servo syséeetalculated by
using themaxpowe consumed during actuatiothe average time to actuate, and the total
linear displacement at the end of actuatiéior the two SMA systems, the data from the
trial with 1kg load and 0.8 A was used. For the servo, since the voltage was constant, the
trial was the 1 kg loadrhe efficiency calculations do not take into consideration the power
used for the computer fan for the two SMA systasetficiency is taken with the voltages
andtime during actuation and not cooling. The fans were only used whdingcd®ince
the time for coahg was not considerednd the cooling after actuation does not influence
the actuatioritself, the average time for actuation was calculated fronrebkalts of the
test with and withouthe fan.To calculate the efficiencyfahe servo, a weight of 1
kilogram was lifted 4 times. Each time the time padkcurrent were recorded. An average
was takerof both the time to lifthe weightand thepeakcurrent

Note that the efficiency test was only done with a constant load.(Dkifgrent

loads will have kghtly different efficiencies. However, the same conclusions still apply.

4.1.31.2 Data analysiBenchmark and Efficiency

Table11l: Benchmark parameters

Dependent Variables Independent Variables Explanation
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Current Tests were conducted using a
current of 0.8 A and 0.9 A.
This gives insight into how
current affects produced force

by the springs.
Actuation Time Actuation time affects how fas
actuators can cycle
Cooling Time Cooling time had aif impact
oncycle time
Fan on/off Fan had noticeable impact on
cooling time
Load Load varied between 0.5kg
2kg
Extensional Strain Tests were conducted for botf
systems (extensional strain of
1.5 and 3)

Table12: Efficiency test parameter® finish the efficiency calculatiofror the efficiency
test,the load was kept constant at 1kg. All the variables were required to calculate the
efficiency for eaclsystem. Name of the variables inéformulas used to calculate
effidency. Equations 135 show the formula* this only applies for the servo system

Current** Current Current needed to calculate
power (I*)
Voltage Voltage** Voltage needed to calculate
power (V*)
Time Time needed to calculate

energy consumption (t*)
Distance center of mass Used to calculate the potenti
moved energy (h*)
Extensional Strain Efficiency was calculated for
both systemgextensional
strain of 1.5 and 3)

4.1.3.1.2.1 Data analysEficiency

The equations for calculating efficienaye showrbelow. In these equationsd
current, V is voltage, t iime in seconds, F iforce h is displacement, m is mass, g is
acceleration due to gravity. Although the torque is occurring aibbev, the force for the

energy calculatiorstakeras t he | inear displacement of
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it is not taken as torque igtause the transmission of motion is not at the joint and is being
produced by a linear motion offset frotime axis of rotation, therefore, joint torque is

converted to applied linear for¢é0].

Equation13
(b €
o
Equation14
[ 0€0 WHOO OYQIIQ o
Equation15

&) "COOA IO &A | XXE
In Equationl4, since all three actuatsystems work on DC, the power (P) is just
current * voltage (1*V).This means that the work in, the energy used to complete one
actuation, is I*V*t.
To calculate the actual efficiencthe useful energy needs be calculatedThe
only purpose of the @skeleton is to lift the arm. Considering that one actuation brings the
elbow from 120 degrees to 30 degrees, the potential erequption15, canbe easily

calculatedusing a statics modedtigure37.
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req A? a /

h =B+ 69.28 = 80 = cos(60) + 69.28 = 109.28 mm = 0.10928 m

Figure 37: Static model and equation to determine potential energy

From Figure 37, the center of maswaslifted by 10928 mm or 0.10928 nilrhis

means that the potentiategy to lift 1 kg is:

0 p*Q“@m?mZﬂ@ T wé Y pst ¥

The efficiency of the three systems was calculated and compared agairgheach

4.1.32 Repeatability testing for determining potential drift in 0.381 mm diameter wire

spring
The characterization tesg in chapter 3 found some drift in the maximum force

and compressed length of the SMA actuators of 0.31 mm. The aim of the repeatability tes
was to determine whether the same drift would be observed when the SMA rig actuators

were run over multiple cyes.
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During the benchmark testing, it was determined that the 3.0 extensional strain rig
was able to lift no more than 1.0 kg, as a resit repeatability test was done will kg
weight to ensure that the loading conditions for the 1.5 extensioraah sind 3.0
extensional strain systems were the same

This subsection begins by discussing the main changes to the SMA rig that were
made forthe repeatability tegandsubsequently also used five load cycle tektlt then
describes the testing methéat the repeatability tesfhe test was run for a total of 100
cycles. The test was performed once using a new set of actuators for bt #mel 3
extensional strain systems. The new set of actuators meant that they were not used in
benchmark testingand had been practuated 5 times as with the benchmark and
characterization actuators.

4.1.32.1 Changes inig set up for repeatability téag and load cycle testing

The SMA rigs were modified to include a load cell and linear encoder to record
forceand position Figure38to Figure42). A microcontroller(Arduino Nano)with a data
logger was used to record all of the position, time, and load Aat0 kg weight was
placed at the center of mass. Aated abovethis weight was used asetl3.0 extensional
strain SMA rig began to but at higher weights.

The testingwas performecdbn the test rig with a linear encoder from a printer
attached to the side dfj frame. The sensor for the encoder was a#dd¢h the free end of
the springs. As the spring compressed and decompressed, the data collected from the
encodemwas recordednan SD card in a data logger on an Arduino nano. For the drift test,

the data was set to record at the end of the actuatienrieasuring the maximum location.
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The Arduino nano was also used to control the actuation and cooling cycles by
turning on/off réays. The cyclevas seto 22 seconds of power and 30 seconds of forced
air cooling. Cooling of 30 seconds with a fan proddrifficient time for stretching the
actuators and rest before the next cy@lee timing for actuation was determined by a
bench est with the encodgactuatiortime was seto the time at which the encoder began
to show a constant position at the-@fgee position. Although the benchmark test was
meant to select the heating time, the new, fresh set of actuators were requirirignaore
to actuate, so 2 actuation cycles were completed using the encoder to determine the new
time.

The Arduino codés indudedin the appendix.

-

Extensional strain 1.5 ' Extensional strain3 B.owde cable
3 S Y L
Figure 38: Right rig of SMA system extensional strain of 1.5, middle SMA system
extensional strain of 3, and left servo motor system. Pictures show data logger, linear

encoder, and computer fan.
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Liner encoder
sensor

Figure 39: Linear encoder on SMA system of extensional strain of 1.5. The sensor was
attached to the moving basetbé SMA actuators.

Arduino

Figure 40: Load cell on the SMA system and cooling fan. Two Arduinos andadggears
were used. One was connected to the load cell and the other to the encoder.
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Figure 41: Arm rig with extensional strain of 1.5 with a 1 kg weight.

Figure 42: Up and down switch for servo motor with meter tegfiorts.
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4.1.32.2 Methods for repeatability testing

Based on thenformation in theliterature reviewabout the decay in memory
properties ofSMAs, it was chosen to ruarepeatability teswith and withouta stopper.
The purpose of the stop was to limit the extensiomalrsof the actuators. Without the
stopper, as actuation went on, the amount that the actuators extended with the weight of
the arm shiftedThis shift 5 due to two factors. First, the weight applied was sufficient to
extend greater than 1.5 extensional strain. Second, the stiffness decreases the more the
springs are actuated@he tests without the stopper measured the drift in the exteasion
the springand the test with the stopper measured the shift in fleMiren actuator cycles
are run without a stopper, it becomes easier for the actuators to stretch and harder to
maintain the extensional strd#b]. Thetest was done with both conditiomsrheasure the

change in extensional strain.

Stopper

Figure 43 Sopperon rig of
extensional strain of 1.5.
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The 3.0 extensional strain SMA and the 1.5 extensional strain SMA were each run
for 200 cycles with a stopper set at the same physical verticioposn eab rig. Based
on the literature review, the stoppers were set to stop the SMA rigs at 120 degrees of
extension. It is important to note thaglthough a stopper was placed on ¢kgensional
strain of 3.0 rig, at this extensional strain #wuators werainable to be stretchell the
wayand did not reach the&topper.

Only the two SMA systems went through the repeatability test since SMAs are the
focus of this study and the servo used was factory tested and is rated to hundreds of
thousands focycles.Further, @ will be discussedn the sectiondescribing results of the
benchmark testat the end of the benchmark and efficiency test, actuators inShagh
rigs began to burn. As a result, before running the repeatability test, each SMA rig was
fitted with a new set of actuators. The new set of actuators meant that they were not used
in benchmark testing and had been-pctuated 5 times as with the benchmark and
characterization actuatorshis same set of actuators was subsequently usedefdod
cycletesting.

The test was first performed with the stopgesr both the 1.5 extensional strain
rig and the 3.0 extensional strain rig the repeatability test was run once for a total of 200
cyclesbetweerthe two test conditions with exceptiontbi no stopgr condition for the
1.5 extensional strairfor the casef the extensional strain of 1.5, the repeatability test
data without the stopper was collected at the same time as the load tesdaitzed in
the next sectioand results for onl§00 cyclesvere recordedT he reason why this specific

case was onlyun 100times is explained in the load test section.
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4.1.3.2.2.1 Data analysiRepeatability

During the repeatability test, different parameters wersidered fothe firstcycle

at the beginningof the repeatability testThis singular cycleaimed at observing the

actuation distance over time.

Table13: Parameters of one cycle of the repeatability,tese cycle
Dependent Variables Independent Variables

Actuator Position

Actuation Time

Cooling Time

Fan on/off

Extensional Strain

Explanation

The position of the actuator sensc

Actuator position is equal to the

output from the linear encoder. Th
is used to calculate the total
actuation distance.

Actuation time affects how fast

actuators can cycléctuationtime
was measured using a stopwatct

The time measutewas the time
from when the power supply to th
actuators was turned on to when t
actuators were fully compressed
The fully compressed state was
determined by when the actuator

visibly stopped actating for 2
seconds.

The cooling tine was measured
using a stopwatch. The time was

recorded from then the power
supply was turned off to when the

actuators were fully extendeully
extended was determined if the
actuator bottom reached thtpper
or had visibly stopped extending

further for 2 seconds.
Fan had noticeable impact on
cooling time

Tests were conducted for both

systems (extensional strain of 1.t
and 3)

In this case the actuation distance sghme as the output from the lineaicoder.

This means no calculations required.
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The rest of the repeatability test measured the following parameters over multiple
cycles.
Table14:Parameters for repeatability test.

Actuator Position The position of the actuator sens
Actuator position is equal to tr
output from the linear encoder. TF
IS used to calculate the tot
actuation distance.

Stop Position Position of theenmder senspafter
20 seconds of actuatiofihe
maximum position in the cycle)
Start Position Position of the encoder sensor &
the beginning of the cycle, fully
extendedThis is the position the
sensor is at after the 30 seconds
cooling of the pevious cycle
Number of Cycles Every occurrence that the actuatc
fully compress and return to the
start position counts as 1 cycle. T
length of the cycle was set to 2C
seconds of heating and 30 secor
of cooling. It is important to keep
track of the nmber of cycles done
This keeps track of when any dri
occurs.

Time Time is measured in secondsing
the Arduino clock The time is usec
to compare the amount of actuati
at a certain moment of tinredong a

given cycle.
Stopper/No Stopper Having astopper limits the
maximum length the springs can
stretched to. This only had an
impact of the springs with an
extensional strain of 1.5. The
springs with an extensional strai
of 3 neverstretched long enough t
reach the stopper.
Extensional Strain Tests were conducted for both
systems (extensional strain of 1.
and 3)
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Calculated Parameters Explanation

Total actuation distance

Compressed length

Extended length

Drift of the compressed
length (number ofcycles
required)

Drift of the extended
length (number of cycles
required)

The total actuatiomlistanceis the difference between tf
start and stop positions.

The initial compessed length is either the 3.3cm or

6.6cm (depends on which spring is used). The linear enc
was zeroed out when the actuator was steetolut by an
extersional strain of 3 or 1.5 dependent on springs us
This means that the starting length fmth actuators wa
9.9cm. From there the linear encoder measures how |
the actuation distance is. The starting length minus
actuated distance is the newngwessed length. This give
a new compressed length for each cycle.

The exended length is the total length of the spring wt
fully stretched. The extended length is found for each cy
The extended length is calculated by adding threpressec
length to the total actuation distance.

The compressed lengtbtr each cyclas subtracted fronthe
initial compressed lengtfrom the previous cycleAt the
end of testing, the difference between the compressed s
of the first and last cycle was calculated, providing thi (
of the compressed length for the test.

The total extended length was calculated for each eyule

each testAs mentioned above, the initial extended len
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for both SMA springs is 9.9cm. This where the linea
encoder is zeroed out at. Timal actuation distance is the
measured (as it cquresses) as well as thetal extendec
length The difference betwedhe starting extended leng
in the first cycle and the extended length ofldstcycle is
the drift in extended length

Extensional strain The extensional strain for each cyskas calculated b
subtractingthe compressed length ¢)_ at the end of the
previous cycle with the extended length of the start of
current cycle, resuhg i n L. Using
extensional ogstheresiil is the &tension

stran for the beginning of the current actuation cycle.

Change in extensional The extensional strain was calculated foreacle.
strain (number of cycles
required) To calculate the change in extensional strain, the extens

strainof the first and last cycle was usétk the tests witl
and without the stopper were conducted using the san
of actuators, taking the average to compare the amou
drift with and wthout the stopper would not accurate

depict the difference.

The total actuation distance is important in order to know if the actuator is done
with its actuation (stops moving). Understanding the actuation time and cooling time is

importart to know fow one cycle looks. The times measured were than used in the Arduino
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code to set up the automated repeatability testing. Whether the fan was on or off had a big
impact on the cooling time. The times used in the Arduino code was adjusteddfoittest
thefan on.

4.1.32.2.1.1 Linear position data

The linear encoder iRigure 39 was recovered from a broken inkjet printer. The
sensor exists of two parts. The first part is a stationary encoder strip. @tdeestrip has
evenly spacedolid black lines along the wholength of the clear plastic strip. The other
part of the sensor is called a photogate. This is mounted to the moving end of the actuator.
The photogate has an LED emitter and an LED receiVeen the encoder strip is placed
between the emitter and thecedver, there will be a HIGH signélthe clear plastic is in
front of the emitter and the light can easily be received by the receiver. However, when a
black line is placed in front ofthe &mt er , t he | i ght gets bl ock
receive tle light. This results in a LOW signal. During actuation, the photogate will move
along the strip constantly passing the black lines and the clear plastic parts. This results in
a pulse train oHIGH and LOW signals. When this signal is fed into the micnbadler,
the number o$olid lines passed can be counted. After careful testing (moving the load cell
a known distance and seeing how many lines (pulses) were passed), it was determined the
lines are evenly space out by 85 um. This relationship allowsatteectionto be made
betweerthe number opassed lines arttieactual actuation distand@ our case, thénear
encodercan also measure direction. This is because thesesecond recear in the
photogate. When the photogate moves up over the enstrip, the top receiver will see
the black lines first (light gets blocked to the top receiver). At that moment the bottom

receiver still receives light (not yet blocked by the line). Moviungher, the light for the
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bottom receiver gets now blocked Nehthe top receiver receives light again. When the
photogate moves down, the whole story reverses. This means that there are technically two
pulse trains fed into the Arduino (with a light ghashift). Depending on which receiver
60sees b6 t hie diectionethe phHotogate movds over the encoder strip can be
determined. The code on the Arduino counted up whersystem washoving up and

down when the system wamsoving down.

4.1.3.2.21.2 Graphicalepresentation of data

For a visual depiction ofhe change in vertical actuation distance vs time, the
position was continuously recordeder timefor the duration of one cycle. Due to the high
number of cycles tested, only one represamtatf actuation distance vs. time was created.
To provide a ssnmary of results of the total actuation distapee actuation cyclegraphs
were creatediving totalactuation distance (in mm) vs number of cyclesaccommodate
for the summary graph, él/Arduino code was changed to record the start and end position
of each cycle instead of the continuous position and time data.

Theactuation distance vs number of cyalesults for the testing with and without
the stopper were overlaid into one graphptotray the difference. For the case of the
extensional strain of 1.5 with a stopper, the data of the first 66 cycles was lost due to an
issue with the data logger. A trend line was found using excel which gave an approximation
of the results for the fit66 cycles.

4.1.33 Loadcell testing

A load test was performed taeasuretteforces produced by the sprintgoughout
the actuation cycleThis test waslone for 60 cycles for each condition with the goal of

determining the forces that must be produbgdhe springs to lift the applied load.
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Although| calculated aheoretical value for théorces produced by the actuatotisese
calculations did not account for friction and other environmental factors cthat
influence the realvorld force valuesDueto these otheuncontrolled variables, the forse
produced by theSMA systemsare higher than the theoreticailue calculated.It is
important to record the actual produced fooger the actuation cycle

Although the tests for the repeatability anddéasting could have been conducted
at the same time, the decision for the load test was decided after the first repeatability test.
This means that for the 1.5 extensional strain system, the moment it eidesdd® do the
load test, the first repeatabylitest with the stopper was already done. It was during this
repeatability test that the most amount of decay was noticed (an important finding). Using
the load test data to do the repeatability test wolddmdiscarding the first repeatability
test (andhus the first 200 cycles). This means the important decay phenomena would also
be discarded.

The only condition where the load testing data was used for the repeatability test
was for the 1.5 system withbthe stopper. This was because the load testalveady
done, and at this point the system was pretty much stabilized. Doing the repeatability test
without stopper after the load test would have given similar results as the springs had
stabilized at thapoint. Instead of doing that, | chose to moeevard with using the same
data for the two tests in this case.

A load cell was used tmeasurehe variation inforce produced by the actuators
when trying to lift a weight along the actuation cycldis load test differs from the
benchmark load test @riously done a the benchmark testedultiple applied loadsand

different currentsvithout measuring forcprodiwced by the SMAsand this test measures

111



the force produced by the spring actuators during actubitiog a 1 kgweightat 0.8A

The only foce calculated in the benchmark test \Was: for the purpose of efficienc¥ioad

is purely the force due to grdy on the massind no measurement was needed or taken

As shown inFigure 44, the force being produced by the actwst and measured by the

load cell, is kg Thisforcedefers from kad as the load path is not linear and the load is
being transmitted at an angléhe active measurements gamore accurate representation

of the force produced by the actuattiianthe Instroncharacterization tess they are
compressing withraappliedioad. The lifting force of the actuators was recorded using a
load cell for the two SMA systemkike the epeatability test, the testing was done with a

1.0 kg weight To measurehe force the rig was modified to include a load cell. The fixed

end of the actuator system was mounted to the load cell instead of directly on the wooden
armframe.Thesedata wererecorded after the cycle testing with a stopper and focus on the
measuredoad rather than the drift in position. This test was conducted for both SMA
systemsOnly the long actuatgrextensional strain of 1.5vastested with and without a
stopper, stantig with the no stopper condition. The short actuator was only testedutvitho

the stopper since, as with the cycle testing, the actuators with extensional strain of 3 were
unable to extend all the way and did not reach the stogyementiord in the prevbus

section on the repeatability test, {hesition data recorded durinet load testing for the

1.5 extensional strain system without a stopper was used for the repeatability test.
4.1.3.3.1 Methods for load testing

To measure the force over time agiven position durin@gctuation the data from
a load cellvas collectedlong withdata from thdinearencoder on a second Arduino nano

(code in the appendix). The first Arduino nano was used to cycle actuation and cooling.
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The test ran for an hour cyeff between 30 seconds power and 30 seconds fan cooling.
The time for actugson was once again changed to accommodate for testing without a
stopper and to give the actuator more time to actuate. Since the decision for testing without
a stopper was made aftine repeatability test for extensional strain of 1.5 and 3 with the
stopper was done, the time was not changed t@ee. test of 60 cycles was performed for
each of3 conditions:extensional strain of 1.5 with stopper, extensional strain of 1.5 without
the stopper, and extensional strain of 3 without stopg&ince theposition data for the
extensional strain of 1.5 without a stopperswased for the repeatability test, tiest for

this condition was run faa longeramount of timeand100 cyclesvere reported
4.1.3.3.1.1 Data analyslsoad cell
The load applied to theenter of mass of the arm during tluad cell testingvas 1

kg.

Table15: Load cell test parameters.
Dependent Variables Independent Variables
Actuator Position The position of the actuator
sensorActuator positions
equal to the output from the
linear encoder. This is used i
calculate the total actuation
distance.
Force This is the forceecorded by
the load cell
Extensional Strain Tests were conducted for boi
systems (extensional strain
1.5 and 3)

4.1.33.1.1.1 Calculation of theoretical forces
Theoretical calculations were done prior to testing to determine the expected force
that the actuators would haveogide to lift the human forearm at 120 degrees, 30 degrees,

and 90 degrees.
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Fiuau’

ZMA:O

Freq * c0S(30°) * 69.28 — Frgq * €05(60°) * 40 — Fipqq * 99.59 =0
m
Fioaa = 1kg *9.81 2= 981N
Fraqg = 24.4N or 2.5kg

Figure 44: Force required to lift load at center of mass at 120 de
angle.
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Froq * €OS(75%) * 40 + Frpq * sin (75°) * 69.28 — Figaq * 57.50 = 0
m
Fioaa = 1kg = 9.81 5 = 9.81N

Feq = 7.3N or 0.75kg

Figure 45:Force required to lift lod atcenter of mass a&

30degree agle.
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Freq * c0S(45%) # 80 — Fipqq * 115 =0
m
Fioaa = lkg * 9.315—2 =081N

E..q = 199N or 2kg

Figure 46.Force required to lift load at center of massaa®0
degree angle.

4.1.3.3.11.2 Load celtalibration

The load cell used is a standard 10kg load cell bought from sparkfun. The load cell
consists of a piece of Aluminum and 4 strain gauges connected in a Wheatstone bridge
configuration. When a load is applied, the strain gaugesgehasistance and thus the
voltage output of the Wheatstone bridge changes. These changes however are so small they
candt b e ythe nickoeodtrolierpirettly. To overcome this problem, an amplifier
board (HX711) was used. The last step is to catidthe load cell. To do this, a known
weight needs to be applied on the load cell. The corresponaimglataoutput is then
noted downTable 16. When these steps are repeated for different weights, a calibration

curve can be magé€&igure47. This curve relatethe raw output with the actual load. The
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spec sheet of the HX711 states the output should be lthaearainear trendline was fitted
to the curve. The slope ofdtrendline § called the calibration factor. The calibration factor
was then used in the Arduino code to relate the raw output to the applied load.

Table16: Load cell raw data to load (kg).

900000

Raw ActuallLoad

Data (kg)
-74190.9 0
-31589.9 0.2
238037.2 1.4653
382747.6 2.14525
476487.3 2.58405
565303.9 2.99985
624559.1 3.2776
715086.3 3.702
833859.7 4.2595

Calibration Curve HX711

800000 @
700000 e
600000 _..--"
g 00000 @y =213200x- 74308
B 400000 e RZ=1
2 300000 e
= 200000 R4
100000
0
-100000 2 3 4
-200000
Load (kg)

Figure 47: Load cell calibration curve and calibration factor.

4.1.3.3.1.1.2 Load cell data

The data collected from the loadll was load (kg) and thgosition of the bottom

edgeof the actuators. The load cell data was multiplied by the acceleration dueitg, gra
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9.81 m/$ to get the resulting force in N. This force was graphed against the position data
for thetests with and without the stopper.
For the case of thest withait the stopper for extensional strain of 1.5, the position

data was separated ariblad to theesults of the repeatability test.

4.3 Results

4.3.1 Benchmark testesults Setting parameters for maximum weight, actuation and
cooling time, and current

Sinee the power supply was not able to provide the actuators with the desired
current 0f0.9 Amps for extensional strain of 1.5, the actual current measured was recorded
in parenthesis inrable 17. The same is true for the values fortemsional strain for
extensional strain of 3. The actuators were unable to reach an extensional strain of 3 with
the weights or with trying to extend the springs.

Testing stopped for extepsal strain of 1.5 and 3 when the systems began to
smoke. The wehts tested were 500g 700g, 1kg, and 1.2kg. As the benchmark test was
done visually using a stopwatch, there is no additional raw data besides what is shown in
Tablel7. The resultshowed that for the extensional strain of 1.5 ntlae& weight the SMA
system could lift wad.5 kg at0.8A, as at the higher current tlearrent and mass the
actuators began tar®ke. The result for thextensional strain of 3 showed the maximum
weight that could be lifted was 1 kg at 0.8A as saniyl the actuators began to smoke. The

Servo was able to lift the 2 kgeight.

Tablel7: Rig actuation testinpr extensional strain of 1.5 and Bable depicts the
measured currentpaxvoltage, time to complexly actuate the elbow, ezaling time
with and without a fan for each weightDenotes actuator did not reach desired
extensional strain.

Extensional Current Voltage Timeto Time cool fan Time coolno  Weight

strain (A) V) actuate (s) fan
©) ©)
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15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15

3(1.2)*
3(1.2)*
3(1.4)*
3(1.4)*
3(1.6)*
3(1.5)*
3(1.5)*
3(1.6)*
3 (2.36)*
3(2.06) *

Servo
Servo
Servo
Servo
Servo
Servo

Servo
Servo
Servo
Servo
Servo
Servo

0.8
0.8
.9(.86)
.9(.86)
0.8
0.8
.9(.84)
.9(.85)
0.8
0.8
.9(0.85)
.9(.86)
0.8
0.8
.9(.86)
.9(.864)
0.8
0.8
.9(.86)
0.8
0.8
0.9
0.9
0.8
0.8
0.9
0.9
0.8
0.8

23.3
23.3
25
25
23.3
23.3
25
25
23.3
23.3
25
25
23.23
23.23
25
25
23.12
23.15
25
11.2
11.2
12.8
12.7
11
11.2
12.7
12.7
11
11

O OOOoOO O OO0 O OO O

9.64
9.9

9.5
9.96
10.53
9.5
10.15
10.81
11.37
9.22
10.27
12.44
12.76
10.75
10.85
20.98
23.97
30

8.2

8.36

9.35
9.6
10
16

NDNDNDNDNN NDNNMNDNDNNDNDNDDN

20

21.24

19.6

19.74

16.09

19.08

10.26

9.81

8.38

12+

14.%

11.12

11.5%
13*

50.2
48.23
46.5
47.32
41.23
46.62
35.81
32.88
26.44

Not measured
15.5*

20.15*%
15.65
18.2¢

Not recorded

because began
to smoke

5009
5009
5009
5009
700g
700g
700g
700g
1kg
1kg
1kg
1kg
1.2kg
1.2kg
1.2kg
1.2kg
1.5kg
1.5kg
1.5g
5009
5009
500g
5009
700g
700g
700g
700g
1Kg
1Kg

500 g
500g
700 g
700 g
1 kg
1 kg

1.2 kg
1.2 kg
1.5 kg
1.5 kg
2 kg
2 kg

119



4.31.1Efficiency of thewo SMA rigs and the servo motor rig

Themaximumvoltage, current, and time for actuation of 1kg fréable17 can be
found inTable18 below with the resulting energy in Joules.

Table18: Data collected during efficiency testing

Actuator Voltage (V) Current (A) Time (S) Energy (J)
SMA U= 11V 0.8A 13s 114.4
(short)
SMA U= 23.3V 0.8A 11s 205.04
(long)
Servo 6V 0.7A 2s 8.4

The efficiency for all the actuatois shownin Table19.

Table19: Efficiency comparison of tested aatars. * During actual testing the short
SMA was not able to actuate the full 15.5cm. However, for simplicity for tbelai@bns,
the actuated distance is kept the same. Since the actuatishomsr, the actual
efficiency is also lower for the shogirings

Actuator Energy (J) Potential Efficiency (%)

Energy f—. < = 2

SMA U= 114.4 1.07 0.93%*
(short)

SMA U= 205.04 1.07 0.52%
(long)

Electric servo 8.4 1.07 12.74%
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4.3.2Repeatability testing for determining potential drift in 0.381 mm diameter wire spring

1 Cycle using SMA actuator and 1 kg load
1000

800
600
400

200

Actuation (#steps)

0 5000 10000 15000 20000 25000 30000 35000

-200 .
Time (ms)

Figure 48. Graph of the path of actuation over tifeg extensional strain of 1.5 lifting
lkgat 0.8A Power was supplied for 22 seconds and tbeoled with a fan.

This graph shows what a cycle wahSMA actuator withC3=1.5 lookslike. These

datawererecorded during the first few cycles whestablising the power on and offimes

for the repeatability testAt time 0, the power is turned oandcurrent starts flowing
through the actuatoAlthough the actuator starts prodhg force soon aftethe power is

turned on, as shown in tleharacterization test, it takapproximately 3 secondsitil this

current has finally heatedp the Nitinol springs enougto produce forces necessary to
actuateandstart lifting the weightHowever, it is not until approximate seconds after

turning on the power supply thahe actuaors experiencea steep increase in rate of
actuationover time.After this point, the actual actuation takes about 3 seconds until full
compressionis reached This differs from the statidnstron test since in thelnstron
characterization there was no applied mass and what was being observed was pure force

and not actuation distancét 11 seconds theactuator reached thtilly compressed
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position, thepower tothe SMAwasturned off,andthe SMA actuator starts cooling down.
A fan blows extra air over the actuator to increase the cooling rate. It takes 12 seconds for
the actuator to cool down enough so that it can stretch out again to the original state. One
cycle takes almost 30 seconals averageThis is considering an extra cooling fan to cool

down the actuator faster when the power is turned off.

Total vertical actuation in mm for each cycle for extensional
strain of 1.5 with 1kg and with stopper for 200 cycles
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Figure 49:Graph depicting total actuation per cycle with a stopper for extensiorainstr
of 1.5.
During testing of the 1.5 extensional strain system with a stopper, the first 66 cycles
of testing did not logroperly,and all values came back as 0. A trend line evaatedand
an equation found to plot an approximation of the lost dagayre49. The graph shows
the total actuation, the difference between the fully extemaheldfully compressedyer

cycle. Thetrendline track the starting value as 106mm of actoatwhich is close to the
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actual known startingalue of 99.9 mmThe data point at the starting point of this graph
was placedto highlight the value of 106 mmotal actuation approximated from the

trendline.

Total vertical actuation in mm for each cycle for extensional strain of 1.5
with 1kg and no stopper for 100 cycles
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Figure 50: Graph deicting total actuation per cycle without a st@ppfor extensional
strain of 1.5.
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Total vertical actuation in mm for each cycle for extensional
strain of 1.5 with 1kg and with and without stopper
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Figure 51. Graph of total actuation per cycle for 1.5 extensional strain system with and

without a stopper.

The graph shown ifigure 51 shows the difference betweertabactuation with

and withouta stopper.
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Total actuation per cycle of extensional strain of 3
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Figure 52: Total actuation per cycle axtensional strain of 3 with and without a stopper.

Similarly, the comparison of total actuation per cycle of extensional strain of 3
actuators wsmade between the cycle test with and without the stopje52.

Actual drift was reported ifTable 20 below. This table shows the starting and
ending extensional strains, compreskadyjth (free lagth), and total extended lengtbr
extensional strain of 1.5 and 3* with and without a stopper. Additionally, the difference
between the corresponding stopper and no stopper conditionsepessented.

Table20: Start and end catlitions of actuator systems.
Variable Extensional Extensional Diff. Extensional Extensional Diff.

strain 1.5 strain 1.5 Stopper  strain 3 strain 3 Stopper
With Without No With Without No
stopper stopper Stopper stopper stopper Stopper
Extensional 1.50 0.917247 -0.59 1.71 1.33 -0.38
Strain Start
Extensional 0.61 0.869769 0.26 1.32 1.27 -0.05
Strain
Finish
Drift in -0.89 -0.047478 - -0.39 -0.06 -
Extensional
Strain
Compressed 66.6 mm  101.76 mm 35.16 33.3 mm 42.48 mm 9.18
Length start mm mm
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Compressed 107.94 mm 104.64 mm -3.3mm  42.48mm 44.10 mm 1.62
length final mm
Drift in 41.34 mm 2.88 mm - 9.18 1.62 -

Compressed
Length
Total 1666 mm 195.44 mm 28.94 90.50 mm 98.84 mm 8.34
Extended
Length
Start
Total 1666 mm 19544 mm 2894 98.41mm = 100.03mm 1.62
Extended
Length final
Drift in 0.00 mm 0.00mm - 7.91mm 1.19 mm -
Total
Extended
Length

4.3.3 Load testing

The resulting dataveregraphed talisplay forcevs. linear displacement.

Force vs vertical location of bottom end of the actuators
for 60 cycles
35

30 ;—"'"-"—.'_‘__‘_
25
20

15 \

10 no stopper

Force (N)

stopper

5

©
-20 0 20 40 60 80

Vertical location of bottom end of the spring actuators(mm)

Figure 53. Graph depictingforce vs verical location of thebottom end of the actuators,
with and without a stoppefior extensional strain of 1.5All 60 cycles for each test were
plotted on top of each other.

This graph shows how the cycle of the actuator and the forces requirétieAl t
there is no actuation ar@lmostno force. The force in the actuator needs to rise to almost

30N (3 kg) before the actuator can lift the 1 kg load. The force needed in the beginning (at

the biggest angle) will always be the greatest. It moves upwatdshe max actuation of
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65mmis reachedWhile doingthis, the angledecreasesand so does the force required to
lift the 1 kg weight. There the power is turned @ffidthe actuator starts to codrhis
means that the force of the actuator startgpirg uril about 1 kgis reachedAt that
point, the load is biggethan the force of the actuator and the arm moves back down until
it reached its starting point.

The test was repeated with extensional strain of 3.

Force vs vertical location of the bottom end of the
actuators for 60 cycles for extentional strain of 3*
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Figure 54: Graph depicting force vs vertical location of théottom end of the SMA
actuatorsfor extensional strain o8*. All 60 cycles for each test were plotted on top of
each other*Although extensional strain of 3 was desired, it was not achieved.

4.4 Discussion

4.4.1 Benchmark tesiSetting parameters for maximum weight, actuation and cooling time,
and current

The maximum load that thextensionaktrain of 1.5 systen.66 cm compressed
was able to lift was 1.5 kg at 0.8 Amps. Although the systas able to lifthis weight,
the system was not able to actuate completely and began to smoke. Smoking also occurred

when the system attempted to lift 1.2 kg with an input of 0.86 Amps. These issues led to
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the rest of the testingeing completedising a 1kg weight. Everthough the weight used
was | ess than half the weight of a femal eod:
to stretch the actuators to the desired elongation.

Although 0.9 Ampswvas attemptedthe voltage of the power supply used etx
out with an nput of 0.850.86 Amps. The reason that the current maxed out was that the
maximum voltage the power supply could provide is 25VDC. With the higher resistance
of all of the actuators in series, the maximum current was 0.86 Amps. Even theugh
system wasurrent driven, since it could not reach the set current, the current drifted as the
actuators were compressed and the resistance of the actuators changed.

Looking at power consumption, the servo actuator used less power, only using a
peakof 4.5 Watts. Tis is less that the power consumed in both of the SMA rigs. The SMA
with extensional strain of 1.5 used a peak of 18.64 Watts at 0.8A and 21.5 Watts at 0.9
(0.86)A. The extensional strain of 3 actuators used a peak of 8.96 Watts at @.8A 5
Watts at0.9A. The appliedload had an impact on the measured current, however this
impact was relatively small. For examptlee total current used to actuate the servo with a
1 kg attached weight was only 0.05 A less than the current measutbe kgtestirg
condition. This means that for 200% increase in loadhere is only a7% increase in
current and thus powerhisindicateghat the servo systewill get more efficient at higher
loads.

The peak power consumption was used for safaty r@liability reasons. The
system will need to be designed to handle the weaseé power consumption while still
staying safe and reliabléd. batteries need to be able to supply enough current for the

worst case). Using the dataTiable 9, for a bigger diameter spring aB@\ there is about
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a 25% resistance decrease as the SMAOGSs
decreases about 25%, so doesvibltage (ohms law). Therefore followirkEguation13to
Equationl15, it is clear that the poweronsumption and efficiencglso changdy 25%.

Peak power is always observed in the beginning when the SMAs are heating up.

Additionally, the servo was #&bto lift more weight than SMA systems. The Servo
lited 2 kg, the 1.5 extensional strain SMA lifted 1.5kg, and the extensional strain 3.0 SMA
lifted 1kg.

Time for actuation and coolinggas takerfor each test using a stopwatch. Full
actuation was defineas the point at which the angle between the forearm and upper arm
of the rig reache@0 °. In cases where the actuator did not actuate all tlye acauation
was considered complete 2 seconds after the actuator stopped moving. The 2 seconds were
added tcercompass small, nevisible, movementsTable17 shows theesults from this
test.Further analysis of these results skdhat the time for actuatioincreases per cycle
and addedveight. For example, for the extensional strafldd and 1kdoad the time to
actuatewas 10.81 seconds and the following cycle with the same conditioksl 1087
seconds.This is as expected asincrease irappliedweightrequires higher forces to be

generated by the SMAand therefore longer wang time for the actuators tme ableto

produce the forcd-urthermorepushing the SMA materialtothmat er i al 6 s | i mi t

phenomenauch asoverheating, overstretchingnd fatiguimg; will further worsen the
cycle time. Additionally, the tests at around 0.9A actuated faster thae h8A tests.

Higher currents lead to an increase temperature in the actuators and therefore, they generate
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a given force fastethan a lower currenAs decay stabilized during the repeatability test,
the time to actae also stabilized.

Where actuationtime increase with every cycle, cooling time decrease®ne
explanation is thathe applied load is increasing every cydleerefore the forceue to
gravity increases and extends the spring quidReerall, coolingof the actuators takes a
long time. Fo 1 kg at extensional strain &f5, it took 41.23 seconds for the actuators to
extend to the starting positiavithout a fan, and 16.09 seconds with a fan.

4.41.1 Efficiency of the two SMA rigs and the servo maitgr
The efficiency of the 6.66 cractuators of system (Extensional strain of 1.5

0.52%.As stated in the previous section, this is the woaste efficiency. In the best case
it is about 25% higher or 0.65%Vithout knowing the actual efficiency @ystem 2
(extensional strain of 3¥)since it did not complete actuation, the efficiency of the two
SMA systems cannot be compar@the energy required for the SMA actuator is oaer
order of magnitude bigger than that for a motor and cable syBigmer testing would
have to be done dke limitations of my study might have influenced the results.

The low efficiency of the SMA actuators is due to the loss of energy in the form of
heat and the relatively higher power requiremettiis is a knowrsetb&k of SMAs. As
expected11] [52], the efficiency of the servo system, is greater than that of ety
system and has an efficiency1if.74%.

Different alloys might havenproved efficiencies and should be investigated. If the
time for heatinghe actuators decreasand is notncluded in theefficiency calculations,
the efficiency would increaséssumingthe actuators have the same power consumption
as the ones discussed in this thesis, but only take 3 seconds to actuate (from 13 seconds for
the extensional strain of 3&nd 11 seconds for extensional strain of)1the efficiency
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would increase bgpproxmatelya factor of 4. This means the efficiency of éxtensional

strain of 3*would gofrom 0. 93% to 4.03%T he extensional strain of3.actuatos would

gofrom 0.52% to 1.9%. SMAOG6Gs with agréatewer po
increase thefficiency.

4.4.2 Repeatability testing for determining potential drift in 0.381 mm diameter wire spring
For extensional strain of 1.5 withe stopper,hie repeatability test shows that the

total amount of actuation decreases significantly with the nuwibactuated cycleS he

decay in the first 100 cycles occurred at a higher rate, showing approximately 11 mm of
reduced actuatiolthough the data for the first 66 cycles were not collected, a trend line
following the path of the data reaches approxatyehe same startirtgtal actuation length

that was recorded before testing begire starting position concluded from the trendline

is 106 mm of actuation which is off from trearting 99.9 mm. This variation is due to the
fact that theeal data dognot have perfectly follow a curviepwever, the approximation

is sufficient to depict the lost data.

Once the stopper was removed, théuaiors were also allowed to drift in the
direction of extension. The total drift extended lengthetween the stopper and stopper
conditions for extensional strain of 1539 mm. Compressed length is 41.16 mm, and the
drift in extensional strain ist0.9. The results show that there is a difference in terms of
drift between a system with and watlit a stopper

In the case of extensional strain, the starting extentional strain of no stopper system
is greater than the final extensional strain of stwpper system because without the
stopper, the actuator is able to stretch out furthed as it still returns to the same

compressed length, the total stroke, and therefore the extentional strain is @twaer.
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studies have found similar decay witM& actuators, and this is still an area of active
research60].

Looking at the graph for the total stroke of the extensional strain of 3 system with
and without thestopper, it appears that there is nearly né dimce evenn the case with
thestopper t he actuat or s dreanohGttHoveexet, emkind a doserlooke n o u g
at Table 20, the difference in extensional strain, compressed length and extended length
shows thalrift. Additional informationwas taken from the position data results and actual
extensional strains were found. For the extensional strain of 3 system, the actual starting
extensional strain was 1.71. Due to the large decay in compression (9.18 mm total) and
extersion (10.5 mm totylthe extensional strain at the end of testing was 1.37, showing a
decay of 0.44 extensional strain.

Based on the resultthe extensional strain does change during each cycle. Since
the extensional strain of 3 system never reachexi@nsional strainf 3, only reaching a
maximum of 1.71, there is nearly no difference between the results from test with the
stopper and without. On the other hand, the results of the testing for 1.5 extentional strain
system shows a greater differerstween the stopp@nd no stopper tests.

4.4.3 Load testing

This test was only 60 cycles. By the time this testing began, the actetgarere
already starting to stabilizandthe drift in total actuation was leas is showmi the graphs
depictedn Figure53 andFigure54. During thistest, the location data was recorded. Since
the max and min positions for each test remain almost the same (overlapping data points),
it means that tére is little,if any drift in actuation.There is also little dfti in the force
produced by the actuators. The total drift in force for a givesitipa is less than 0.5 Nh
Figure54, the pointoutside of the normal path might be noise.
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The systemwith extensional strain of 1. §eneratedjreater forces thatie system
of extensional strain of.3rhis is mostlydue to the fact thahe extensional strain of 3
actuators were unable to reach thesickd extensional strain and thesuld not exérd
beyond 90 degreeBesides the end range of the actuation, the remainder of the forces per
position are very similar for the two different extensional strains. This makes sense as the
force being measured just what the actuator has to supply tothie arm, it does not
measure the maximum capability of the actuators.

There is an additional difference between the extensional strain of 1.5 and
extensional strain of 3 systems. This is that the extensgiraih of 1.5 experiences a
period of O kgloads every cycle. This is because both with and without the stopper, the
weight was always supported when #etuator is fully extendeds opposed to thg.0
extensionasttrain systemvhere the system never made it to the stopper or the table

When it comego the analysis of the load data with and without the stopper, the
data for the extensional strain of 3 system is the same with and without the stopper. Since
the system does natlaieve the extensional strain of 3, it does not reach the stdppese
not to repeat the test sintieere is no true stopper condition and thestesiuld therefore
be the sameAs for the system with extensional strain of 1.5, the load becomes tbe sam
but thewdiffer in the amount of total actuati@md position at which axforce is observed
When the system without the stopper was extenithedweightwould rest orthe ground
and with the stopper, when the system hit the stopktitionally, thereasoning behind
why the actuator reaches peak force after a greater amioastuation is becausbkd load
cell does not start detecting the load until the weight is no longer being supportiesl

ground For the stopper case, it is at approximateyn5For the case with no stopper, the
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weight rests on the ground and thesas slack in the string attaching the weight to the arm.
As the springs began to actuate, the arm bent, resulting inzenoroad recorded by the
load cell at approximately .5 grhowever, maximum load occurred closeatoet of 3.5
cm, the approximatkength of the stringttaching the weighbo the centeof massof the

rig.

The same difference in total actuation between the stopper and no stopper cases is
observed for extensmal strain 1.5 as with thepeatability test.

The load applied by the m@mtors was very consistent over the &cles tested
differing only by approximatel.1 kg over all cyclefor all extensional stains and setups
Even though the amount of actat drifted, the experienced load remained the same
Again, this isbecauséheload is based on the mass of the arm, the position, and the force
due togravity at each position. The drift in position was also less than in the repeatability
test as the aghtors began to stabilize. The total amount of reduced stroké. Wwasm fo
the 1.5 extensional strain with a stopper, and 3 mm without a stopper. For both the cases
with and without the stopper for extensional strain of 3, the driftOnés mm

The reslis from the load cell are comparable to the theoretical calculafides.
theoretical value wa24.4N; however the recorded data showed a max of approximately
30.4 N.There are a couple of reasons why there is a higher force (over 30 N) from our
experiment. In the calculation the effect of the weight of the wood is not tatkesrcicount.

Also, the friction between the Kevlar cable and O ring had been neglected in the
calculations.The linear encoder is a contactless sensor. The sensor moves over the encoder

strip without touching it. This means there is no friction or enesgy/due to the sensor.
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As with the actuation cycle testing, testing on the forces should teffigtudied
to determine the limitations of the matesial

4.4.4 Space needed to fit the actuators

Although size, and thus space to mount actuators, is a dtkwb&éemale arms, a
benefit of the lighter arm of a female is that the actuators are not required to generate as
much force toaccomplish elbow bend as would be required for maled thus, not as
many SMA actuators would be needed

As set forth inTable 2, the space available to mount actuators in a female upper
arm is approximately 4.485.25 cm (2.5 in) in females. Thus, the space available in the
female upper arm is approximately'®@ to 1.66 cm less than the space avalsahe male
upper arm. Some space should be left between the edge of the arm and the placement of
the actuator. Spacing is desired to preveatactuators frorshortingduring actuatiormnd
assist with heat digpation. According to a paper bRe Lauratis et al. on the optimal
design of SMA actuator bundles, the spacing between the actuators should be
approximately 3 times the outer diameter of the actuator to provide sufficient spacing for
airflow and heat disipation[71]. The outer diameter of the 0.381 mm wire spring is 1.52
mm, requiring a spacing of appimately 4.56 mm between the springs. Thisnber was
rounded to 5.0 mm between the actuators.

The spring for the 0.012 in (.31 mm) diameter wire has a diameter of 1.24 mm and
the spring for the 0.015 in (.381 mm) diameter wire is 1.52 mm. This facesr@aumber
of critical design issues thedquire considering a number of trad#. One possible elbow
flexion exoskeleton design would fit the most actuators possible to create the most force.
In theory, it is possible to fit approximately 28 actuatfrthe 1.24 mm diameter springs
and approknately 22 of the 1.52 mm spring. However, some spacing is needed between

135



actuators as discussabove It should be noted thalthough there is literature on spacing
between SMAs in a bundlthere is no setahdard in the literature for the optimabsing

of SMA actuators on a human bodithough bicep width chosen was for the average
female population, the system would probably still work for theércentile. Using the
spacing from Laurentis et 4¥1], the 3" percentile arm has a bicep width of 3.78 cm can
fit the 6 actuators tested in the rigowever, if more actuators are needed to lift muoass,
there will not be sufficient spa¢e add more actuatoveith the 0.5 cm spacing.

In determining the number of SMA actuators too include in an elE¥ion
exoskeleton, is necessary to considaumber of factors various tradeoffs. One factor is
power. As the number of actuators increase, so does the power needed to run the
exoskel eton. SMA actuat or 9|[72.rAaothdr factavis t o
cooling ability and the potential for overheatifidpese were specific concerns the SMA
alloy used in this studyAs the number oéctuators increase, so does the amount of heat
generate by the system. Overheating is also more likely when there is little or no separation
between SMA actuators. This is because separating the asthalps increase the rate of
cooling and thus reduséhe likelihood of overheating. Overheating can create safety issues
in wearable devices. This problem is made worse when the user has a medical disability.
Overheating and safety concerns is somethivad SMA researchers testing on human
subjects takento account. For example, Yarosh et al. describe the testing of SMA squeeze
bands in which bands had to be temporarily deactivated twice due to overheating when the
user 6s hand over |l aeatvated fomanpdriod di morebtlzam three w
minutes. This overheating only occurred with a couple of subjects under a very specific

content[73]. Overteding canbe mitigated with the assistance of a control system such as
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Pulse Width Modulation (PWM). Copaci et al. used a PWM system controlled by a bilinear
proportionalintegratderivative controlle(BPID) on the straight wire SMA. This type of
contrdler is necessary due to the hysteresis of the material. Although this type of control
systemcanbe usedextra challengesan occurdue to the more complex geometry (for
example sectiod.1.1.2.2 Series configuiah of the SMA springwhere the difference
between seeis and parallel configuration is explaihed

Another factor is the potential shorting of the system. As one decreases the
separation betw@eSMA actuators one increases the likelihood that they will touch each
otherand short the system. Avoiding suchhas is important when designing a medical
exoskeleton to be used for rehabilitation where reliability and safety are important design
factars. A solution would beo add insulation between the actuattveweve, this would
also add thickness aneiktra spce between the actuatoihe system still has tbe
insulated, but insulating the whole system is more space efficient than insidatihg
actuator Another factor in choosing the numbers of actuators to include exoskeleton
is the frequency of cyes. As one increases the separation between Sifat@rs one
increases the rate of cooling and thus increases the frequency of cycles. Finally, some

separation between actuators is needed given that the attachetbat requires space.

4.5 Limitations

Thereare a number of limitations to thgracticd design testingportion of this
study First, therig used only one diameter wire which was set atammealing temperature
resulting in a high activation temperegui.e. 20.381 mm diametewire springannealed

at450 . Otheralloys with lower activabn temperatures were not consider&d. SMA
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with a lower activation temperature would require less power, thus holding everything else
equa) it would improve the efficiency antlwould alsoallow more actuators to fihithe
elbowflexion exoskeleton.

The second limitation is that only one test was run for each condition. Due to time
and limited resources, each test was only able to be runAdtatiionally, the repeatability
and load tests with and without the stoppere conducted using the samededctuators
This means that there are no other results to compare against and validate results.

The third limitation is the testing set up. The way the testing was conducted, there
is room for noise and possible drifii the sensor. This is most nott#e when looking at
the results and comparison of the extensional strain of 1.5 with and without the stopper.
Along with the testing set up, human errarhow the data was reawd might have
influenced the resultsmore specifically with regards to the actuation time, cooling time,
compressed length, andterded length. Error in these measurements could influence the
resulting drift valuesawell as efficiency.

The fourth limtation is that an error occurred durirgsting and data for the first
66 cycles of theepeatability test for the extensional strain of 1.5 with a stoppetosas
A trendline had to be created to approximate the res@lthough it is a good
apprximation, without these 66 cycles, the trudndeior remains unknown.

The practical design testing aimed to study actuators with an extensional strain of
3. However, due to the small size and diameter of the spthreysyere not able to stretch
to thatextensional strain. The highest extensionalistthat was able to be produced was
2.36, which was aftdrattempted to stretch it out using as much force as | could push on

the rig.
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The time for which the repeatability and load test cycd@swere catrolled. Since
the time needed for actuatiohanges with decay over cycles, controlling the time might
not fully demonstrate the behavior. However, since the amount of total actuation is
changing, the method for determining complete actuation duringehehmark testing,
measuring the spring and pfang the time when it returned to the original compressed
length, could not be used. It was decided to keep a consistent set cycle time to give enough
time for actuation.

An additional limitation to the loatest was that theg was rebuild between the
testing.Before the second repeatability test was done, the system was broketoddace
the linear encoder on the mgith an extenstional strain of 3. Lati¥e load cell was added
to the system with an gensional strain of 3. After the testing fortemsional strain of 3
was completedthe 1.5 extenstions strain system was réhwoil finish the load and
repeatability tesfThis might have influenced some of the res{dtge thing that could have
happenedvas a slighrelocation of the linear encodewWithout further testing, | am not
aware of the extent (if any) of the impact.
4.6 Conclusiorof practical design testing

This study focused on looking at tefficiency of, the load capabilitiedrift/decay
in the actuators, and generated formkes sebf SMA spring actuator assembligdthough
there are limitations to this study as noted in the section abbservations based on the
data collected are el in understanding SMA systems more generaffirst, the
maximum load that could be liftedith the system design evaluated heras 1 Kg.
Additionally, when comparing the efficiency of the SMA system with extensional strain of

1.5 and an SMA system thi extensional strain of 3* ta servo motor, the servo is most
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efficient. The efficiencies of #se systems are as follows: extensional strain of 1.5, 0.52 %
efficiency; extensional strain of 3, 0.93% efficiency; and servo motor, 12.74. Further
investigaton must be done to determine methods of increasing efficidfitiziency
would increase if theme needed to heat up and actuate decreases, since efficiency is time
dependent. Another approach to improving efficiency is to decrease the amount of power
used by the systemSome areas that could be investigatied accomplish these
improvements in acation time and power requiremeiat®:different alloys and annealing
temperature, which could lead to lovestuation temperaturiarger wire diameters, whic
could be more power efficient and produce greater forces; and optimize the controls
system, linting the amount of time theurrent is being applied to the actuators

The second part of this stuthcused orthe repeatability of thactuators. Over the
more than 400 cycles of testing, the SMA actuators showed drift in extensional strain,
compressedength, ancextended lengthl'he greatest amount dfift occurredduring the
first 100 cycles, at which point the amount of decay began to decrease uagait to
stabilize after about60 cyclesIimplicationsof this decay are th#the actuators mighieed
to be prefatigued before being cut and installed in the exoskelétoriher investigation
andtesting should be done to characterize the spitieygvor and the maximum force
output after 160 cyclesAdditionally, tesing must be done to determirtbe life of the
actuators, after how many cyclesyhaustbe changed.

Finally, from the load testing, it can be confirmed that the force produced by the
actuators is equal and opposite to that produced by an applied mass at the center of mass.
By the tme these testgere conducted, the SMA actuators of both extensional strains had

begun to stabilize and the drift was not as great as during previoud tesfsrce exerted
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by the extensional strain of 1.5 actuators matches those of the extensionabfkBai
actuators as the load on the actuators (due to the mass of the arm) stays {fgnsaing

minor differences in acceleration during the actuation stroke).

5.1 0verview

The purpose of this study wascbaraterize and evaluat8MA spring actuators
for their use in avearable elbowilexion exoskeletohat can lift a female arm and assist
in completing ADLs. The study makes two contributions. First it provides further
characterizatiomf the properties of SMActuators. This is important given that we still
do not hae a full understanding of the complex rlarear relationships involved in SMA
actuations, i ncluding the relationships
temperaturg52]. The second contribution igsting a practical rig to observe important
metrics such as efficiency, repeatability, and load capabilities.

5.1.1Characterization test

Results from he characterization tegirovided ingght asto the relationship
between extensional strain, appliedremt, and output forcéor two different diameter
wires (0.31 mm wire and 0.381 mm wirep €over a range of tested extensional strains
and currents, 2 sample@ach of the selected wire diametarere testedat extensional
strains of 0 to2 and currentof 0.0-0.8. Due to fatiguefrom overstretching and
overheatingthe samples othe 0.31mmdiameterwires began to expand when heated
instead of compressing. As a result, the samples were adjusiddinfluenced the results
and created the need to te®Gsample for this wire diameteTFhis sample was tested to

lower extensional strains and current settings to reduce the memory loss effect.
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5.1.2 Practical design test
The practical design tekicused on observing the behavior of the spaomiators

on a rig.The observationgrom this study are summarized here. First, the maximum load
that could be lifted was 1 Kg. Additionally, when comparing the efficiency of the SMA
system with extensionatrain of 1.5 and an SMA system with extensicstedin of 3* to
servo motor, the servo is most efficient. The efficiencies of these systems are as follows:
extensional strain of 1.5, 0.52 % efficiency; extensional strain of 3, 0.93% efficiency; and
servomotor, 12.74. Further investigation must be dimndetermine methods of increasing
efficiency. As far as thecycletesting, after the more than 400 cycles of testing, the SMA
actuators showed drift in extensional strain, compressed length, and extengid le
Determining the drift is important &MAs exhibit exponential decay which should be
studied to find ways of minimizing the decay.

An additional observation from the practical design test isttiegaforce produced
by the actuators is equal to thmbduced by an applied mass at the center o$IResults
showed that the extensional strairBadctuators and the extensional strain of 1.5 actuators
experience the same forcestlasy are measuring the forces at the center of mass and that

the actuatas must produce to lift the arm.

5.2 Future work

5.2.1Spring actuator considerations
5.2.1.1Types of SMAs

If the spring configuration is tdoe used further investigation into material
properties and the effect of the annealing temperature, actuatipar@ure, and actuation

time are necessary. Ehstudy only focused on one annealing temperature. Studies have
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shown that the annealing temperature can impact the strength and forces of the SMA. In
thefuture | suggest that different materials and conigmss also be investigated.

The actuators tested used springs witlegensionaktrain of 3 and were unable
to flex the simulated joint beyond 90 degreesngeractuators magllow flex beyond 90
degrees. Finally, the system took approximately 1 taifr a full cycle éxtendto heat,
contract to cool, return to extend) without the use of a fan. Wh, @&he cycle time went
down to an average of 30 seconds for a full cyiesis a very unnatural timing and would
make the performance of taskspiractical.One way of improvig the timingfor actuation
would be to use an SMA with a lower activation temperatkiog cooling, a system with
liquid nitrogen or more active cooling could be investigated.

Additionally, the straight wire configuration di¢ SMA might be a better roufer
explorationdue to thehigher potential forcesAlternative options usinga cable driven
system with small motors as replacements for SMA actuators shouldeaiseestigated

5.2.1.2 Behavior

As a result of the compléy of SMAS, characterizing thir behavior and isolating
all influencingvariablesis difficult. For this reasor,believe thafurther investigation into
the behavior and uses of SMA is necess@mne such area wheferther research should
be done is th decay of the SMA memory amttift in the spring actuators. Due to the
limitations ofthis study,morein-depthanalysis of memory loss and drift were wmioine.
Therefore, ae option for further investigation would be to go beyond the 400 cycles tested
ard determine after how many dgs the actuators begin to stabilize, and how long they
remain stabilized. This is important to ensure that the actuators are properly trained and

that the actuators maintain a complete range of motion.
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5.2.2Elbow-flexion excskeletonconsiderations

As of now, there is no universal set list of requirements thaugmerbody
exoskeleton must meet as set by the FDA or another organization. Without known
requirements, there is no given metric as to the minimum torque neededtigoit, how
many degrees of freedom the exoskeleton should aid with, weight requirements,esind oth
such factors that need be consideredA review by Veale and Xie on wearable robotic
orthosis, identified the main user requirements are cost, easaikenance, operability,
effectiveness, durability, physical comfort, portability, reliability, asdfety [11].
Although these requiremés are not considered in this study, knowledge of these
requirements is important for any future work and for understanding. While addressing
user requiremnts will be important in building an actual wearable elbow flexion
exoskeleton, they are beyond gwpe of this study.

Additionally, there is a need for further investigation into anchoring and control
systems which were beyond the scope of this th€sesplacement of the anchoring points
is important as is the method for distributing loads. On@épphight be to route cables
through a garment that would terminate dedaffixedto a belt at the waist. A program
couldbe developedbr the controlsthat uses alosedloop system with feedback to control
the position of the actuators
5.3Conclusion

In conclusion, \kile SMAs have proven to have some amazing characteristics
(many of which were replicatdd this thesis), in the end the SMA configuaatitested in
this thesisvas not successfully implementasd an effective elbow flexion eXaseton. In
particular the power required for actuatiwastoo high and the cycling time&astoo low,

and the forces createtderetoo limited to lift the female an. A decay in the actuation
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strokewas observed over timeChanges to the design of th#bow-flexion exoskeleton
for a female must bmade to facilitate effective actuatiofhere are many different ways
of configuring SMASs including changing the allogmposition, the annealing temperature
or the physical shape (spring vs straight wire), all of which can change the properties of
the SMAs dramatically.
Results from this study can be used towards futureestigations and
characterizations of SMA for éir application in elbovilexion exoskeletons. Although the
rig built was wunable to |ift an adult femal
influenced results. Changing the SMA alloy, numbeaattiators, and power supply might
provide differem results. In the future, more lower temperature actuators should be tested

and characterize.
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Diameter 2 Force vs Time for £ 0.5 at 0.3 Amps
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Diameter 2 Force vs Time for £ 0.5 at 0.7 Amps
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Diameter 2 Force vs Time for £ 1 at 0.2 Amps
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Diameter 2 Force vs Time for £ 1 at 0.8 Amps
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Diameter 2 Force vs Time for £ 1.5 at 0.3 Amps
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Diameter 2 Force vs Time for £ 1.5 at .5 Amps
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Diameter 2 Force vs Time for £ 1.5 at 0.7 Amps
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Diameter 2 Force vs Time for £ 2 at 0.2 Amps
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Diameter 2 Force vs Time for € 2 at 0.4 Amps
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Diameter 2 Force vs Time for £ 2 at 0.6 Amps
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Diameter 2 Force vs Time for £ 2 at 0.8 Amps
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Diameter 2 Resistance vs Time for € .5 at 0.8
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Diameter 1 Resistance vs Time for € 1 at 0.1 Amps
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Diameter 1 Resistance vs Time fore 1 at 0.3
Amps
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