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ABSTRACT 

Body protectors are intended to reduce the risk of soft tissue and spinal injuries to horse riders. 
Simple tests of current products between flat rigid anvils show that they are too thin to be 
effcctive in preventing soft tissue injuries. Assessment of the protection of the spine is more 
difficult because of its flexibility. Initial tests between a hemispherical strikcr and a rigid flat 
support give a different ranking of the designs than a test in which the back protector is 
mounted on a flexible spine. The best protection is given when there is a plastic skin of high 
bending stiffness over the foam layer; however this design may restrict thc mobility of the rider 
to an unacceptable degree. Further development of the products is neccssary. 

1 INTRODUCTION 

The need for back or body protectors for horse riders has been discussed at a meeting on 
"Equestrian Safety" in London in November 1988, held by the British Horse Society. At this 
meeting the injuries were described (broken ribs, damage to the kidneys, liver and other soft 
organs, and spinal injuries). lt was discussed whether a British Standard could be developed in 
the same way the one for riding helmets, but this was felt to be premature because there was 
no consensus over the design criteria for such garments. In May 1989 the journal "Horse and 
Hound" had a special issue on body protectors( l ). At that date the Jockey Club, and the British 
Horse Society both rccommended particular makes of body protcctors for use in competitive 
events. However no reasons were given why certain makes were recommended and others not. 
Given this confusion it seemed worthwhile to carry out some research on the protective 
performance of the existing gannents. 

Severe spinal injuries are quite common in riding accidents; of 237 patients seen at a 
Cambridge accident department there were 1 cervical and 4 lumbar spinal fractures (2). A 
Berkshire study of accidents in 1984 showed 10 spinal injuries, and 2 lumbar fractures 
causing partial paralysis, among 59 amateur riders, compared with only 2 spinal injuries 
among jockeys. A West Midlands survey(4) of 1000 injuried riders in 1986 showed that 10% 
of the 1554 injuries were spinal (10 cervical 10 dorsal and 17 lumbar fracturcs, 56 neck 
strains, the rest soft tissue injuries), 9% were ehest and abdominal injuries (32 rib fracture(s), 
5 kidney rupture, 4 spleen rupture, 5 liver rupture, 1 heart rupture and 90 bruising). In this 
survey less than 5% of the riders wore a body protector. Of the mechanisms of injury 29% 
involved jumping, 23% a fall, 14% the horse rearing, 10% a kick, 8% a vehicle, and 6% being 
crushed by the horse. 

2 INJURY MECHANISMS 

Before any test methods can be proposed the nature of the injuries and the mechanisms that 
cause them must be established. A division into soft tissue and spinal injuries can conveniently 
be made. 
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2.1 Soft tissue injuries 

If a horse ridcr has a minor accident in which he/shc falls vertically through 2 metres, with no 
forward component of velocity, the impact velocity with the ground is 6.26 m/s. Fig 1 shows 
the dynamic force - deflection charactarictic of cadaver chests; for deflections in excess of 20 
mm the force required can be estimated as 3 ± 1 kN. The 'Viscous Criterion' has been 
proposed(5) as a means of assessing the probability of injuries of soft tissue in the ehest. lt is 
stated that such injuries are likely if the product of the instantaneous velocity V of the surface of 
the body and the compressive strain C of the ehest cavity exceeds 1 m/s. 
A calcularion for a torso of mass 28 kg and ehest thickness 250 mm that defonns at a constant 
force of 3 kN when it impacts a flat rigid surfaee at 6.26 m/s shows that the product VC 
reaches a maximum value of 1 .55 m/s when the compressive deflection is 1 15 mm. Hence the 
criterion prediets that some body proteetor is neeessary to prevent a ehest injury. If the impact 
velocity is redueed to 5 m/s then the predieted peak VC is 0.9 m/s at a ehest defleetion of 80 
mm. The subsequent peak ehest defleetion is 1 15 mm whieh should be compared with the 
typieal thickness of body protector products of 10 mm. 

4 

2 0  40 6 0  8 0  
Thoracic Deformat ion (mm) 

Fig 1 .  Dynamic force - deflection eharaetaristics of the human ehest, derived from USCD 
cadaver data. 

2.2 Spinal injuries 

If a rider is thrown from a horse and hits rough ground or a wooden obstaele used in 
'eventing', or is kicked while on the ground, then there ean be loealised impacts to his/her 
spine. Apart from the localised force on the vertebra(e) there will also be shear and bending 
forees on the spine, and these can be analysed as for other engineering beams. Riding back 
injuries range in severity from quadraplegia due to spinal column damage, through damage to 
the spinal processes to muscular sprains. A review of spinal injuries (6) states that 'few srudies 
have been conducted to determine the shear forces for cervical injury' and only quotes data for 
experiments on monkeys. For these, forces in the range 1 to 2 kN produee failurcs respectively 
of the odontoid and of the C2-C3 endplate. If cervical vertebrae are isolated from the human 
spine and loaded axially in compression, the failure forces are in the range 3 to 5 kN (7). 
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3 BODY PROTECTORS A V AILABLE 

3.1 Construction 

skin 

foam 

foam 
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Fig 2.The cross section of two types of back protector a) Porter, b) Barber prototype, 
c) the foam locations in the front and rear of the Ransome body protector 

b 

c 

Figure 2 shows the construction of the common types of body and back protector. In the 
fonner there is protective foam covering most of the exposed area of the back and ehest, and 
there may be a strip of protective solid plastic 'skin' covering the spine. This foam is held in 
place in pockets in a zipped up gannent, often with a crutch strap between the legs to prevent 
it riding up in use. In the latter there is only coverage of the spine and thc lower part of the 
back; because the foam is thicker and therefore less easily bent the back protectors do not cover 
the shoulder blades, because to do so would restrict movement. Table 1 gives the 
constructional detail of the body protectors tested. Tue ones listed as being made by Porter are 
experimental constructions related to a commercial product. The thrce picces of information 
given under each entry in the table are the thickness of the material in mm, the density of the 
material in kg!m3, and the abbreviation for the plastic used. Thus LDPE is low density 
polyethylenc, HDPE is high density polycthylene, ABS is acrylonitrile butadiene styrene 
copolymer, PU is polyurethane, PVC is poly vinyl chloride, and PP is polypropylenc.The last 
entry in table 1 is a prototypc made by Mr Barber, an orthopaedic surgeon, using materials 
normally employed to make surgical braces for thc neck. 
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Table 1 Construction Materials and Dimensions 

Type Make Main foam Spinal strip foam Spinal strip skin 

Body Air o Wcar 6/ 40/ LDPE nonc nonc 

Body Ransome 10/ 40/ LDPE lOl 40/ LDPE 1/ 1400/ PVC 

Back Poner A 4/ 175/ HDPE 5/ '30/ LDPE l .5/ 9(J)/ HDPE 
+5/40/ LDPE 

Back Poner B 5/ 100/ HDPE 5/ '30/ LDPE l .5/ 9(J)/ HDPE 
+ 10/ 40/ LDPE 

Back Poner D 8/ 100/ HDPE 5/ '30/ LDPE 1.5/ 9(J)/ HDPE 
+8/ 40/ LDPE 

Back Barbcr 10/ 4-0/ PU nonc 5/ 900/ PP 
prototype 

3.2 �ment of the solid skin materials 

lf the solid skin covering the spine of the wcarer is to be of any benefit then it must distribute 
the impact forces over an arca of more than one venebra. Assuming that the impact is with a 
blunt object then the skin will not be cut, and force rcdistribution will occur if the skin has 
adequate bending stiffncss. lt thcrcforc plays thc samc rolc as thc shell of a protcctivc hclmct. 
In contrast with a helmet shell the body protector skin does not have doubly positive curvarurc 
(this is inherently stiff and requircs a high force for the spherical shape to 'pop-in'); it is flat in 
the horizontal plane and only slightly curved in the vertical plane to follow the shape of the 
spine. Theref orc the longitudinal bending stiffness of the skin of width w is given by 

3 

EI = 
Ewt 

(1)  
12  

where E is the Y oungs modulus of the material , 1 is the sccond moment of arca of the beam, 
and t is the thickness. For the Poncr A product in Table 1 the values arc t = 1.5 mm, w = 80 
mm and E = 1 .0 GN/m2, so the bending stiffness is 0.022 Nm2 . Although the skin is stuck 
on the surface of a layer of up to 20 mm of foam the Youngs modulus of this foam is so low 
that the neutral axis of thc 'skin + foam' compositc beam is still closc to the centre of the skin, 
so therc is no large incrcase in bending stiffness. Conscquently the bending stiffness of this 
type of product is low. 

Tue only back protector with adcquate bending stiffness in its skin dcsign was the prototypc 
made by Mr Barber, who uscd a 5 mm layer of polypropylene moulded into a V shape in its 
horizontal scction. This incrcascs the 1 value of thc beam dramatically (fig 2b); the cquivalcnt 
values for the rectangular cross-scction beam of the same bending stiffncss arc w = 15 mm and 
t = 120 mm, so using cquation (1)  with E = 1.0 GNm-2 gives a bending stiffness EI = 1660 
Nm2. Although the buckling of the sides of the skin will reduce this value whcn high forces are 
applied, it is clear that this design has a high bending stiffness, and this may make its load 
spreading capability much higher than the other products. 
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3.3 Assessment of the plastic foam layers 

Plastic foams have bcen assessed for use in riding helmets (8). In this the impact stress strain 
curves were integrated up to the point where the stress excceded a value of 2.5 MNm-2. This 
gave a value of the energy density absorbcd by unit volume of foam bcfore the local stresscs on 
the skull were enough to cause head injury. Tbc same principlc can bc uscd to asscss thc 
foams in body protectors, but the maximum stress levcl should bc adjusted to allow for thc 
different injury mechanisms. Thcre is a further problem with somc of thesc foams in that their 
structure can be temporarily or pennanently damaged by thc first impact. W c have studied the 
change in the impact properties of HDPE foams of dcnsity bctwcen 73 and 98 kg!m3 for 
impacts with and without intervening recovcry periods(9). This showed that thc uscful cnergy 
density in a second impact might bc only 60% of that in thc first impact Recovery for a weck 
at 200 C would mean that the second impact could absorb 75% of thc first impact energy 
density without exceeding a critical stress level. Tbc softer LDPE and PU foams of tablc 1 are 
better at recovering rapidly becausc thcir ccll walls arc less rigid. 

Figure 3 shows the impact stress- strain curves of onc of thc softer foams suitablc for gencral 
use in body protectors. Although thc strcss is in the range 0 to 0.5 MNm-2 for strains up to 
60% there is a rapid rise at strains of thc order of 80%. At this strain the gas in thc closcd cells 
has been compressed adiabatically to about 17% of its original volume and the intcrnal gas 
pressure is at least 0.6 MNm-2. Tbc thcory of the stress strain curvcs of such foams is quite 
weil understood(l 0), and it shows that it is impossible to havc a constant compressive yield 
stress because the cell gas pressure contributes too much to the total strcss. 
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Fig 3. Impact stress strain data for a soft LDPE foam used in body protectors. 
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4 SIMPLE IMPACT TESTS FOR PRODUCT ASSESSMENT 

4.1 Falls on to a flat surface 

Considcr a fall where a rider's back or ehest hits a soft surfacc such as a grassy ficld. Figurc 4 
shows that thcrc are at least thrcc dcfonnablc clemcnts in a simple mechanical modcl of the 
impact In thc simplest approximation incrtial and viscoelastic cffccts in thc ehest �ill. bc 
ignored. W c need somc information about thc impact propcrtics of thc ground surfacc; a �tcd 
amount was generated in connection with helmct impacts(8). This showed that deformanons of 
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10 to 20 mm could occur on soft ground. The relative deflections of the three elements under 
the same load will give us a guide to the relative amounts of energy that they absorb. Typical 
body protectors contain plastic foam that is 5 to 20 mm thick. lf the foam is of the correct 
compressive strength then it will defonn by up to 80% before the stress becomes too high. 
Therefore the deflecrion of the bcxiy protector can be up to 1 6  mm. 

ehest 

protector 

Fig 4. Deformation of the ehest, body protector and ground, in a fall onto a flat field. 

The simplest method for evaluating body protectors is to support them on a rigid flat surface, 
and to impact them with a flat steel stri.ker. In this test the energy absorption of the body 
protector alone is measured; the contriburions from the ehest and the ground can then be added 
to estimate the overall protection level. Figure 1 shows that the ehest defonns at a force of 
about 3 kN when struck on the front. Taking the contact area on the body protector as 
approximately 100 x 1 50 mm means that there is an average compressive stress of 0.2 
MNm-2. Unless the body protector absorbs energy at or about this stress level, it will survive 
the impact undeformed while the ribs fracture and/or soft tissue injuries occur. Therefore the 
front of body protectors were impacted between flat steel plates and the energy absorption in 
Joules up to a Stress of 0.2 MNm-2 was measured. For the back protectors the impact was on 
an area away from the spinal strip, except in the case of the Porter D product where there was 
not room to do this. 

The target energy value was assessed as follows:- If the torso has a mass of 28 kg and falls 2 
metres its k:inetic energy is 560 J. To avoid a risk of a serious ehest injury the product VC of 
the Viscous Criterion should be less than 1 rn/s ; the calculation in section 2. 1 shows that this 
occurs if the impact velocity could be reduced to 5 m/s , an impact energy of 350 J. Therefore 
if the body protector can absorb 2 10 Joules at a compressivc strcss level less than 0.2 MNm-2, 
ie before the ehest deforms significantly, then it should reducc injury in this accident scenario. 
For hard ground the energy absorbed by the ground can be neglected. 

The test area of 100 x 100 mm is 2!3 of the estimated torso contact area, so the test specimen 
should absorb 2/3 of the 2 1 0  J estimated above. Table 2 shows that the commercial body 
protectors do not begin to approach the targct of - 140 J in the test. The Porter products are 
back protectors or prototypes thereof, but are included to show the effect of larger thicknesses 
of foam - low density polyethylenc foam of density about 40 kglm3. The tests uscd a d.rop 
height of 1 m which was more than enough to crush the foam fully. 
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Table 2 Impacts on body protectors between 
nat steel surfaces of area 0.01 m2 

soft foam Energy input Deflection 
Name thickn� at 0.2 MNm·2 at 0.2 MNm·2 

mm J mm 

Air o Wear 6 4.1 6 

Ransome 10 6.3 6 

Poner A 5 2.7 3 

Poner B 10 6.6 6 

Porter n 1 3  8.8 9 

The reason for only quoting the soft foam thickncss in the tablc is that thc dense HDPE foam in 
the Porter products will not yield at such a low stress as 0.2 MNm-2. Tbc cnergy valucs 
provide a ranking of the body protectors, but nonc offcrs morc than a low lcvcl of protection in 
a fall which is not broken by prior ann contact etc. As a graph of thc cncrgy input versus soft 
foam thickness from table 2 has a slope of 65 J per 100 mm thickness of foam, it can be 
estimated that a total thickness of 215 mm of soft foam is required to give adequate protection! 
lt is obviously impractical to wear this amount of foam. 

4.2 Protection f or the spine against a localised impact 

The test used was a hemispherical steel strikcr with a radius of 50 mm falling onto the 
part of the body protector that covers the spine, which rested on a fixcd flat steel plate. The 
striker has a kinetic energy of 25 Joules, and it tests thc ability of thc thermoplastic skin of the 
protector to distribute a localiscd forcc, and thc dcnser foam to absorb energy. Table 3 gives 
the results. The area under the forcc deflection graphs likc fig 5 whilc thc deflection is 
increasing is equal to the cnergy input in Joules.This area was calculated for force limits of 2 
kN and 5 kN, as thesc arc of thc samc order as those rcquircd to damagc a venebrae or 
dislocate the spine, and the results given in tablc 3 . For thc Ransome protector in fig 5 the 
force rises very rapidly once the deflection is appoximately equal to thc thickness of the 
foam(which must then be fully compressed) so the energy input levcl to obtain a force of 5 kN 
is little greater than that needed to produce a 2 kN f orce. 

None of the energy levcls in table 3 arc largc; thc energy of a horse kick has been 
estimated as being at least 400 Joules. Consequently the protection level afforded by these 
garments is low. A funher concern is that the comparative energy lcvels in table 3 may be 
wrong because the flexibility of the spine has been neglectcd. This could mean that thc wrong 
type of designs could be recommended to riders. A more realistic type of test is examined in 
the next section. 
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Fig 5. Force - deflection graph for a hemispherical striker impacting thc spinc rcgion of 2 
types of back protector 

Table 3 25 Joules hemispherical impacts onto spine area 
of body protectors supported on a flat steel plate 

skin thickness Hard/soft foam Input energy J 
Name mm thickness mm for force of 

2 kN S kN 

Airo Wear -/12 6 

Ransomc 1 .0 -/18 9 1 2  

Porter A 1 .5  5110 15  1 8  

Porter B 1 .5 5/10 1 2  

Porter D 1 .5 8/13 14 

Barber 5.0 - 1 10 1 1  
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S SPINAL DAMAGE ASSESSMENT TESTS 

5.1 Development of the test method 

The drawbacks with the previously described simple test methods are twofold 

a) the use of a fixed anvil to represent the back 

For some Newtonian. mechanics problems there are analyses that allow the comparison 
between tests carried out using a fixed (or infinite mass) target, and the real life situation of a 
movable finite mass target. For instance in the development of British Standards for motorcycle 
helmets there has been a progression from a fixed headform tcst in BS200 1 : 1960 to a 
"swingaway " test in BS 2495:1977 (neither is in use now). To allow comparison bctween the 
kinetic energies at impact in the two types of tcst the concept of thc "cquivalent impact energy" 
was introduced. For a two body impact problem this is defined as 

F.quivalent impact energy E = energy input to thc helmet up to the time whcn thc masses 
M5 and Mh have a common velocity 

where M1 is the mass of the striker and Mh is the mass of the headf onn that is free to move. 
The equivalent impact energy is cqual to the striker kinetic encrgy in a fixed headform rig, and 
the energy input to the helmct is this value when the striker velocity is uro. When the striker 
and headform have a common velocity, thc crushing of the helmet foam has a maximum value. 
If thc mass of the helmct is ignored, then thc cquivalent impact energy is 

E = Msv!( � ) 
21 M.+ � 

(2) 

When we apply this concept to impacts on the spine, Mh is rcplaced by some mass associated 
with the spine. The vertebrae are linlced so therc is a rclationship betwccn the velocitics of 
neighbouring vertebrae. A simple way to dcal with this is to use the "effcctive mass" conccpt; 
in this thc spine is rcplaced by a single lumpcd mass ML undcr thc impact poinl This mass has 
the samc momentum at a velocity V as the sum of thc momcnta of thc vcrtebrae in a segmentcd 
spine. Although it is difficult to obtain an accuratc cstimatc of ML it is possible to use fixed 
anvil tcsts to rcprcscnt impacts on thc back, with cquation (2) used to calculatc the cquivalcnt 
impact cncrgy, and with ML rcplacing Mh. 

b) use of a rigid rather than a nexible spine 

Changes in thc geometry of thc spinc during thc impact will havc a major cff cct on thc load 
distribution cffectivencss of a back protcctor, if its bending stiffness is comparable or larger 
than that of the spine. Thcrcf ore it was dccided to build a morc realistic tcst rig to sec thc cff cct 
of spine flexibility. 

5.2 Flexible spine test metbod 

Figurc 6 shows thc dctails of the test cquipmcnt. Thc intcntion is to measurc thc impact forccs 
on individual vertcbrae, using piczoclcctric film pressurc ttansduccrs affixed to thc top surf aces 
of the aluminium blocks that simulatc thc vcncbrac. To avoid cxccssivc complcxity the l 75g 
aluminium blocks (25 x SO x SO mm) are articulatcd using pin joints so thc 'spinc' can bend in 
onc plane only. Thc suppon was dcsigned to havc thc same ordcr of clastic stiffncss as the 
cadaver chcsts in figurc l ,  viz 200 N/mm. This was achcived by using 100 mm of artificial 
playing surfacc consisting of bonded rubbcr crumb . 
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Fig 6. The flexible spine test rig for measuring the force distribution by back protcctors. 

The 5 kg cylindrical steel striker of radius 50 mm is aligned with the central of the five 
'vertebrae'. Its impact energy is 50 Joules. The dimensions of the PVDF transducers at 12  by 
30 mm means that thcy only cover 29% of thc surfacc arca of thc Aluminium block ,to which 
they are fixed by double sidcd adhesivc tapc so thcy cannot bend. Impact calibration of the 
transducers was done under conditions whcrc therc is a uniform prcssurc on thc top surfacc of 
the block. U nf onunately with thc cylindrical striker there can be a higher prcssurc at the centrc 
of the middle block (wherc the transducer is) than at the sides, so absolute force mcasurements 
become impossible. Thcrc is also the problem of spurious signals (due to the flexing of the 
leads?), noticeable when apparently negative forces sometimes occur on thc outermost 
transducer. Table 4 gives the results of the tests. 

Table 4 SO Joules cylindrical striker impacts onto spine area of body 
protectors supported on the flexible spine + 100 mm of rubber crumb 

Maximum force (N) me.,sured on 

Striker Vertebra 1 Vertebra 2 Vertebra 3 

Ransome 2500 -5000 0 0 

Porter A 2300 -4200 170 400 
Porter D 2200 3200 170 100 

Barber 2200 -5000 650 950 
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The output of the central 'Vertebra l '  transducer was clippcd by the voltage limit of the 
transient rccorder in several cases. The load spreading ability of the back protector is rcvealed 
by the magnitudc of the Cortes on the neighbouring vertebrae 2 and 3. Table 4 shows that thesc 
arc negligible compared with the 'noise' level of -200 N, except for the Barbcr back protector. 
The Porter D product differs from the A product in having a spinal rcinforcement strip that is 
170 mm wide instead of 90 mm, but this makes no significant improvemcnt to the force 
spreading ability. For thc Barber prototype, which was calculated in section 3.2 to have a high 
bcnding stiffness, the proportion of the total force taken by the 4 neighbouring vertebrac could 
bc as high as 50% allowing for thc measurcment problems. 

6 DISCUSSION 

Tests on body protectors, for a fall onto a flat surface, show that the level of energy absorbed 
safely in them is less than 10% of thc 140 Joules estimated to bc nccdcd to kccp the viscous 
criterion less than 1 rn/s for a fall from 2 mctres. Although this docs not prove that these 
products arc of little protective value, it does mean that they should bc critically evaluated from 
accident statistics. Since their usc is now mandatory in certain types of compctitive cquestrian 
sport, comparison of accident figures will have to bc made bctwccn years bcfore they were 
wom, and currcnt figures. 

The tests on the spine protection ability of back protectors give different rankings if these 
products are tested on a flexible 'spine'(where the stiff-skinned Barber prototype is best) or if 
they are tested on a rigid flat support (where the Porter products that have thicker densc foam 
but a thinner skin arc best). This suggests that the fonner morc realistic tcst mcthod is essential 
if misleading comparisons arc not to bc made. The spine can bcnd significantly during an 
impact bccause of the compressibility of the thoracic cavity, and therefore the skin of a back 
protector undergoes high bending deformation. The tests show that the protective skin of 
typical commercial products is far too flexible to contributc to load spreading along the spine. A 
radical re-design is necessary to acheive a.dcquate protection against a locally applicd impact on 
the spine. 

The choice of PVDF film force tranducers for the flexible spine test rig was with hindsight a 
mistake. Both this type of transducer ( 1 1) and the morc expensive but much morc accuratc 
quartz crystal force cells ( 1 2) have bcen used for measuring the force distribution on rigid 
aluminium dummy faces. As the spine model can make large movements, it is feit that the 
errors due to moving leads arc unacceptably large. Quartz load cells would be bettcr. 

There arc important ergonomic f actors that will decide whether any design of back or body 
protector is acceptable for use. lt must bc possible to control the horsc, and this mcans that the 
mobility of the rider must not bc unduly restricted. All thesc garmcnts also act as thermal 
insulation for the rider, and in the case of racing their weight must also bc considered. 
Therefore the best that can be expected of laboratory tcsts at the momcnt is that they could label 
products with some energy level, reprcsenting the estimatcd protection in certain typcs of 
accident. lf such labelled garmcnts could bc wom in compctitions for a couple of years, and the 
injury pattems correlated with the marked energy levels, then the bcnefits of wearing such 
garments could be asscssed. Until such an exercisc is carried out, it will be impossible to put 
forward a National Standard for the testing of body protectors. 

7 CONCLUSIONS 

lt has becn shown that some simple tests can be uscd to evaluatc back protectors; for falls onto 
flat surf aces a simple impact test on to a rigid flat surface is adcquatc, but to evaluatc spine 
protcctors requires a scgmcnted 'spine' on a compliant support. Currently available products 
arc shown to be of limitcd protective value. 
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