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31 Abstract

32 The amount of energy dissipated away from or returned to a child falling onto a surface will

33 influence  fracture  risk  but  is  not  considered  in  current  standards  for  playground  impact-

34 attenuating surfaces. A two-mass rheological computer simulation was used to model energy

35 flow  within  the  wrist  and  surface  during  hand  impact  with  playground  surfaces,  and  the

36 potential  of  this  approach  to  provide  insights  into  such  impacts  and  predict  injury  riskFor Peer Review


37 examined.   Acceleration   data   collected   on-site   from   typical   playground   surfaces   and

38 previously-obtained data from children performing an exercise involving freefalling with a

39 fully-extended  arm   provided   input.   The   model   identified  differences  in   energy  flow

40 properties between playground surfaces and two potentially harmful surface characteristics:

41 more energy was absorbed by (work done on) the wrist during both impact and rebound on

42 rubber surfaces than on bark, and rubber surfaces started to rebound (return energy to the

43 wrist) while the upper limb was still moving downwards. Energy flow analysis thus provides

44 information  on  playground  surface  characteristics  and  the  impact  process,  and  has  the

45 potential  to  identify  fracture  risks,  inform  the  development  of  safer  impact-attenuating

46 surfaces, and contribute to development of new energy-based arm fracture injury criteria and

47 tests for use in conjunction with current methods.


48

49 Keywords:  impact modeling, mass/spring/damper rheological model, energy transfer,

50 playground safety standards, arm fracture

51
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52 Introduction


53 Fractures of the distal forearm are the leading pediatric fracture and the most common

54 fall-related playground injury.1,2    When a child falls from playground equipment and impacts

55 the surface with a fully-extended arm, the mechanical properties of the impacted surface and

56 impacting hand will contribute to upper limb fracture risk.  Many countries have playground

57 impact-attenuating surface standards requiring the installation of tested surfaces beneath playFor Peer Review


58 equipment.3    Typically, these surfaces are tested for impact attenuation with a hemispherical

59 headform impactor and must meet criteria designed to reduce risk of serious head injury, i.e.

60 a Head Injury Criterion (HIC) score of <1000 or a maximum deceleration of <200 g.   The

61 standards and test methods do not specifically address risk of upper limb fracture.  While HIC

62 is  the  most  widely  used  head  injury  measurement,  it  was  developed  for  the  automotive

63 industry using adult data and cannot provide insights into injurious (and modifiable) surface

64 properties.4

65 An alternative approach to predicting injury risk from impact is to examine energy

66 flow within the impacting body and the impacted surface.5,6    When a falling body impacts a

67 surface, all its kinetic energy is converted to other forms of energy.   The amount of this

68 converted energy dissipated away from the body or returned to it (and the rate at which these

69 processes occur) will influence fracture risk.   A fracture in bone, as in any tough structural

70 material, is initiated by the application of an excessive force, but it is strain energy that causes

71 the fracture to propagate fully.7

72 Energy flows and exchanges across surfaces which might contribute to upper limb

73 injury risk have recently been examined with data from controlled laboratory tests.5,6    A 2-

74 mass rheological computer model (sometimes referred to as lumped parameter model) and

75 data  from  headform  impact  tests  onto  gymnastic  mats  were  used  to  identify  the  energy

76 characteristics of these surfaces on impact.5     This work was extended to examine human-
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77 surface interactions arising from the impact of a human body onto the mats.6   The latter study

78 assessed  the  transfer  of  energy,  by  work  and/or  heat,  during  such  an  interaction.	It  is

79 important to note that in mechanics work and heat are not forms of energy but means by

80 which energy is transferred across a specified system boundary during a specific time.8    The

81 energy approach was able to describe and quantify how energy was converted and transferred

82 between the interacting objects, and provided insights into the impact process and how injuryFor Peer Review


83 risk can be reduced.   For example, the addition of rubber underlay, as used in playgrounds,

84 beneath the gymnastic mat increased the amount of energy absorbed by the surface, reduced

85 energy transferred back to the wrist (rebound), and resulted in less strain and heat absorption

86 in the wrist, all factors associated with reduced risk of upper limb fracture.9,10

87 The study reported here sought to assess whether energy flow analysis could provide

88 insights into the impacts of children onto typical playground surfaces that were not obtainable

89 with  existing measures,  and  in  particular  whether  it  could  distinguish  potentially harmful

90 characteristics of these surfaces.   Such an analysis could inform the development of safer

91 playground  surfaces.	It  could  also  provide  a  foundation  for  the  development  of  a  new

92 energy-based injury criterion and a practical energy-based playground surface test, for use in

93 conjunction with the HIC and maximum acceleration criteria for reducing head injury,  to

94 reduce upper limb fracture risk.

95

96 Methods


97 Experimental data

98 Data were collected on-site from a range of common playground impact-attenuating

99 surfaces in Dunedin, New Zealand.   The surfaces comprised resin-bound shredded rubber


100

products, either poured in-situ (“Pour”) or installed as pre-made tiles (“Tile”), rubber turf



101

tiles with holes for grass growth, and bark chips (Table 1).  Single-mass impact tests, from a
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102

height of 1.5 m, were carried out at representative areas of each surface at each site and



103

acceleration data collected at a sampling rate of 20,000 Hz for 100 ms. The impact tester was



104

105

106

a hemispherical 4.6 kg headform (diameter 160 mm) with a uniaxial accelerometer (Sensotec JTF/F482-08) rigidly mounted at the centroid.5
The acceleration data were digitally low-pass filtered,5  and acceleration-time curves



107

obtained.   Force-displacement curves were generated from the experimental data, with force



108

109

calculated from the  measured acceleration values and displacement derived as the  second integral of the accelerations.  HIC values were calculated.11

110

Mathematical model



111

112

We have previously determined the mean stiffness and damping of a child’s wrist (54.0 kN·m-1  and 218 N·s·m-1) and shoulder (1.21 kN·m-1  and 182 N·s·m-1) by fitting to

113

114

115

experimental data obtained during the sudden impact that occurs on landing a gymnastic back handspring.6,12 Using these values and the playground surface data as input, a two-mass rheological computer simulation was used to model human-surface impact.6,13,14     The first

116

mass represented the hand and fully-extended arm of a falling child and the second mass the



117

portion of the body weight acting through the shoulder at impact; the shoulder, wrist and



118

surface were modeled by springs and dampers (as below).



119

120

121

Linear springs and linear dampers modeled the shoulder and wrist.   The impacted playground surfaces were modeled using a power spring and a power depth damper:5
F= kxn + cxnv = xn (k + cv)	(1)



122For Peer Review


where F is the impact force (N), x the impactor displacement (i.e. surface penetration) (m), n



123

124

the  power value,  k  the  spring co-efficient,  c  the  damper co-efficient, and v  the  impactor velocity  (m·s-1).	Spring  (k)  and  damper  (c)  co-efficient  values  were  estimated  for  each

125

surface by matching their simulated acceleration-time and force-displacement curves to those



126

obtained  from  the  experimental  data  using  an  iteration  routine  written  in  MATLAB®
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127

(Mathworks).12    A range of integer powers (n) were evaluated against the same data to find



128

129

the one which best modeled the impact characteristics and energy-absorbing properties of each surface.5

130

A standard fall was defined as being from 1.5 m, with mean child wrist stiffness and



131

damping, and 25% of the suspended body weight acting through the shoulder.   The transfer



132

133

of energy (by work done on the wrist and surface) occurring during the impact of the hand of a  falling child  onto  each  of  the  playground  surfaces  was analyzed  for the  standard  fall.6

134

Work on the wrist or surface is a function of the surface force and the displacement of the



135

wrist or surface.  For tile surfaces, the analyzed impacts were onto the center of the tile, i.e.



136

137

not onto joints or corners.




138


Results




139


Impact force and HIC values were calculated for the impacted surfaces.   Estimated



140

spring and damper co-efficient values for a standard fall onto each surface (Table 2) and an



141

integer power of 3, which was found to give the best fit for all playground surfaces tested,



142

were  used  to  calculate  impact  forces  (Equation  1).	The  surfaces  displayed  moderate



143

variations in maximum impact forces (Table 3).   On average, forces for bark were 9% less



144

than for turf tiles, and 7% less than for shredded rubber surfaces (excluding Tile02 which had



145

a new underlayer).  Calculated HIC values were also lowest for bark and highest for turf tiles



146For Peer Review


(Table 3).



147

Modeling of energy flow during impact and rebound identified qualitative similarities



148

between playground surfaces (Figures 1-4).   For all, the instantaneous kinetic energy of the



149

arm (T2) drops from maximum at surface contact to zero during the impact phase and is



150

briefly greater than zero again during the rebound phase.   Meanwhile, the cumulative work
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151

done on (energy absorbed by) the wrist (Ww) and the surface (Ws) reach maximum at or near



152

the end of the impact phase and reduce during the rebound phase.



153

However, quantitative differences in the work on the wrist and surface for the surfaces



154

were apparent (Table 3, Figures 1-4), with the variations between surfaces greater than seen



155

for impact forces.  Maximum work on the wrist was lowest for bark and highest for turf tiles



156

during both impact and rebound: 21% less work was done on the wrist and 103% more on the



157

surface during impact, and 27% less work was done on the wrist during rebound, for bark



158

than for turf tiles (Table 3, Figures 1 and 4).   The times taken to reach maximum work on



159

160

wrist and surface also varied between surfaces (Table 4, Figures 1-4).



161

Discussion




162


This study modeled energy flow within the wrist and surface on hand impact with



163

playground  impact-attenuating  surfaces,  and  examined  the  potential  of  this  approach  to



164

provide useful insights into safety aspects of the surfaces.  Ideally, the kinetic energy of the



165

falling  child  would  be  absorbed  by the  playground  surface  on impact  rather  than by  the



166

child’s wrist, and then be dissipated away from the child rather than returned as rebound.



167

168

The exposed surface area of a bone fracture is directly proportional to the amount of energy applied to generate the fracture.7,9   Energy returned to the body will thus influence injury risk,

169

and the amount of work done on the wrist or arm during impact and rebound are expected to



170

be important predictors of injury outcome.   The approach used here identified quite large



171For Peer Review


differences in energy flow properties, and thus risk of fracture, between surfaces with similar



172

impact   forces,   and   provided   information   on   playground   impact-attenuating   surface



173

characteristics and the impact process not otherwise available.



174

All playground surface standards and tests use HIC as a measure of head injury risk.



175

Arm injuries are not specifically addressed by this criterion, and nor are any effects that occur
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176

after the end of the impact phase.   While our analyses revealed that work and HIC values



177

followed a similar pattern (for the standard-compliant surfaces tested), the energy approach



178

allows  examination  of  the  impact  and  rebound  phases  of  an  impact  separately,  and  thus



179

identification of potential influences on injury risk arising throughout the process.   As noted



180

above, what subsequently happens to the energy absorbed by the surface during impact can



181

have a major influence on injury risk.



182

Falls onto bark resulted in less work being done on the wrist in both impact and



183

rebound, and more on the surface, than for falls onto synthetic surfaces.   Bark was also the



184

only surface tested for which work done on the wrist during impact peaked prior to when



185

work on the surface reached its maximum; work on all three synthetic surfaces peaked while



186

work was still being done on the wrist, i.e. these surfaces started to return energy to the wrist



187

while the arm was still moving downward.   Bark, however, has problems such as ongoing



188

maintenance,  and  so  rubber  products  are  sometimes  seen  as  more  cost-effective.	The



189

shredded rubber products tested here, either poured in-situ or installed as pre-made tiles, are



190

essentially  the  same  material  but  there  was  some  variation  in  their  performance.	This



191

suggests that other parameters, such as substrate material or condition, have an important role



192

in energy dissipation and should be taken into consideration.   The maximum work on the



193

wrist  during falls  onto Tile02,  for example,  which  had its  underlayer  replaced  one  week



194

before testing, was 11% less than for falls onto the other shredded rubber tiles, for both



195

impact and rebound, and the maximum work on the surface was 41% more.



196For Peer Review


What happens to the kinetic energy of a falling child when the child impacts, i.e.



197

whether it is dissipated away from or returned to the child, will influence the risk of injury.



198

Being able to measure this, therefore, should contribute to identification of injury risk.  In this



199

study,  we  used  a  previously-developed  computer  model  for  measuring  energy  flows



200

occurring on impact to analyze playground fall impacts.   Analysis of energy flow arising
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201

from the impact of a hand onto a playground surface provided additional insights into the



202

processes involved.  The amount of work done on the wrist during impact and rebound, and



203

whether the surface starts to rebound while the child’s upper limb is still moving downwards,



204

were identified as surface characteristics potentially contributing to the risk of arm fracture.



205

It  would  thus  be  beneficial  to  consider  these  parameters  during  design  and  testing  of



206

playground surfaces.  It is hoped that this study will aid future development of a criterion that



207

208

209

is a better predictor of wrist injury than HIC.
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248


Figure Legends



249

Figure 1: Energy flow for a standard fall (1.5 m) onto typical playground bark impact-



250

attenuating surfacing (Bark01).  T1: initial kinetic energy of the arm, T2: instantaneous



251

kinetic energy of the arm, Wwi: maximum work done on the wrist at impact, Wsi: maximum



252

work done on the surface at impact, Wwr: work done on the wrist at rebound, Wsr: work done



253

on the surface at rebound.  The end of the impact phase is defined as the point at which the



254

kinetic energy of the arm first reaches zero and surface displacement is maximum; the end of



255

rebound is the point at which the kinetic energy returns to zero, and has been set at 50 ms for



256

257

all surfaces.



258

Figure 2: Energy flow for a standard fall (1.5 m) onto an in-situ wet-pour rubber impact-



259

attenuating surface (Pour01).  T1: initial kinetic energy of the arm, T2: instantaneous kinetic



260

energy of the arm, Wwi: maximum work done on the wrist at impact, Wsi: maximum work



261

done on the surface at impact, Wwr: work done on the wrist at rebound, Wsr: work done on



262

the surface at rebound.  The end of the impact phase is defined as the point at which the



263

kinetic energy of the arm first reaches zero and surface displacement is maximum; the end of



264

rebound is the point at which the kinetic energy returns to zero, and has been set at 50 ms for



265

266

all surfaces.



267

Figure 3: Energy flow for a standard fall (1.5 m) onto a rubber impact-attenuating tile



268For Peer Review


(Tile01).  T1: initial kinetic energy of the arm, T2: instantaneous kinetic energy of the arm,



269

Wwi: maximum work done on the wrist at impact, Wsi: maximum work done on the surface at



270

impact, Wwr: work done on the wrist at rebound, Wsr: work done on the surface at rebound.



271

The end of the impact phase is defined as the point at which the kinetic energy of the arm

Page 13 of 19

Journal of Applied Biomechanics


13


272

first reaches zero and surface displacement is maximum; the end of rebound is the point at



273

274

which the kinetic energy returns to zero, and has been set at 50 ms for all surfaces.



275

Figure 4: Energy flow for a standard fall (1.5 m) onto a rubber turf tile with holes for grass to



276For Peer Review


grow through (Turf01).  T1: initial kinetic energy of the arm, T2: instantaneous kinetic energy



277

of the arm, Wwi: maximum work done on the wrist at impact, Wsi: maximum work done on



278

the surface at impact, Wwr: work done on the wrist at rebound, Wsr: work done on the surface



279

at rebound.  The end of the impact phase is defined as the point at which the kinetic energy of



280

the arm first reaches zero and surface displacement is maximum; the end of rebound is the



281

282

283

point at which the kinetic energy returns to zero, and has been set at 50 ms for all surfaces.



284

285
286




Table 1: Playground surfaces tested.

Tables

287	 

















288

289

290


*underlayer replaced one week before testing 
Surface 
Bark01
Description 
pelleted bark, 10 cm deep
 
Bark02 
shredded bark, 15 cm deep 

Pour01
pour-in-place rubber, 3 years old

Pour02
pour-in-place rubber, 2 months old
 
Pour03 
pour-in-place rubber, 4 years old 

Tile01 Tile02
shredded rubber tile, 1 year old shredded rubber tile, 1 year old*
 
Tile03 
shredded rubber tile, 1year old 

Turf01
turf tile, 4 years old

Turf02
turf tile, older type, age unknown

Turf03
turf tile, older type, age unknown

Turf04
turf tile, 4 years old
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291
292

Table 2: Spring (k) and damper (c) co-efficient estimates for a standard fall (1.5 m) onto playground surfaces.


	
	Surface
	Stiffness (k)
MN·m-3
	Damping (c )
MN·s·m-4

	
	Bark01
	40.4
	23.4

	
	 
	Bark02 
	31.3 
	15.0 

	
	
	Pour01
	90.8
	36.4

	
	
	Pour02
	121.9
	30.7

	
	 
	Pour03 
	85.0 
	19.1 

	
	
	Tile01
	139.1
	46.4

	
	
	Tile02
	30.2
	6.1

	
	 
	Tile03 
	103.2 
	25.2 

	
	
	Turf01
	447.9
	147.5

	
	
	Turf02
	195.0
	86.5

	
	
	Turf03
	544.4
	235.4

	
	 
	Turf04 
	488.8 
	191.2 

	293
	
	
	
	

	294
	
	
	
	



295
296
297

Table 3:  Maximum impact force (Fsur), HIC, and maximum work done on wrist and surface at impact (Wwi, Wsi) and rebound (Wwr, Wsr) for a standard fall (1.5 m) onto playground surfaces.

298	 For Peer Review


	
	Surface
	Fsur (N)
	HIC
	Wwi
	Wsi
	Wwr
	Wsr

	
	Bark01
	1471
	382
	28.24
	19.43
	16.76
	14.47

	
	Bark02
	1461
	371
	27.65
	20.37
	16.37
	14.76

	
	Pour01
	1545
	594
	31.46
	14.91
	18.33
	9.41

	
	Pour02
	1586
	756
	33.17
	12.85
	19.25
	7.01

	
	Pour03
	1573
	529
	32.36
	14.05
	18.63
	7.58

	
	Tile01
	1580
	621
	33.05
	12.87
	19.28
	7.52

	
	Tile02
	1511
	421
	29.21
	18.58
	16.74
	10.51

	
	Tile03
	1579
	547
	32.76
	13.43
	18.95
	7.32

	
	Turf01
	1631
	1047
	35.96
	9.09
	21.47
	5.05

	
	Turf02
	1582
	760
	33.45
	12.15
	19.70
	7.53

	
	Turf03
	1629
	1088
	36.00
	8.96
	21.57
	5.30

	
	Turf04
	1628
	907
	35.91
	9.10
	21.47
	5.26

	299
	
	
	
	
	
	
	

	300
	
	
	
	
	
	
	

	301
	
	
	
	
	
	
	

	302
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303
304

Table 4:  Time to maximum work on wrist (Wwi) and surface (Wsi) at impact for a standard fall (1.5 m) onto playground surfaces.

305	 


Surface		Time to maximum (msec) For Peer Review



	
	 
	
Bark01
	Wwi 
19
	Wsi 
21

	
	
	Bark02
	20
	21

	
	
	Pour01
	18
	17

	
	
	Pour02
	17
	15

	
	
	Pour03
	18
	15

	
	
	Tile01
	17
	15

	
	
	Tile02
	21
	18

	
	
	Tile03
	18
	15

	
	
	Turf01
	15
	12

	
	
	Turf02
	16
	15

	
	
	Turf03
	15
	12

	
	 
	Turf04 
	15 
	12 

	306
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