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Abstract

In snowboarding, the wrist is the most common injury site, as snowboarders often put
their arms out to cushion a fall. This can result in a compressive load through the
carpals coupled with wrist hyperextension, leading to ligament spraicarpal and
forearm bone fractures. Wrist protectors are worn by snowboarders in an effort to
reduce injury risk, by decreasing peak impact forces and limiting wrist extension to
prevent hyperextension during falls. There is no international standandivarsally
accepted performance specification that snowboarding wrist protectors should conform
to, resulting in an inability to judge which designs offer the best protection. The aim of
this project was to develop mechanical test methods to evaluate robectipe

characteristics of snowboarding wrist protectors.

Two new mechanical tests and accompanying surrogates were developed to characterise
snowboarding wrist protectors. A quasatic test to measure the rotational stiffness of
protectors was devabed. The test setup uses a surrogate attached to a bespoke rig
mounted to standard material test equipment to faelithe measure of angular wrist
extensions over a range of torques. To ensure products were tested in a representative
manner, three swgate arms with increasing design complexity were developed and
compared using the quastiatic test. A surrogate based on a 3D scan of a forearm was
found to be the most representative and offer the best differentiation between products.
An impact test eplicating injurious snowboard falls was developed to measure peak
vertical force, energy absorption and wrist extension angle. The impact test mimics
boundary conditions known to result in a wrist fracture by applying a load to an
instrumented surrogatdava pendulum. Experimental tests validated that both setups
can detect differences in protector design. Twelve products were tested with each setup,
differences in quasstatic rotational stiffness; peak vertical force, time to peak and
energy absorptiomluring impact were observed between products. However, none of
the tested products effectively lower the force below fracture threshold. Future research
should focus on improving the bimodality of the surrogate and investigating the

influence of protectodesign on injury risk for a range of inbound conditions.
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1.Introduction

10 Introduction
This thesis documents the development of new methods to evaluate the protective
characteristics of snowboarding wrist protectors. sTlirst chapter explains the

motivation for the research and outlines the aim this body of work set out to achieve.

10.1 Motivation for Research

Snowboarding isa popularsport, enjoyed by an estimated-19 million people
worldwide (Michel et al. 2013)Resorts, artificial and indoor slopase spreadcross
six of thesevencontinents. It has beean Olympic sport since 1998ussel, Hagel and
Goulet, 2010) halfpipe, giant parallel slalom, parallel slalom, slopestyle and
snowboard cross are all currently Olympic snowboard dis@plfor men and women.
The risk of sustaining an injusyhile snowboarding is higher than alpine ski{iitagel,
2005)and injury rates are among the highest of all sports in the 9-yed®old age
group(Michauwd, Renaud and Narring, 2001)

In snowboarding, the wrist is the most frequently injured re@forSasaki et al. 1999;
Ekeland, Rgdven and Heir, 2017; CeStorse et al., 2017with wrist fractures a
common occurrencg¢Russell, Hagel and Francescutti, 2008nowboarders often
attempt to cushion a fall with outstretched hands. Ingbénarioimpact loads cabe
transmittedalong the upper extremity as an axial compression force and extension
torque resulting in wrist hyperettsion, which can lead to liggent sprains or carpal

and forearm bone fractur@d/hiting and Zernicke, 2008; Bartlett and Bussey, 2013)

Different preventative measures can be adopted: changing the biomechanical response
of the body; altering how the applied loadlistributedand reducing injury risk through

the application of engineering design and appropriate reguléiitmintosh, 2012)
including i) the design of ski areas, such as terrain park jyMpBleil, Hubbard and
Swedberg, 2012; Levgt al, 2015)and ii) personal protective equipment (PPE) such as
helmets(Kuhn et al, 2017) PPEis wornin a variety of sporting contexts. In many
casesits designis stipulatedby governing bodies or international rtiards(European
Committee for Standardization, 2007; Parsons, 2014; International Organization for
Standardization, 2016b)Y5overning bodies specify a sevi®f parameters products

should conform to when tested in a laboratory environn@&untrent safety standards to
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assess PPE typically usarrogates aan artificial representation of humans, to enable

products to be tested undejurious conditions.

Wrist protectors haveeen adopte@mongsta limited number oknowboardersas a
preventative measur® i) limit peak impact forcesii) absorb or shunt the impact
energy, andii) prevent hyperextensigidwang and Kim, 2004; Michedt al, 2013) At
presenta range of different designs are comugially available but unlike other PPE,
no standard exists stipulating protectiperformance parameters snowboarding wrist
protectorsshould meetMichel et al, 2013) Unlike a wrist brace wormostinjury,
wrist protectors gynonymousto wrist guards) aim to prevent wrist injuries. Whilst
some studies have shown them toaleeffectivedevice inreducing the risk of injury
(Machold, Kwasny and Eisenhardt, 2005; Russell, Hagel and Francescutti of0£)E)
claim they have little effect or just transfer the loeldewhere(Chow, Corbett and
Farstad, 1996; Hagel, 2005)here is little consensus as to which particular design
featuresffer the most effective form of protecti¢kim and Lee, 2011)

Previous reseah has sought tdocument the prevalence of injuridacilitate a greater
understanding of falls from a biomechanics perspectraiidate the value of wrist
protectorsn the prevention of snowboardingper extremitynjuries Following a call
in 2013(Michel et al, 2013) the ISO/CD 20320 wasetup to develop a standard for
these productgInternational Organization for Standardization, 2016a)his PhD
projectis concerned with establishing mechaniess and surrogates, ®valuate the
protective performance of wrist protectansscenarios representative of snowiolirag
falls.

For anysurrogate WK H D biefideiyfu ZKLFK LV WKH WHUP XVHG
exactness with which a given surrogate approximates the behaviour of a human when
subjected to comparable loading conditions (Crandall et al., 26bt)this project
surrogate biofidelity includes but is not limited to shape, material characteristics,
mechanical response and range of joint motibme developed testwill attempt to

achieve a compromise between biofidelic realism and a repedéddueatorybased
mechanical testThe developed testwill enable the effect of different design
parameters on protective performance to be evaluated for a range of products across a

range of loading scenarios.
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As a member of the British Standards Institute (Bhij body of work will support the
International Organization for Standardizatiarthe implementation ofSO/CD 20320
'Protective clothing for use in SnowboardirgWrist Protectors- Requirements and
test methodsThis in turn,will influencethe degn of nextgeneratiorwrist protectors,
providing consumers with more transparency and ultimately deag#se number of
wrist injuries inthe popularsport ofsnowboarding.

10.2 Aim and Objectives
The aim of this thesis is to develop test methods to eteatha protective
characteristics of snowboarding wrist protectors. This will be achieved through the

following objectives:

1. To investigate current practices in protective equipment teatiddetermine
performance criteria to evaluate snowboarding vpiistectors

2. To identify boundary conditionsthe mechanicaltest should replicateto
characterise snowboarding wrist protectors

3. Todevelop and validatmechanical tests to characterise snowboarding wrist
protectors

4. Tocompare th@rotectivecharacteristicef a range of wrist protectotsing the

developednethods

10.3 Thesis Structure

Based on the total design activity modelRafgh (1991¥our stages were identified for
this project: a) existing research, b) product design specification, c) test method
develpment, d) evaluation of snowboarding wrist protectéiigiure 10.1 outlines each

stage in the context of this thesis and how they each contribtlite project objectives
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Review the problem and identify the Objective 1 & 2
current state of the art

Requirement specification Objective 3

Development of | Development of T
mechanical test 1 | mechanical test 2 Objective 3

Evaluating snowboarding protectors Objective 4

Figure 10.1 Thesis chapter structure linkedttee designprocess model
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11 Literature Review

11.1 Introduction

This chapter reviews the relevant literature in five sections. Section 2.2 outlines the
research problem and need for prevention through examining wjisy irates and
patterns in snowboarding. Fracture mechanisms are reviewed in section 2.3, to aid in the
prevention of wrist injuries, through an understanding of injury caus&iection 2.4
concerns thedesign of commercially available wrist protectorty understand the
current mechanisms used to prevent injury and ideptidyective performanceriteria

that tests shouldneasureSection 2.5 reviews the experimental recreation of falls to
inform the selection of input parameters and boundary conslitiog developed test
should include. Section 2.6 reviews and evaluates test setups, including existing safety
standards and mechanical surrogates, to help inform the developmenéwof

mechanicatests.

11.2 Wrist Injuries

The wrist isone ofthe most commoffracture site in the human bodySchuit et al.

2004) Wrist injuries place a significant burden on health services, in the United States
Englander et al. (199¢)redict that medical costs associated with fall injuries will reach
$85.4 billion dollarsby 2020.Sports injuries are some of theost common injuries in
western societiegndtheir treatment can bdifficult, expensive antime-consuming

The development of preventative strategies, such as the design of wrist protection
through a new test method, are justified on medical as vgekcanomic grounds
(Parkkari et al. 2001

11.2.1 Wrist anatomy

The wrist acts as bridge connecting the hand to the foreailthe wrist complex
consists of a collection of 15 bongsgrrounded by soft tissue structures; tretadiends

of radius andiulna eightcarpal bones @hthe proximal portions of the fiveetacarpal
bones(Kijima and Viegas, 2009Both the bones and the soft tissue exhibit viscoelastic
propertieg(Payne et al. 2015; Panjadt al. 1973) The wrist is made up of four joints:
radioulnar, radiocarpalmidcarpa)] and carpometacarpalFigure 11.1). Articular
cartilagecovers the ends of bones at the joints, providing a smooth substaizdmeg
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the bones to slide against each other without causing danfjative to the forearm
the hand is capable of 3 degrees of freedéigufe 11.2). A biofidelic surrogateis
recommendedto evaluate the protective capacity wfrist protectors Given the
complexity of the joint with 3 degrees of freedom achieved through diffestet
dependentnaterials pragmaticallya number okimplifications will be necessary when

developing a surrogate.

Metacarpals

Carpometacarpal J

Mid-Carpal Joint
Radiocarpal Joint

Carpals

Distal Radioulnar J
Ulna — Radius

Figure 11.1: Wrist anatomy

T 9

Extension Flexion Radial Ulnar
deviation deviation
Supination Pronation

Turming out Tuming in

Figure 11.2: Wrist Motion (adapted from Medlej, 2014)

11.2.2 Injury Causality
Falls are a common cause of wrist injuri€hiu and Robinovitch, 1998fFnowboarders,
inline skaters and the elderly have all been identified as gwitpsa high proportion

of fall-relatedupper extremity injuriesThe annual incidence of distal radius fracture
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for persons over 65 years is reported to h&07per 1000 perseyears (Kim and
AshtonMiller, 2003). Fall-relatedwrist injuries account foB7% of allinline skating
injuries (Schieberet al, 1996)and 6993% of snowboardingnjuries (Hagel, 2005)
Individuals use thie upper extremities to help manage a fall evanstinctively
throwing their arms out to protect the head or toidwos actionis associatg with the
potential risk fora wrist injury, a riskbenefit ratio that seems reasonable gitles
potential severityof head or hip injury in the absence of such a stra(@pGoede,
AshtonMiller and Schultz, 2003)Directly falling onto a straight arm has been shown
to increase the risk of injurffpeGoede, AshtoiMiller and Schultz, 2003and is often
considered to be the worst ca$e protect the head and torso from hitting the ground
there needs to be a level of elbow and shoulder extension.

11.2.3 Wrist Fractu res

Wrist injuries vary in severityand are generally classified as a sprain, contusion or
fracture. Spraincan heal in a few weekahereasrepairing adisplaced fracture
requires surgery angpermanent insert$n some instances, the pain never subsiaed
there is a permanent loss of movementirakture occurs when the bone cannot support
an appliedforce and fails.In the case of a fall onto an outstretchertn a load is
transmitted along the upper extremity as an axial compressios d&nd torque (Figure
11.3). This mayresult in wrist hyperextensionvrist sprains or fracture@Vhiting &
Zernicke 2008; Bartlett & Bussey 2013jlyperextension is defined as teetensionof

the wrist beyond its normdiealthyrange. Distal radius fracturearethe most common
forearm fracture and account for approximately 16% of all skeletal fradt@cesgno,
2015)

axial loading

wrist extension

Figure 11.3: Wrist loading during fall (fronMichel et al. 2013)
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11.2.4 Wrist Injuries in Snowboarding

Upperextremity injuries represent 35% to 45% of all snowboarding inj{Ressell,

Hagel and Francescutti, 2007A number ofepidemiological studies present upper
extremity injury rates rather than the anatomical locatonit is not always possible to

obtain accurate wrigtpecificinjury rates. Nevertheless, numerous studies have reported

the wrist as the most affected site in snowboar@@tgw, Corbett and Farstad, 1996; K.
Sasakiet al, 1999; Kim and Lee, 2011Dpistal radius fractures are the most common
fracture insnowboarding K Sasakiet al. 2Y1HLOO :DGVZRU\
and Rowlands, 2012yvith an injury rate of 0.280.31 per 1000 snowboarder daily visits
(Matsumoto et al. 2004; Sasaki et al. 1999)

It is difficult to determine an absolute number of distal radius frestper year amongst
snowboarders, due tdifferent reporting mechanisms used by different resorts and a
limited number of publication®ssuming the injury rate per 1000 snowboarder days of
0.280.31 is relevant for the USA in 2016 is possible to detenine the approximate

the number of distal radius injuries based on published statistics. Given that there were
54.7 million skier/boarder days during the 2016/2017 season in the (Bfafistica,
2018a)andsnowboarders are reported to accounBfsffo of thesnow sportpopulation
(Statistica, 2018b)the number of distal radius injurigkat yearwas approximately
5000.

Snowboarding injuries tend to be causedirbpacts resulting fronfialls, collisionsor

lift related incidences. When snowboardergexperience a loss of balance, they are
limited in regaining their stability as both feet are attached to the board through a non
release binding systenf. incapable of stopping the fall, snowboardeften reach out

with their armdan aneffort to cushion the fallvhich can result in injurgFigure11.4).

Figure 11.4: Forward and backward falls in snowboarding (fréamauchi et al. 2010)
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11.2.4.1Risk Groups

The incidence and patteof injury have been identified to differ between snowboarders

by varying ability(Bladin et al. 2004Yamauchi et al. 20)0Beginners with less than 5

days snowboarding experience are more prone to injury, due to the numerous falls
involved in learninghis new skill(Rgnninget al, 2001; Langran and Selvaraj, 2004)
Wrist injury rates are highest ineginner snowboardergHagel, 2005) whilst
intermediate, advanced and elite snowboarders are more susceptible to injuries affecting
other regiongOgawa et al. 2010; Idzikowski et al. 20B@renes et al. 2012; Torjussen

& Bahr 200§. This is likely due to the difference in speed and nature of manoeuvres

being executed by snowboarders of different skill levels.

Adolescents havalsobeen identified as high-risk group susceptible to wrist injuries
(Hagel, 2005; Dickson and Terwiel, 2011; Kahal, 2012)as gowth platesthe area

of cartilage at the end of dtren's bones are the last portion to har@ee particularly
vulnerable to fractureConcerns have been raised over the lasting impact of paediatric
wrist injuries which can result in arrested bone growth and deforni@yown and
Deluca, 1992)

11.2.5 Summary

This section has put snowboarding wrist injuries in context, highlightindatatlated

wrist injuries are the most common injury in snowboarding. Wrist injuries have been
seen to affect various demographics, beginners and adolescents have been idsntified
high-risk groups. Given the frequency of injuries coupled with the financial
implications of healthcare, there is a need for prevention based on an understanding of
injury mechanisms and causatidinerefore, the developed test method should facilitate
thereplicationof a range of different fall scenarios and body masses.

11.3 Mechanism of injury
An understanding of fracture mechanisms is essential to quantify injury thresholds and
identify the variables a successful wrist guard should mitigataid inthe prevention

of wrist injuries
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11.3.1 Injury Threshold

To effectively mitigate the risk of injuries it is important to understand the human
ERG\YfV UHVSRQVH WR VSHFLILF HYHQWY LQFOXGLQJ F
(Merkle 2013). Various studies doading and functional range of movement (ROM)

provide insight into the threshold values above which a fracture is likely to occur.

Reproducing falls to trigger fractures in participantsuld beunethical hencestudies
using cadaveric forearms haveeatipted to determine the force required to fracaure
adult radius. Different test setups including drop rigs and universal testing machines
have been usdd initiate fracturs in cadaverdespitecadaver testingeingconducted
undercontrolledlaboratey conditions there is considerable variation in fracture loads
both between and within studigSorces in the range of 1583600 N are needed to
fracture a female adult radius and 2343 Nfor males (Table11.1). A preventatie
approach should aim timit impact loadso 3340N (mean fracture force standard
deviation (SD), 2618 + 822N, Table 11.1), to reduce the incidence of snowboarding

related wrist injuries

A limitation of cadaver testing thelimited samplesizeand physical variatiobetween
samplesThere are particular difficulties with obtaining cadaver specimens due to both
ethical and social acceptance uiss (Payne, Mitchell and Bibb, 2013)Available
specimens tend to be biased towards the elderly populatiomoastddiego datereport

the fracture loads afhild oradolescent forearm#&lechanical properties differ between
age groups as cortical bosgengthhas been shown to decrease with @égleld, 1969)

As a largeportion of thesnowboarding demographic is made u@dblescats this ga

in fracture threshold dataresats difficulties whertrying to developepresentativéest
setups. It is also apparent that a relationship between gender and injury response exists,
with lower fracture loads reported for females. As almost 40% of snowboarders are
female (SIA, 2011) preventative measures should be designed to meet the lower

thresholds, to maximise the protective effaetthe whole population.

Frykman(1967) andLilienfeldt (1908)identified thatfracturetypes vary depending on
2 factors:orientation of hand relative to the forearm amentationof the forearm
relative to impact surface Distal radiusfractures wergroduced when the wrist was
positioned in 4M0° dorsal flexion and-85° radial or ulnar deviatiofFrykman, 1967)

Fractures of the proximal forearm occurred when the dorsal flexion angle was less than

10
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40° and carpal bone fracturegen the angle was greater than 9D&ring astudy,

using cadaverMayfield et al, (1980 observedvaryinginjury patternswhen different
setups forulna deviation and intercarpal supinatiomere used As different
experimental setups and arm orientations can result in different fracture patté&sns
importantto consider hand and arm orientation in the design of a surrogate when

developing a test method to evaluate wrist protectors.

11



Table 11.1: Fracture Loads of Adult Cadaver Forearm

2. Literature Review

Mean Sample age

Mean fracture load (N)

Gender Sample Size (yn) Experimental Setup Fracture Site + SD (if recorded) Reference

18 74 Dynamic Radius 1580 + 600 (Myers etal. 1993)

1 - Dynamic Radius 1863 (Frykman 1967)
Female 11 76 Dynamic _ _ Rad?us 3180 + 1000 (Myers et al. 1991)

13 63 Quasistatic compression Radius 1917 + 640 (Frykman 1967)

17 70 Quasistatic compression Radius 3600 £1160 (Horsman et al. 1983)

12 85 Quaststatic Radius 2008 £ 913 (Augat et al. 1996)

10 84 Dynamic Radius 1956 +467 (Zapata et al. 2017)
Group mean = SC 2300 + 766

7 74 Dynamic Radius 2370 £ 420 (Myers et al. 1993)

7 76 Dynamic Radius 3740 £ 532 (Myers et al. 1991)
Male 2 - Dynamic Radius 3874 + 624 (Frykman 1967)

9 59 Quasistatic compression Radius 2769 + 1266 (Frykman 1967)

7 77 Quasistatic Radius 3773 £ 1573 (Augat et al. 1996)

4 74 Dynamic Radius 3148 + 452 (Zapata et al. 2017)
Group meant+ SD 3279 + 619

12 76 Quesi-static Radius 1640 + 980 (Spadaro et al. 1994)

5 76 Quasistatic Scaphoid 2410 £ 913 (Spadaro et al. 1994)

5 47 Dynamic Forearm 2821 + 763 (Greenwald et al. 1998

20 - Dynamic compression Radius 2245 (Giacobetti et al. 1997)

17 67 Dynamic Radius 2648 + 1489 (Augat et al. 1998)
Unknown 9 76 Dynamic- Incline Radius with ulnar 2920 + 1197 (Lubahn et al. 2005)

11 76 Dynamic- vertical Radius with ulnar 3896 + 1991 (Lubahn et al. 2005)

Radius
5 - Dynamic- Incline Radius with ulnar 1104 £ 119 (McGrady et al.2001)
scaphoid

8 61 Dynamic Radius 2141 + 1229 (Burkhart et al. 2012)
Group meanx SD 2425 + 798
Overall mean # 2618 +822

SD

12
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Unlike fracture force thresholds, specific values for injurious wrist extension angles
have not been d@ommented in thditerature Studies have focused amefining the
functional ramge of movementand the necessary physiological range required to
perform activities of daily livingdBoone and Azen, 1979; Palmadral, 1985; Ryuet al,
1991) rather thandentifying the maximum possible angle that can safely be achieved
under load. The range of wrist motion is reported to b&3%50of extension to 682° of

flexion for healthy adults.

During an osslope study using an instrumented glov&reenwald et al. (2013)
observed wrist extension angles of 80.2 £ 15&3an + SD)at low loadsas a result

of a fal, without obtaining a fractureSimilarly, Schmitt et al.(2012) reportedwrist
extension valuesiearing hyperextensiom a laboratorybasedfall arreststudy. The
relationship between impact loathe angleof wrist extension and fracture ot well
establishedn literature Fractures may result from a combination of both the load and
extension above certain thresholBisykman (1967) observddboratoryinduced distal
radius fracturesn cadaversat extensionangles as low as 40° when coupled with high
loads (19172769N), yet Greenwald et al. (2013gported no fractugeat angles above
80° with low loadq266 + 232N).

Peak impact force has been reported to contribute to fragtdwesnget al, 2006) but

the contribution of other aspects such as strain rate or impact energy to injury incidence
is poorly understoodDeGoede, AshtoMiller and Shultz, 2003) Studies using
cadavers provide insight into peak fracture load. As stictture load is most
commonly reported in relation to injurious scenarios in literafioemitigate injury risk

wrist protectors must lower the impact force below iported fracture force.

11.3.2 Summary

The wrist isa complexjoint which can become damaged when subjectedjtwious
loading scenariosA combination of applied compressive loads to a hyperextended
wrist is believed to be the most common injury mechanBame properties coupled
with the nature of the fall and the resulting impact forces have been found to affect
fractureloads A preventative approach should aimlitait impact load4o 3340N and

limit the wrist angle below hyperextensido reduce thancidence of snowboarding

13
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related wrist injuries The lack of adolescenspecific fracture thresholds has been
identified as a limitationWhilst this section has provided insight about the maximum
injury thresholds, an understanding d&inematics and bimechanical loading
surrounding fall scenarios is necessmnthe development of a new test method.

11.4 Wrist protectors
Cadaver studies provide insight into the peak force wrist protectors should limit to
prevent injury.This section will discuss the efficg, protective mechanisms and design

features employed in wrist protectors to reduce wrist injury

PPE has become an increasingly common method of injury prevention in a range of
sporting contexts. In numerousses PPE is a requiremerdf governing bodis to
ensure participant safety and prevent avoidable injumetuding shin pads in
association football, hockey and crickstarshallet al, 2002) Generally, the design of

PPE is regulated by a standards institution such as the International Organization for
Standardization (ISO) to ensure that products on the market are safe and ofmsufficie
quality. Such standards prescribe testing protocols and minimum performance
requirementproducts should meThereis a range of snowboarding wrist protectors on
the market Figure 11.5): protectors of varying lengthgloves/mitens with integrated
protection standalone protectorsyet no international standard or design regulations
exist that these specific products should nigkthel et al, 2013)

Figure 11.5: Commercially available snowing boarding wrist protec@r&love with integrated protection b)
standalone protectors of vairyg length

14
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11.4.1 Protective Mechanisms

A range ofapproachefiavebeen discussed in the literature as to how wrist protectors
should function and protect the user from injuriichel et al. (2013)argue that
preventing wrist hyperextension and damping impact forces aravthéundamental
functions of a wrist protector. This is in line with the requirements spedifigie EN
14120 standard for roller sport wrist protectofEuropean Committee for
Standardization, 2003bHwang et al, 2006 suggest that impact force reduction is
achievedthrough absorbing or shunting the impact energy to facilitate a time delay and
thus level out th impulse curveThis is similar to the principles used in car design,
where crumple zones are designed to reduce the initial force of the crash and
redistribute it to keep the occupants s&@tebler et al. (1999§lentified that at sub
failure loads wist protectors have a load sharing function, transferring the applied load

away from thepalm directly to themid-forearm bypassing the carpus and distal radius.

In contrast toMichel et al. (2013, Maurel et al.(2013)argue that there is naasis in
literaturefor the prevention of hyperextension rethgcthe risk of fractureChenet al.

(2014) observed that the contact area between the scaphoid and distal radius is
maximised when the wrist is fully extended and hypothesise that the risk of fracture is
reduced when the wrist is fully extended, asrédiocarpajoint is more stald in this
orientation. To date, there is no evidence to show that limiting hyperextension has
negative consequenceé range of different approaches have been proposed to protect
the wrist from injury yet to date no study has measured all these perforrea

parameters for a range of commercial products.

11.4.2 Design of wist protection

Thereis little consensus as to whietrist protectordesign is most effective at reducing
injury (Kim and Lee, 2011; Wadsworth, Binet and Rowlands, 2023re is a divese
range & products @ the market with varying positions and materials for damping
elements; differing strapping mechanisms; differentlocations of splints: dorsal side
only, palmar side only or botfThe protector length varies acras®delsbut tend to

run from above the knuckles to either low or mid forearm, positioning the wrist in slight
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extension whilst still allowing full range of motion for the fingers and th@Henget
al., 1995)

Rigid splint elements on the palmar and dorsal side of the hand combinedatsiidr p
damping elements are the most commonly employed mechanisms in commercial
products Figure11.6). The splints physically limit hyperextension as welktsing the

kinetic energy then releasit over an extended perio@hedamping elements dissipate
kinetic energythrough deformation acting as a crumple zofugther reducing the
transmitted forceMachold et al. (2005»suggest the following design criteria for
optimised wrist protectorghe positionof palmar padding; shape; length; stiffness; and
fixation to the armTo date no study has evaluated the influence of these parameters on

protective performance.

Figure 11.6: a) Dorsal splinb) Palmar damimg element(adapted from Burton 2015; Decathlon 2015)

Staebler et al. (1999) noted that the position and fit ofptiimarelementresulted in
differences in measurdabne straimat sub fracture loagdsuggesting thgbalmarplate
design may affect load transfer to nearby anatomic structpbst stiffnessis cited as

a key design parameter, design that is too stifand does not bend under loawi|l
generateareasof high stress at the proximal and distal ends ofgtaector,which has

the potential to produce a fracture below or aboveptbéector(Rgnninget al, 2001)
Cheng et al. (1999)ypothesize that fractures proximal to the protector may be a result
of splints transferring energy up the forearfurthermore, they postulate tllaé¢ splint

may act as a lever arrmultiplying the torque resulting from the fall by the length of

the splint Machold et al. (2000jound an increase in finger fractures in snowboarders
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who wore protectors compared to those who didn't, which they suggeése i® the

design of dorsal splints.

11.4.3 The dfectivenessof wrist protectors

An effective wrist protector would prevent the user from wrist injuthesvever mixed

results have been found the literatureconcerning the protective capabilities of wrist
protectors Epidemiological and clinical studidsave been conducted to compare injury
rates in snowboarders/earing wrist prgection against those who do not. Tests
involving cadavers, mechanical surrogates and human volunteers have attempted to

quantify he protective effect of wrist protectors.

11.4.3.1Experimental studies

To date no two studies have used the same wrist protectors or. §aftgyent products

of different sizes, shape and materials have been tested in different Twegysesults of
experimenth studies using cadavers, mechanical surrogates and participants will be
reviewed in turn. A disagreement in the effectiveness of wrist protectors has been found
by researchers using cadaversdaiermineprotective capabilities of wrist protectors

Both Moore et al. (1997) and Lewis et al. (1990served differences in fracture
severity betweeprotectedand umprotectedgroups, implying the protective benefits o
wrist protectors.Conversely, when using comparable input parameters, thhes o
studies using cadavers did not report a difference in injury severity when wrist
protectors were usedGreenwald et al. 1998; McGrady, Hoepfner et al. 2001;
Giacobetti et al. 1997 )\Variations exist in the cadaver samplesh different ages and
section methods being used. No cadaver studies testing commercially available wrist
protectionin the past fourteen years were found in the literature search, meaning the

suitability and functionality of newer generation desifgasgone virtually untested.

Different variations of surrogate arms have been used to mechanically test the
performanceof wrist protectordKim et al, 2006; Schmitt, Michel and Staudigl, 2012;
Maurelet al, 2013) Schmitt et al(2012)conducted the only snowboard specific wrist
protector comparison to datdaractesing products based on their ability to reduce
peak force and limit wrist angle extension. The authors tdsgtedn productsagainst

the Inline skateEN 14120 standardhich stipulates products should result in a peak

force below 3kN during an impact test and wrist extension angles betweesb35
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when subjected to al8m torque. The majority of product§1% failed toattenuate the
impact force to within the specified boundarieghilst 56% of productsfailed to
comply with the wrist extension angle requirement. The results fohmitt et al.
(2012)suggest that: the test standard is not necessarily applicable to snowboard specific
equipment; snowboard wrist protectors are not fitfgiaposeor a combination of both.

The results also imply that products akesigned with greater codgrationtowards
reducing hyperextension rath&an the reduction of peak forcBoth Kim et al. (2006

and Maurel et al.(2013) confirmed that wrist protectors protebie point of impact at

the carpals through redudion in peak force, althougbnly Maurel et al.(2013jound

this to be true at representative fracture loads.

At sub fracture loads, studies have been conducted usingdrti@pantsto explore the
effectiveness of snowboarding wrist prates. Hwang & Kim (2004) found that
palmar pads improved energypsorption by more tima38% compared with the bare
handbut had no effect on thpeakimpact force.ln a later studyutilising a different
massspringdamper modelthey reportedhat wrist protectors had no significant effect
in terms of force transmission or energy storage absorptionHwanget al., 2006)
Whilst, Burkhart & Andews (2010)found that wrist protectors demonstrate a
protective effect in terms of reducingff-axis wrist accelerations and elbow
accelerations in 2 axeExperimental testsising cadavers, mechanical surrogates and
participantshave shown that in somecases commercially available wrist protectors

exhibit protective capabilities.

11.4.3.2Epidemiological studies

Numerous epidemiological studies conclude that wrist protectors can reduce the risk of

wrist injuries among snowboardgidzikowski, Janes and Abbott, 2000; Rgnnatal,
291HLOO ODFKROG .zZzDVQ\ DQG (LVHQKDUG\

Francescutti, 2007; Wadsworth, Binet and Rowlands, 2kt) otherepidemiological

studies have reportegidvere side effects fom using a wrist protector claiming they

transfer the impact to another body regimareasing the risk of injuries to the elbow or

shoulder(Chow, Corbett and Farstad, 1996; Hagel, Pless and Goulet,.20D%)H L O O

(2003), Waddington et al. (2013and Rgnninget al. (2001)found no association

between wrist protector usage and an increased risk of proximaksBased on the
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majority of clinical studies, it appears that wrist protectors do play a role in reducing

fall-relatedsnowboarding wrist injuries.

Despite the effectiveness of wrist protectmported in a number of experimental and
epidemiologicalstudies and the commercial availability of these produbtsrate of

wrist injuries has remained relatively constaviichel et al.(2013 speculate that this
could be due to the low usage of wrist protectors, with a reported usage rate between 1
and 18% for snowboarders who have sustained a wrist ijavy levels of comfort; a
belief that wist protectors can triggarertaininjuries and generalapathy towards the
need for protection have been cited as the three main barriers {Biasehi et al,

2012) A study by the Swiss Council for Accident Prevention observed that even though
protector usage in Switzerland increased from 37% to 42% from @0@807, the
proportion of wrist injuries remained unchangé8wiss Council for Accident
Prevention (bfu), 2012; Michalt al, 2013) Despite the fact thatrist protectorshave

been shown toprovide a protective effect, in some instances ewdren used,
snowboardersiavesustained wrist injurieéChenget al, 1995; Idzikowski, Janes and
Abbott, 2000) This raises questions about the design and protective capabilities of wrist

protectors.

At present no study has systematicatialsgsed a range of different protectors using a
repeatable and comparable test approach, meaning current understanding about the
effect of different wristprotectordesign elements is limite@hese disparities between
current approaches, furthemphasise¢he need for a repeatable and representative test
method. The use of a mechanical surrogate can be justified as it en@blesisient
repeatable method, which can characterise a range of products under the same

parameters representative of injurioul $aenarios.

11.4.4 Summary

Studies have showthat wrist protectors are an effective method in redueinigt
injuries, yet injuries still occur. From a review of protective mechanisms, it can be
concluded that to ban effectivepreventative measurerist protectorsshould meet the
following performance criteria:

X Attenuate peak impact force
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x Store absorb and transfer impact energy safely away from the wrist joint without
putting other regions at risk
x Stabilise the wrist and limit hyperextension

x Comfortable tovear to encourage higher usage rates

The development of a representative test and surrogate would enable the influence of
GHVLJQ SDUDPHWHUV RQ WKH SURWHFWRUSYV HIILFDF
associated with cadaveric studies and the dthioglications of participanbased

studies a mechanical approach is necessary. The following section will provide insight

into current approaches, to inform the design of the physical setup.

11.5 Injury Mechanics

The previous sections have identified the feragsociated with wrist fractures and the
way in which wrist protectors attempt to mitigate injufo develop a test that
represents injurious fall scenarios an understanding of the mechanics surrounding injury
is necessary.Obtaining biomechanical inforation regarding injury scenarios is
important(Bahr, R. & Krosshaug, 200%gt ethicallydifficult due to its injurious nature
(Krosshauget al, 2005) The biomechanics of sports injury scenarios have informed the
development of a variety of mechanical test dev{€asind, Senner and Grube, 2007;
Laing and Robinovitch, 2008; Ura and Carré, 2016)

This section will review the experimental recreation of falls to inform the selection of
input paraneters and boundary conditions for a representative test. To determine the
kinetic and kinematic parameters associated with a snowboafalirgduced wrist

injury, ideally, an insitu slope study involving snowboarders of various body sizes,
replicatinginjurious falls instrumented with force and angle sensors, combined with
motion capture would be required. Since this is neither ethical, repeatable or practical an
alternative solution is needed. From existing literature boundary parameters can be
selectd from either cadaver studies resulting in fracture or from biomechanical data

collected durindow-level nortinjurious falls in a laboratory.

11.5.1 Experimental laboratory-based fall studies
Biomechanical studiesf controlled falls at suffractureloads in daboratory enable the

impact parameters to be measurBds is typically achieved bfalling onto a crash mat
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Figure 11.7g) or by applying a load to the outstretched forearm using a dynamic
pendulum (Figure 11.7p) (Chiu & Robinovitch 1998; Hsiao & Robinovitch 1998;
Robinovitch & Chiu1998; DeGoede & AshteMliller 2002; Kim & AshtorrMiller
2003; Lo et al. 2003; Schmitt et al. 2012; Choi & Robinovitch 2011; Tan et al. 2006;
Hwang et al. 2006; DeGoede et al. 2002; Burkhart & Andrews 2Ckohbinations of

experimental and mathematical dets have been used to study fall scenaaiodto

).

\%J

characterise the impact response of the §etyure11.7

Figure 11.7: Experimental fall arrest setups a)Tetbd cabléDeGoede and Ashtelliller, 2002)b) Seated
pendulum fall(Burkhart and Andews, 2010%) Experimental and mathematical mo¢ehiu and Robinovitch, 1998
DeGoede et al. (2003¥entified biomechanical factors that contribute to the risk of
injury resulting from falls presented iﬁ able11.2| Based on the modifiable factors in
Table11.2|two preventative strategies seem plausible: altesinigll kinematics or the

use of protective equipment to modify the impact contact point, energy dissipation and

surface conditions. The extrinsic factors can be used to inform the selection of boundary

parameters.
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Table 11.2:Biomechanical factors in fallinfPeGoede, AshtoMiller and Schultz, 2003)

Extrinsic Factors Intrinsic Factors
Unmodifiable factors Modifiable factors
Cause of fall Bone properties Configurationof head, torso

and extremities during descer

Fall direction Soft-tissue properties Selected momentum arrest/
energy dissipation strategy

before and during impact

Fall height Maximummuscular rate  Body segment orientatmand
of strength development limb configurations at impact

Initial speed at the Reaction time Velocity of body segment and
loss of balance its contact point witlthe

groundat impact

Surface conditions Movement time Location of impact poin
(stiffness coefficient relative tothewhole-body
of friction) centre of mass

Values of preset muscular
stiffness and damping about

involved joints

11.5.1.1Altering fall kinematics

Chou et al.(200)) and DeGoede & AshtotMiller (2002 found that altering fall
kinematics by flexing the elbasy canreduce and postpone the peak impact force. Peak
hand impact force was found to reduce by4B% when participants actively tried to
reduce their hand velocity during a simulated fall at sub fracture loads through elbow
flexion (DeGoede and AshteMliller, 2002; DeGoedeet al, 2002) Whilst in a
laboratory learning how to falhas been shown teeduce peak forcesducational
intervention techniquesn the ski slope to alter fall kinematics were found to increase

injury severity(Macholdet al, 2000)
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Langran & Selvaraj (2002pbserved that first day snowboarders who had taken
professional instruction we three times more likely to be injured than those who had
not. The authorshypothesie that this may be because snowboardgsis a false sense

of skill once a small amount of experience bagn gainedleading to an increase in
risk-taking behaviour. Aternatively, this finding could be a reflection on the
characteristics of those who opt to teach themselves rather than seeking instruction.
Whilst in a laboratory context learning how to fall can reduce peak forces additional
methods of intervention areecessary on the slop&3n the slopesalls are unexpected
andbeginners are focused on learning the sport rather than arresting theiftiaiis.
findings highlight that addibnal preentativeinterventionsin the form of PPE are

necessary.

11.5.2 Extrinsic factors

11.5.2.1Fall direction

Backward falls have been found to result in more wrist frac{idasidson and Laliotis,
1996; Idzikowski, Janes and Abbott, 2000; Deady and Salonen, 2010; Yaratathi
2010) whilst Yamauchiet al, (2010)found that forward falls were more likely to result
in shoulder dislocations and upper arm fractufan et al. (2016) found that backward
falls resulted in larger impact velocities of the distal radius during simulated falling
compared d forward falls However Schmitt et al.(2012) conducted a study using a
similar setup and noted no significant difference in impact velocity betferamrd
and backward fallsEIbow flexion may be a contributing factor to the difference in fall
direction injury patternlimited elbow flexiontreats the arm as a single segment known
D \gtiffrarmingY DeGoede and AshteMliller, (2002) observed forward stifairm falls
resulted in higher peak forcésan when the elbowvas flexed an effet that is likely to

be observed in backward fall8ackward falls arethe worstcase scenario that
protective equipment should attemptruotigate thereforethe developed impact test

will attempt to mimicbackwardfalls with a stiffarm posture.

11.5.2.2Mass ofbody acting on the wrist joint
When considering falimpacts it is not sufficient to consider the full body mass or just
the mass of the arm. Given thaulti-segmentechature of the bodygertain masses

deceleraterapidly while others decelerate graduallyhis pattern of deceleration is
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equivalent to some proportion of the body's mass stopping abruptly at the point of
impact (Liebermanet al, 2010)and the termeffective mass' is used to describés th
proportion of body segment mass that contributestargpact (Chi & Schmitt 2005;
Lenetsky et a).2015; Rousseau & Hoshizaki 2015). Simplifying the whole body into a
rigid block of mass misrepresents the physical system, as body segments such as joints
and muscles flex and deform on impé&Gruberet al, 1998)reducing impact forces.
Flexing the elbow when landing has been shown to reduce the effeds&and thus
impact force(DeGoe@ and AshtosMiller, 2002) In the case of falling onto an
outstretched arnchmitt et al(2012 define the effective mass tge mass that affects

the wristat the time of impagtcomprised othe forearm, upper arm, and parts of the

shoulder A diverse range of valudmvebeen presented the literatureto describe the

effective mass acting on the wrist during fglfalfle11.3).

Table 11.3: Overview of effective mass used in different studies

Experimental setup Effective Mass (kg) References
Mean Range
Mechanical using cadavers 23 7.945.5 (Frykman, 1967; Lewist al,

1997; Mooreet al, 1997;
Greenwalckt al,, 1998;
Lubahnet al, 2005; Burkhart,
Dunning and Andrews, 2012;
Zapateet al, 2017)

Biomechanics using 3 1.75.5 (Chiu and Robinovitch, 1998;

. DeGoedest al, 2002; Schmitt
participants et al, 2012)

Mechanical using surrogate 3 2.53.5 (Maurelet al, 2013; Thoraval
et al, 2013)

Given the variability in segment stiffness throughout the chain fardift fall scenarios
some variation in effective massexpectegdhowever differences in the region of 20kg
have been reportedetween studiesThe values presented [Schmitt et al. (2012),
DeGoede et gl(2002) and Kim et al(2006)are all within a similar range, yet these are
significantly lower than thasused in theadaveric studiesHowever, no justification
for effectivemass choicavas providedoy Moore et al, (1997)or Lewis et al, (1997).

An effectivemass of23kg was selecteldy Greenwald et al(1998 as it corresponds to
onethird of theaverage human body mass. The authors jutti§/choice as they state
23kgrepresergthe portion of the upper body that would be direcbp\ae the arm in a

backward fall, although there is no evidence to suggest this is an appropriate parameter.
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11.5.2.3Inbound velocityand fall height

A range ofimpact velocities have beenused inprevious studies to replicate fall
scenarios.No impact velocity data exists for backward falls from standing as
biomechanics studies habeen limitedto low level falls to ensure participant safety.
The inbound velocitiesised ina numberof the cadaver studiewas determinedy
increasing the drop height until a fractwvas observedFrykman, 1967; Lewi®t al,

1997; McGrady, Linda Hoepfner, Young and Raasch, 2001; Burkhart, Andrews and
Dunning, 2012)No justificationis providedfor the drop heights used in the mechanical

studies.
Table 11.4: Overview of inbound velocity and drop height used in different studies
Experimental setup Mean Mean drop References
velocity height
(m/s) (m)

Biomechanics using 1.60 0.33 (Chiu and Robinovitch, 1998;

participants Robinovitch and Chiu, 1998;

Chouet al, 2001; DeGoede

and AshtorAMiller, 2002;
DeGoedeet al, 2002; Loet al,
2003; Schmitet al, 2012)

Mechanical using cadavers 3.54 0.69 (Frykman, 1967; Lewist al,
1997; Mooreet al, 1997;
Greenwalckt al,, 1998;
McGrady, Linda Hoepfner,
Young andRaasch, 2001,
Lubahnet al, 2005; Burkhart,
2012)

Mechanical using surrogate 2.24 0.27 (Hwanget al, 2006; Thoraval
et al, 2012; Maurekt al,
2013)

11.5.3 Summary

Biomechanics studies have emphasisedulinglie bone strength establishes the ultimate
threshold for fracture, a range of biomechanical factors alter the demand an bone
Altering fall kinematics and odifying theimpact contact through protective equipment

canaid in lowering the peak force.

When selecting parameters as input for a new wrist protegbit is important to note
the limitations of previous studies. h& foices involvedin biomechanics studiesre
lower than fracture scenariadit is not knownif they are applicablat higherimpact
energies. Secondlparticipantdn these studieare anticipating the fall which may alter
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their behaviouand force outcom A weakness of cadaver tests to date is that they only
utilised the forearm andid not consider thign relation toother limbs or the full body.
Biomechanics investigations have considered the full body albeit at lower loads. Given
that protective edpment should reduce the risk of injury rather tharerdy

transferringt, a test method that considers more than just the wrist is preferable.

Despite these limitationsheé knowledge of injury parameters develofredthis section
will inform the devebpment of a mechanical test to facilitate teplicationof fall
scenarios anjuriousload conditionsBackward fallshave been found to result in more
wrist fracturesthen forward with a high degree of variation existing between studies.
Therefore,ranges of variable parameters have been identified for three boundary
parameters:

x Effective mass (1-45.5kg)

X Inbound velocity (1.63.5 m/s)

x Fall height (0.30.7m)

Future chapters will justify the selection and magnitude of these parameters in more
detail. There is a need to understand épplicationof these parameters in current tests

of protective equipment.

11.6 Current test setups
The previous sections have identified the need for a mechanical test and suoogate
evaluate the protectiveharacteristicef snowboarding wrist protectors repeataliiis

section will review existing test setups, safety standards and surrogate design.

11.6.1 Test Setups

Testsetups are necessaryrteeasureghe performance of existing products and inform
the development of future eigunent. It was reported byNorman (1983) that users
expect the testing of protective equipmentto be conductedduring the prototye
development or production process. Wheraagseat deal of the protective equipment
used in sports has been developed on a trial and error basis with little, if any, objective
laboratory evaluation of the degree of protection provided by the produstlikely

that the performance afnowboarding wrist protectors has gone untesgesn that
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there is presently no international standard governing the design of snowboarding wrist

protectorsthereis little motivation for manufacturers to invest in guat testing.

Two approaches are typically used to impact test protective equipment. Moving a
surrogate onto a rigid surface or moving a mass onto a surfogateo a rigid surface.
These test setups use a range of different orientations: verticatly a linear drop

tower, horizontally by driving the surrogate into a plate, or angularly using a pendulum

Figure 11.8). A horizontal setup requires some form of external force input e.g.

pneumatics, unlike the drop test and pdach which can be driven by gravity, making

them preferential.

Figure 11.8: Sample of different impact test setupLCadaverdropped onto rigid surfagéubahnet al, 2005)b)

load dropped onto rigid mounted cdaver(Mooreet al, 1997)c) Hip surrogate mounted to pendulum impactol

(Lainget al, 2011)d) horizontal impact with pneumatic ram driving surrogate foot into impact suiaceTuyl,
Burkhart and Quenneville, 2016)

Table 11.5| and|Figure 11.14Frror! Reference source not found.| outline existing

mechanical tests to determine gherformanceof snowboardingwrist protectors.The

setups ifTable11.5|have only tested elementbwrist protectors, looking at either the

palmar pad or the splisitn isolation.Linear impact testare commonly usetb testthe

protectors' ability to reduce peak impact forces and absorb energy on {tegt? 6

in|Table115). The test rigs, surrogates and inbound parameters differ between@gsts 2

but the fundamentgprinciple is the same, to measure the peak force during an impact,
to determine the damping provided by the wrist protector. No justditatas provided
for the boundary conditions used in the impact tests, in all cases the inbound energies

used were lower than inbound energies reported in studies using cadavers.
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The European Standard EN 141&tpulatesperformance requirementsatroller sport

wrist protectorsnust meetn terms ofdamping behaviour and stiffneggests 1 and 2 in

Table 11.5| European Committee for Standardization, 2003)e standard stipulates

that a protector designed for users >50kg should limit the peak for8ekkd when
subjected to a 3linearimpact(Figure11.9b). The standard also demands that products
should limit wrst extension angles between-8% when subjected to a 3Nm torque
(Figure11.10c). Schmitt et al(2012)used both the damping andfstess tests from EN
14120 to evaluate the performance of snowboarding wrist protedtbes.work of
Schmitt et al.(2012)is the only study in thditeraturethat has sought toharacterise

wrist protector stiffness.

Table 11.5: Mechanical test setups to measure wrist protector performance

Test Surrogate Instrumentation Reference Associated
figure
1. Simplified wooden armr Forcesersor, digital European Committee 11.11c
protractor for Standardization, 11-9e

2003; K:U. Schmitt,
Michel and Staudigl,
2012

2. Spherical metal anvil  Force plate European Committee 11.12b
for Standardization,
2003; K-U. Schmitt,
Michel and Staudigl,
2012

3. Rigid hand model Load cell, surrogate Maurelet al, 2013 11.13a
made from body filler mounted 11-9c
coupled with rubber to accelerometer

simulate soft tissue

4, 5" 9% le Hybrid Il Force plate, Kim et al, 2006 11-9a
dummy instrumented surrogate mounted
arm load cell,

potentiometer

5. Cast polyurethane Force plate, Flexible Greenwaldet al.(2013) 11-9d
wrist model bend sensors, Force

sensing resistors

6. Solid resin forearm Force plate Thoravalet al, 2013 Figure
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based on wrist scans 11-9b

Figure 11.14: Mechanical test setups to measure wrist protector performaMauaglet al, 2013b & c) K.-U.
Schmitt, Michel and Staudigl, 2012

The international standards for protective equipment, 13:340, are used to test PPE for
various limbs across a wide range of applicatiglmernational @ganization for
Standardization, 2018for the majority of standards, a rigid surrogate was used to
represent the human body and subjected to a metal arwispécifiedinput energy.
Productswere deemedacceptable if the mean transmitted forvas bebw a set
threshold in each cas@/hile this enables a systematic way to characterise and compare
protectors,it is disconnectedrom the context of theiuse.In reality, protectors are

worn by humans with their complex geometries andnigid soft tissuestructures.

Peak force is the measurement criteria specified in most standards horviteviersuch
as deformation rate and load transfer could give richer information about the
equipment's protective capabiliglthough the reviewed standards aim totect limbs
and joints, most test setups only measure impact attenuation from point impacts at
specific locationsThe stabilising of joints or reduction @krtainmovements which

could aid in injury preventioare not considered

Test standards for pective equipment haveeen criticisedfor: being formulated
without proper scientific assessment; utilising test rigs with low biofidelity; and
including subjective clausedboutfit and comfort(Ankrah and Mills, 2003; Tsui, 2010)
In manycasesit is unclear how the impact energies and force thresholds lesme
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derived Ankrah & Mills (2003 argue that the football shin guard standard has been
designed to protect the rig, rather than match the impact intensities encountered in the
sport Walker et al. (2010) state that the British Standard for cricket PPE is
disconrected from the reality of gameplay, arguing that nregresentativéest setups

are necessary to provide a realistic indicator of the protection levels provided by PPE.

11.6.2 Surrogate Designs

Payne et al(201%) argue thathuman surrogates are critical in the development and
testing of sports PPHue to the ethical restrictions of testing participantggfrious
levels and théimitations of cadaveric tests. The following section provides\arview

of surrogates currently used in product testMgrkle et al. (2013¥tate that surrogates
must closely represent anatomicatructures, be composed of biomechanically
representative simulanhaterials,and operate as a durable, repeatable test device
capable oimeasuring tissutevel responsed o investigate injury mechanisms, support
surgical repair and study grip strengtariousattempts have been made to model the
wrist joint bothcomputationally and physicalliGislason, Stansfield and Nash, 2010)
Modelling the wrist has been achievedwith varying degrees ofanatomical and
biomechanical accuracf?hysical and coputation models wilbe discussetlelow.

11.6.2.1Physical Models

Mechanical surrogates provide a physical interfacgrotective equipment texecute
performance evaluations. Surrogates vary in levels of complexity but when
instrumented are capable of providiagwealth of feedback through devices sash
pressure filmsload cells;accelerometersand strain gaugefl Payneet al, 2015b)
Physical biofidelic human surrogateare necessary to test tldfectiveness ofreal
products rather thansimply relying on what was intemdl or predicted by a
computational mode(T Payneet al, 2015a) At present this field is limited, with
largelysimplified and noranatomical modelbeing presentenh theliterature

Surrogates are either durable or frangible. Digrgurrogates rely on instrumentation to
assess responses and oapeatedly be useavhereas frangible surrogates are intended
for onetime use and generally employ visible mechanisms to indicate injury risks.
Payneet al, (2013)present the folloimg criteria forsurrogates used ithe design and

development of sporimpact protection
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x Biofidelic exterior human geometries, to ensure that PPE is attached and aligned
correctly before impact

x Biofidelic inertial properties, ensuring that the surregetcoilsaccuratelyon
impact

x Tissue structure biofidelity, i.e. the surrogate needs to represekeytmiman
structural elements so that specific injury outcomesbeagxplored

x Tissue impact response biofidelity, i.e. the structures should have abigar
strength and stiffness properties to approximate human behaviour on impact

X Instrumentation capabilities, to provide accurate feedback mechanisms to
correlate the impact parameters to specific injury outcomes

x Durable, i.e. capable of providing considteesults from repeated impacts

The surrogates used in the mechanical tests outlif@dbte 11.5|are shown below in

Figure 1115 Kim et al.(2006)used theforearmthandcomplex of an enhanced airbag

interaction (EAI) arm{Figure 11.15p), designed as an attachment for Btle percentile

Hybrid 1l female crash test dummyhis surrogate iprimarily used to measure arm
interaction during airbag testif®umaetal., 2003) The ability to instrument the EAI

arm means that transmitted impact force can be measured simultaneously to the external
impact force (determined using a force plate), whichotstechnically feasible in most
cadaveric studies. The foreans built around an inner met core that attempts to
replicate the bonedigaments and muscle loadse notconsidered This surrogate
effectively repliates the range of motion of the human wesiables repeatable testing

and can be instrumented with aeterometers and load celldts anatomical
simplification and cost (£100,000 to bui{dA, 2013) canbe seeras restrictionsto
widespreaduse. A practical limitation of this surrogate is the difficulty in mounting

protective gloves, due to the hand posture with bent fingers.
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Figure 11.15: Mechanical surrogates used to test wrist protectdfiakt al, 2006 bYhoravalet al, 2013c)
Maurelet al, 2013 dizreenwald, Simpson and Michel, 20&8chmitt, Michel and Staudigl, 2012

The models used bylaurel et al. (2013)Thoraval et al. (2013and Greenwalet al
(2013) arebiofidelic in terms ofhand geometry as they are based on cast® @cans

of a human hand but do not consider muscle or softetiSBue models used aurel

et al. (2013)and Thoraval et al. (2013are rigid and set at different wrist extensions
angles to facilitate repeatable impacts onto the palm, limiting their use to evaluating
palmar padding. The surrogates by Greenvel@l (2013) andSchmitt, Michel and
Staudigl, (201Rincorporatetwo solid sections connected with a single jommbviding 1
degree of freedom replicating flexigxtension limiting biofidelity.To facilitate the

testing of protective gloveSchmitt et al.(2012) modified the EN 14120 surrogate

design to incorporate finge(igure11.15¢). The impact tespgcified in the EN 14120

(not pictured) uses laemispherical anviand a rectangular striker to measure damping
behaviour. These geometric simplifications ratggcerns about the fit of products
during testing(Payne et al.2013) The use of stiff stéeanvils producesimpact
phenomena unrepresentative of the more viscoelastic human tissue rg§aymseet

al. 2015)

At present no mechanical surrogate exists that can facilitate thagtest wrist
protectors integrated into gloves and simultaneously measure wrist extension angle
during a dynamic impact. Five mechanical surrogate designs have been used previously
to evaluate the performance of wrist protectdvhile a crash test dummyfearm has

the basicfunctionality to measure the protective capabilities of wrist protectors during a
dynamic test, additional instrumentation and modifications to mount it onto a test rig
would be required. Given the high cost of crash test dummy, amadternative lower

cost bespoke instrumented surrogate will be developed.
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Surrogates used in other injury prevention scenarios do exist. An instrumented surrogate

knee known as the "KandyFigure 11.16p), is a cast of a male'siée and contains

three measurement points below the kneecap and along the tibial tuberosity to test knee
pads. The protective knee pad is fixed to the surrogate knee and subjected to a load for a
specified length of time while tHerce at each of the traducerss recorded European
Committee for Standardization, 2010A similar approach using an instrumented
surrogate could be developed to measure the force transfer along the forearm in the

proposedmpacttest setup that wilbe developeds part of ojective 3.

To test protective glovedesigned for use in cold temperatyrése EN 511:2006
specifies a test to measure convective ¢&dropeanCommittee for Standardization,
2006) Glovesare fittedto a thermal hand mannequin positioned in an environmental
chamber. The thermal insulation of the glagedeterminedthrough the amount of
power required to maintain a constant temperature bettheesurface of the hand and

the surrounding chambeThermetrics produce thermal hand systems based tin 75

percentilemale hand dimensions that can be used to certify products to ENFigLie(

11.16b). The model includes an adiated thumb to reduce the hassle of mounting

gloves to the surrogate. The techniques used by these two surrogates could assist in the

development of a surrogate to test snowboarding wrist protectors.

Figure 11.16: InstrumentedV X UURJDWHV D %*,$ 3.DQG\" WHVW N QRuatdp&ah W K
Committee for Standardization, 2010; Institut fuer Arbeitsschutz der Deutschenp20tgrmal land system
(Thermetrics, 2016)
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11.6.2.2Computational Models
Thoraval et al. (203) proposed a new method to test protector performance based on

the EN 14120 standard. Their approach utilised both computational and physical

modelling(Figure11.17). The solid resin forearnpresented ifFigure11.17|was sefat

an angle of 55t accordance witlEN 14120 A complementarywumerical modelas
developed by scanning the physical setygplying material properties and fitting the
wrist protector using spring elements in P&nash softwareThe loads transmitted to
the hand and forearm correlated wedtween theomputational modeindthe physical

rg.

Figure 11.17: Physicaland numerical model to evaluate protector performéferavalet al, 2013)

Validated computational modetsin bean effectivetool for exploring joint kinematics,

joint contact pressures and forces, soft tissue tensionsangd of motion{Majors and
Wayne, 2011) Computational wrist models fall undéwo main categories: finite
element analysis (FEA) and riglibdy modelling (RBM). Through advances in both
knowledge and technology, computational models of the musculoskeletal system have
gone through numerous iterations over the past 25 y&astason ad Nash, 2012)
Historically early models simplified the wrist joitd a 2dimensional representation, by
restricting the wrist position or fusing the bones togetki¢hilst such models were
suited to specific applications and studies, their usefulndissitied to a particular case,

as theycamat be usedcross a range of applications.

Mao et al. (2014developeda 3D FEA model of a 1§ear old child forearm in an
attempt to characterise the mechanical responses of a backward fall. Their model

34



2. Literature Review

enable wrist protector models to be applied to the forearm, albeit directly to the bone
and comparisons of stress con®acras the structure to be obtaingegure 11.18?.
As no paediatric data from cadaver tests available, the authors adopted a scaling

approach using values from adults to determine the relevant material properties.
Validation of the modelwas notpossible due to limited paediatric datdich is
contrary to Choppin and Allen,(2012) who state thatuser interactions and fully
representative models need to be present for predictive models to provide realistic

results.

Figure 11.18: Wrist protector applied tthe FEA model and stress contour comparison with and without protec
(Mao, Cai and Yang, 2014)

Lehner et al. (2014also used a combination ebmputeraided engineering (CAE)

tools to simulate falling scenarios and study the functional design of wrist protectors
The wrist joint and wrist protectatesignswere modelled inComputeraided design
software CAD) and tested using FEAThe falls and loading situations were then
simulated using a bespokaultibody system (MBS) to compare the performance of
different protector designé&Senner, 2015)Through a series of laboratory studies, in
which participants wearing a harness fell onto a crash mat, it was possible to obtain
parameters such as impact force and wrist angle on irapabtingthe validation of the

MBS model(Schmitt et al. 2012)

Despie the limitations and assumptions inherd@ot computational models, this
approach has shown promidéajors & Wayne (2011)leveloped a 3D RBM model to
study wrist range of motion when validated against a cadaver stuttg model

reproduced 81% of the experiments within one standard deviatidhilst

35



2. Literature Review

computational modsl are valuablephysicalmodels are also needed to facilitate the
performance testing of impact protectiand support the validation of computational
models Payne et al(2015a)argue thatrelying on computational analysis alone is
unethicalas it is necessary to test the physical prodattter tharrelying on what was
intended or predicte

A major limitation of both computerand physicalmodelsis that their accuracy is
largely dependdnon the information that cabe obtainedfrom living and cadaver
studies(Tsui, 2010) To date numerous biomedical parameters related to simulating the
wrist areill -definedsuch as the fracture loads of adolescents; the relationship between
peak load and hyperextensiona fracture; and the effective mass related to fallixs.

such, the developed test will be a pragmatic compromise between a true mechanical test

and complete biofidelity.

11.6.3 Summary

The techniques presented provide a starting pfantthe characteriation of wrist
protectors Given the complexity of the wrist joint surrogates in literature lack
biofidelity and fail to conform to the surrogate design principles outlindéayyeet al,
(2013) Todate only Schmitt et al.(2012) based on EN 14120 standandye testeda
range of commercibl available products However, both the physical setup and test
parameters used chmitt et al. (2012) lack a theoretical basis and consider only a
single case rather than a range of parameféis. section has highlighted a gap in
current research which limits the understanding of wrist protector efficattha effect

of design elements.

11.7 Chapter Summary

From a review of the literature, the need for a representative test method and surrogate
to evaluate the performance of a range of different snowboarding wrist protectors has

been established

Fall-relaied wrist injuries are the most common injury in snowboarders affecting

various demographics. Given the frequency of such injuries, especially amongst
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beginners and adolescents, there is a need for prevention based on an understanding of
injury mechanismsral causation. Peak fracture force thresholds have been identified
based on cadaveric studié&hilst the samples used in these studies areantue
representation of the snowboarding population they serve as a useful starting point.
Through a review of PE design mechanisms, a set of protective performance criteria
hasbeen established he field of fall biomechanics can also aid in the development of a
test method, through the identification of the necessary parameters the test should
consider in additio to peak force. Finally, by examining the current best practices in

the field of mechanical testing and surrogate design, the limitations of current

approaches have been identified and the need for a new method further emphasised.

Despite the existena# snowboard specific wrist protectofall-inducedwrist injuries

are still prevalentWhilst some studies have demonstrated the protective capabilities of
wrist protection at fracture load, no single test setup has evaluated the performance of a
range 6 different products in a representative way. fAgh there is a need for the
development of a test method and surrogate to evaluate these products in an ethical,

repeatable way.

Based on the findings of this literature review the idealised soluticaiorst protector

test would utilise a validated biofidelic surrogate incorporating the hand, forearm elbow
and shoulder. An idealised test would provide feedlackhe injury event during a
simulated fall throughout the whole upper extremity and idenki&y protective role
played by the wrist protectoifhe developed test method will attempt to achieve a
compromise between realism and a repeatable mechanicatuesto numerous
limitations. Namely:insufficient fracture thresholds for adolescents; mixadues
reported for the proportion of body mass influencing the wrist at impact; incomplete
understanding of the relationship between the forearm, elbow and shoulder during a fall;

limited time; and limited funds
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12 Requirement specificationfor mechanicd test methods

Previous research has identified that wrist protectors shouldteuate peak impact

force ii) absorb and transfer impact energy safely away from the wrist; joint
Stabilise the wrist and limit hyperextensiokt present, there isontest setup that can
repeatedly assess wrist protectors based on these requirements. The limitations of
existing approaches have been presented, highlighting the need for a new test method
and surrogate. This chapter aims to identify the design requieets for new
mechanical test methodBhis aim will be achieved through the following objectives;

x To select appropriate boundary conditions related to injurious snowboarding
falls
x To identify the design criteria for test setups

12.1 Test development approach

Most wrist protectors incorporate palmar pads for force attenuation and splints to reduce
hyperextension. Testing to evaluate the protective pad®lationanddetermine force
attenuation is well established. However, no published approach has bééishestao
quantifytherotationalstiffnessof wrist protectorsdespitemanyproducts incorporating
splints to reduce hyperextensiohis project will take an incremental approach to
developingnew mechanical test setupsrstly, a quasstatic test masuring the ability

of wrist protectors to reduce hypextension will be developed as a preliminary tool to
characterise products. As a qusfitic testannot assess force attenuation properties of
the palmarpad or rate effects of splints, aomplemerdry approach employingna
impact test will also be developed. Early identification of issues concerning the
interaction of the wrist guard and surrogate during a egtasic test will inform the

development of an impact test.

Theimpact test will incorprate a measure of force transmission and the ability of wrist

protectors to reduce hyperextension in a representativeciilarigFigure 12.1|shows

the necessary workflowo develop two complementary test setupd/rist protecto

performance will be measured using both the gstatic and dynamic impact setups
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Figure 12.1: Test development approach

12.2 Boundary parameters

It is necessary to identify the requirements the systemald adhere to in a product
design specification (PDSjo facilitate the development of a test setdlumerous
factors shouldoe considered when developingechanical test boundary conditins
(replicating injurious scenarips physical test setup andhysical constraints of
university resourcesAdopting a biomechanical approach with an understanding of
injury mechanisms and human tolerance to load is important when designing injury
prevention equipmer{ODdenwald, 2006; Mcintosh, 2012 hese parameters should be
translated into inpuparameters and reproduced mechanically to test wrist protectors.
Before a list of requirements can be established, it is necessary to identify the boundary
parameters the test should replicate. The boundary parameters for thetafimsest

will be exdored first, then the parameters specific to an impact test will be discussed.

12.2.1 Boundary parametersfor quaststatic test

To inform theboundary parameters af newquastistatic testsetup looking at other
testsis benefcial. The BN 14120(European Committee for Standemation, 2003bhas

been identified as a suitable starting point for developing a dedicated snowboarding
wrist protector standardSchmitt, Michel and Staudigl, 2012(tN 14120 prescribes

requirements for roller sports wrigtotectors requirement 5.8tipulates that protectors
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undergo a test to measure protector stiffn@ssgs relates to protectorability to limit

wrist hyperextension.

Protectors are deemed sufficiently stiff if the hand angle is between 35 to 55° when
mounted to a simplified forearm surrogate aad3Nm torque applied(European
Committee for Standardization, 2003Hpwever, there is a lack of supporting literature

to justify these thresholds. A study measuring wrist moment and hyperextension of
snowboarders on a ski gle (Greenwald, Simpson and Michel, 201d)served wrist
extension angles of 764#815.8° (mean + standard deviatignat wrist momentsof

15.9+ 20.7 Nm in snowboard falls which did not result in injury. Eingles observed

by Greenwald, Simpson and Michel, 2048 higher than those in the roller sports
standard, implying that higher thresholds could be more appropriate for snowboarders
The newquaststatictestshouldfacilitate a wide range of torques aadglesup to 90°

to evaluate wrist protector products at representative boundary parameters.

12.2.2 Boundary parametersfor impact test
To evaluate the protective capacity of wrist pratectusing an impact teseveral
parameters should be considered:

x Direction of fall

x Fracture force

x Time to fracture force (related to body/surrogate stiffness and surface

compliance)

x Fall height andnboundvelocity

X Mass of body acting on the wrist joint
Boundary parameters could be selected based on: cadaver gttgienan, 1967,
Greenwaldet al, 1998; McGrady, Linda Hoepfner, Young and Raasch, 2001; Burkhart,
Andrews and Dunning, 2013)or developing a mathematical model based on
biomechanical data collected during low level +igrious falls (Chiu and
Robinovitch, 1998; DeGoedst al, 2002; Hwanget al, 2006)and scaling to a fracture
scenario. As the purpose of the dynamic test is to characterise wrist protectors under
injurious scenarios, cadaver studies will be used to ascertain thdargyarameters.
The developed test will mimic backward falls with a séiffn posture as these falls have

beenidentifiedas the worst cases.
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12.2.2.1Fracture force
Cadaver studies have identified the force required to fracture the distal yaalnls

12.1{ shows thirteendifferent test setups including drop rigs and universal testing

machines to initiate the radius fractudentified from the literature review.u2 to the
limited sample size and physical variation amorgstcimensthere is considerable
variation in the fracture loads reported both between and within studies. The mean
fracture force from the reported case26d8 +822N. Whilst a number of published
studies examine fracture force they do not all contain sufficiémtnration to facilitate

the development of an impact test. To determine which published study the developed

impact test shouldeplicate numerousclusion criteria were set:

x Forcetime plots of the fracture impact scenario published
X Setup uses full cadav forearm rather than bare bones

x Applied mass acting on the wrist joint reported

X Inbound velocity reported

41



3. Requirement Spéiciation for mechanical test methods

Table 12.1: 13 studies with fracture loads of adult cadaver forearm

Reference Gender Experimental Fracture Site Mean fracture
Setup load (N) = SD
(if recorded)
Frykman 1967 Female Dynamic Radius 1863
Quasistatic Radius 1917 + 640
compression
Male Quasistatic Radius 2769 + 1266
compression
Quasistatic Radius 2769 + 1266
compression
Horsmanetal. Female Quasistatic Radius 3600 £1160
1983 compression
Myers et al. Female Dynamic Radius 3180 + 1000
1991
Male Dynamic Radius 3740 £ 532
Myers et al. Female Dynamic Radius 1580 = 600
1993
Male Dynamic Radius 2370 £ 420
Spadaro etal. Unknown Quasistatic Radius 1640 + 980
1994
Quasistatic Scaphoid 2410 £ 913
Augat et al. Female Quasistatic Radius 2008 £ 913
1996
Male Quasistatic Radius 3773 + 1573
Giacobetti et al. Unknown Dynamic Radius 2245
1997 compression
Augat et al. Unknown Dynamic Radius 2648 + 1489
1998
Greenwald et Unknown Dynamic Forearm 2821 + 763
al. 1998
McGrady et Unknown Dynamic- Incline Radius 1104 + 119
al.2001
Lubahn et al. Unknown Dynamic- Incline Radius with 2920 + 1197
2005 ulnar
Dynamic- vertical  Radiws with 3896 + 1991
ulnar
Burkhart etal.  Unknown Dynamic Radius 2141 + 1229
2012
Zapata et al. Male Dynamic Radius 3148 £ 452
2017
Overall mean = SD 2618 +822

12.2.2.2Time to fracture

Force time traces enable the approximation of loading rate. As sholabial2.2| of

thethirteencadaver studies presented, only four include force time flotextract data
from the published graph&achplot was manually digitised by converting tldata
points from thepublished image to pixels atapproximately 0.4ms intervals in

Microsoft paint. Each data point was transformed into force time units enabling
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comparison plots to bproducedin Excel. An example of an original plot and the
digitised version is shown [ﬁigure 12.2| A comparison of all 4 force time traces with

the peak forces aligned at 0 seconds is shoy#nguare12.4

Table 12.2:Subset of cadaver studies that includeddime plots

Experimental Design Boundary Conditions Reference

Input variables Output variables

Equipment setup Sample  Applied Inbound Fracture Time

mass (kg) velocity force to
(m/s) (N) peak
(s)
Vertical drop test  Forearm 23 2.8 2802 0.024 Greenwatl et
al. 1998
Pendulum impactol Forearm 32 3.1 4315 0.011 Frykman,
1967
Angular drop test Forearm  Unknown 3.9 1104 0.019 McGrady,
Linda
Hoepfner et
al. 2001
Powered horizonta Radius 7 3.4 2266 0.008 T. A. Burkhart
setup and et al. 2013
scaphoid
bone
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Figure 12.2: Digitised data overlaid on top tieoriginal plot presented bBurkhart, Andrews and Dunning
(2013)

Figure 12.3: Comparison of digitised force time traces for 4 cadaver st(Bigkman, 1967; Greenwakt al,
1998; McGrady, Linda Hepfner, Young and Raasch, 2001; Burkhart, Andrews and Dunning, 2013)

McGrady, Linda Hoepfner, Young and Raas(001) do not report the mass of the
system. Therefore, it is not possible to design an impact test based on this work. Whilst

the work of Burkhart, Andrews and Dunning2013) contains all the necessary
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parameterst replicates a different case as only the radius bone was used rather than the
full forearm. Thus, the dymaic test can only be informed by the work Fefykman,
(1967)andGreenwald et al., (1998)

In the workof Frykman,(1967)a moving mass is applied to a the palm of fixed

cadaver|fFigure 12.4a) through a pendulum, where@eenwald et al(1998) set the

cadaver forearm at an angle and dropped the cadaver onto a foam covered force plate

Figure 12.4p). The increased time to peak observed Grgenwaldet al. (1998)

(~0.015 s) is likely a result of the fingers of the cadaver contacting the force plate before

the palm catacts the force plate, resulting in forearm compression, as shgviguire

12.5{ If the time to peak started from the point at which the force trace starts to increase

before peak force, then the time to peak for the case mdabyr@reenwaldet al,
(1998) would be ~ 0.00%s, similar to the 0.015 measured byrykman, (1967)
Greenwaldet al (1998) used a foam pad on top of the force plate to represent snow,
howeverFrykman, (1967 did not. This disparity in methods, likely accounts for the
steeper loading rate gradient foundFyykman,(1967)

Figure 12.4: a) Frykman(1967)experimental setup with palmer imp&gtGreenwald et al1998)experimental
setup with forearm dropped orddorce plate
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Figure 12.5: Comparisorof time to peak betweeGreenwaldet al.(1998) andFrykman(1967)

Thedevelopedsetup will beinformed byGreenwaldet al.(1998) The fracture force for
the publishd trace occurs &802N which is similar to otheryblished studies?2618 +
822 N |Table 12.1). The fracture force presented férykman (1967) is somewhat

questionable and kN above the range from other published stud&&lX N). The
fracture forcepresented by Greenwald and colleagiee2802 N, howeverthe peak

force of the system ikigheras the velocityhad not reached On/s when the radius

fracturedas shown ifFigure12.6

Figure 12.6: Plots fromGreenwalcet al (1998%howing thanciderce of fracture aforce timeplot b) velocity time
plot, only the unbraced condition is of interest
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12.2.2.3Compliance of system

The developed test sap will involve astiff impact rig and surrogate to allow the
repeatable testing of wrist protectors under injurious loRdher, than attemptingto
duplicate the material properties of a frangible human arm where the repeatability is
very hard to achievelt is known that rigid body impactsesult in short impact
transients, not representative of the human body., itherefoe, necessary to build
some compliance into the system to simulate the dynamic stifffigpgally, this is
done by determining the system's stiffness from the gradientfafca displacement
plot and replicating this within the experimental setup. Hakeas no displacement
data is availablean alternative approach based on loading rate was usetbrtadgime

plot has been adjusted to start at 0 s and @om the point where the force is
continually increasing after theng lead time Based on thisdjusted force trace, the
loading rate can be determined from the gradient of the curve during theréinganp
phase as shown I@ The loading rate is determined based on the adjusted
data intercepting the originTherefore, the developed system a@lid replicate this
loadng rate of 44926R/s over0.0045s.

Figure 12.7: Force time curve for th&reenwaldet al (1998 fracture event adjusted to start at zero withdime
loading rate

12.2.2.4Fall height andinbound velocity
Cadaver studies give an indication of fracture load; however, the inbound test

parameters such as velocity and mass tend not to be based on fall scenarios. No impact
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velocity data exists for backward fafltem standing, as this would put participants in at
risk. It is possible to approximate the inbound velocity that would result from a
backward fall from standing on a horizontal surface, by considering the body as an
inverted pendulum. Impact velocity che calculated based on fall heights derived from

anthropometric data and the body position at impact.

From the work ofSchmitt et al(2012)it is possible to approximate the body position at

impact.|Figure 12.8a shows the arm angle of the participant during a siradlat

backwards fall. By digitising the reflective markers and simplifying the feet to shoulder
segment as one line and the shouldetbéavrist asanotherit is possible to determine
the arm angle at impact. Assuming this arm configuration is constanigtiout the
entire fall @3), the line from the heels to the wrist (L) can be used to simplify

the fall into an inverted pendulum. Based on arm length and shoulder height, L and

hence fall height and velocity can be detegred using trigonometry and the
conservation of energy (equationssll Where L is an infinitely stiff rodand the
equivalent mass is a point mass at the end.

Figure 12.8: a) Arm angle from experimenithackward fall scenario with a wrist drop height ~ 0.1285thmittet
al., 2012)b) Backward fall scenario.-Hall height, AL - arm length, L distance from heel tthewrist, Sh -shoulder

height
. L¥:#HESDF:t U#HI5DU... ‘wx; 1)
oL .Jﬂm)é (2)
UL{rF o | (3)
DL . Uec (4)
RL st UCUD (%)
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Table12.3[shows how fall velocity is determined for three different cas@sjearold

child, 50" percentilemale and 9% percentilemale, assuming the arm angle position is
always 56°.However, the fall height might be higher if snowboarders fall backwards
down a slope rather than from horizont&Vhilst the velocity could be higher if

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ snowboardersra moving prior to the fall.

Table 12.3: Inbound velocity for three different fall cases

Measurement 10-year-old child (50" 50th 95" percentile
percentile) percentile male
male
Shoulder heightm)* 1.08 1.44 1.55
Arm length (m)* 0.57 0.73 0.78
T (%) 56 56 56
Distance from heel to wrist 0.90 1.20 1.28
(m)
~f 32 30 30
) 58 60 60
Fall height (m) 0.76 1.03 111
Inbound velocity (m/s) 3.86 4.50 4.67

* Anthropometric measuremen{®lvin R Tilley and Henry Dreyfuss Associates, 2002)

The calculatedvelocities inTable 12.3|are higher than the reported impact velocities

used in cadaver biomechanics or mechanicalstudies presentd in|:|

Table12.4| As the human body is not rigid, it is likely the inbound velocity would be

lower. Showboarderswith flailing limbs and bent kneesombined with the flexion of

body segments will alter the inbounelecity.

In the first instance the dynamic study will aim to replicate the scenario presented by
Greenwald et al. (1998Yhework of Greenwaldandcolleaguess based on an inbound
velocity of 2.8 m/s indicative of a Om fall. However based on a bpercentilemale it

is likely that fall height willbe higher resulting in higher fall velocitiegvhilst the setup

will be designed taeplicateGreenwald et al. (1998adjustabilitywill be built in, so

products can be tested over a range of velocities.

Table 12.4: Reported velocities from other studies

Experimental setup Mean Mean drop height References
velocity (m)
(m/s)
Mechanical using cadavers 3.54 0.69 (Frykman, 1967; Lewi%t al,

1997; Mooreet al, 1997;
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Greenwaldet al, 1998;
McGrady, Linda Hoepfner,
Young and Raasch, 2001,
Lubahnet al, 2005; Burkhart,
2012)

Biomechanics using 1.60 0.33 (Chiu and Robinovitch, 1998;
Robinovitch and Chiu, 1998;
Chouet al, 2001; DeGoede
and AshtorAMiller, 2002;
DeGoedeet al, 2002; Loet al,
2003; Schmitet al, 2012)

participants

Mechanical using surrogate 2.24 0.27 (Hwanget al, 2006; Thoraval
et al, 2012; Maurekt al,
2013)

12.2.2.5Mass of body acting on the wrist joint
When transferring boundary conditions from biomechanics studies to mechanical test

setups, an effective mass is ugé&dble 12.5(shows thatd date publishecffective
masse$ave ranged from 1.7 KPpeGoedeet al, 2002)to 45.5 kg(Lubahnet al, 2005)

across study typeSomevariation in effective madsetween studies expectediue to

the variability in segment stiffness throughout the clmitnot to the extent that has

been reported Whilst the setup will be designed to miatthe 23kg case of Greenwald

and colleaguest should also be possible to test products over a range of masses. This
will enable test parameters to be adjusted as biomechanics literature advances. It is not
practical to develop a rig that accommodatessea as low as 3kg whilst maintaining
structural integrity, but the setup will be designed to facilitate masses below 23kg.

Table 12.5: Overview of effective mass used in different studies (adapted$amit et al. 2012

Experimental setup Effective Mass (kg) References
Mean Range

(Frykman, 1967; Lewist al,
1997; Mooreet al, 1997;
Greenwalckt al, 1998;

Mechanical using cadavers 23 7.945.5 Lubahnet al. 2005: Burkhart
Dunning and Andrews, 2012;
Zapateet al, 2017)
Biomechanics using 3 1.75.5 (Chiu and Robinovitch, 1998;
. DeGoedest al, 2002; Schmitt
participants et al, 2012)
Mechanical using surrogate 3 2.53.5 (Maurelet al, 2013; Thoraval
et al, 2013)

The developedmpacttest setup will be baseddhe work ofGreenwald et al., (1998)

and match the test parameters presentddilole 12.6{ In the case of velocity and mass
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parameters, the system will be variable to enable a range of different fall scenarios to be

tested.
Table 12.6: Boundary parameters for impact test
Ted Parameter Value
......................................................................... Fall direction Backwards
Loading rate 483622 N/s over 0.0045 seconds
Inbound velocity 2.8 m/s [range 2:& m/s]
Effective mass 23 kg [range” 23kq]

12.3 Product Design Specification

3IXJIKTV PHWKRG IRU WRWDO SURGXFW GHVLJQ R
considered when writing a PDS. Criteria irrelevant to the design of-afbtest device

for a specific research application rathikan a commercial product were excluded.
Pugh(1991)suggests the design specification should outline the criteria the developed

tests should meet to facilitate the evaluation of wrist protectors. General requirements

relevant to both test setsiare listed ifTable 12.7{ test specific criteria are outlined in

Table128|andTable12.9] The quasstatic test will focus on characterising ctiors

up to hyperextension angles of 90°, whilst the dynamic test will be based on the

boundary parameters identified above.

Table 12.7: General Requirements relevant to both setups
Number Requirement

Primary Requirements

Performance

1.1 Should facilitate the testing of both standalone protectors and prott

gloves without permanent modification

1.2 Should utilise a surrogate incorporating fingers based on anthropor
dimensions

1.3 Should be abléo differentiate between products

Timescale

2.1 Both test rigs should be designed and built within 12 months

Cost

3.1 Material costs for both test setups cannot exceed £1500

3.2 Man hours: The university's-mouse design engineer will have limiteéohe

to dedicate to this projecthereforethe design should incorporate tasks t

can be outsourced and are tiote consumingvhere possible.
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Productlife span

4.1 The test rigs should have a minimum life in service of 5 years

Size

5.1 The testigs should fit within the university laboratory ceiling height of 3
Quality & Reliability

6.1 The setup should be reproducible by other operators and institutions
Safety

7.1 The test rig should not pose a risk to the investigator

Secondary Requirenrgs
Environment

8.1 Facilitate testing at both room temperature and in a cold condRmio
25°

Maintenance

9.1 Require minimal maintenance during service life

Installation

10.1 The test rig should be mounted to existing fixtures/machines wikiar
XQLYHUVLW\TY ODERUDWRULHV VXFK DV
hammer

10.2 The test rig should be easy to install in test houses should it be adopt:
standard

Ergonomics

1.1 The system will be operated by one healthy adult

Table 12.8 Requirements specific to the quasatic setup

Number Requirement Parameter
1.4 Should enable the measurement of wrist extension and ap angles up to
torque 90°

Table 12.9: Requirements specific to the dynamic setup

Number Requirement Parameter

15 Suited to the collection of multiple measurements: p
force, energy absorption and wresttension anglat a
sufficiently high frequency

1.6 Should resulin a peak force for the bare hand >3440 (mean + S
condition above the identified fracture threshold from 22 reported
cases)
1.7 Should replicate the loading rate of tGeeenwaldet loading rate =
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al. (1998) 483622N/s over
0.0045s
1.8 Should replicate the inbound speeds associated w 2.85 m/s
backwards fall
1.9 Should replicate the impact mass assedatith falls  5-23 kg
4.2 Withstand dynamiempacts *5.25kN

(1.5xfracture load)

12.4 Chapter summary

The aim of this chapter was to specify the design requirements for the two mechanical
tests quastistatic and impactBy identifying the boundary parameters associated with
an injurious snowboarding fall arttie physical constraints of university resources, a
specification that outlines all the criteria the tests should meebémsdeveloped.
Through fulfilling these requirements, solutions that can evaluate the protective capacity
of wrist protectors will i developedThis chapter contributes to Objective 3 in this PhD;

to develop representative test methdd evaluate snowboardy wrist protector

performance Future chapters will discuss the development of the two test setups.
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13 Development of QuasiStatic Test

13.1 Introduction
Previous chaptersighlight the need for mechanical tests to evaluate snowboarding

wrist protector performancd&he aimof this chapter is to develop a quasatic test to
measure protector stiffnesthis aim will be achieved throughe following objectives:

x To critique the EN 14120 stiffness test
X To develop dest to quasstatically measure wrist protector stiffness
X To evaluatethe suitability of the experimental setup

13.2 Critique of EN 14120 stiffness test
The EN 1412qEuropean Committee for Standaation, 2003bjas been identified as

a suitable starting point for developing a dedicated snowboarding wrist protector
standard(Schmitt, Michel and Staudigl, 201Z2Jhere are marked differences between

the two sports medng this protocol shouldot be directly transferred to snowboarding
products.In contrast to snowboarding the majority oflime skating falls are in a
forward directiononto a horizontal surfaggnox and Comstock, 2006fnowboarders

wear gloves over protection to keep them warm, whereas inline skate protectors feature
a low friction plate on the palm to deflect the hand forward hmat the load
experienced by the arrio critiquethe EN 1412@Gest setup and identify the strengths

and weaknesses of the approach proposed in the statiaaestwas recreated.

13.2.1 Test Setup & protocol
Initial investigations recreating the EN 1410 tesind severalissues with the surrogate

design and test setup. This finding is contrarythe requirement for clear and
unambiguous standardgnternational Organization for Standardization, 201This
body of work is described in detail in tl@thots publicationAdamset al.,2016 The

prescribed setup to apply tinecessary torque is shownkigure 13.1a. Information

regardingthe application ofload or the dstance betweethe wrist rotation axis and
force application axis(distance 3)is not provided The figure is misleading as

measurig angles up to 55° would requiadorce application point closer to the wrist to

maintain contact with the haBligure13.1p).
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The maximum values for distance 3 to enadhgulardisplacement of 55° for each

surrogate are showm|Table13.1] However, it is not always possible to apply a load

directly to the surrogate, due to the dimensions of the wrist protedtor. longer

protectorsthe load applicator would start in contact with the protector thde shto

the bare surrogate as the hand displaaeshown ifFigure 13.2| Interactionbetween

the load applicatorand protector could lead to unwanted protector movement
influencing the fit and potentially thtest outcome. laddition to unclear diagramd$et

EN 14120 stiffness tegtrotocol is ambiguouand failsto specifyhow tightly protectors
should be strappethe number of repeats the rate at which the load should be applied.
This ambiguity could lead to inconsisteasults between operators.

Figure 13.1 a) Schematic of EN 14120 stiffness test b) Modified test setup (adapte&dmmean Committee for
Standardizapn, 2003)

Table 13.1: Maximum distance between wrist rotation axis and force application axis for each surrogate size
presented in EN 14120

Surrogate Size
A B C

Distance 3 (mm) 88 99 110
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Figure 13.2: Size C surrogaterearing size mediurRlexmeterprotector

Another weaknessf the EN 14120 standard is thalue of the test parameters. As
mentioned in the previous chapter, products are deemed toeheaae if protectors
displace between 35 and 55° at a set tor¢u&lm for sizeC surrogate,European
Committee for Standardization, 2003blowever there is a lack of supporting literature
to justify these thresholdsTherefore,a test setup thatan facilitate a wide range of
torques and angles is needed to evaluate wrist prategtaepresentative boundary

parameters.

13.2.2 Surrogate Design
Numerous weaknesses were found withEiN14120surrogate dgign, concerning the

shape, joint and size. The surrogate shape is simple, consistingadbagularcross

sectionforearm and gaddlelike handwith no fingersdepicted inFigure 13.3| This

limits the use of the surrogate fasting protectors integrated into glovés. maintain
protector alignment and attachment during testiiRpyneet al (2013) argued that
surrogates with biofidelic geometries should be used when testing protective equipment.
Schmitt et al. (2012) modified the EN 14120 surrogatgesign to incorporate fingers
although no supporting dimensions were providdte EN 14120 standard is unclear
regarding the construction of the loviction hinge joint between the hand and wrist. In
addition, theEN 14120surrogate cannot be recreated based on the schematics and

associated dimensions stated in the standard this represents a further weakness.

Three thickness dimensions are nobvyded (marked as x,y and z [diigure 13.3),

whilst there is a discrepancy for four other measuremgisi and j between the
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dimensions presented the standar@éndthe accompanyin§gure. Based on théigure

g < h andi<j, however the presented values do not adhere to this.

Figure 13.3: EN 14120 surrogate x are missing dimensions and g,h, i aacte presented incorrect{gdapted
from European Committee for Standardization, 2003b)

Typically, protectors are soldased onhand size. Therefore, it is unclear why the

standard differentiates surrogate simesed orusermass|Table 13.2|presents thé&N

14120surrogate sizes and their equivalent user grdagsed oranthropometric data
selected from the specified user mags. monitor the suitability oEN 14120surrogate

dimensions a comparison between surrogate siaed published data was madae

Table 13.3| Due to limited published data for child and youth hands, only three of the

surrogate dimensions can tr@ssreferencedo published datasets.
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Table 13.2: EN 14120 Surrogate sizes and torque requirement with equivalent user group based on anthropometric
data(Pheasant, 2001; Alvin R. Tilley and Henry Dreyfuss Associates, 2002; European Committee for Standardization,

2003b)
EN 14120Surrogate Size
A B C
(users <2%g) (users 2550kq) (users >5kg)
Torque requirement 2 3 3
(Nm)
Equivalent user group <50" percentile 50" percentileage  >50" percentileage
age 8 8-14 14
EU hand size - 7 9

Table 13.3 :Comparisorbetween surrogate size aatthropometric dimensions based on equivalent user groups
(Alvin R Tilley and Henry Dreyfuss Associates, 2002)

EN 14120Surrogate Size

Measurement A B C
(mm) (users <2%g) (users 25%0kg) (users >50kg)
Surrogate 153 172 191
Hand length Anthropometric <137 137-172 >172
(cte) dimensions basec

on equivalent

user groups

Surrogate 65 73 81
Hand breadtlexc Anthropometric <63 6379 >79
thumb (b) dimensions basec

on equivalent

user groups

EN 14120 srrogate A is larger than the dimensions for the largest user in thig<25
category.Whilst, EN 14120 grrogate B appears to be a good approximation for users
between 250 kg, based on measurements of hand length and breadtaNAt120
surragyate C is suitabléor all users >0 kg, direct comparisons with published data are

difficult. By examining a series of measurements for different user groupskyg, 5

deeper understanding of the relevance of the surrogate size can be estgbabled (

13.4).
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Table 13.4: Surrogate size C compared to"5@ercentilemalgAlvin R. Tilley and Henry Dreyfuss Associates, 2002)

Measurement Hand breadth Hand breadth Wrist Wrist Hand
(mm) (excthumb) (with thumb) breadth depth length
B (f-a)+b g [ cte
Surrogate size C 81 94.5 50 35 191
5" percentile 69 81 51 31 152
female
50" percentile 76 91 58 38 172
female
50" percentile 89 104 69 43 191
male
95"  percentile 99 117 76 50 213
male
Rangeof
anthropometric 69-99 81-117 51-76 31-50 152-213
measurements
Median of
anthropometric 83.3 98.3 63.5 40.5 182
measurements

The dimensions oEN 14120surrogate C tend to be similar to the median of the four
different user groups, witthe exception of wrist breadth. TE& 14120 arrogate wrist
breadth measures smaller than the four published sizé&ased on the above table
surrogate size C appears to be a good compromise for a wide range of udegs b0
keep standards simpleeite is a need to limit the number of surrogate sizes, but the use
of hand size rather than body mass is preferable.

Several issues were identified during the EN 14120 critique: test setup, test protocol,

boundary conditions and surrogate design. To owveecdhese issues and enable
products to be tested over a range of angels a newsfa#isitest setup is needed.
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13.3 Development of test method to quasstatically measure wrist protector

stiffness
This sectiordescribes the development of a new method #vathterise the stiffness

snowboarding wrist protectors.

13.3.1 Concept Design
Based on the critique of the EN 14120 stiffness test and the design requirements

outlines in Chapter 3, ideation sessions with input from the university's design engineer

resulted inthe development o6 concepts(Figure 13.4). Concept a uses a motor

embedded within the surrogate to drive rotation through the wrist joint. Concept b is the
simplest concept where increasing mass is applied to the hand to generdte an
displacement. Concepts c,d and e facilitate angular displacewverd range of loads
through mounting the surrogate to a universal testing machi8ech machines
incorporate load and displacement instrumentatian,use a range of load cells dred

used with speedsp to 500 mm/min. Thegre typically used for material testing and are

commonly found in universities and test facilities.

Figure 13.4: Concept desiga) Motorised axle within wrist joinb) Variable masseapplied to the hand)
Compression saip with moving plate applied to fixed surrogateCompression saip with moving surrogate
applied to rigid surface)Extension setip with load applied to hand via pulley through upward digptemt
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13.3.2 Concept Selection

All five concepts meet the criteria outlined in the product design specification.
Therefore, in order to determine which concept should be taken forward to further
development and manufacture a decision matrix was establishedcriféria were

informed by the product design specification and discussions with the design engineer

responsible for the construction of the setup. As can be sf&blal13.5|these criteria

are based on manufacturability, potent@l ihstrumentation and usability. Each of the
five concepts is rated on a scale @8 Ior its feasibility to meet the design criteria,
where a score of 1 means it would poorly satisfy the criterion, and 3 means it fully

satisfies the criterion.

Table 13.5: Concept selection matrix

Concepts
o Stand alone Mounted to universal
Criteria )
test machine
a b o d e
Easy to manufacture
- Uses off the shelf components
o 1 3 2 2 3
- Can be mounted to existing test
setupswithin the unversity
Easy to operate 3 1 3
Easy to instrument 1 1 3 3
Total 5 5 8 7 9

Concept escoredthe highest based on tllesign criteria. This concepvolves fixing

the surrogate in a vertical position aapplying atorquevia load cell(built into the
universal testing machine) through a pulley and cable systentept ¢ whictuses a

plate fixed to the load cell rather than a pulley and cable also score well. However, concept
e was considered preferable as it would involve using paltelycable components which

are regularly available rather than the manufacture of a bespoke plate and Tikarefore,

atestsetupbased on concept e was further developed and manufactured.
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13.3.3 Detail Design

Based on the load cell and pulley concept gmé=d in the previous section a surrogate
and rigwas developed. In contrast to the EN14120 setup, the new method faciliates
testing over a range of loads, facilitating an understanding of the relationship between
hand angle and torque, for representativeditions. The following section outlines the

design and development of the surrogatdrig. and their associated subassemblies.

13.3.3.1Surrogate
The EN 14120 surrogate size C was usét subtle modifications.as despite its flaws
it has previously been st to be sufficient at detecting differences between products

(Schmitt, Michel and Staudigl, 2012Assumptions were made for the three hand

dimensions missing from the standaxd=(15 mm,y = 38 mm,z = 40 mmFigure13.3),

based on approximations from the other dimensighslow friction hinge was
constructed from a countersunk bolt combined with nylon washers and a nut, which
connected the hand and arm as shovifigmre 13.5| Mounting holes were added into

the arm to enable it to be fixed to the bespokeTige surrogate was designading

CAD software (PTC Creo, USA). The arm was made from solid polyamide (tensile
modulus 1650 MPa = 15Materialise, 2017)using laser sintering (Materialise, UK).
The hand was made from polyamide (tensile modulus 3309 (MBtureWorksLLC,
2018) using iseddepositionmodelling (Makerbot, USA).

Figure 13.5: Exploded view ofmodified EN 14120 surrogate
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13.3.3.2Rig development
A bespoke rig was designed and develoget could be mounted onto an existing
uniaxial test machindoused within the universityinstron 3367) A number of

different fixtures can be added onto the test machine via the fixture mounts as shown in

Figure 13.6| As none of the standard fixtures offered a suitable way to mibent

surrogate onto the machireepespoke rig was designed to hold the surrogatgaliel
thatcould be mounted to the Instron via the base of the flexture fi@' are13.6| c).

The rigwasconstructed frona series oBosch Rexroth Aluminium 40 x 40 mstruts
(Rexroth, 2017) The dimensions of the rig were selected based on the length of the

surrogate arm size C specified in EN 14120.

Figure 13.6 Instron setufa)3367 Uniaxial test machin® Compression plates Flexture fixture for 3 point bend
testd) Grips for tensile testingnstron 2017)

Figure 13.7| shows the developedrig constructedfrom a series ofBosch Rexroth

Aluminium 40 x 40 mmstruts(Rexroth, 2017) Through vertical displacement of the
load cell a torque was applied around the wrist joint pulling the hand backw2wés.

to difficulties associated with horizontally mounting the surrogate and applying a linear
load, the surrogate was mounted vertically. The load was appliedgakanized steel
cable (diamete2 mm) coupled with aow friction pulley (Harken, 2017)The cable
runsvertically from the load cell through the pulléy the handThe top of thecable
wasconnected to the load cell via a cable lock (Rize Enterprises, .U3#)bottom of

the cable was connected to the distal end of the fingers, késabdinerattached to a
second cable loopedaundthe surrogateTensile testing of the cable wasnducted to

confirm that the cable would not stretch during testsihgensile test of the cable
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resulted in a strain of <0.01 at 80 N (maximum laadralidation tests confirming
extension of the cablould not influence the results of the protectest Through the

use of removabléxings, the surrogate can be easily removed from the rig.

Figure 13.7: Bespoke testetupmounted to Instron machine

13.4 Experimental validation of new test method
To validate the suitability of the test sefutpe stiffness of three commercially available

wrist protectors was measured.

13.4.1 Test Protocol
The protocol is based on the approach in the EN 14120 with some modifications. Three

adultleft-handwrist protectors were tesd. Two snowboarding protectors were chosen,
as they represent different design approaches, whilst the roller sports protector acted as

a comparison that was certified to EN 14120short snowboarding wrist protecter

Burton, Impact wrist guardFgure 13.8p); a long snowboarding wrist protector
Demon, Flexmeter double wrist guairl%ig(ure 13.8p); and an EN 14120:2003 certified
skateboarding wrist protectelOxelo, Blackskateboard wrist guandFigure 13.8¢). The

wrist protector characteristics are presented/Table 13.6] Based on protector

dimensions, the two snowboarding protectors wilrdferred to here as short and long

snowboarding protectoiThe snowboarding protectors were size medium, whhe
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roller sports protector was size large. Sizes were selected based on what fitted the EN

14120 surrogate, as there is no standard sizingj as®ss manufacturers.

Figure 13.8: Tested wrist protectors

Table 13.6: Wrist protector characteristics
Wrist Protector Short Long Skateboard
snowboarding  snowboarding

Construction

Palmar Threesplints One splintand  One splint
and palmar pad skid plate

Dorsal Two splints One splint One splint

Splint dimensions

(width x length x thickness) mm

Palmar 8x70x7 70x205x6 35x155x8

Dorsal 10x145x6 70x210x10 30x135x7

Number of straps 2 2 3

Mass (g) 76 160 72

The standard does nstipulate how tightly protectors should be strapp&d.determine
whether strapping tightness influences protector stiffness three different sgrappin
conditions were testetight, moderate and loosé&he protector was tightened by
hanging a weight of known mass (tight k@ moderate = Rg, loose = kg) from the
Velcro strap and rotating the arm horizontally until the protector was fitted. The
pasition of the strap and buckle at each condition was marked on the pr@

13.9). It was not possible to test the skateboard protector at a moderate tightness due to
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4. Development of Quastatic Test

the design of the straps, so eighfetiént conditions we testedTable13.7). Five

repeatrials were performed on each protector for each strapping condition, resulting in
40 tests in total. If the protector slipped during testing and clear movement was
observedy the investigatqrthe trial was void and restarted until five complete trials

were obtained for each condition

Figure 13.9: Procedure used to strap protector onto surragttht, b-moderate, doose

Table 13.7: Test conditions
Condition Protector Strapping

1 Tight
Short snowboarding Moderate

Loose
Tight

Long snowboarding Moderate
Loose

Tight

Loose

Skateboard

o N O O A~ WN

For eachtrial, the surrogate was mounted to the rig and the protector strapped to the
desired tightness. The protectors were found to hold the hand slightly backuards

extendedpostion, the angle betweethe vertical and the resting position of the hand

was defined athe neutral anglgHigure13.10). The neutral angle was measured using a

digital inclinometer before connecting the cable to the hand. A manually applied
preload of ~1 N removed any slack from the cable, although this sometiosexidhe
hand to rotate slightly further backwards. Therefore, the start akglg) was also
measuredefore initiating the trial, if the difference between the neutral and start angle

was 1 5° the, trial was restarted.
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Figure 13.10: Hand pulled back taeutral agle by wrist progctor

Upward displacement of the load cell at 200 mm/miniadg@l torqueto the wrist joint,
via the cableuntil a vertica force of80 N wasreachedThe handangle at the end of the
test was measured using the inclinometé.qz4). An 80 N vetical force was
equivalent to 14 Nm torque, depending on the end angle (see equati®riziow).
Load and displacement were recorded at 1(aktt transferred to spreadsheet files for

analysis Trials typically lasted between 60 to 80 seconds.

13.4.2 Data Analysis
The Rotationalstiffnessof the protector was defined as the ratio of torque to hand angle

(Nm/°). Load cell force and displacement data coupled with start and end angles were
used to determine hand angle and torque throughout theAigthe cablavas pulled at

a constant rate the angular displacement of the hand was also cdBatat.o the

known start and end angle the rate of angular displacement was determined, enabling
the hand displacement anglec(to be calculated for each time stdjhe recorded load

was in the vertical axis rather than perpendicular to the hand, as required to calculate
torque. Thereforeit was necessary to determine the load application angleand

hence perpendiculaoad throughout the trial (L¢). Using trigonometry,the load

application anglevas calculatedfrom the hand angle and fixed lengtA€, AD, BC

and CDas shown ifFigure13.11| using equations 4-4.5.
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Figure 13.11: Test analysis schematic

>L ¢33 |—p (4.1)
ALszrF>Fa (4.2)
(¢ L¥: SE S Ft: U U..'Aj; (4.3)
U‘ o,
|.§ L .(25| - ¢ Atp (44)
é
cLszrFLLF A (4.5)

During the trial the angle betweeretbable and the hand changes from an acute angle
to an obtuse angleshown inFigure13.12| Therefore, it is necessary to useugtpns

4.6a or4.6b to determin¢ Cthe angle betweetthe perpendicular forceector (Fp) and

the measured force in the cable (Fc).
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Figure1l3.12: a) 3when angle between hand and cable is »)9Gwhen angle between hand and cable is < 9(

GL F{r <" ¢P{r; (4.63)
GL{rF < cO{r; (4.6b)

(L;was determined based dand . using force vectors.

(LL ..0.'¢ (4.7)

The torque was calculated by:
"’“—lt(LQlAJ (4.8)

Regression techniques were used to ehdte relationship between hand angle and
torquebased on the data from tlfige repeat trials per conditiofror eachcondition
four different functions were consideretinear, power, exponential and“2order
polynomial (Ratkowsky, 1983using the Matlab curve fitting appathWorks, 2015).
The function with the lowest sum of squared error (SSE) and higRestjusted was
selected as the best representation of the d&idjustedis a measure of fit that is

adjusted for the numbef predictor terms in the model.

13.4.3 Results

Figure 13.13[ shows that lh conditions resulted in nehlinear growth relationships

between angle and torque. An exponential functiBnT{ L =A6é) provided the best

fit for all strapping conditions for the short snowboarding and skateboard protectors. A
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power functionkB: T; L =T'O obest represented the long snowboarding protéotall

three strapping conditionés thetest ended when 88 was reached theeasurecnd
angle was dependent on protector stiffness. For the long snowboarding and skateboard

protectors hyperextension angles of 90° were not reached before 80N was applied.

Figure 13.13: Raw data and fittethodelbasedbn five repeats for each protector loosely strapped

The mean and standard deviation values for start and end angles are pregented |n

Table13.8| Typically, the standardeviation for repeat trials of the same condition was

lowest for the end angle (6 of 8 conditiondjor all three protectorghe standard
deviation of the end angle was smallest in the tightly strapped condition. The mean
standard deviation for the endgle across all eight conditions was 1.2° (<1.8% of the
mean measured end anq@ showsthe relationship between hand angle and

torque for all three protector designs, at three strapping conditiDissinctive

differences can be seen for the different protector designs. The long snowboard
protector exhibited the highesbtational stiffness at torques above 1Nhe same
models of snowboard protector were tesbydSchmitt, Michel and Staudig[2012)

their results are included|Figure13.14jas a comparison.
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Tighter strapping resulted in lower end angles for both snowboarding prote

Distinctive diffeences are observed for the short snowboard protector for
strapping condition. For the other two protectors the differences between str

conditions are smaller, as shown by the overlapping boundatiegure 13.14| The

black line represents the pass range for the EN 14120 ttestshort snowboardin
protector only meets the requiremenighen tightly strapped. For the lor
snowboardingprotector,the tight strapping condition is outside of the EN 141265
threshold, whilst the skateboard protector is at the upper end of the threshold fi

strapping conditions.

Table 13.8: Mean * standard deviation for start angle, end angle, torque at end angle erat 8ngin from the
function

Protector  Strapping Start End Torque Angleat  Fitted model

angle angle atend 3 Nm parameters
@) @) angle @) a b
(Mean+ (Meant (Nm) equivalent
SD) SD) (Mean % to
SD) EN 14120
Short Loose 4.4+ 91.1+ 10.2 + 61.1 0.301 0.037
Snowboard 2.8 1.6 0.4
Moderate 3.5z 89.5+ 105% 58.5 0.336 0.037
2.2 1.6 0.3
Tight 39+ 878+ 109+ 53.7 0.395 0.037
1.8 0.8 0.2
Long Loose 109+ 701+ 132+ 32.2 0.002 2.055
Snowboard 1.0 2.9 0.3
Moderate 115+ 658+ 106z 32.7 0.002 2.161
0.8 0.8 0.3
Tight 123+ 641+ 136+ 33.7 0.001 2.021
1.7 0.5 0.02
Skateboard Loose 189+ 777+ 125+ 54.7 0.111 0.061
1.3 0.5 0.1
Tight 205+ 785+ 124+ 53.9 0.107 0.060
1.4 0.5 0.1
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Figure 13.14: Strapping and protector comparison (dotted lines show 95% confidence intervals

13.4.4 Discussion
Based on the above findings three conclusions are drawn: (1) the proposed test setup

enables stiffness characteristics of wrist protectorbe measured over a range of loads.
(2) The proposed methazhn distinguish differences imotational stiffness between
wrist protector designs. (3) Strapping tightness influencedata¢ionalstiffness of the

protectors.

Three protectors based different design principles were tested and different stiffness
characteristics observed using the proposedResta given torque theng snowboard
protector resulted in smaller hand anglesemonstrating it had a higheotational
stiffness than the ther products. This is expectedbased on its long dual splint

construction, compared to the other products whiath horter and narrower splints

Table 13.6). The short snowboard protector and the skateboard protexsoited in

similar hand anglesand henceotationalstiffnessat 3 Nm.The skateboard protector
exhibited a higherrotational stiffness than the short snowboard protectorhigher
torques Both designshave dorsal splints of the same lenghut different splint
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constructionsindicating that a combination of design factors affect a protectors' ability

to resist hand extension.

The proposed method also detected differences in end hand angle for different strapping
conditions. At the tightest strappimgndition,the short snowboarding protector neeet

the EN 14120 requirementisand angle of 54° at 3 NmHowever at the moderate and

loose strapping conditions it failed for being too flexible and not limiting the hand angle

enough (

Table13.8). This highlights the importance of defining strapping tightness when testing

wrist protectors. A product could be deemed suitable by one operator, but not another,

simply due to strapping differences.

The same models short and longnowboard protector were tested®shmitt, Michel
and Staudig(2012) yet their results were notably differe‘ﬁﬁgure 13.14). At 3 Nm an
angle of 33° was measurday Schmitt, Michel and Staudigl2012) for the short

snowboard protectpin contrast to 61° (loose), 59° (moderate) and 54° (tight) measured
in this study Schmitt, Michel and StaudigRr012) measured a hand angle of 40° at 3
Nm for the long snowboard protector, yet this study found the protector tahagber
rotationalstiffness with lower hand angles; 34° (loose), 33° (moderate) and 32°.(tight)
The maximum torque measured in this study was N8r§ so a direct comparison
against the 16 Nm results measuredSoyhmitt, Michel and StaudigR012) was not
possible. Discrepanci@s protector performance between the two studies at 3 Nm could
be due to a combination of factordifferent hand dimensiornf®r the threeunspecified

values (Figure 13.3); different loading ratesand different strapping tightnes$his

disparity further emphasisdébe need for a consistent and repeatable test protocol to

measure wrist protector perfoance

The proposed setup enables wrist protector stiffness characteristics to be quantified.
However,severaltests had to be repeated as the protector slipped or the strapping came
undone. Additional tests were required #&@% of the tested condition®ver half of

the void trials occurred in the loosely strapped conditidme poor fit between the
surrogate and protector was likely to contribute to this unwanted movement during the

test. Whilst theEN14120 surrogate has a thumb representation it i/ @ small

protrusion and in some instances the protector slipped off it during theFigste
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13.15). The fit between the surrogate arm and protector was poor due to the overly

simplified cuboidal shape of therfarm. The use of nerepresentative geometries is a
weakness of the EN 14120 surrogate design. Modifying the surrogate to incorporate a
larger thumb protrusion, more representative geometries and a higher friction surface

should reduce variation in fitiinprotectors and improve consistency of the test.

Figure 13.15: Protector slipped off thumb during trial

The current test protocol loaded protectors to 80N, onlslhioet snowboard protector
reached thenaximum possible angle of the setup, equivalent to 90° hyperextension at
this load. For future studies the protocol should be modified so the end condition is set
based on displacemerthis would enablghe loads assodied with hyperextensioto

be measred for all protectorgritting mathematical functions to experimental data was
found to be an adequate way to represent the experimental data. However, it is possible
that certain protector designs will not conform to common functions, so an alternative

solution is recommended for future studies.

13.5 Chapter Summary
This chaptemakes significant progress towards addressigthird of the project's

objectives: to developnd validate mechanical testscharacterise snowboarding wrist
protectors Based ona critigue of the EN 14120 stiffness test and the design
requirements outlined in chapter 3, a new test setup to characterise the stiffness of
snowboarding wrist protectors was developed. Unlike the wofchmitt, Michel and
Staudigl (2012)the proposed method facilitates angular measurements over a range of
torques.Experimental tests validated that the metluaoh distinguish differences in
rotational stiffness beween wrist protector designs. Preliminary results show that
differences in protector performance exist between products of different deBigns.
results were shown to be dependent on how tightly the protectors were strapped to the

surrogate. Therefore,rapping tightness should be accounted for in future work.
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The proposed setup and protocol provides a method to evaluatgahenalstiffness

of wrist protectors. It could be used to further understanding of the relationship between
protector design ah performance. The use of standard material testing equipment
means the setup can feasibly be implemented into existing test houses. This approach
can aid manufacturers in the design and development of future products, evaluating
different splint elementeasigns. A limitation of this setup is the use of the EN 1412
surrogate Its lackof fingersdoesnot allowthe assessment of products integrated into
gloves.Also, there is no evidence to suggest that the simplified design (shape and size)
of the sirrogatewas based on anthropetric data Another limitation is theuse of a
relatively low magnitude load applied quasatically Future efforts should focus on:
testing all products to 90° of hyperextension; modifying the design of the surrogate;
testing a rage of commercially available products and transferring key lea g

the development of a dynamic te#tuture chapters will aim to overcome these

limitations.
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14 Development of more representative surrogates

14.1 Introduction
Chapter 4 highlighted the nédor a new surrogate to perform quagtic testing of
snowboarding wrist protectors. The aim of this chaptetoiglevelop alternative
surogatesto overcome the issues identified in the previous chapterell-designed
surrogate is considered to baskd on anthropometric dimensiorenable testing of
both stanehlone protectors ral those integratethto gloves; and detect differences
between products in a repeatable manfddns aim will be achieved through the
following objectives:

x To develop two lernative surrogates

X To investigate the effect of surrogate desigrit@nmeasuredbtationalstiffness

of snowboarding wrist protectors

The work presented in this chaptemlso described in the autt®publication(Adams
et al, 2018)

14.2 Surrogate development

Two new surrogates of increasibgfidelity were developedrhe first new surrogate,
referred to as geometric from this point onwards, a simplified geometric
representation more biofidelic than the EN14120 surrogafitsishape and size. The
second new surrogate, referred to as scanned, is the most biofidelic being based on a 3D
scan of a human hand and arm. To enable compariistimese surrogatescorrespond

to EN 420 sizes 8 and 8@se thesamesingle axis low fiction hingeconstruction and
weremade fromsolid polyamidgtensile modulus 1650 + 13@Pausing laser sintering
(Materialise, UK)

14.2.1 Geometric surrogate
The geometric surrogate, showv{ﬁigurem.l is based aroundasicgeometricprofiles
developed for use and replication in tteaft version of ISO/CD 20320 standard for

snowboarding wrist protectofgnternational Organization for Standardization, 2016a)
The geometc surrogate was developed by members of the Centre for Sports
Engineering Researcht Sheffield Hallam Universityn collaboration with the Swiss
council for Accident Prevention to support the ISO standard developmentSOHeD
20320draft standard is dsed around hand sizes, unlike EN 14120, where surrogate
sizing was based on bodgass The ISO/CD 20320draft stipulates 3 surrogate sizes
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based on hand circumference and hand length: Surrogate A for hand size 6, surrogate B
for hand size 8 and surroga@ for hand size 10, based on EN430 hand sizing
(European Committee for Standardization, 2003a)

From the EN 420 hand length and circumference, it was identified that size 8 is
equivalent to 18 percentileadult male(Peebles and Norris, 1998; Pheasant, 2001;
Alvin R Tilley and Henry Dreyfuss Associates, 2002; European Committee for

Standardization, 2003a)Therefore, the size B surrogate isasbd on eleven

anthropometric dimensiorssaled to the I5percentile{Table 14.1). Simplifications of

the hand and forearm resulted in a scalable design constructed&sogeometric
profiles that can be communicated as an engineering drawing and reprodbeed.
forearm shape is based agmentation principledevelopedy Yeadon(1990) using a

circular cross section at the elbow (cross sect‘Grig[ure 14.1) and a stadium shape at

the wrist (cross sectionZgure14.1). The hand is formed of a series of extrusions and

sweeps blending circular profiles into a representative shape whish tHg

anthropometric data.

Table 14.1: Geometric Surrogate dimensiofisternational Organization for Standardization, 2016a)

Dimension on Description Measurement Reference
Figure 14.1 for size B
A Hand Width 82 (Pheasant, 2001)
B Hand thickness 30 (Pheasant2001)
RC Radius of palm 115 -
D Distance between fingers 11 Proportion of hand width
E Half hand width including 50 (Pheasant, 2001)
thumb
F Hand thickness at thickes 47 (Pheasant, 2001)
point
G Wrist width 57 (Peebles and Norris, 1998)
H Hand Length 182 (European Committee for
Standardizeon, 2003a)
I Clamp position 170 -
J Palm length (wrist crease 100 (Alvin R Tilley and Henry
to crotch digit 2&3) Dreyfuss Associates, 2002)
K Wrist crease to thumb 56 (Alvin R Tilley and Henry
crotch Dreyfuss Associates, 2002)
L Back of elbow to wrist 273 -
crease length
M Minimum arm length 180 -
N Forearm Girth (diameter) 69 (Peebles and Norris, 1998)
O Diameter of test fingers 12 -
Circumference Circumference of the 200 (Peebles and Norris, 1998)
hand
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Figure 14.1: Geometric surrogatéimensiongInternational Organization for Standardization, 2016a)

To limit protector movement during testing, a more pronounced thumb protrusion
Figure 14.2| item D), than then the one used in the EN 14120 surrogate was
incorporated into the geometric surrogate desigfull length rigid thumb would make

mounting protectors onto a surrogate too difficulo allow testing of pducts

integrated into glovesdwo steelrods(g12 x 80 mm) representing digits three and four
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were incorporated into the surrogate. To allow displacement from the testing device to

apply a torque to the wrist an external clamp was mounted over the atarraud

protector to attach to the caljfeigure14.2p-c,|Figure14.3). At the end of the forearm,

180mm from the wrist pivot (distance M), a mounting block was incorpdrate

Figure 14.2:a) Exploded view ofjeometric surrogate fexternal clamp mounted to surrogéfitegers c)Detailed
view of clamp
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Figure 14.3: External clarp mounted to surrogate wearing protective glaigeclamp attached to steel rods

14.2.2 Scanned surrogate

2D anthropometric measurements are insufficient at capturing detailed shape variations
needed for realistic body modelsFOOHQ &XUOHVV DQrésuBmy$RYLU
geometricsimplifications with assumptions about shdélliams, 2007) To increase

the fidelity of the surrogat a 3D scan of a hand and forearm was used to define the
exterior form. The following sections outline the process required to develop the

scanned surrogate.

14.2.2.1Selecting participant

A participant with hand measurements close to published 50th percentde dat
(equivalent to hand size 8/9) was identified frantonvenience sample of ten British
males,based on nine manual measurements of each upper ext@ and

Figure14.4). Both arms were measudréor each participanby a level one accredited

ISAK kinanthropometrist thus 20 upper extremities were measured metal
anthropometricdcape measuréLufkin Executive Thinline 2 m, W606PM)wvas used for
circumference measurements and digital calligdtgutoyo CD- ~ % for length and
breadth measuremenihe nine manual measurementsre selected based on the work
of Hsiao, Whitestone, Kau, & Hildreti2015 and Williams (2007) who evaluated
glove fit and related dimensions for the design of protective gloves.
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Table 14.2: Manual measurements used to identify suitable ppaitti

Upper extremity measurements

Hand Wrist and forearm

a) Hand circumference f) Wrist Circumference (over bony
protrusions)

b) Hand breadth (excluding thumb) g) Wrist Circumference (at wrist crease)

c) Hand length h) Wrist width

d) Middle finger length i) Foream Circumference

e) Palm length

Figure 14.4: Hand and forearm measuremefegters correspond to Table-8

Ethical approval was obtained from the Faculty of Health and Wellbeing Ethics
Committee, Sheffied Hallam University, UK (HWBS&E-69). Upper extremity
measurements were then compared to the general population, to identify which
participant arm was closest to"5@ercentileacross all nine measures. As no participant
conformed to 50 percentilemeasires for all measurements, data filtering was required.
The data was filtered in 2 phases, initially any upper extremity that fell outside of the 5
95" percentilerange on any measure was excluded. Four upper extremities remained
after the initial screeng: O1L, O8L, O8R and O9RFigure 14.5). The difference
between eachipper extremityand published 50 percentiledata(Peebles and Norris,

1998)was determined for each measarglthe summed squared er(@&SE)across all

measuresvascalculated The participanupperextremitywith the lowestotal SSEwas

deemed the most appropriate foredam3D scanningKigure14.5). The selected upper

extremity, O8L, had the lowest sum squared error, 917Fiwve. of the 9 measurements

were equivalent tgpublished 58 percentile measurementkelargest differences from
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the 50" percentile measurements were the wrist and forearm circumfer§haeke|(

14.3).

Figure 14.5: SSE forall participants
Table 14.3: Percentage difference between publishélif&centile(Peebles & Norris 1998)nd selected upper

extremity
Measurements (mm) Percemilt.e .of selected
participant
Forearm Circmference 80
Wrist Circumference (over bony protrusions) 10
Wrist Circumference (at wrist crease) 15
Wrist width 50
Hand Circumference 50
Hand Breadth (no thumb) 50
Hand Length 50
Middle finger length 50
Palm length 15

14.2.2.2Development of scanned surrate
Shape data for the hand and forearm was obtained by scanning the identified participant
using 3dMDbody5 (3dMD, USA). The system consists of five modular units, each

containing three machine vision cameras and two infrared projectors, accompanied by

four light boxes|Figure 14.68). All modular units collect data simultaneously. Thus,

capture time is very short, ~1.5 ms, thereby minimising risk of moveanggiacts For
identification of landmarks impost processingisual markas were positioned on the
wrist (radial styloid and ulnar styloid) and the elbow (medial epicondyle and lateral

epicondyle). The participant lay in a supine position on a box in the centre of the
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capture volume with their left arm raised upwards perpetati¢a their trunk{Figure

14.6p). The arm was held straight with the palm facing inwards parallel to the sagittal

plane, the fingers were slightly apart, and the thumb held outwagedseutral position.

Figure 14.6 a) Scan setup not to scai¢ Participantscanning position

The surface data was exported as an object file (.obj) and postprocessed in 3D imaging

software (Geomagicstudio 93D systemsUSA) to refine the raw pointloud data

Figure14.7). The wrist markers were used to identify the wrist joint and create an axis

for the surrogate's hinge joint. The elbow markers were used as a forearm boundary and
all data beyond this region was removed. Tihal data was converted into a watertight
solid and exported for CAD softwa(BTC Creo, USA

Figure 14.7: Scanprior topost processingn Geomagic with excess point cloud data and rough s&face

Thepart was split into tw@omponentshand and forearmrior to the hinge joint being
created, as shown iTFigure 148 The thumb was cut just above the
metacarpophalangeal joint, providingpeotrusion rather than a full thuntb ersure
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protectors could be easily mounted onto the surrogate while maintaining their position
during testing. At the end of the forearm, 18Gm from the wrist pivot (distance M), a
mounting block was incorporate@ihe same clamp setup as the geometriogate was
used for the application of displacemebigits 3 and 4 were replaced with two steel

rods(g12 x 140 mm) protruding 80mm from the hand.

Figure 14.8: Exploded view of scanned surrogate
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14.3 Investigation of the effectof surrogate design on the measured
rotational stiffness of snowboarding wrist protectors
To investigate the influence of surrogate destbe,rotationalstiffness of three wrist

protectorswas compared across the three surrogate defiigure 14.9'. All three
surrogatescorrespond approximately tBN 420 sizes 8 and; & summary oftheir

measurements is given[irable 14.4] The scanned surrogate was developed first with 4

fingers; however pilot studies found this was not practical, making it difficult to put
gloves on. Therefore, based on this learning the geometric surrogate only has two

fingers, which are sufficient to test gloves without adding unnecessary complexity.

Figure 14.9 Surrogate designs that were compaagBEN 14120 )b) geometricc) scanned

Table 14.4: Summary of surrogate measurements in relation to standard sizes

50"
percentile Size 8/9 Surrogate
Measurements male measurements

(Peeblesanc ~ (EN420)  EN 14120 Geometric  Scanned
Norris, 1998)

Hand length (mm) 190 182/192 191 182 192
Hand circumference 223 203/229 220 200 207
(mm)

Maximum forearm - - 167 197 240
circumference (mm)

Total Volume (mm) - - 893970 900212 1,110,321
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14.3.1 Method

The experimental proceduveas a modified version of the method specified in chapter

4. Themodifications made were: the end of test was based on a displacement of 90°
rather than loadtorque at 4 specifiband angle wee measured, rather thaittihg
mathematical functions to the data; the trigonometry calculations were adapted for the
use of the clamp on the geometric and scanned surrogates. The same models of
protectors tested in chapter 4 were used for this studyt showboarding wrist
protector, long snowboarding wrist protector and an EN 14120:2003 certified roller
sports wrist protectoHaving shown the influence of strapping tightniesthe previous
chapter, ach protector was strapped by attaching a 2 kg meaige strapandrotating

the surrogate about iterlg axis until the protector was securely fitted.

The same test protocol outlined in chapter 4 was W$edard displacement of the load

cell at 200 mm/min appd a torque to the wrist joingntil a hand extension angte90°

was reacheddfsplacement valueequired to achieved 90determinedthrough pilot
testing) Eight repeat trials were performed on each protector on each surrogate,
resulting in seventywo trials for the nine test conditions. Theofector was re

positioned and rstrapped between trials.

14.3.1.1Data Analysis
As outlined in the previous chaptévad cell force and displacement data coupled with
start and end angles were used to calculate the hand angle and extension torque. Due to

the aldition of the clamp the force required to determine the torque is perpendicular to

the moment arm CE rather than BC showiFigure 14.10[ so an alternative set of

equations are needed. Equations®1I0 were used to determinetexsion torque for

each hand angle.
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Figure 14.10: Test analysis schematic

=L ...% @Z}AA (5.1)
JL s<35 @;ﬁ;A (5.2)
>L <85 —p (5.3)
RLszrF>Fa (5.4)
icL¥: SE S Ft: 0 U..'R;; (5.5)
GL TR Gt%#%;;' : >
cLszrFLLF R (5.7)

During the trial the angle between the cable elathp moment arnchanges from an

acute angle to an obtuse angl@erefore, it is necessary to use Equation 5.8a ot®8b
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determine Céthe angle betweeinthe perpendicular forceector (Fp) and the measured

force in the cable (Fc).

GL{rF ¢« cO{r; (5.8a)

GL (F{r:< ¢ P{r; (5.8b)
(L was determined based diand ..using force vectors.

(LL ..0.'€ (5.9)
The torque was calculated by:

‘v — g (L0 (5.10)

The relationship between hand angle anduerngasexaminedor four cases: 35°, 55°,
80° and 90°. Angles 35° and 55° are the pass threshold ia2R0 when 3 Nm is
applied, whilst 80° and 90° are representative of wrist hyperextension angles measured

in norrinjurious onslope falls(Greenwald, Simpson and Michel, 2013)

The torque at the prescribed angles was determined by interpolation using a first order
polynomial througha range of angles 2.5 at all angles except end angle 90°, where
only -2.5° was usedtach of the eight repeats were analysed and a mean and standard
deviation obtainedThe data was divided into thirgix setq3 surrogateg 3 protectors

X 4 angles)this was subdivided inttwelve groups (e.g. same protector, same angle on
three different surrogatestatistical analysis was conducteddieterminegf differences

in torque between the three surrogatethe same extension angle existdach of the

twelve groups

The statistical analysis was conductesing SPSS (IBM SPSS Statistics for Windows,
USA). Normality and homogeneity of varianeeere established b8hapirotVilk and
Levene tests performed with the significance level set at P < Rd)&van statistical
analyseswere applied and pst hoc analyses were conducted to assess where the
significant differences between pairs of surrogates occurredwa@neANOVA and

Bonferroni post hoc were used if data were normally distributed and had equat&aria
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Welch ANOVA and Games Howell post hoc if data were normally distributed and had
unequal variance; Kruskalallis and ManAWhitney tests with a Bonferroni
correction (effects reported at a 0.0167 level of significance) were used as a non
parametric egivalent to onevay ANOVA. Effect sizes were calculated using
SHDUVRQYVY FRUUHODWLRQ F&HE@0H OTheQiagniiDdes GIHNeF U L E
FRUUHODWLRQV ZHUH LQW H WiSwherey & @1, ¥\rivial;j0.& R KB Q TV
is small; 0.3 to 0.5 is moderate; and >0.5 is laf@ehen, 1988)To compare the
repeatability of the three surrogates the dgoeffit of variation (CV) was determined for

eachprotector on each surrogate at fber angles of interest.

It was not possible to obtain full measurement sets for all four angles in two 8a%es:

for the roller ports protector mounted on the@ndric surrogate and 90° for theohg
snowboard protector mounted to thecgBned surrogateWhen the Roller sports
protector was mounted on the Geometric surrotieestart angle of the hand exceeded

35° (47.5 = 2.2°).Similar behaviour was observed in an earlstudy, different
protectors designs hold the hand at a different neutral #AdeEmset al, 2016) The

Long snowboard protector mounted on 8manned surrogate exakl the limit of the

load cell (500 N) before the hand could be displaced to 90°, resultingertansion

angle of 84 + 0.2° at the end of the test. In these cases, alternative statistical tests to
compare two surrogates rather than three were usedyeindent test if data were

normally distributed or Man#Whitney test if data were not normally distributed.

14.3.2 Results
Significance test results and effect sizes for each pair of surrogglesach protector

mounted on thenat four angles are presentedTiable 14.5| Statistically significant

differences exist in torque between the three surrogates in 78% of all tested cases. All
cases except one demonstrate a moderate to large effeth silecases th€&eometric

and Scanned surrogates were significantly different (p<0.005) with large effect sizes.
EN 14120 andhe Geometric surrogate were significantly different in 80% of measured
instanes; EN 14120 surrogate and theaBned surrogate were significantly differem

55% of measured instances.
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Table 14.5: Inferential statistics, significance test results and effect sizes between surrogates for torque
measurements at four different angles. HBN 14120, Gee Geonetric, Scan Scanned

P Effect Size

Protector  Angle EN - EN - Geo- EN - EN - Geo-
Geo Scan Scan Geo Scan Scan

Roller sports 35 - 0.202¢ - - -0.31 -
55 0*  0.029°  0*¢ 084 057 -0.84
80 0*  0.021°  0*¢ 084 06 -0.84

90 0.097° 0.019®* 0.003* 051 -076 -0.8
Short 35 0.003* 0.547° 0.032% 074 026 -0.62
snowboarding g5 0*®*  0.16F 0.009% 0.83 -0.46 -0.73
80 0.001* 0.007* 0.001* 081 -0.73 -0.83
90 0.162° o*° o*P -0.46 -0.88 -0.87
Long 35 0.004% 0.006®  0*? 0.77 -061 -0.86
snowboardig 55 0 0*¢ 0 -0.84 -0.84 -0.84
80 0'0001* 0*  0.001* 084 -0.84 -0.84

90 o - - 0.97 - -

Notes: Statistical tests performei®ne way ANOVAWelch ANOVAS KruskaWallis, Yindependent-teg, ®Mann+
KLWQH\ 8 WHVW LQGLFDWHYV D VLIJQLILFDQW GLIITHUHQFH ODJQLWXC

coefficient.

Table 14.6|presents theoefficient of variation for each protector on each surrogate at

the four angles of interest and theeancoefficient of variation for the three surrogate
designs.The EN 14120 and Geometric surrogate have similar mean coefficients of

variation of 22% and 20% respectively, while the Scanned surrogate had a higher mean

coefficient of variation of 30%|Figure 14.11a showsthe first order polynomial

functions and the mean torque for the four angles across eight repeats for one condition.

Figure 14.11| b-d shows the torquangle relabnship across all three arms for each

protector. In all cases, torque incredséth handextensiorangle.
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Table 14.6: Coefficient of variation (CV) for each protector on each surrogate at the 4 angiésresi

CV (%)
Protector Angle EN 14120 Geometric Scanned

Roller sports 35 84 - 60
55 45 26 34
80 18 30 28
90 12 42 27
Short 35 25 24 47
snowboarding 55 16 16 38
80 14 10 27
90 13 9 23
Long 35 23 30 24
snowboarding 55 8 12 15

80 6 8 5

90 6 15 -

Mean CV for
each arm based 22 20 30
on all cases (%)
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Figure 14.11: a) Raw data and mean torque at angles of interest for long snowboarding protector on EN:14120
surrogatesurrogate comparison fdn) long snowboarding;) short snowboarding protectat) roller sports protector
where boundary represents meastandard deviation

Figure 14.12|shows that ranking order of protector rotational stgf&vas generally

consistent across surrogates, except for three conditior80% of cases the Long
snowboarding protector exhibited the highest rotational stiffnesgjiring a larger
torque to reach each hand anggecontrast, the Short snowboardipgptector tended to
exhibit the lowest rotational stiffness (83% of cases), with the Roller sport protector
showing intermediate behaviour. Exceptions include, i) the EN 14120 surrogate at 35°,
i) the Scanned surrogate at 35°, in both cases the Shontbeaaling protector
required a similar torque (+0I8m) marginally more torque (0.3 Nm) than the Roller
sports protector and iii) the Geometric surrogate at 90°, where the Roller sports

protector required slightly more torque (1.6 Nm) than the Long snawinggprotector.

From|Figure14.12|it can also be seen that the relative difference in rotational stiffness

between protectors changed between surrog@itessmallest differencesin protector
rotational stiffnesswere measuredvhen using the&seometric surrogate-or example,
consider the Short and Long snowboarding protector at a hand angle 80°. For these two
protectors mounted to the EN 14120 the difference in torque was 11.4 Nm, a difference
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of 2.5 Nm when mounted to the Geonesurrogate and 23.7 Nm difference for the

Scanned surrogate.

Figure 14.12: Comparison of extension torque at each angle for all protectors mounted on all three surrogates

14.3.3 Discussion

Surrogate designsignificantly influences the measured rotationalstiffness of
snowboarding wrist protectors in a quattic bending testThe Geometric and
Scanned surrogatessulted in significantly different extension torque values for a given
angle in all cases. The Geetric and EN 14120 surrogates resulted in significantly
different extension torque values in 82% of measured cases. Whilst, the EN 14120 and
Scanned surrogaseonly resulted irsignificantly differentextension torques 55% of
measured instancebrom adesign perspective the EN 1420 and Scanned surrogates
were considered to be the most different in termbiafidelity, so it is surprising that

the torque readings do not reflect this difference for 45% of tested conditions.

The Sanned surrogate requirdarge torques to displace the hand to each angle

Figure14.11{b-d), whichis likely due to the increased size of theearm.The scanned

surrogate had the largest volume of the three surrogates, with the biggest wrist and

forearm circumferenceglable14.4). The larger surrogate means the distance between
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palmar and dorsal splints and the neutral axis has inckeaseéurn increasinghe

second moment of area, resulting in a higher rotational stifnes

The coefficient of variation providemsight into the repeatability of the surrogate
design.When considering the overall mean coefficient of variation, the Geometric and
EN 14120 surrogates perform in a similar manner, 22% and 20% respectively, whils
the Scanned surrogate had increased variation, 30%. These results imply that the new
Geometric surrogate is equivalent to the EN 14120 surrogate in terms of repeatability,
whereas the Scanned surrogatas less repeatable. The Scanned surrogateore
representativef the human arnand therefore has a more complex and discontinuous
shape, as details such as muscles and bones are captured. Given the rigid nature of the
surrogate thesanatomical features are likely to affect theraction between the
protector and surrogate influencing the variation between tiliks.inclusion of a more
pronounced thumb in the two new surrogates results in a visibly better fit between the
surrogate and the protector but does not appear to improve repeatability.

Whilst the rotational stiffnessranking of the three protectotended to beconsisten
across all three surrogatéie relative difference in protector performance varidee
smallest differencesin protectorrotational stiffness were measuredwhen using the

Geometric surrogatevhilst the scanned surrogate resulted in the greatest differences in

protectorrotationalstiffness{Figure14.12). The importance of these relative differences

in protector rotational stiffness measurements ilikely to be dependent on the
application

Both the Geometric andc8nned surrogatesffer improvements orthe current gold
standardEN 14120surrogate as their geometry better represents a human hand and
wrist based on published anthropometric dataey also allow theesting of protectors
integrated into glovesThe Geometric surrogate provided repeatable measurements; is
based on readily available anthropometric data; can be communicated in an engineering
drawing; can be scaled and updated as redjuivgh relative easeTherefore, the
geometric surrogate approach should lend itself well to test protocols in international

standards
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The Scanned surrogateas increased realism and provides better differentiation between
products.The scanned surrogatequired participant recruitment to develop and is not
easily communicated via an engineering drawing, thereby limiting its reproducibility.
The main limitation of the scanned surrogate is the challengienfifying participants

with the desired wristrad hand sizeThe scanned surrogate will be used for the rest of
this body of work as it ithe mostbiofidelic design, enabling protectors to be tested in a
user centred way, whilst simultaneously detecting differences befweeucts.

Modifications tothe test setup lead to improvements in product testing and data analysis.
By selecting four angles of interest rather than fitting mathematical functions to all
experimental data, it was possible to obtain a mean condition for each product,
irrespective ofwhetherthe protector followed a common mathematical functidy.

setting the end of test based on displacement it was possible to measure end angles
closer to 90° compared to the previous investigation in chapter 4. Hoi@viére long
snowboarding priector on the scanned surrogateximum angles were restricted to

84°, as the limit of the loadell (500 N)was exceeded before the hand could be

displaced to 90

The availability of load cells within the university is a practical limitation of this tes
setup,only 500N or 5000N were available. Both load cells facilitate measurements to
1/500th of force capacity, facilitating measurements every 1N for the 500N load cell
and every 10N for the 5000N load céihstron, 2018) When using the higher rated
load cell for lower load caseg has a lowersample fidelity, thus would mask
differences at the lower torque ranges where much of the data was colléaezfore,

to maintain measurement fidelity the 500N load cell was used in this study

Surrogate designsignificantly influences he measured rotationalstiffness of
snowboarding wrist protectors in a quastic bending tesDifferences in protector
performance with surrogate design have implications for the snowboarding wrist
protector standard under developmdiitis studyhas $iown that arrogate desigis an
importantconsderationwhen comparing protectaptational stiffnesgesults between
laboratories, test houses and research stutieeshold values test standardshould

be linked to surrogates astouldnot betranderredacross different designs
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14.4 Chapter Summary

Through the development of alternative surrogates, this chapter contributeshiodhe
of the project's objectives: to develgmd validate mechanical tests characterise
snowboarding wrist protectars The newly developed surrogatesf increasing
complexity enable the testing dfoth stanealone protectorsral those integrated into

gloves,to detect differences between products in a repeatable manner.

This chapterhas shown that the design of theregate significantly influences the
measured rotational stiffness of wrist protectors, thtexnational standardshouldlink

pass thresholds to specific surrogate desiGiven the geometric surrogate is easy to
communicatén an engineering drawingan be scaled with relative ease and provides
repeatable measurements it is recommended for use bysnineboard specific
International Standard ISO/CD 20320he scanned surrogate and modified test
protocol will be used in the next chapter to comparepgréormanceof 12 commercial

wrist protectors, as it is the most representative design and offers increased differentiation

of rotationalstiffness for protector design
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15 Characterising wrist protector stiffness using a quasstatic test

15.1 Introduction
The quaststatic test setup and scanned surrogate developed in the previous chapters
were used to characterisgelve commercially available product$he findings of that

studyare presented in this chapter.

15.2 Method

The experimental proceduasnd data analysigrotocol outlined in chapter 5 was used,
each protector was pulled back to a hyperextension angle of 90° or the maximum limit
of the500N load cell. Eght repeat trials were performed on each proteitted on the
scannedsurrogate resultingin a totalof 96 trials. Torque and hand extension angle
were compared at four angleéds°, 55°, 80° and 90dsing the interpolation technique
specified in chapter 5 for each of ttveelve protectors. The mean torque and standard
deviation were calculated at eaahgke. The rotational stiffness was then calculated as
the ratio of torque and hand angle, equivalent to the gradient of the line between each
pair of sequential angles. Comparisons between products were made based on the
torqueand rotational stiffnesat each angleTwo case studies were selected to explore
the results in more detail and look at the ability of the developed test to distinguish

differences in product performance across products utilising different design approaches.

15.2.1 Protectors

Twelve left hand wrist protectors that utilise different design approaches and provide a

representative sample of what is commercially available were tgstpd€15.1). Four

of the products are integrated into gloves {&4) whilst the relsare standalone

protectors (P2P8). One of the products is &N 14120 approved roller sports protector

(P8), all other products are marketed as snowboargliotgctors{Table 15.1| outlines

the design characteriss of the tested products, dimensions were measured using
digital callipers (Mitutoyo CB "% ,W ZDV QRW SRVVLEOH WR UHPI
permanent damage, fanost protectors, so measurements were taken through the
external material. Manufacturerdo not readily provide material information for

protectors; therefore, material type was excluded from the product comparison.
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Table 15.1: Characteristis of twelvetested products (all measurements in mm)

Length x _ _
............ _ Palmar splint Dorsal Splint
_ Width at Palmar pad/plate
ID Product Construction
largest . : : : : :
- Length Width Thickness Length Width Thickness Length Width Thickness
poin
1 Dorsal splint 190 x90 - - - - - - 172 34-80 4
P1 Dainese with sliding
70 65 4
lock plate
P2 Dakine 1 Palmar splint 170 x 95 - - - 140 3570 7 - - -
1 Palmar splint
P3 Arva ) 245 x 80 - - - 230 5070 3 220 5080 3
1 Dorsal splint
Palmar pad
2 palmar
P4 Reusch _ 200 x100 70 3560 13 62 17 4 120 4057 5
splints
1 dorsal splint
Palmar skid
plate
P5 Flexmeter ~210x85 70 30-50 3 205 5070 3 210 5070 3
1 palmar splint
1 dorsal splint
Palmar pad
P6 Snowlife 1 palmar splint 190 x 76 50 45 17 152 3545 4 155 4556 4
1 dorsal splint
Palmar pad
P7 Burton 160 x 72 50 43 12 70 9 5 160 1020 5
3 palmar
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Length x _ _
] Palmar splint Dorsal Splint
_ Width at Palmar pad/plate
ID Product Construction
largest . . : : . .
it Length Width Thickness Length Width Thickness Length Width Thickness
poin
splints
2 dorsal splint
Palmar skid
plate
P8 Oxelo ~175x85 70 40-55 3.8 155 3055 4 135 30 5
1 palmar splint
1 dorsal splint
Palmar pad
Gl K-techglove 1 palmarsplint 300x 125 1060 1060 3 130 35 4 120 4045 2-9
1 dorsal splint
Palmar pad
G2 Obscure glove 290x 130 2550 1860 5 130 35 4 - - -

1 palmar splint

Hybrid palmar
pad/splint 340x 130 120 45 5 - - - 155 50 2
G3 Snowlife glove 1 dorsal splint

3 splints in
95 1825 6
dorsal strap
Flexmeter Palmarpad
G4 , 335x120 2070 1550 6 - - - 210 5068 6
glove 1 dorsal splint
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Figurel5.1: Twelvetested products ordered from longest to shortest (G: protector integrated into gloves,-&osipdotectors)
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15.3 Results

15.3.1 Protector comparison

In four cases it was not possible to obtain measurements to 90° as tleello@dched its
measurement limit: Dainese (P1)t&ch (G2), Obscure (G2) and Snowlife (G3)herefore,
results are only presented up to an extension arig@° for alltwelve products, to facilitate

a comparison|Figure 15.2[shows thedrquevs angle profiles for thetwelve protectors the

rotational stiffness for each protector between each pair of angles is shbignnal5.3| At

the lower angles, 355° all the protectors have a comparable rotational stiffness within a

0.25 Nm/° range. At the higher angles&® there is a larger spread of rotational stiffness,

with a range of 1.38Im/°.

Figure 15.2: Torque hand angle profile ftwelve protectors
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Figure 15.3: Rotational stiffnesgmean and standard deviatido} twelve protectors between 356° and55-80° ordered by
highest stiffness at 580°

15.4 Case Studies

Two case studies were selectéan explore the results in more detail and look at the
effectiveness of the test in distinguishing differences between prodhetfeusch (P4) and
Burton (P7) stathalone protectors, as these products have a similar design with similar
dimensionsandthe Snowlife glove (G3) and the Snowlife stealdne protector (P6)yhich

utilise differentsplint and padiesigrs despite being made by the same manufacturer

15.4.1.1Compaison between two standlone protectors with similar designs
The Reusch (P4) and Burton (P7) are stalahe protectors which are similar in design

overall dimensiongFigure 15.4a-c) and perform similarlyFigure 15.4(. This is to be

expected as both products have similar dorsal gplicknessesthe fact that the test has been
able to measure similar performances for similar products implies it is effeCheehigher
torque required to displace thaiBon protector to 55° and 80° is likely due to the different

shape and hence area of the protective elements.
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d)

Figure 15.4: Comparison betweea) Burton (P7)andb) Reusch (P4) protectoadl measirements irmm c) thickness
measurements djorque hand angle profile for P4 and P7

15.4.1.2Comparison between glove and staatbne protector from the same brand using
different design approaches

The Snowlife glove (G3)and the standalone Snowlife protector (B) utilise different

protectivedesign elements aras expectegerform differently{Figure 15.5), demonstrating

the effectiveness of the te&oth protectors have dorsal splints of similar dimensions; whilst
the glove includes alitional dorsal support from the strap. The Snowlife staode
protector includes a palmar splint whereas the glove dateS'he palmar pad in the stand
alone protector is thicker than thalmar pad in theglove, but the glove is larger overall with

more material.ln this case the glove was stiffer than the protector at all three angles despite
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not having a palmar splint. Differences in material may also play a part in the difference in

product performance.

Figure 15.5: Comparisorbetweerga) Snowlife Glove (G3andb) Snowlife protector(P6) all measurements in meh
thickness measurementsTrque hand angle profile f@3 and B
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15.5 Discussion

No difference in quasstatic performance between proteet gloves and stardlone
protectors was observed during this study illustrated by the lack of clustering of results of

both types|Figure 15.2). All the tested products follow a twgart loading curve with a

steepegradientat the later stages between-86°. At the lower angles the products perform
similarly, within 3Nm of each other at 35°. There is a larger spread between products at 55°
and 80°. All products are within Nm at 55°, whilst at 80° products are within Kén of

each other. When excluding the Dainese the remaining products are witNim 2% each

other at 80°. When the flexmeter protector is also excluded, the 10 other protectors are within
11 Nm at 80°.

The Dainese protector (P1) required a torg@&o higherthan any other tested design to

reach 80°[Figure 15.2|andFigure 15.3). This difference in performance is likely due to the

sliding lock plate used by the Dainese instead of a more traditional dorsalBjgure 15.6).

Unlike other designs the Dainese plate engages with the splint body when the wrist is
displaced resulting in the sudden ramp up of rotational stiffness at larger displacdrents.

fact that the Dainese protectohiesh has the most unigue design was found to be the stiffest
product measured using the test and considered an outlier, demonstrates that the test setup

can be used to identify differences in performance across products.

Figure 15.6: Dainese standlone protector witlsliding lockplate

As mentioned previously the 500 load cell was used to maintain measurement fidelity,
howeveras fourproducts exceeded the limit of the load cell it was only possiblertppare
all protectors up to 80°.df future studies it is recommended that a 1000N load cell is

sourced to enable product comparisons up to B0fther testing with a greater number of
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products could be beneficial to better quantify surrogate repeatalaiid further

understanding of differences in stiffness between protectors

Thequasistatictest enables protectoo$ different design approaches to be companed the
influences of those approaches to be explored. Based on research to date ituis wiffic
relate protector stiffness to injury threshold. Therefore, studiesy cadaverto investigate
studying the relationship between hysettension, torque and injury threshold are

recommended.

15.6 Chapter Summary

This chapter dmonstrates that thquas-static test and scanned surrogate developed in
Chapter 4 and 5can characterise thetiffness of snowboarding wrist protectors and
effectively differentiate between producibhis chapter partly addresses the fourth of the
project's objectivesto compae the protectiveharacteristicof a range of wrist protectors
using the developed methodEhis study has shown that protectors employing different
design approaches perform differently in a qsiatic test, enabling the influence of

protector designmperformance to be explored.

A limitation of the test methodpresented heris the quasstatic application of load; whilst
this facilitates an understanding of product stiffnedated to hyperextensipit doesnot

enable a full assessment of the ptdprotective capacityA complementary approach
empbying a dynamic test that facilitates the measuremernefgy absorption and load

transfer will bepresented in the following chapter.
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7 Development of Impact Test

7.1 Introduction
In chapter 3 the needrfawo tests to characterise snowboarding wrist protectors was

identified. Having developed a quastatic test in chapters@ this chapter will present
the development of the impact teBhe aim of this chapter was develop a mechanical
impact test ath protocol to replicate injurious snowboard falls and measure the

associated forces and hyperextension angles, achieved through the following objectives:

X To develop an impact test using the boundary conditions and criteria outlined in
chapter 3
X To determme the suitability of the experimental setup

7.2 Development of impact test

7.2.1 Concept Design

From the literature two approaches that are typically used to impact test protective
equipment were identified. Moving a surrogate onto a rigid surface or movingsa mas
onto a surrogate fixed to a rigid surface. Based on these two approaches ideation
sessions with input from the university's design engineer resulted in the development of
seven concepts which could meet the criteria set out in chapter 3. Setupslusag a

drop or angular pendulum (concepts)acan be driven by gravity making them

preferential compared to the two concepts with horizontal positioning (concepts f and g).
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Figure 7.1: Concept desiga) Moving pendulum and fixed surrogaigMoving surrogate via a pendulum onto a
rigid surfacec) Double pendulund) Linear drop onto a fixed surrogag¢Moving surrogate via a linear drop onto
rigid surfacef) Horizontal setup with a fixed surrogate andrizen moving masg) Horizontal setup with a driven

surrogate into a rigid surface

7.2.2 Concept Selection

All the developed concepts meet the criteria outlined in the product design specification
for an impact test in section 3.3. Therefore, in order torehite which concept should

be taken forward to further development and manufacture a decision matrix was
established. The criteria were informed by the product design specification, discussions

with the design engineer responsible for the constructioheo$étupand conversations
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with instrumentation supplieré&\s can be seen in Table 7.1 these criteria are based on
manufacturability, potential for instrumentation and usability. Each of the seven
concepts is rated on a scale e3 for its feasibility tomeet the design criteria, where a

score of 1 means it would poorly satisfy the criterion, and 3 means it fully satisfies the

criterion.
Table 7.1: Concept selection matrix
Criteria Concepts
Pendulum Vertical Horizontally
drop test mounted
a b c d e f g

Easy to manufacture

- Uses off the shelf components witl

_ _ 3 3 2 2 2 2 2
short lead times where possible
- Can be built within 12 months
Easy to operate 2 2 1 3 3 3 3
Wrist protectors can be easily mounte
3 2 2 3 2 3 2

andremoved from the surrogate

Easy to instrument
- Uses instrumentation which are

readily available with short lead

times 3 3 1 3 3 2 2
- Uses instrumentation which can bt

mounted to the surrogate or rig wit

minimum modification

Requires minimamaintenance during

o 1 1 1 1 2 2
service life
Gravity Driven 3 3 3 3 3 1 1
Surrogate is fixed 3 1 1 3 1 3 1
Total 20 15 11 18 15 14 13

Concept a the moving pendulum applied to a fixed surrogate scored the highest based
on thedesign criteria. Concept the linear drop onto a fixed surrogate also scored well,

however offaxis loads may be generated under higher masses when using a drop test,
which could be problematic and cause damage to the bearings in the guide rails. Therefore,

a bespoke impact penldm setup with a fixed surrogate was further developed.
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7.2.3 Detail Design

Based on the pendulum concept presented in the previous section a mechanical rig and
surrogate was developed. The setup enables an impact to the palm of both an
unprotected and protectavrist at different settings based on the boundary conditions of
Greenwald et al. (1998The following sectin outlines the design and development of

the surrogate, rig and their associated subassembilies.

7.2.3.1 Surrogate development

A surrogate based on the scanned surrogate used in thestigstest was developed

Figure7.2). The surrogateonsists mainly of a central core, hand angat forearm

casing. The central core is bolted to a mild steel base plate which attachiesetaais
dynamometer (Kistler, 9257A, Switzerland) connected to a charge amplifier (Fylde, FE
128 CA, UK) to fadlitate force measurementé/rist extension angle is measured by a
potentiometer (Metalux POL 200, USA) mounted within the surrogate, vjeicarates

a voltage during angular movement.
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Hand
Shaft

Bearing x2

Toothed timing pulley x2

Poteniometer

Toothed timing belt

Central metal core

Il O M m 9 O W >

Washer

Casing part 1

Slot in casing for potentiometer and wiring

Casing part 2

Fixing to bolt casing to central core

Hole to mount casing to central core

Finger slots

ol Zz g X «

Base plate

P Dynamometer

Figure 7.2 a) Surrogate with forearm casing unbolted to show internal components b) Exploded view of surr
showing potentiometer setup
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Modifications were made to the surrogate desigrdusr the quasstatic test to make it
suitable for impact testing; rig attachment, finger design, arm orientation,
instrumentation and material. The surrogate is vertically mounted, ualkenwald et
al. (1998)where the cadaver arm was orientated at 75° to the force plate. Vertically
mounting the surrogate enables force measurements to be taken in therdilestiare

applied, limiting torques at the base of the surrogate.

It was hypothesised based on tBecenwaldet al. (1998)force time trace, that the
fingers provide little resistance during the impact. Flexing out of the way before the
palm contacts the ground compressing the carpals and causing injury. As the fingers do
little during an impact and the dorssplints on commercial products don't extend
beyond the knuckles, they were excluded. The scan used for thestpigssurrogate

was found to be inappropriate for the new surrogate. As the hand and forearm were not
orientated centrally around the long ®xit was not possible to insert a metal core
within the surrogate due to insufficient clearance between the edge of surrogate and

central core|figure 7.3a). This was overcome by rescanning the participant's forearm

ensuring it was ieentated centrally around the long ajsgure7.3p).

Figure 7.3: Surrogate shape comparison with superimposed metahfQueasistatic scanned surrogate shape
New surrogatshape based on scan with altered orientation to ensure part is central to the long axis

The scan point cloud geometry was post processed and imported into CAD software as
before. The fingers and thumb were removed, the forearm converted into a shell
(variable wall thickness due to forearm shap268hm) and a hinge joint added to the
wrist using a top down modelling approach. Based on the forearm dimensions a central
core (26 x 30 x 214 mmyas modelled as a separate part. Two hade$s2( x 60 mm)
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7.Developmemt of impact test
were adled to the hand to facilitate removable finger rods, to enable the surrogate to be
used for quasstatic testing and aid in the wrist potentiometer calibration. The hand was
CNC machined in aluminium (Protolabs, UK).

The position of the potentiometer wai$set below the wrist joint in the forearfRigure

7.2), due to the size of available potentiometers. As no potentiometers were found to be

commercially available that would fit within the central core. The hand is mounted onto
a silver steel shaftq1l2 x 60 mm, RS Pro, UK conjunction with two bearings. By
locking the hand and a timing pulley to the shaft with two grub screws, the movement
of the wrist shaft can be transferred 52.5 mm down the forearm, to a region wide
enough to ecommodate the potentiometer. A secondary timing pulley was mounted
onto the potentiometer shaft and connected to the wrist joint via a toothed timing belt, to
enable wrist angles to be measured. The core was milled from medium carbon steel to
withstand mitiple impacts and enclosed by a tpart nonload bearing forearm casing.

The casing was made from polyamide using laser sintering (Materialise, UK), slots

within the casing housed the potentiometer and wiring.

7.2.3.2 Rig development
The rig was designed in CAPTC Creo, USA) andnanufactured at the University

Figure7.4). The pendulum arrfacilitates inbound velocities up to 5.2 n{&ssuming

no friction) to replicate a range of fall heights based on the wo8Bection 3.2.2.4The
massof the pendulum at the point of impact is 12.7 kg, and additional mass of up to 30
kg can be attached, if required to replicate different fall scenariosdyiireamometer

and surrogate assembly can be bolted on to the base of the rig. The angular
displacenent of the pendulum arm is measured by a potentior(idterns 6657, USA).

This instrument ismounted to the pendulum pivot shafhabling the release and
rebound height of the pendulum arm to be determifiéwk potentiometer shaft is

locked to the pendum pivot shaft via a grub screw,diits body clamped onto the rig.

An impact head was mounted onto the tip of the pendulum arm to provide a larger
surface for the interaction between the pendulum and the surrogatelTpalpendulum

is raised using a deig mounted pulley system and released by a quick release pin (not
pictured) to ensure it can be operated by one dest of the rig was welded from 80 x

40 mm steel box section with a 3 mm wall thickness (Hillsborough Steelstock, UK).
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The pendulum arns locked to a silver steel shaft (20 x 125 mm, RS Pro, UK) with a
grub screw and aligned by fabricated bushifiggure 7.2| & |Figure 7.3). The shatft is
mounted to the rig via pillow bearings (RS components, dlitgched to a fabricated

bracket, which enables different arm heights to be set. The rig was powder coated
before assembly. The rig is bolted to the floor using concrete fixings at four positions (0
m, 0.5 m, 1.15 m and 1.7 m).

Grub screw to lock pentiometer to shaft

Potentiometer

Bracket to mount potentiometer body to stationary rig
Shaft

Pillow bearing x2

Fabricated bracket to mount pillow bearings x 2

Fabricated bushings x2

I @ T m O O @ >»

M6 bolt to lock shaft to pendulum

Pendulum

J | Impact head

K | Force plate

Figure 7.4: Exploded view of impact rig showing pendulum and bearing mount
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7.Developmemt of impact test

Figure 7.5: Dimensioned view of impact rig (all dimens®m mm)

7.2.3.3 Instrumentation

In addition to the three measurement sensors previously mentioned a high speed camera
(Vision Research, Phantom Miro Lab 320, USAQs integrated into the system to
enable the impact to be visualised. To enable the three meastreensors and the

high speed camera to collect and store synchronised data during an impact additional
instrumentation was usedA data acquisition device (DAQ) (National instruments,
USB-6211, USA) was used as an interface between the instrumentatidapaop to

collect and store the voltages outputted by the measurement sensors.-Al@ten?i4

volt power source (Powertraveller, powergorilla 24000MAH, UK) was used to drive
both potentiometers, whilst the charge amplifier and high speed camera inaxiviine

power supplies.

To enablehigh speed cameréootage to be synced with the potentiometers and
dynamometea BNC cable with a trigger button wasnnected to the DAQNhen the
high-speed camera trigger was pressed the DAQ reads 0 volts for thiehbarefore,

the last frame of the higbpeed camera footage can be matched with the time step when
the trigger channel reads 0 volts, enabling all data collected at the same frequency to be

synced.
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Instrument Calibration

Prior to mounting the dynamortes to the rig it was calibrated by removing masses
while measuring voltage change. Nine loads {23HD0 N) were measured to calibrate

the zaxis. 2,500 N was selected as it was close to reported fracture threshold. Four
loads (2561000 N) were taken irhe other two axes as lower forces were expected in
these directions. For each load five repeat measurements were taken, and loads were
increased at 250 N increments. A linear relationship between voltage and load was

observed, enabling the calibration pageders for all three axes to be determigieéidure

7.6).

Figure 7.6: Force platecalibrationfactors

To calibrate the potentiometers the pendulum arm and surrogate hand were set at a
series of angles for 2 s, the angle was measured with a digital inclinometer (MA/570
Moore & Wright) and voltage readings taken at each qﬁigure7.7 . The pendulum

arm was held at ten instances across its range of motiotharndclinometer mounted

on top of the pendulum arm by a magnet. The surrogate was held in fourteen positions;
the inclinometer was mounted to the removable fingers of the surrogate using the load
application clamp from the quasiatic setup. A linear rationship between voltage and

angular position was observed, enabling the calibration parameters for both

potentiometers to be determin@éiqure 7.8). The absolute error of the measurement

(the difference between the inclinometerueahnd the predicted value) was determined
for both potentiometers across all measurements and the mean determined. Both

potentiometers have a mean absolute error of 0.3°.
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Figure 7.7: Potentiometer calibrin (3 cases shown) a) Pendulum arm b) Wrist surrogate, not to scale

Figure 7.8: Potentiometer calibration factors

7.2.3.4 Impactor design

To alter the compliance of the system, material replicating the loaditey of
Greenwald et al., (1998)yas mounted to the impact head of the rig. Through mounting
a range of diffeent polymers of varying thicknesses, 100 mm of Neoprene shore
hardness 50 (Boreflex UK) was identified as the best m&igure 7.9). In addition to

different grades of Neoprene, four foams were tested: Polyurethane (pur30fr, IB8o pu
and Poron xrd 097565) and lowdensity polyethylene (LD33). The tested foams were
found to be too compliant, whilst the commercial standard of Neoprene 65 was too stiff.
Neoprene 50 is only available in 20 mm thickness, so five blocks were bond#tetoge

using an adhesive (Loctite 480). The Neoprene block was also bonded to a 1 mm
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aluminium sheet which was bolted onto the rig, enabling blocks to be easily replaced

Figure7.10). The Neoprene block had a mass of 2.6 kg, brindiegrpactor mass to
15.3 kg.

Figure 7.9: Loading rate comparison between different thicknesses of Neoprene and Greenwald case over
second window of interest

Figure 7.10: Impactor setup. AAluminium block, B1mm Aluminium mounting sheet;®I5 bolts,
D-5x20mm Neoprene 50 sheets
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Fatique testing of impactor

Multiple impacts were conducted to determine whether the Neoprene block could
withstand mulfple impacts and monitor the repeatability of the experimental setup. An
untested block was preconditioned at 18° for 24 hours. Shore hardness measurements

were taken at 16 locations on the block (four repeats per location) using a durometer

tester (Checkiie AD100, USA), prior to impagtE{gure7.11). The Neoprene block was

bolted onto the pendulum arm and impacted 50 times, from a 0.4 m drop height with an
impact energy of 60 J onto the bare surrogate core. Force measurements evere tak
3-axis for these 50 impactall the instrumentation was sampled simultaneously at
20,000 Hz.The block was then removed, and hardness measurements taken at the 16

locations.

Figure 7.11: Annotated\Neoprene blockhowing hardness measurement locations

Of these 50 impacts, force measurements were collected for 49 impacts on the same

block; one was missed due to technical difficulflegure7.12shows that the force time

tracesfor repeat impacts are very similar with the exception of the first impact which

had a lower peak force in the vertical direction and a different shape force trace-in the y

axis|Table7.2|presents the descriptive statistics for48l measured trials and all trials

excluding the first one. Variation between repeat trials is less when the first trial is
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excluded. Based on this data the first impact can be described as a conditioning trial,

after which the Neoprene block appears tab®se more stable.

Figure 7.12: Fz and Fy force time trace for 6 repeat conditions showing the similarity in the force traces exce
the first impact

Figure7.13|shows there is general trend that peak force in both z and y decreases as

the number of impacts increases. The percentage degradation of the Neoprene block,

resulting from multiple impacts was calculated as a ratio of the three lowest force values

to the three higheshtee force values. The degradation in the block, resulting from

multiple impacts is presentedTrable7.2
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Figure 7.13: Variation in peak Fz and Fy

Table 7.2: Descriptive statistics for impacts

All 49 trials Excluding first trial
Peak Fy Peak Fy
Peak Fz (N) Peak Fz (N)
(N) (N)
Mean + SD 6201 + 66 1978 £ 25 6207 +£51 1987 £ 25
CV (%) 1.06 1.27 0.82 1.28
Range 391 107 263 107
Degradation (%) 4.4 4.6 3.4 4.6

Prior to impact testing the mean hardness of the Neoprene block across all 16 locations
was 59+ 1.6 shore. After 50 impacts the mean hardness of the Neoprene block across
all 16 locations had decreased tot58.6 shore. Wheocomparing hardness at individual
locations the greatest reduction in hardness (7.5%) was seen at the point of impact;
position M I@ Smaller differences (2%) were seen at the positions

neighbouring the point of impact. i not clear why a difference was seen at position J

as this is at the opposite edge of the block from the impact.
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Figure 7.14: a)Difference in mean hardness between pre and post 50 infdt¢eat map sbwing position of
largest differences in hardness pre and post 50 impacts

The Neoprene block is susceptible to degradation from multiple impacts. It has been
shown that the block requires one impact to condition it; the block is then stable for
repeatedmpacts to within 5% of peak force for the following 49 impacts. If more than

50 impacts are to be conducted it is advisable to extend degradation testing to a greater
number of impacts. Future testing protocols should include bare hand impacts in

betweerprotected impacts to monitor degradation.

7.2.4 Overview of Impact test setup

The complete test setup can be sedrignre7.15

Figure 7.15: Impact test
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7.3 Experimental validation of impact test
To determine the suitability of the test setup and identify areas for improvement, pilot

tests were carried out. Initial tests were conducted to compare the forces measured in
developed test setup with the forces measured by Greenwald et al. @98Bgr tests

were conducted to check that the developed setup was suitable for measuring the
performance of wrist protectors. This section discusses the findings of the pilot tests and
provides an overview of a bare hand impact to demonstrate the ldgpabithe

developed system.

7.3.1 Pilot testing: bare hand condition

7.3.1.1 Setup

As the test was designed to replicate the test caGresinwald et al. (1998)he hand

was positioned out of the way at maximum exten, enabling the
impactor to strike the core (equivalent to the palm). Impacting the core directly meant
all loads were ainsmitted to thelynamometerwithout overloading the silver steel rod
used for the wrist hingeRepeat impactaising the same boundary parameters as

Greenwald et al., (1998yere conducted 23 kg dropped from 0.4 m with an impact

energy of 90 J onto the bare surrogate géigure7.17|shows the test setupigh-speed

footagesynchronised with the dynamometer and potentiometers via a post trigger was
captured to better understand the impabe DAQ recorded all 6 channels at 20,000 Hz:
force in xaxis (Fx), force in yaxis (Fy), veritcal force in-axis (Fz), pendulum
potentometer, surrogate potentiometer, HSV trigger.
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Figure 7.16: Bare hand condition with central core protruding above hand

Figure7.17: Test setup schematic
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7.3.1.2 Findings

When compared to the fracture force presentedGbgenwald et al. (1998yvhen
impacting a cadavethe newly developed impact test resulted in a nmeaasured peak

Fz force of 10.2 kN, 3.6 times larger than the fracture force presentédeleypwald et

al. (1998) @ It was expected that the peak force would be higher than the

fracture forceobtained byGreenwald et al. (19983s thefrangible bone fractured in the
Greenwald case removing energy from the system. As no peak force is presented by
Greenwald et al. (1998)is difficult to compare the two setups and determine what the
equivalent force for a nefracture scenario would haveen byGreenwald et al. (1998)
Human structures provide a complex response to impact scenarios. Whilssthere
muscle activation when a cadaver is impact tested the combination of soft tissue,

frangible bones and skin means the system is not rigid.

Figure 7.18: Force trace comparison between developed intpataind Greenwald et al (1998) with an inbounc
energy of 90 J v=2.8m/s, m=23kg

7.3.2 Pilot testing: protected condition
To monitor the interaction between the wrist protector and impactor, pilot tests with the

surrogate wearing a protector were conddicia the protected condition the hand is

held at a neutral angle by the wrist protector. In this case, the impactor strikes the hand,
extending it before hitting the palm and transferring any remaining force down the
forearm. High levels of frictiorwere obsergd between: the Neoprene block and
surrogate on initial contact; and the Neoprene block and wrist protector once the hand
had extended. The interactions between the impactor and protector caused the Neoprene
to grip the protector and drag the protectderalg its position on the surrogate.
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7.3.3 Modifications to the test setup
Based on learnings from these tests a number of modifications to the setup were

necessary.

7.3.3.1 Altering the boundary conditions to lower the peak force

As the peak force of the setup foretbare hand case replicating the loading case of
Greenwald et al. (1998)s much greater than fracture forampdifications to the
boundary conditions were necessary to lower the peak force to a more appropriate level.
A lower peak force could be achieved by altering the compliance of the system or
lowering the inbound energy through a lower velocity or masstdasimng the stiffness

of the pendulum or surrogate would have implications for durability and repeatability of

the test method, therefore lowering the inbound energy is preferable.

The inbound velocity of 2.8 m/s used in the pilot study is a reasonagmexapation

for a fall (Hwang and Kim, 2004; Maurdt al, 2013; Tioravalet al, 2013) whereas

mass values used by other authors are lower than the 23 kg (33% of male body mass)
used byGreenwald et al. (199§pchmittet al, 2012) Due to the mass of the mrium

arm, the lowest mass possible is 15.3 kg, 66% of the mass ugecebywald et al.
(1998) 15.3 kg is egivalent to 20% of 58percentilemale body masAlvin R Tilley

and Henry Dreyfuss Associates, 2002) mass of 15.3 kg dropped from the same
height asGreenwald et al. (1998D.4 m) equates to a 60J inbound energy.

To monitor the influence altering the mass of the pendulum had on the peak force of the
system as well as the defaation of the Neoprene, and hence the loading rate of the
system, the same inbound energy (60 J) was tested using two different boundary

conditions|Table7.3).

Table 7.3: Overview df pilot test conditions

Test Inbound Energy Mass (kg) Inbound velocity (m/s)
()

Pilot test 1 90 23.0 2.8

Pilot test 2 60 15.3 2.8

Pilot test 3 60 23.0 2.3

From|Figure 7.19|it can be seen that the peak force is lowered to 6.3289% of

fracture force), for a lower impact energy (60 J). The deformation of the Neoprene was

found to depend on thateat which loads were applied, shown by the difference in
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gradient for impacts with a lower inbound velociBigqure7.19| grey and blue lines vs

red). Based on the findings of the pilot tests the mass on the end of the pendulum was
reduced to lower the inbound energy and hence peak force, whilst the velocity was kept

constant, thus not altering the compliance efglistem.

Figure 7.19: Force time trace comparison for different mass and velocity conditions

7.3.3.2 Altering the interaction between impactor and wrist protectors
To lower the coefficient of friction and praviethe impactor gripping the protector in
the protected case, a 1 mm thick polypropylene sheet (15 grams) (Direct plastics, UK)

was attached to the Neoprene block with double sided tape. The addition of the plastic

sheet did not alter the loading behaviofithe systemKigure7.20|& |Figure7.21). The

polypropylene sheet was only used for protected cases to reduce friction as direct
contact with the core damaged the polypropylene.
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Figure 7.20: Overview of impact for surrogate wearing protector

Figure 7.21: Comparison in force time trace between bare Neoprene and Neoprene covered by 1mr
polypropylene sheet

7.3.4 Overview of impact
The following section provides an overview of the impact onto the bare surrogate based

on pilot tests that were conducted after modifications were made to the boundary

conditions.|Figure 7.22shows the typical force tientrace for an impact onto the

unprotected surrogate, and corresponding-Bjgged images. At a pendulum arm angle

of 88 (relative to vertical)the Neoprene block initiates impact with the metal core of
the surrogate (b). The Neoprene partially compredseslerating the pendulum arm, at

0 m/s the pendulum rebounds away from the surrogate (d). In a rigid surrogate system,
the force in the saxis should be O N as it is constrained in this direction. However, as

can be seen from theaxis force trace iEigure?.ZZ there is movement of the rig and

surrogate, this movement was confirmed from the Sjged footage. As the force
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measurements in the-axis are negligible compared to the y and z axis they were

excluded from all further ahgsis.

Figure 7.22: Typical force time curve for an impact onto the surrogate core and correspondirgpéeaghvideo
frame

7.4 Chapter Summary
This chapter addressed objective three, through the developfreentechanical impact

test to replicate injurious snowboard falls and measure the associated forces and
hyperextension angles. The developed setup uses a mechanical surrogate and impact
pendulum coupled with boundary conditions from a published cadawgty s
(Greenwaldet al, 1998) A 100 mm thick block of Neoprene 50 provides compliance

in the system to approximate the loading rate of Greenwald et al8)(198e
mechanical setup based on Greenwald et al. (1998) resulted in a peak force 360% of
fracture force for a bare hand impact directly onto the surrogate core. To reduce the

peak force to 6.3 kN (225% of fracture force), mass was removed from theugng
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it to 15.3 kg with an inbound energy of 60 J. The developed setup is repeatable to within
5% of the peak force in the z and y axis, enabling at least 49 impacts after a brake in
trial to be conducted with one Neoprene block. The developed setupatesi a
comparison of products in a repeatable waythe next chapter, the rig will be used to

compare the performance twfelve commercial wrist protectors.
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16 Characterising wrist protectors using an impacttest

16.1 Introduction

Chapter 7 describes theexelopment of m impacttest method to characterise the
protective performance of snowboarding wrist protectdiserefore, the aim of this

chapter is tacharacteriséwelve commercially availablesnowboarding wrist protectors
using thedevelopedmpact test to determine if icandifferentiate between protectors.

16.2 Method

The sametwelve protectos tested using the quasiatic test and presented in chapter 6
were tested using th@evelopedmpact test. Prior to testing the Neoprene block was
precondition & 18°C for 24 hours. All testing was completedthin 9 hours ata
temperature of 1&L°C. All protectors were strapped to a consistent tightneisls,a 2

kg mass using the method described in chapteAlb.protectors underwent two
preconditioning impactsn a different Neoprene blodkom testing Before protectors
were impactegone drop was conducted to condition the Neoprarferther three bare
hand trials were conducted to establish an unprotected condition peak force baseline.

Each protector wasripactedthreetimes with the same Neoprene block, the testing

order was randomised for each rep@atble 16.1). In-between each testing bout three

bare hand trials were conducted to monik@oprene degradation and check that the
instrumentationhad notbeen damagetty checking that bare hand results were as
expected After the third bout of impact testing a further three bare hand trials were
conducted resulting in 49 impacts overallhe surrogate wearing the protector was
manudly set to a start angle ef30°, prior to each impact to ensure the inbound velocity

was consistent across produg¢kg(re 16.1). The fingers on protective gloves were

pinned back using dressmaker pins, so agmatterfere with the impactigh speed
footage was collected for each impact whitet DAQ recoraedall 6 channels at 20,000

Hz: Fx, Fy, Fz, pendulum potentiometer, surrogate potentiometer, HSV trigger
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Table 16.1: Randomised testing order for each protector

Impact test bout 1- Impact test bout 2- Impact test bout 3-
protector order protector order protector order
Dainese (P1) Snowlife glove Flexmeter
K-tech glove (G1) Dainese Dakine
Obscure glove (&) Burton Flexmeter glove
Snowlife glove (G3) Snowlife Oxelo

Dakine (P2) Arva Arva

Flexmeter glove (G4) Reusch Reusch

Arva (P3) Oxelo Snowlife glove
Reusch (P4) Flexmeter glove K-tech glove
Flexmeter (P5) Flexmeter Obscure glove
Snowlife (P6) Obscue Dainese

Burton (P7) K-tech glove Snowlife

Oxelo (P8) Dakine Burton

Figure 16.1: Test setup schematic

16.2.1 Data analysis

All data was loaded intspreadsheetdVicrosoft Excel 201QUSA) for post processing

and analysis. Force and angular displacement data was converted from voltage into S
units using preletermined calibration factors. The force offset was removed by
determining the average force during the 0.5 seconds (10,000 data points) prior to
impactand subtractingt from the raw value. The resultaMZ force was calculated

using vector summation based on yhendz components. A moving average filter with

a window size of 31 selected empirically was used to remove unwanted noise from the

pendulum psition data.
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To determine the start of trial, start of impact, end of impact and end of trial, numerous

steps were conductg#igure16.2). The start of trial was defined as the point at which

the pendulum started to rotate, whpendulum position > mean pendulum position
prior to release +1&D. After the trial had started different approaches were used to
determine the start of impact depending on whether it was a protected or bare hand
condition. For protected conditiorthie start of the impact was determined based on the
wrist surrogate positignwrist angle > mean wrist angle prior to impact +3D. For
unprotected cases Fz was used rather than wrist rotation, as the hand is already
hyperextended in these situatiofifie sart of impact for bare hand conditions vibe

point at which Fz > Mean Fz prior to impact + $0. The end of the impaavas
defined as the first instance at which the force<Rz N after the peak force reading

After impact the pendulum bounces awaynirthe surrogate, there are several rebound
impacts before the pendulum finally comes to rest on top of the surrogateforage

the end of the trial is defined as the highest point the pendulum rebounds to after the
first impact, all other rebound impactee ignored.

Figure 16.2: Steps required to identify key points within test trial

Peak impact force of the resultaWZ and the corresponding time to peak were
subsequently identified and record@a. dderminepercentagenergy absorbed by the
protector the ratio of impactor drop height and rebound height was wes=iming
frictional forces are negligibleequation 1).

LAN?AJR@@N@}DKNE%%WTW 1)
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Forthe bare hand case there is 46f&rgy loss in the system, tlesergy losss likely

due to energy being lost through friction between the impactor and the surrogate,
Neoprene compression, heand movement in the rig ahsurrogate Since energy

losses occur in the system during the bare hand case, energy absorbed for all products
was calculated relative to the bare hand cdmse subtracting 45% from the value

determined using equation 1

Comparisons between protectovere made baseah peakverticalforce, time to peak
force, energy absorptiomnd surrogate angl€orrelations were used to determine if
relationships between three protective characteristics eXist.monitor protector
degradation over repeat impacts geakvertical force for all three impacts was studied

for each protector

Correlations werealso used to determine if relationships between the protective
characteristics peak vertical force, time to peak forceenergy absorptiorexist.

6 SHDUP D Qdfioh ¢oBficigrid was used to determine the strength of relationship
betweenthe protective characteristicsThe data was analysed with SPSS statistical
software for analysis (IBM SPSS Statistics for Windows, USA). The significance level
was set at p<0.0for all correlation outputsThe magnitudes of the correlations were
LQWHUSUHWHG XVLQJ &RKHB ffiviaWOK-D.81 i¥g Enal G.30.27igK HU H
moderate; ared.5 is larggCohen, 1988)

Like chapter 6two cases studies were conductedmonitor whether the test detected
differences between products utilising different design approathessame products
as chapter 6 were useReusch (P4) and Burton (P7Anowlife glove (G3) and the

Snowlife stanealone protector (P6)

16.3 Overview of impact

To better understand the impact scenario the following section will provide an overview

of the impact before discussing the results of the twelve tested protéatune 16.3

shows atypical overview of the collected dafar the Flexmeter protector, thigot is
typical of all the tested productShe excess dateés shown both prioto the pendulum

releasg(point 1) and after the impact of intest(points5 to 8). Two rebound impacts

134



8.Characterising wrist protectors using an impact

occur points6 and7) after the incident of interest before the pendulum comes to rest on

top of the surrogateint 8).

Figure 16.3:Overview of collected data i peak force aligned to 0 seconds for Flexmeter protector

Figure 16.4| shows the data clipped to the impact event with respect to time and

surrogate positiarFrom looking at the measurement data in conjunction with the high

spee video footage it is possible to identify key events during the in{pamntire 16.4).

Initially there is a spike in the force in the z axis (b) when the impaunt®tsthe
surrogate, the force then becomes dominate ifpibsitive) y-axis (c) as the hand starts

to rotate. The direction of the force in th@yis changes (t), as the hand continues to
rotate backwards at a relatively constant rate and the force is consistently increasing in

the zaxis.

The surrogate hand theotates backwards beyond 88.2° (e); the point at which the
central core is protruding above the palm of the hand, so all remaining force is directed
straight down the arm. As the impactor starts to decelerate a peak force vaxise z
occurs (f) just befa the surrogate hand (g) reaches its maximum displacement. The
impactor comes to rest at its maximum displacement (i) before rebounding away from
the surrogate, enabling the hand to spring back towards vertical. The force {iaxise z

returns to zero (jpnce the impactor is no longer in contact with the surrogate.
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Figure 16.4:Overview of impact case for Flexmeter protector with correspondingdughd video footage for
key events a) with respect to timpvath respect to surrogate hand position
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Figure 16.5| shows differences betweethe unprotected surrogatend a sample

protected caswith the Flexmeter stardlone protectorThe peak force in the-axis is
lower with an elongated time to pedkor 83% of tested protectors the peak force in the
y-axis was higher thafor the bare hand conditio/t the point of impact, the resultant
YZ force is almost vertical (1° from vertical) for the barehand case, wherehe in

protected case it is acting 64° from vertical in the negative y direction as shown below.

Figure 16.5: Comparison between unprotected and protected case aligned at peak Fz at 0 seconds, resulient YZ ang
f IRUXQSURWHFWHG FDVH DQG UHVXOWDQW DQJOH

From the highspeed footage, movement of the surrogate arm can be stenlateral

direction (yaxis) for both protected and unprotected ca$as. all protected cases the

force direction fluctuates in theakis Based on known dimensions the lateral surrogate

displacement was determined using the +ggbed footage for two representative cases

This lateral movement can be see@ for the unprotected condition, the
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movement can be seen based on the position of the surrogate joint centre relative to the

central axisFor the unprotected condition the maximum surrogate displacement-in the

y direction was 2.88 mifFigure16.6b) and 0.96 mm in the + y directiqRigure16.6¢).

For the Burton protector a maximum displacement of 1.92 mm was measuredyin the

direction and 4.80 mm in the + y directifmot pictured)

Figure 16.6: Surrogate movement ingdirection based on digitised higipeed footageelative to the central axa)
central position at the start of trial b) lateral movemen2@&8mm from the central axis during the impact tgria
movement of +0.96mm from the central apastimpact

16.4 Results
16.4.1 Protector comparison

16.4.1.1Impact Attenuation

A comparison for altwelve tested protectors based on peak vertical force and time to

peak force for the first impact is shownkigure 16.7{ All twelve protectors lowered

the peak force by 1.8N or more and elongated the time to peak by at leash21
compared to the bare hand surrogate; however none of them lowered the force below
the 2802N fracture forcdGreenwaldet al, 1998) The implication here is that none of
the guards would have prevented a wrist fracture for the chosen representative loading

condition.

From/Figure16.7|it can be seen thahereis a general trend that products resulting in a

lower peak force have a longer time to pdaice with the exception ofwo clear
outliers the Dainese protector (P1) and theddbes glove (G2)When considering all
tested products there is no significant correlation between peak Fz force and time to
SHDN 6SHDUPDQ® :KHUHDV ZKHQ 3 DQG * DUH |
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moderate not statistically significant correlation betwpeak Fz force and time to peak
6 SHDUP D@3 p=015).

Figure 16.7: Protecor comparison based on time to peak Fz force and peak Fz force, diamond markers ind
standalone protectors and circles indicate protective glovetiiers P1 and G2 shown by red border.

The dorsal lock plate on the Dainese protector snapped dumjact |Figure 16.8

with the energy absorbed during the product's deformation likely to be the cause of the
Dainese having the lowest peak force of all tested protectors over a shorter time frame
When comparing the force timeate for four tested protective gloves, the Obscure has

a longerinitial ramp in for force in the z axthan the other 3 glovq&igurel6.9).

Figure 16.8: Damaged Dainese protect
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Figure 16.9: Fz force time trace comparison for tested protective gloves

16.4.1.2Energy Absorption
For protected cases the enem@ysorbedranges betweet7-37% relative to the bare

hand casgFigure16.10|shows the relationship between peak Fz emergy absorptian

A strong statistically significant correlation exists between peak forceparmntage
HQHUJ\ DEVRUEHIG -063 p-DOLP As@Hié energy has been absorbgd b

theprotector in lowering the peak force, the impactoes notebound as high.

Figure 16.10: Protector comparison showing relationship between peak forceremdy absorbed
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16.4.1.3Protector degradation
The vertical peak force over all three impacts per protector provides insight on protector

degradation.If products were degrading, the peak force would incresite each

impact For 72% of the tested protectors the transmiesticalforce was lowest fathe

first impact

Figure16.11

. Whilst the peaklvertical force was highest during the third

impact for 64% of tested protectors: P2, P4, P6, P7, P8, G3, G4. The largest difference

is seen for P2 (Dakine protectoin this case the peak Fz force increases by 22%

between the first two impacts and the third impact.

Figure 16.11: Peak Fz force for multiple impacts for each protector

16.5 Case studies

16.5.1.1Comparison betweetwo standalone protectors with similar designs

The Reusch (P4) and Burton (P7) are stalothe protectors, similar in both design and

overall dimensiong

Higure 16.12). As can be seen froﬁigure 16.13/both protectors

result in a similavertical peak force 3995 N and 3847 N for the Burton and Reusch,

respectivelywith a similar time to peakertical force(difference =0.05 ms).In this

case the test has performed as exgmketith products of similar designs resulting in a

similar performance. bl the productseduce the peak Fz force appears to be different,

Figure 16.13

b shows there is a difference in force with respect to surrogate

displacement between the protectors. The Burton protectortivaspart loading curve

it requires a relatively low force to displace the surrogate until,~8b&reas after this
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point the forceincreases exponentially. Howevénge rate of force requideto displace

the surrogate when wearing the Reusch protector is-fjnear from ~65°. The first

peak in +Fy is 347 N higher for the Burton protector, whilst the surrogate displaces 4°
more when wearing the Reusch protecibthilst the test is able to stinguish such
differences, further research is required to understand the design mechanism behind the

difference.

c)

Figure 16.12: Comparison between 8urton (P7) and b) Reusch (P4) protectors all measents irmmc)
thickness measurements
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Table 16.2: Comparison between Burton (P7) and Reusch (P4) protectors
Peak Force (N) Time to peak force

Maximum
(ms) surrogate
angle (°)
Fz Fy Fz Fy
Burton (P7) 3995 2207 32.35 5.25 97
Reusch (P4) 3847 1860 32.70 4.35 101

Figure 16.13: Comparison between Burton (P7) and Reusch (P4) proteajdrsce over time peak force aligned
Os forimpacttest b) forcewith respect to surrogate position forpacttest
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16.5.1.2Comparison between glove and staatbne protector from the same brand

using different design approaches

Despite being made by the same manufacttiher Snowlife glove (G3) and the

Snowlife staneblone protector (PGngure 16.14

utilise different design elements and

the test has detected that the prodpetsorm differently. Both protectors have dorsal

splints of similar dimensions; whilst the glove includes additiomata support from

the strap. The Snowlife staradone protector includes a palmar splint whereas the glove

doesnot. The palmar pad in the staiatbne protector is thicker than the glove, but the

glove is larger overall with more material.

c)

Figure 16.14: Comparisorbetween a) Snowlife Glove (G3) and b) Snowlife protector (P6) all measurements in mm

¢) thickness measurements

Palmar pads have typically been associated with reducing the impac{Nauee| et

al., 2013) however in spite of the staradone protector having a thicker palmar pad the

glove results in a lower peak Fz foraed has a longer time to pe@381 N over 35.95

ms vs4364 N over 30.14 ms for the glove and statahe, respectively

and Table 8.3.

Figure 16.15

0

Figure 16.15

b shows there is a difference in force surrogate
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displacement @dient between the protectors. The stalwmhe Snowlife protector
requires a larger force to displace the surrogate betwed0°%6 contrast to the
Snowlife glove which has a less steep gradient and a larger maximum surrogate angle.
Whilst a portion of he difference between peak Fz force and time to peak is likely
attributed to the additional material in the glpgézen the magnitude of the difference

(983 N) other design attributes such as dorsal splint thickness and material are also
likely to play arole.

Figure 16.15: Comparison betweem Snowlife glove (G3) and Snowlife protector (P6) a) force over time

force aligned at Os fdmpacttest b) force with respect to surrogate positiorifgracttes
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Table 16.3: Comparison between Snowlifeglove (G3) and stalathe Snowlife protector (P6)
Peak Force (N) Time to peak forcerfis) Maximum
surrogate angle (°)

Fz Fy Fz Fy
Snowlife glove 3381 1987 35.95 5.70 109
(G3)
Snowlife protector 4364 2258 30.14 4.15 90
(P6)

16.6 Discussion

Through testing twelve different protectors using the impact setup it has been shown
that the setup is able to i) distinguish differences between the bare hand case and
unproteted conditions, iidistinguish differences protective characteristics between

differentwrist protector designs

Differences in force distribution were noted when comparing the bare hand case to
protected cases. A lower peak force was observeckirdlxis for all tested protectors,
whereas a higher peak force was observed in theis/for the majority of protected
casesThis difference in Fyis due to differences in test setlip the bare hand condition,

the hand is already at maximum extenswamen impactedwhereasin the protected
condition the wrist protector provides a level of resistance to the impactor resulting in a
higher force in the yaxis. For all protected cases the force directivas found to
fluctuate in the yaxis due to lateramovement of the surrogate. This lateral movement

is likely the result of a torque applied to the surrogate duringitbeaction between the
impactor and surrogates the penduluntontactsthe top of thesurrogate at an angle

beforecontinuing its rotatinal trajectory.

Despite the limitations of the setup, such as the high stiffness of the system and lateral
movement of the surrogate during impact, the setup can differentiate between products.
All twelve products lowered the transferred peak Fz forc@®52% whilst elongating

the time to peak vertical forc@dowever none of the products lowered the force below
the 2802N fracture forcereported by Greenwald et alL998) This is a similar finding

to previous studies, in whiclrqgiectors were shown to reduce the force but still result in
fractures (Greenwald et al. 1998; McGrady, Hoepfner et @12 Giacobetti et al.
1997). The finding that protectors do not lower the peak force below reported fracture

loads mayexplain why wrist injuries still occur even when wearing a protg@beng
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et al, 1995; Idzikowski, Janes and Abbott, 200R)is probable that under different
loading conditios productscould lower the force below fracture threshold, soldever
energyfalls at a lower speed or involving a lower mass a lower system stiffness

these products may prevent injury. Future studies are suggested to determine the effect
of impact energy on & force and to identify the inbound energy at which protectors

no longer reduce the transmitted force below fracture force.

Two outliers were observed when studying the spread of the d&igure 16.7| the

Dainese standloneprotector and the Obscure glovihe Dainese protector resulted in

the lowest vertical force over the second shortest time to peak of all tested products
(3029 N over 32.2 msWhereas, the Obscure glove elongates the time to peak force,
but still resultsn the highest peak force of the twelve products (4655 N over 38.5 ms).

The low peak force measured for the Dainese is likely a restittegiroducts dorsal

splint lock plate snapping during impaftidure 16.8). It could be arged that the

product played its part by acting in a similar way as helmets or car crumple zones,
which are only designed for one impact. Although multiple models of this protector
would need to be tested to confirm whetliee protector damaging under loa&da
characteristic of the product, or a random occurrence based on how the lock plate was
positioned relative to the surrogate.

It is not clear why despite having the second longest time to peak the Obscure glove has
the highest peak force. The Obscisehe only glove that does not include a dorsal
splint whichmay explainthe higher peak force, but the reasons for the longer time to

peak are less clear. From the force trace a longer initial ramp in for force in the z axis

can be seen for the Obscuglve compared to the other tested gloyeigyre 16.9).

This increased time to generate force in €ayld be due to the interaction between the
impactor and surface of the gloves. The texture of the Obscure glove appears to be
snoother than the other three gloves, so it is possible the impactor is causing the glove
to slide during the impact elongating the time to peak, but this is not clear from the

current highspeed footage.

Based on the tested products it appears that prategioves provide more effective

impact attenuation #m standalone protectorsby elongating the time to peak force

Figure 16.7). The protective gloves tend to result in a lower pmathe vertical axis

(G1, G3, and G4) andlanger time to peak than the staaldne protectorsR2, P3, P5,
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P6 and PB It is notclear if this differenceén behaviour between gloves and stahohe
protectorsis unique to the test setugue to the interaction beeen the glove and the
impactor, or if gloves do in fact provide superiorprotective performance The
elongated time to peak by gloveasay be due to therhaving more material and a
textured surface oand aroundhe palm enhameg grip, this could be gripping on the
polypropylene surfacef the impactor and elongating the time to peak. The pinned back
fingers may also be bunching up around the impact point elongating the impact.

A differencein protective performancbetween standlone protectors and protectors
integrated into gloves vganot observed in a previous stusighmitt, Michel, & Staudigl,
(2012) however their test setup used a linear drop test onto the palm and the EN 14120
bending test & the test setup isat directly comparable. To confirm whether this
difference in behaviour between staaldne protectors and protective gloves is
meaningful additional testing is necessary. Future work testing a larger range of
protective gloves as wedls testing standlone protectors in conjunction with a glove is

recommended.

Forthe bare hand case there is a 45%rgy loss in the system, tleisergy losss likely

due to friction between the impactor and the surrogate, Neoprene compressiangdheat
movement in the rig and surrogateelative to the bare hand case-376 of the
inbound energy was absorbed by the prote@ . This energy is absorbed
in various ways: tensile failure of textiles, compressiopalmar paddingbending of

splintsand displacement of handlith the exception of the Dainese protectar vsual
damage was seen to the tested protectors with repeatedsnigastever the ncreas

in peak vertical forcavith eachimpactsuggests thathanges may have occurred in the

material propertieqFigure 16.11). This finding suggests that snowboarders should

replace their wrist protectors after a bad fall regardless of whether there is visual
damege to the product simlar informal rule exists about bike helIméWells, 2016)

The developedmpacttest method enablder comparison oprotectorswith different
design approache$his was done using case studies comparing two diff@reaiucts;

it was found that products withrsilar dimensions (P4 and P7) performed comparable
in terms of peak vertical force and time to peak vertical force. However, they exhibited
different impact dynamics in terms of surrogate displacervéhén comparing stane

alone protector and the prote@iglove using different design elemef@&3 and P6)
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different resultsveremeasuredruture work should use the developed test and consider
factors such asnaterial; splint and palmar pad dimensions; splint and palmar pad
construction and strapping desigm understand the influence of protector design on
performance.Systematically changing one variable at a time, would alfow a
thorough analysis of the effects of protector design on performance, to inform the
design of future product&xisting produts could be adapted, and protective elements
systematically modified to test a range of dimensions and materials. Testing could be
done mechanically using the developed testupst presented here or through finite
element analysifrevious research hasught to use neural networks to understand the
influence of football design parameters on traction performéBake Kirk, Matt Carré,
Stephen Haake, 200§)roviding a sufficient mecharatdata is collected this approach

could support the design of optimised wrist protection.

16.7 Chapter Summary

This chapter dmonstrates that the impact test developed in Chapter 7 can characterise
the protective performance of snowboarding wrist protectonsl @ffectively
differentiate between product3his chapter addresses the fourth of the project's
objectivesito compare the protectivaharacteristicef a range of wrist protectors using
the developed method$he test setup has been shown to detecereifices in force
transfer energy absorptiorand wrist extension anglesnergy absorptiorbetween
commerciallyavailable productsThe results show that protectors absorb and dissipate
inbound energyluring the impact to lower the transferred Fz foildewever, none of

the tested products effectively lower the force below fracture thredbhutidreresearch

is recommended toi) investigate protective performance under different inbound
parameters ii) explore the differences between staohe protecte and those
integrated into gloves ani) identify theinfluence of protector design on performance

to optimise product design to enhance safety.
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9 Discussion and Future work
Chapters 8 have presented the development and validation of two new test m&thods

evaluate the protectiveharacteristicof snowboarding wrist protectors. This chapter
compares the results from the two test setups, discussi@sitadons of the developed

test setupand highlights potential areas for future work.

9.1 Comparison in measured performance between guastatic test and
impact test
To determinewhether arelationship betweeirthe protective characteristics: peak Fz

force and time to peak measured using the impact tegpratectorstiffness measured

using the quasstatic test exists correlation coefficients were used. Given that, in
Chapter 6 it was found that there is a differenceotationalstiffness between 355°

and 5580°, both groups were looked at independentl§.S HD U PcDrgififtion
coefficientwasdeterminedor all twelve protectors and foelevenprotectors excluding

the Dainese (P1), which was found to be an outlier using both s@ipseviously he
significance level was set at p>0.05 for all correlation outpith magnitudes of the
correlationsinHUSUHWHG XVLQJ &R K KLY trivdad; 0.8/ R@lY ZKH L
0.38.5 is moderate; an@.5 is larggCohen, 1988)

From |Table 9.1| it can be seen that none of the correlations reached statistical

significance. The lack of statistical significarbespite moderate and large correlations
is likely due to the low sample size and timtrnormally distributedvariables. When

the outlierP1 was removed from the analysis the strength of the correlation decreased in

every caseFrom|Figure 9.1a and cit can be seen thairoducts with a higher quasi

static stiffness result in a lower peak force. T¢wsrelation was found to be stronger

when considering the rotational stiffness closer to hyperextension angl&f)° 55
VSHDU&EDABYYVYRU DOO SURG X KRV ¥WMA45k2duding iPD)GaY &t the

lower angles between 35 VSHDUP EBB@YTVRU DOO SURGXFKEBVM VSH

0.16 excluding P1).

Figure 9.1b and d show that produts with a higher quasstatic stiffness resulted in

shorter time to peak. Stronger correlations were observed between time to peak and
rotational stiffnessat the lower angles. When all protectors were considered, a large
negative correlation was obseniaetween quasstatic rotational stiffness at &&b° and
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WLPH WR SHDN IRUF&b1)WEhHerdeds B Bnaal torielation was observed at
WKH KLJKHU DQJO H-3.30Y 8WHdn the bu@igr\P1! was excluded from the
analysis the strength of theesorrelations dropped for both angle ranges, betwe&b35
VSHDUP D@B%HEnd between 55 f VSHDUPD.QOTV !

Given there are relationships)beit nonsignificant between quastatic rotational
stiffness and peak Fz force and time to peakd measured in the impact test, it can be
concluded thatthe quasstatic test is a suitable starting point to compare and
characterise snowboarding protectoffie quasstatc testfacilitates a comparative
ranking betweemroducts;however as the reianship between torque, extension angle

and injury threshold is unknown the outputs from this test setup are limited. Whereas
the impact test enables products to be categorised based on their ability to reduce peak

force which can be directly linked taplished fracture thresholds from cadaver studies.

All testing was conducted at room temperature, however, given the cold environment
associated with snowboarding it is recommended that in the future testing is carried out
in a climate chamber or thatethsurrogate and wrist protectors are precondition at

25 °C * 2 °C forat least 4 hours in line with the testing procedure used for ski helmets
(European Committee for Standardization, 200#)e instrumented surrogate used in

the impact test enabled the wrist extension angle to be measured throughout impact. It is
recommended that this surrogate is mounted to €uiasc rig, by syohronising the
potentiometer with the Instron output it would be possible to measure extension angle
with respect to torque and eliminate the need to take manual start and end angle

measurements using the inclinometer.
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Table 9.1:Inferential statistics: correlation test results and significance values between two test setups

Protective characteristic Protectors Spearman Significance

Quaststatic Impact test correlation (p value)

Rotational coefficient

stiffness

Between 355° Peak Fz force All -0.31 0.33
Excluding P1 -0.16 0.63

Between 35%5° Time to peak Fz All -0.51 0.09
Excluding P1 -0.36 0.28

Between 580° Peak Fz force All -0.55 0.06
Excluding P1 -0.42 0.21

Between 580° Time to peakz All -0.0 0.34
Excluding P1 -0.10 0.78

bold indicates a large correlation
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Figure 9.1: Comparison between two test setups, a) Impact test peak Fz vss@tiasstiffness between &p°
b) Impact tet time to peak Fz vs Quastatic stiffness between &5° c) Impact test peak Fz vs Quatitic
stiffness between 580° d) Impact test time to peak Fz vs Qtstatic stiffness between HD°.

9.2 Limitations of DevelopedTests
Several limitatios havebeen identified in each chaptrthis programme of research,

there are three that warrant the most consideration: instrumentation, test parameters and
surrogate biofidelity. A practical limitation of the quasatic test was the availability of
suitabk load cells. To facilitate hypextension angles up to 90° whilst maintaining
measurement fidelity, is recommended that a 1000 N load cell is used in future studies.

This project has shown that product differences can be detected, however it vesb limit
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by the underpinning research on injury mechanics. The fall scenario surrounding a wrist
fracture is poorly understood with a wide range of fracture forces {3398 N),

effective masses (245.5 kg) and inbound velocities (3365 kg) being reportechi

literature. Therefore the impact test was developed to replicate a single study by
Greenwald et a[1998)

To facilitate the development of a repeatable mechanical test setup several
simplifications were made to the surrogate, compromisinigiafsdelity. A low friction

hinged was used to achieve a single degree of freedom replicating wrist flexion and
extension. However, gevious studies have shown the nature of the sustained injury is
related to ulnaradial deviation and not only hyperextens(&nykman, 1967; Mayfield,

JK., Johnson, RP., & Kilcoyne, 1980lror both tests a rigid surrogate was used, whilst
efforts were made to alter the compliance of the system fatyi@mic test through the
addition of Neoprene, the loading rate was 20% higher than the cadaver setup reported
by Greenwald et al1998) The scanned surrogate is based on one participant who was
deemed closest to $0percentilemeasurements from a sample of twenty forearms.
However, the selected participant had measurements closer to the 80th percentile for
forearm circumference, the degree to which this surrogate is representative of the wider
population is limited.

9.3 Future work
Several recommendations for future research have been identified in each chapter of this

programme of research. The five key arbased on the limitations stated throughout

are summarised in the following section

9.3.1 Surrogate Design
Future research should focus on increasing the biofidelity of the surrogate. Through the

addition of further degrees of freedom; a more advanced hingairgow for the
influence of muscles and tendons in the joint and the use of skin and tissue simulants, a
more representative surrogate could be developed. This would alter the stiffness of the
surrogate and allow energy absorption through the soft tissaking it a closer
representation to the forearm used in cadaver teglingPayneet al, 2015) As
previously mentionedincorporatinga thin layer of compliant material, as a basic
representation of skin couhhance protector fit and limit unwanted movement during

both test setups to improve repeatability.
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The development addditionalscannedsurrogates basesh different sized participants
identified from larger samples sizes is recommended. This would enable products
designed for other members of the snowboarding population, children, youth and
women to be testedA scanned surrogate based on anothél pércentile male
(equivalent to hand size 8/% recommended, to enable a sensitivity analysis on the
influence of hand and forearm dimensions within one protector size to be evaluated.
Additional instrumentation in the surrogate, suchlesinclusion offorce or pessure
sensors could be beneficial to monitor the interaction between protector and surrogate
throughout testing to quantify fit and map areas of high pressure. Similar to the
approach used b&nkrah and Mills (2003)to monitor the pressure distribution of shin

guards under impact.

9.3.2 Test Setup
Whilst the impact setup enablesist protectors to be tested in injurious scenarios, it is

recommendedhat future iterations consider modifications to alter the system stiffness
and pendulum masSystem stiffness can be altered by modifying the compliance of the
surrogate or the impactor. In this study Neoprene was added to the impactor, however
this requred preconditioning and hardness was found to decrease with multiple impacts,
an alternative approach could be the use of a leaf spring, similar to that employed by
Laing and Robinovitch, (2008) in their hip impact pendulum sefigpenable products

to be tested with lower impact energies for the same inbound velocity, the pendulum
arm could be replaced with something lighter by modifying the material (e.g.
aluminium) or dimensions. Future work should also consider the surrogate mounting

and the angle ampact to reduce unwanted surrogate movement during impact.

All the products tested with the impact test failed to lower the peak force below fracture
threshold, although is probable that under different loading condiignoductscould

lower the fore below fracture threshal&o it is likely for lower energyfalls at a lower
speed or involving lower masy lower system stiffnesthese products may prevent
injury. Future studiesvith modified boundary conditionare suggested to identify the
limit of products protective capabilities, i.e. timound energy at which protectors no

longer reduce the transmitted force below fracture force.
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9.3.3 Injury monitoring and promotion of injury prevention strategies
A standardised monitoring process across skbne is recommended to provide

consistent data regarding injury site, type and causdiorch and Staines, 2017)
Snowboarders presenting to medical cesiwith wrist injuries should be surveyed as to
whether wrist protection was worn, and if so the model of wrist protector should be
documented. This would enable a database of injuries and associated equipment to be
established, facilitating potential trés between injury type, fall scenario and protector
design to be established similar to the workwadsworth, Binet and Rowlands, 2012)
Through improved documentation ofjury rates,it should be possible to track the

efficacyof wrist protectors, oncehe new standard has been introduced.

9.3.4 Test Parameters
The versatile nature of the rig means that as knowledge advances different boundary

conditions can be tested, therefore it is recommended that further work is conducted
both on the slope and in the tahtory. Slope based studies are beneficial to better
understand the circumstances surrounding a fall and the body position, so-thesddb
biomechanics studies can measure the relevant boundary conditions. Further studies
using cadaver forearms is alecommended. Given that the majority of work with full
forearms, including that dbreenwaldet al, (1998)used in this project was conducted

over 20 years ago, the use of new technologies recording at high sampling frequencies
could support a deeper understandigilar to the work ofGilchrist, Guy and Cripton,
(2013)who used digital image correlation to measure strain and enhance understanding

of femur fracture mechanics.

9.3.5 Product Design
Using the two test setups presentedher research is recommended to: explore the

differences between staradone protect@ and those integrated into gloves; to
investigate protective performance under different inboemergies and identify the
optimal approach to wrist protector design support manufacturers. Based on
differences bserved between protective gloves and st&ode protectors in chapter 8,
further testing is recommendéal determine whether protective gloves alter the impact
and elongate the time to peak foareif this phenomena is due to the test setuan®
alone protectors should be tested individually and in conjunction with a glove. All

twelve products failed to lower the peak force below the reported fracture threshold. It
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is recommended, therefore, to test the products under lower impact energies, tp identif

under which boundary condition the products are effective.

To better understand the influence of design parameters future tests should involve
charactesing protectors based on material type and construction as well as dimensions.
Systematically changg one variable at a time, would alldar a thorough analysis of

the effects of protector design on performance, to inform the design of future products.
Existing products could be adapted, and protective elements systematically modified to
test a rangef dimensions and materials.similar approach was taken Byon, (2008)

to investigate the effects of longitudinal bending stiffnassgrint spike design through
varying the thickness of each sole ab hm incrementsTesting could be done
mechanically using the developed test setups presented here or through finite element

analysig(Schmitt, Spierings and Derler, 2004)

This project has presented a new impact test in which snowboarding wrist protectors
can be tested as a unit, enabling the protective capacity of splints and palmar pads to be
tested simultarmusly. It is recommended that future testing is conducted on the same
models of protector with the same input parameters, using a linear drop test to test the
palmar pad in isolation similar to the approach presented in the EN 14120 standard.
Such a compa@on would enable an assessment to be made on the role of the palmar
pad and be able to further inform the development of international standards. Falls
resulting in wrist fractures are also a common occurrence amongst the elderly
population (DeGoede, Ashtoiiller and Schultz, 2003)using the impact test the
inbound parameters could be modified to replicate different fall scenarios and test

different types of wrist protector.

9.4 Chapter Summary
In this chapter,He results between the two test setups have been compared. The quasi

static setup is a suitable starting point to compare and characterise prbldwetser,

as the relationships between torque, extension angle and injury threshold are unknown
the outputdrom the quasstatic test are limited. It is, therefore, recommended that the
impact test is used to monitor the protectolearacteristicoof wrist protectors. The
limitations of the developed test setupgve been discussed and potential areas for

future work introduced to support the design and development of better wrist protectors.
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10 Conclusion

10.1 Introduction

The aim of this body of work was to develop new methods to evaluate the protective
characteristics of snowboarding wrist protectors. The rese@shmotivated by a call

for the development of a standard to stipulate minimum performance standards
snowboarding wrist protectors should méktichel et al, 2013) in an attempt to
mitigate the number of snowboarding fall induced wrist injurigéhis chapter
summarises the findings in relation to each objectv@ch have culminated in the

development ofwo new test methods.

10.2 Summary of findings

10.2.1 To investigate current practices in protective equipment testing and
determine performance criteria to evaluate snowboarding wrist protectors

From a review of the literatur@ chapter 2the need for a representative test method

and surogate to evaluate the performance of a range of different snowboarding wrist

protectors hadeen establishedrall-relatedwrist injuries are the most common injury

in snowboarders affecting various demographics. Given the frequency of such injuries,

espeally amongst beginners and adolescents, a need for prevention based on an

understanding of injury mechanisms and causation was established. Previous studies

have showrthat wrist protectors are an effective method in reduwirigt injuries, yet

injuries still occur. From a review of protective mechanisms, three criteria wrist

protectors should meet to be an effective preventative measure were identified:

x Attenuate peak impact force below published fracture thresholds
x Store, absorb and transfer impact rgyesafely away from the wrist joint
without putting other regions at risk

x Stabilise the wrist and limit hyperextension

Through an examination of the current best practices in the field of mechanical testing
and surrogate design, the limitations of cutr@pproaches were identified and the need

for a representative test method and surrogate to evaluate the performance of a range of
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different snowboarding wrist protectors wastablished Different test setups and
mechanical surrogategere identified thahave been used to evaluate the performance

of snowboarding wrist protectors. To date these tests have been limited to measuring the
behaviour of either the palmar pad or splint in isolation. No appropriate surrogate exists
to facilitate the testing of wst protectors integrated into gloves whilst gitaneously

measuing thewrist extension angle during a dynamic impaca repeatable way

10.2.2To identify boundary conditions, the mechanical test should replicate

to characterise snowboarding wrist protectors
The literature review informed the selection afubdary parametens chapter 3to
ensure the developed mechanical tests characterise wrist protectors in conditions
equivalent to an injurious snowboarding fall. Based on the observatidhseehwald,
Simpson and Michel, 2018ho measured wrist extension angles of 261%.8° (mean
+ standard deviation) in nenjurious snowboarding falls, theugsistatic test was
specified tofacilitate a wide range of torques and wrist extension angles up to 90°.
Boundary parameters for the dynamic test were selected based on a studyecobyuct
Greenwaldet al. 1998 in which a cadaver forearm was fractured under conditions
equivalent to a backwards fall in snowboarding. Given that the dynamic test sheolve
stiff impact rig and surrogate to allow the repeatable testing of wrist protaatoler
injurious loadsjt was necessary to builtlevel of compliance equivalent to the human
body into the system. The level of compliance was determined from the loading rate
based on the gradient of the force time cymwesented by Greenwald and ealfjues.
The systenwas specified toeplicatea loadng rate of 449262 N/s ové.0045s. In the
case of velocity and mass parameters, the syst@sntoenable a range of different fall
scenarios to be tested facilitating a maximum inbound velocity of &mdsinbound

masses up to 23kg.

10.2.3 To develop and validate mechanical tests to characterise snowboarding

wrist protectors

Two new mechanical testgere developed and validatemlquaststatic testo measue
the rotational stiffness of protectpendanimpact testreplicatinginjurious snowboard

falls to measurgeak verticaforce, energy absorption and wrist extension angle.

The quasstatic test presented in chapters 4 and 5 facilitates the measurement of wrist

extension anglesver a range of torqueExperimental tests validated that the method
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can distinguish differences in rotational stiffness between wrist protector designs.
Preliminary results showed that differences in protector performance exist between
products The results were found to be dedent on how tightly the protectors were
strapped to the surrogate. Therefore, strapping tightness was accountethdéaest of

the body ofwork.

Alternative surrogates were developed to enable bthdalone protectors and those
integrated into gleesto be testedThe design of surrogates was found to significantly
influence the measured rotational stiffness of wrist proteciidrs. scanned surrogate

was the most representative surrogate and offered increased differentiatimtatmfnal
stiffnesscompared to the geometric surrogate. Therefore, the scanned surrogate was used
for all further testing in the project.

An impact test presented in chapter 7 was developed to characterise product
performance under boundary conditions representative ofj@mous fall. The impact
test uses ra instrumentedmechanical surrogate and impact pendulum coupled with

boundary conditions from a published cadaver s{@hgenwalcet al,, 1998)

10.2.4 To compare the protective characteristics of a range of wrist protectors
using the developed methods
The two test stups developed during this projestere used to characterise the
protective performance dfvelve snowboardingwrist protectos (chapter 6 and 8)
Differences inquaststatic rotational stiffness; peak vertical force, time to peak and
energy absorption during impact were observed between prodimisever, none of
the tested products effectively lower the forcdobe fracture thresholdThis PhD
project showed that protectors employing different design approaches perform
differently inmechanical testenabling initial explorations on the influence of protector
design on performanc@he developed test setups eleamanufacturers to quantify the
performance of different designs for the first time.

When comparing the performance of products tested using both developed setups, non
significant correlations were observiedtween quasstatic rotational stiffness aneak
verticalforce and time to pealorce. Whilst the quasstatictestfacilitates comparisons
between wrist protectors, the impact test is recommended for monitoring the ability of
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products to limit peak force below published fracture threshdldese wo test setups
havesupporedthe development of a snowboard specific international standard and aid

manufacturers in the design and development of future products.

10.3 Contributions to knowledge

The two test methods and accompanying surrogates developad thei PhD project

and presented in the thesis are an original contribution to knowledge, as no methods
measuring these variables currently exist. The impact test provides the capacity to
evaluate snowboard wrist protectors based on displaced angleraadrémsmission, a

relationship no other study to date has considered.

Through working with the International Standards Committee as an expert member of
the British Institute of Standards, theasistatic test and surrogates developed as part

of this body of work have influenced a draft ISO standal80O/TC 94/SC 13/WG 11

testing snowboarding wrist protectors. When this standard is published it will prompt a
change in practice as manufacturers have the option to have their products certified to
this standard.The test setup acts as a tool for manufacturers, providing them with a
repeatable and representative way to test new design concepts and optimise product

design to maximise consumer safety.
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