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Mini Abstract
Shock-absorbing flooring is one potential solution to prevent fall-related injuries. No standards
exist to characterise shock-absorbing healthcare flooring. This study explores two mechanical
tests for impact force reduction and horizontal force required to move wheeled objects. An
appropriately designed rubber underlay can reduce peak impact by 25% compared to 1% with
standard vinyl.

Abstract
Purpose
Severe falls often occur in hospitals and care homes. Shock-absorbing flooring is one potential
solution to prevent fall-related injuries; however, no standards exist for characterising flooring
as an injury prevention measure. Shock-absorbing flooring use in high risk settings may
influence both patients (injury-saving potential) and staff (manoeuvring equipment). We aimed
to explore two tests to characterise floors, to determine shock-absorbency and horizontal
pulling force required to move wheeled objects.
Methods
Mechanical testing was performed according to the Canadian Standards Association Z325
Hip Protectors document. This test was developed for hip protectors but is applicable to
compliant surfaces that form part of the floor. Tests were performed on commercially available
floor materials (suitable for care settings) to assess the force required to initiate movement of
a wheeled object across the floor. We explored the relationships between horizontal force
required to pull wheeled objects, impact force, floor thickness and core material.
Results
Considerable differences were identified between floor samples in their ability to reduce the
peak impact force (range 0.7 – 25 %). A peak force reduction of up to 25 % can be achieved
with a specially designed rubber underlay. Horizontal pulling force increased with floor
thickness but was lower for rubber floors. There was no direct relationship between impact
attenuation and horizontal pulling force. Whilst thickness and core material explain some
variation (66.5 % for wheel movement; 82.3 % for impact), other unmeasured factors clearly
influence floor performance.
Conclusions
These results can inform the development of flooring and the establishment of standards
needed to underpin practice, research, and development in this field.
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1. Introduction
Falls and fall-related injuries are a high-impact, high cost public health concern and are the
second leading cause of accidental or unintentional injury deaths worldwide [1].Older adults
are at greater risk of both falls and fall-related injury [2][3][4], with fragility fractures carrying a
high risk of nursing home admission [5], and increased mortality [6]. The impact of falls is
compounded in those with osteoporosis, particularly women, who are more susceptible to
osteoporosis post-menopause. Osteoporosis is estimated to affect 200 million women
worldwide, with 1 in 3 women (and 1 in 5 men) over the age of 50 experiencing an osteoporotic
fracture in their lifetime [7][8][9]. Hip fractures are one of the most common fragility fractures
in elderly populations, accounting for 1.8 million hospital bed days and £1.1 billion in hospital
costs every year in the United Kingdom, excluding the high cost of social care [10][11].
Examples of associated healthcare costs for hip fractures internationally are estimated to be
$34 billion in the United States [11], with the economic burden of both incident and prior fragility
fractures estimated at €37 billion in the European Union [12]. Each injurious inpatient fall in
Australia is associated with an estimated additional AUD$4,727 of hospitalisation costs
compared to a non-injurious fall, and there have been calls for prevention efforts to target the
most severe falls [13].
Wearable hip protectors aim to reduce peak force at the proximal femur upon impact. Their
effectiveness to date has been questionable, largely due to issues of practicality, user
compliance and comfort [14]. However, a recent retrospective cohort study reported an
approximate 3-fold reduction in the risk of hip fractures during falls protected by a hip
protector versus unprotected falls, for individuals at fourteen long term care centres [15].
Hip protectors were worn in 2,108 of 3,520 cases (60%), where patients recorded falls.
Furthermore, osteoporosis can lead to fall-related fragility fractures in other skeletal locations,
such as the spine and wrist. Fall-related traumatic brain injuries are another common and
serious type of fall-related injury whose incidence is increasing over time. Schonnop et al.,
reported 37% of falls in long-term care residents involve head impact, usually onto a vinyl or
linoleum floor [16]. An alternative method for preventing fall-related injuries which may help to
avoid these problems could be the use of shock absorbing flooring [17].
The use of flooring for injury prevention in healthcare settings is an emerging field of study;
research of clinical effectiveness to date has mixed indications and remains largely
inconclusive with a focus on only a few select products [17][18][19]. To help resolve these
uncertainties, a systematic review of clinical and economic evidence is currently underway
[20]. A fundamental challenge for the field, particularly with regard to hospital settings, is
identifying a suitable flooring product, which has sufficient shock absorbency to reduce the
impact from a fall, and which simultaneously maintains an ‘ecological fitness’ for clinical use,
in terms of installation, cleanliness, durability, and practicality (e.g. for pushing and pulling
wheeled objects across it). It is also necessary to ensure that floor surfaces are not only
effective in attenuating impact force during a fall, but also minimise potential impairments in
balance and mobility. Previous studies investigating low stiffness floors have found that some
novel shock-absorbing floors attenuate femoral impact force by up to 50%, without significantly
impairing mobility and balance control responses, compared to simple foam surfaces which
can alter gait mechanics, and decrease the quality of sensory inputs provided by the
proprioceptive and pressure receptors in the ankle and foot [21][22][23].
Biomechanical testing methods of shock-absorbing flooring vary considerably in the literature
and involve either a pendulum design system, pelvis release experiments, an impact
transducer dropped
through
a
plastic
tube
or a drop
impact tower
[23][24][25][26][27][28][29][30]. The conditions under which these methods are conducted
(e.g. human subjects, surrogate pelvis/hip/head form, effective mass, impact velocity, etc) also
differ, making objective comparison difficult. Whilst novel shock-absorbing floors are
potentially a biomechanically effective strategy for reducing fall-related injuries, there is an
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urgent need for clear guidelines as to how manufacturers should test their product, causing
various test methods to be used.
Recently, the Canadian Standards Association (CSA) have written the first edition of CSA
Z325 Hip Protectors (which supersedes EXP-08-17 Express Document), to standardise a test
method of force attenuation of hip protectors [31]. Whilst the proposed testing method is
written in the context of hip protector assessment, here we have used it as a novel basis for
comparing flooring products, with a view to extending further standardization to this field. A
hospital-based pilot study of shock-absorbing flooring for fall-related injury prevention
indicated that the intervention has promising features with regards to potential for injury
prevention (yet to be verified by a definitive trial) [32]; however, adverse effects may be present
for staff having to wheel heavy objects across the floor, with risk particularly increased in
instances where staff are handling equipment in isolation [33][34][35]. There is an important
assessment to be made therefore, when selecting a shock-absorbing flooring product, to
understand the potential trade-off between impact force reduction and horizontal pulling force
required to move wheeled objects.
This study explored the use of two mechanical tests of floor surfaces to determine the
protection they offer in the event of a fall, and the force required to move a heavy piece of
equipment such as a hospital bed on the floor. We tested commercially available floor
materials that conform to current safety standards. The aims of this study were: (a) to assess
the force attenuation of different types of flooring products; (b) to investigate the horizontal
force required to move wheeled equipment over different types of flooring products; (c) to
investigate the relationships between horizontal pulling force, impact force, floor thickness and
core material; (d) to consider the implications of these findings with respect to selecting
products for use in hospitals, care homes or personal use for older adults and whether flooring
is a possible alternative to hip protectors.
The study was commissioned by the Health and Safety Executive (HSE, Buxton, UK) in order
to provide an independent evaluation of possible floor surfaces. It was therefore necessary to
anonymise the floor materials so as not to provide a commercial advantage to manufacturers,
and thus we have not identified the suppliers in this paper. Details of the construction of each
floor and the materials used are given below.

2. Materials and Methods
2.1 Flooring Samples
The HSE compiled fourteen different flooring samples from five suppliers for testing. The
sample range included vinyl and rubber flooring, with some comprising a shock-absorbing
foam backing of varying thicknesses (Table 1). Two of the samples were underlays (rather
than a complete flooring system) and were combined with overlays for testing. Sample
thicknesses (which sometimes vary from nominal thickness data quoted by manufacturers),
ranging from 2 mm to 25 mm (median=7.0 mm), were measured by punching a hole through
the sample and using a calibrated gauge to measure the depth of the hole (thus avoiding
atypical readings which can be obtained from sample edges). A caliper was then used to
measure the thickness of the individual layers of each floor (Table 1). We used the same
flooring samples for both the impact and wheel movement testing procedures.
We have broadly categorised the floor samples as ‘standard vinyl’ (i.e. resilient sheet flooring,
not designed for shock-absorbency), ‘foam-backed’ or ‘rubber-backed’ vinyl (typically these
are sold as sports floors, or acoustic/sound-insulating flooring), and ‘novelty health floors’ (i.e.
something that has been specifically designed for use in care settings as a shock-absorbency
measure). It should be noted that within the broad categories (for example ‘foam-backed vinyl’)
floor samples differed in more subtle characteristics (such as in material densities, layering
techniques, and surface finishes). Products have been assigned a code to maintain
confidentiality.
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2.2 Impact testing
The test set-up for the mechanical impact of the flooring has previously been described in an
existing study by Keenan et al [36]. A simplified version of the method is given below, but
further details can be found in the previous study.
2.2.1 Test Rig
Mechanical impact testing was performed according to the CSA Z325 Hip Protectors
Documentation: where a mass of 28.0 kg is released vertically at a velocity of 3.2m/s onto the
soft tissue simulant [31]. A drop tower impact system was used to impact the femur form during
a simulated fall (Figure 1). A load cell and oscilloscope were used to measure the peak force
at the proximal femur. The temperature was recorded as 19.0 ± 1.0 °C throughout the test
period. Note that the floor samples were not conditioned in a chamber, but testing was carried
out in the same environment. Furthermore, it is important to note, that the drop tower impact
system is designed to measure the peak compressive force applied to the proximal femur, as
opposed to bending and torsional moments and shear forces.
2.2.1.1 Drop weight assembly
In the present study, an Instron Dynatup 9250HV (Instron, High Wycombe, UK) was used.
The total mass of the drop weight assembly was 28.05 kg, where the heavy crosshead
weighed 16.03 kg, the spring assembly 3.14 kg, and a series of weights, which slotted into the
crosshead assembly, 8.88 kg. A velocity measurement system was not possible with the
current test rig, and as such the vertical velocity of the drop weight at the point of impact with
the floor was not measured.
2.2.1.2 Impact plate
The impact plate was made of carbon fibre and measured 230 x 180 x 70 mm. The impact
plate was regularly inspected for visual signs of damage. The impact plate remained
unchanged for the duration of the testing period. The floor samples were cut to a size of 160
mm x 160 mm and affixed to the rigid impact plate at the lower end of the spring using doublesided tape. This ensured the floor replicated a flat surface and as such differs to the Standard
recommendations where a hip protector is positioned over the soft tissue covering.
2.2.1.3 Anatomical femur form and soft tissue covering
The femur form was constructed from aluminium and made by the mechanical workshop at
Cardiff University. The piezoelectric load cell was screwed to the femur form and the base
plate, which in turn is rigidly bolted to the base of the machine. For stability, the distal end of
the femur is supported by a roller, which acts as a hinge (Figure 1).
The silicone soft tissue simulant covering the aluminium femur form was made using Jacobson
Chemicals RTV (room-temperature-vulcanizing) C204 silicone rubber, 81b catalyst and 10%
silicone oil. The silicone was cured in a custom-made mould [36]. The condensation cure
silicone was then placed in the oven at 40 °C and left for three days to fully cure.
2.2.1.4 Force measurement instrumentation
A Kistler piezoelectric load cell, type 9712B5000, maximum load 5000 Ibf (approximately
22.24 kN) was located directly below the midpoint of the greater trochanter to support the
femur form. The load cell was connected to an Agilent technologies DSO1072B oscilloscope,
70 mHz, 2 analog channels. The load cell was powered by a linear analogue, Farnell E30/1
bench power supply and set to 24V throughout the testing period.
2.2.2 Baseline Force Measurements (Dynamic Calibration)
Three initial baseline force measurements were conducted and recorded prior to impacting
the flooring samples. The drop weight assembly was dropped from a vertical height of 0.5 m
onto the hip form (without a flooring sample) to assess the peak force during a simulated fall.
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A further three baseline force measurements were taken throughout the testing procedure to
ensure the baseline remained unchanged.
2.2.3 Mechanical Testing
The drop weight assembly was vertically released from a height of 0.5 m to ensure an impact
velocity of 3.2 m/s was achieved. The force during impact was displayed on the oscilloscope
and recorded as a CSV file which could later be processed in Mathworks, Matlab R2018. The
sample was then removed and inspected for visible signs of external damage before repeated
tests were performed. Each floor sample was tested three times by the same observer, in
keeping with the Standard [31]. There was an opportunity to conduct some additional tests
(bringing the total to five trials) for nine of the samples and these data have been included to
improve the quality of the results. All tests were conducted on a single day to minimise
variation in the testing environment (e.g. temperature) and analysis was carried out post
testing.
All tests were recorded with a sampling frequency of 10 kHz. A fourth-order Butterworth filter
with a cut-off frequency of 37 Hz was applied to the data (during post-processing) to produce
a smooth force-time curve. The maximum value of force on this processed data (in N) is used
as the measure of the peak force (in N). Figure 5 shows an example of the force-time graphs
produced in Matlab, where the solid blue line represents the raw data and the orange dashed
line is the filtered data.
2.3 Wheel movement testing
These methods were developed to provide a repeatable and controlled test that is indicative
of force applications for the flooring surfaces tested, such as when pushing / pulling a standard
hospital bed and occupant with a total weight of 300 kg. When a wheeled object stands on a
shock-absorbing floor there will be resistance to movement because the wheel sinks into the
floor to a greater or lesser extent. The aim of this test is to measure the force that is needed
to move a wheel carrying a typical load over the floor surface.
2.3.1. Test rig
A typical single wheel attachment (125 mm diameter, 27 mm width) representative of that used
for hospital beds was mounted onto a test rig with a moveable carriage below. The sample
flooring was positioned on the carriage, such that the castor could be lowered by the rig on to
the flooring sample. Two 25 kg weights were attached to the wheel mounting, which combined
with the weight of the rig, applied 748 N of vertical load to the wheel. The loaded wheel
assembly could be raised and lowered to facilitate sample changes using the compressed air
supply of the test machine.
A calibrated Mecmesin advanced single axis force gauge (AFG 1000N, Serial No. 06-031106) was used to measure the minimum horizontal pulling force required to move the floor
surface under the wheel. A lanyard was attached between the load hook of the force gauge
and the moveable carriage in order to draw the test bed and floor surface under the loaded
wheel (Figure 2). This method is based upon an assumption that load is supported equally
among the number of wheels, and that actual horizontal force required to move the load can
be estimated by multiplying by the number of wheels. The method focuses on the force to
initiate movement, which is typically higher than the force needed to continue movement
because with static loading the floor material creeps and the wheel sinks further into it.
2.3.2. Measurements of the horizontal pulling force
Prior to each measurement, the carriage and floor surface were moved to a predetermined
start position. The loaded wheel was lowered onto the floor surface and allowed to rest for a
minimum of two minutes prior to a measurement. Samples were allowed a minimum of one-
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hour recovery time before repeat testing. This was deemed a practical time period to account
for the hysteretic behaviour of the materials.
The force gauge was held in a position judged to be horizontal and zeroed, without any force
applied to the lanyard / carriage. The lanyard was pulled by a single experimenter, gradually
building up force until movement was detected by the experimenter. This gives the minimum
force required to move the object. For each measurement the force gauge was slowly pulled
in a horizontal direction away from the test bed of the machine, so the pulling force was
increased slowly and consistently, until the floor surface began to move under the loaded
wheel. The peak pulling force measured by the force gauge was recorded. Measurements
were repeated three times. This gives the minimum force required to move the object.
Measurements were carried out with the castor wheel starting parallel to the direction of the
applied pulling force. The horizontal pulling force required to start the carriage moving without
the loaded wheel applied was also measured.
2.3.3 Assessment
In order to provide an estimate of the force applications for a four wheeled load, such as when
pushing / pulling a standard hospital bed with a total weight of 300 kg, we multiplied the test
values by four, assuming that the load is evenly distributed between four wheels. The values
derived therefore represent situations where all four wheels are initially oriented parallel to the
direction of motion [37]. We consider this to represent the best-case situation. The limitations
of the test rig prevented other wheel orientation scenarios from being investigated within the
current study.
This assessment is based on risk criteria drawn from the Health and Safety Executive’s
guidance ‘L23’ on manual handling [38]. L23 guidance provides guideline forces for safe
pushing and pulling. Guideline figures to start a load in motion are, for men: 20 kg
(approximately 200 N); and for women: 15 kg (approximately 150 N). These guideline forces,
which apply for both pushing and pulling operations, assume that the force is applied with both
hands, between about waist height and shoulder height enabling a largely upright and
symmetrical posture. Our test procedures assess starting a load rather than keeping the load
in motion and since the force to keep a load in motion is always less than the starting (or
stopping) forces, separate guideline forces are applicable. Further advice on manual handling
risk assessment for push-pull activities is available [39].
The following assumptions were made based on the experience the authors have had in a
clinical setting. Assessing the clinical application of our findings will vary by setting, as the type
of bed in use and typical patient weight will need to be considered as applicable to the local
context. For example, the average weight of geriatric rehabilitation patients in France has been
estimated at 60kg [40], more recently in Egypt a cohort of geriatric patients averaged 76kg
[41] whilst US data puts the average weight of someone in the general population who is 70+
years old as 72kg [42]. Our selected weight of 300kg in the rig set up is therefore compatible
with a typical hospital bed weighing 191kg [43] and an adult 70+ years old in the 95th
percentile for weight [42].
2.8 Data Analysis
A two-tailed Pearson correlation was used to assess the significance of the relationship
between impact and horizontal force required to move wheeled objects. To assess how the
material type (rubber or not) and material thickness predict impact force attenuation and
horizontal pulling forces, a linear regression was calculated for each independent variable,
and multiple linear regression incorporating both independent variables, for each dependent
variable. Since each floor sample had repeated test measures for horizontal pulling forces
(n=3 test runs) and impact (n=3 or 5 test runs), we based our regressions on the mean test
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score for each flooring sample. In all analyses, we set p<0.05 as the threshold for statistical
significance.

3. Results
Considerable differences were identified between floor samples in their ability to reduce the
peak impact force during a simulated fall (range 0.69 % to 25.24 % change relative to baseline;
absolute difference -15.45 N to -564.4 N). A peak force reduction of up to 25 % was achieved
with a specially designed rubber underlay compared to 1% with standard vinyl (Figure 3). The
2.0 mm vinyl floor sample (A-vinyl-2.0) with no foam backing performed the worst; offering
little to no reduction (Table 2). Ten out of the fourteen floor samples attenuated the force by ≥
5%, but only one out of the fourteen floor samples attenuated the force by ≥20 %.
Horizontal pulling forces (maximum force = 85.27 N for one wheel) increased by 9.42 % to
111.4 % relative to baseline (absolute difference 14.14 N to 44.94 N) for the 2.0 mm vinyl and
25mm thick floor with rubber underlay respectively (Table 2). Our set of floor samples indicated
that increased shock-absorbency is not directly associated with increased horizontal pulling
forces (r(15)=-0.087, p=0.759), which can be seen clearly in Figure 4. Rubber flooring and
thicker flooring together predicted 66.5 % of the variation in horizontal force required to pull a
wheel (Adjusted R2 = 0.665, F(2, 12) = 14.92, p = 0.001), and 82.3% of the variation in impact
scores (Adjusted R2 = 0.823, F (2, 11) = 31.20, p < 0.001).
Floor thickness and rubber floors both significantly contributed to the multiple linear regression
on horizontal pulling force (both p < 0.001), even though they did not contribute significantly
when considered in isolation in simple linear regressions (thickness: F(1,14) = 2.79, p = 0.12,
R2 = 0.17; rubber: F(1,13) = 1.44, p = 0.25, R 2 = 0.10). These findings are reflected in Figure
3, in which the rubber floors (identification codes G and N) produced what appears to be a
downward step-change in the otherwise upward trend in horizontal pulling force that is evident
from floors of increasing thickness. ‘O-rubber-25.0’ is the same rubber underlay as ‘N-rubber23.0’ with the addition of a standard vinyl overlay. This floor produced a 111.43 % increase in
resistance to wheel movement from baseline, placing it on a par with the thicker foam floors
(e.g. L-foam-9.2, which had a 105.48 % increase in resistance).
In our sample, floor thickness better predicted impact reduction (thickness: F(1,13) = 79.77, p
< 0.001, R2 = 0.86; rubber: F(1,12) = 6.66, p = 0.02, R2 = 0.36), with rubber material not
contributing to the multiple regression model when looked at in combination with thickness (p
= 0.82). However rubber was not universally better than foam-based floors with regards to
impact reduction (Figure 3); ‘G-rubber-7.0’ performed worse on the impact tests when
compared to foam floors of lesser thicknesses, whereas the high performance of ‘N-rubber23.0’ could be attributable to its greater thickness and/or other variables not assessed here
(e.g. this underlay has a novel honeycomb structure whereas the rubber backing of sample
G-rubber-7.0 is an continuous homogeneous layer).
4. Discussion
The range of force attenuation upon impact varied considerably among all floor samples tested
(0.7 – 25 %). Specially designed rubber flooring with a honeycomb structure performed well
in the laboratory, but other floor samples, such as the standard vinyl gave negligible force
attenuation, and are likely to provide little to no protection during a fall. It should be noted that
there is currently no definitive threshold for the force attenuation required to provide effective
prevention against injury. In reality there is unlikely to be a simple threshold due to the variation
in bone strength and fall kinematics, and it is probable that any force attenuation will prevent
some injuries, but it may be very difficult to prevent all injuries.
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This study has used the same test method for assessing hip protectors (as described in the
CSA Standard) to assess the impact properties of a number of commercially available floor
samples. These biomechanical testing methods have been previously used to assess the peak
force reduction during a simulated fall of eighteen commercially available hip protectors [36].
It is interesting to note that the force attenuation for these hip protectors ranged from 3 – 36
%, and in this study the force attenuated by the floor surfaces was 0.7 – 25 %. Whilst the
majority of floor surfaces attenuated the force by ≤ 7 %, one floor (N-rubber-23.0) was on a
par with the Delloch hip protectors, offering the user a reasonable amount of protection of ≥
20%. By contrast, the Suprima and Bort hip protectors offered little or no protection, similar to
the standard vinyl, rubber and foam floors tested in the current study (≤ 7 %). Perhaps
counterintuitively, the floor surfaces offered a similar range of impact protection to the
wearable hip protectors, but for both floor materials and hip protectors the choice of product
is critical, with some offering little or no protection. As with hip protectors, it is important to
test individual floor materials, as the performance depends on many details of the design and
it is not possible to draw generic conclusions based for example on thickness or the choice of
covering material.
Whilst these results are only applicable to assessing the risk of hip fracture during a simulated
fall, it has allowed the force attenuation of both hip protectors and floor coverings to be
compared. It has shown that a specially designed floor can provide the same attenuation as a
hip protector. As described in the Introduction section, there are advantages and
disadvantages with both hip protectors and shock-absorbing flooring. The design and material
significantly influence the amount of force attenuated during a fall. Whilst there are concerns
regarding user compliance with hip protectors, there are issues regarding the ability and ease
in which wheeled equipment can be moved in a hospital, care home or a personal home, whilst
still offering protection against an injurious fall [14][44]. The primary difference, however, is
that shock-absorbing flooring is passive, and does not require an individual to accept the initial
offer of the technology, and to continue to adhere to protocols concerning its use, whilst hip
protectors must be worn (correctly) at the time of a fall to offer protection. Furthermore, it can
potentially offer protection to multiple vulnerable locations (hip, wrist, head, spine). Therefore,
exploring how best to mitigate the risks to people working on shock-absorbing floors, and
better determining the clinical effectiveness of shock-absorbing floor coverings through
pragmatic studies, is warranted.
Although laboratory testing is an essential first step, the effectiveness of floor materials in
reducing injury can only be fully quantified in clinical settings; For example, a novel 25.4 mm
rubber-based health floor with 2 mm vinyl overlay recently assessed in comparison to a 25.4
mm plywood underlay with a 2 mm vinyl overlay resulted in no significant difference in injury
rates [18]. We acknowledge that a flooring sample tested to be biomechanically effective in a
laboratory setting does not necessarily mean that it would be clinically effective. However, it
is fair to say that a material that performs poorly in lab trials is very unlikely to be clinically
effective. We strongly recommend conducting mechanical tests to eliminate floor surfaces
which are largely ineffective at reducing the peak force before embarking on clinical trials of
floor surfaces. This is an important screening step given the high cost and large numbers of
subjects needed for such trials.
It is important to note that the mechanical impact testing performed in this study was designed
to simulate a sideways fall onto the greater trochanter, and it applies to reducing risk of hip
fracture during a fall. Thus, the force attenuation values from the current study represent force
attenuation at the hip. Other anatomical body parts subject to injury (such as the head and
wrist) could occur from falling forwards or backwards, and the dynamics of these injuries are
different, and hence the optimum floor properties to protect against them may also be different.
It would therefore be necessary to conduct further testing with a modified test rig to obtain
force attenuation at these locations. That said, given the significant consequences of hip
fractures with regards to quality of life, morbidity, mortality, and health and social care, which
position them as one of the most important fall-related injuries to target for prevention efforts
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[11][12][45][14], it would be logical to focus laboratory testing efforts on the hip model. This
may be particularly the case in the context of shock-absorbing flooring targeting environments
for older people, for whom hip fracture incidence becomes far more problematic than that of
the wrist for example [46]. Although it is important to emphasise that the development of head
models should not be disregarded, as the result from impact to the head can also have severe
consequences [16].
For some of the floors there was a considerable increase in the horizontal pulling force
required for wheel movement. The predicted force needed to pull a bed (assuming all wheels
are orientated forwards) ranged from 160 N (baseline) to 341 N; comparing this to the HSE
guideline maximum force of 150 N for women makes it clear that this could be a significant
issue, and evaluation of horizontal push/pull forces is very important when considering
protective flooring products. For example, in a study utilising an 8.3mm thick foam -backed
vinyl, staff considered the resistance to movement to be a problem [27]. One possible solution
could be to use larger wheels; ideally the wheels, furniture and floor surfaces should be
considered together as a system. Lachance et al., found that novel shock-absorbing flooring
increased the initial and sustained forces required to push floor-based lifts and subjective
ratings of difficulty compared to concrete flooring, and that compared to a conventional lift, a
motor-driven lift substantially reduced initial and sustained push forces and perceived difficulty
of pushing for all four floors assessed and both resident weights [34]. It is also interesting to
note that other floor constructions, for example suspended wooden flooring, can have a similar
level of compliance to the floors tested in this study and have the potential to provide significant
protection against fall injuries [47][48]. This approach was traditionally exploited in
gymnasiums, for example. By making the whole floor slightly flexible, rather than using a
locally shock-absorbing surface, the problem of resistance to wheel movement could be
reduced.
In our selection of floor samples, we discovered that there was no simple relationship between
impact properties and horizontal pulling forces; Greater shock-absorbency in a floor covering
does not necessarily equate to it also being harder to pull wheeled equipment across. Whilst
material type and thickness can help predict shock-absorbency and the pulling forces required
to move wheel equipment, other (as yet) unknown variables also contribute to these floor
performance measures, and it would not be appropriate to try to draw simplistic general
conclusions. Together, these findings exemplify the importance of measuring both impact
properties and pulling forces for wheel movement when selecting floors for use in practice, as
neither can be easily assumed. The implications of this finding additionally exemplify the
opportunities for manufacturers and material scientists to design floors that support a better
trade-off between reducing fall-related injury risk in patients and increasing musculoskeletal
injury risk in staff. Our findings on the influence of rubber should be interpreted with caution
since we only had two rubber flooring samples, and one of these was also very thick with a
novel structure. Further studies, which systematically assess the influence of a wider range of
thicknesses, material types, and other factors (such as material structure) on shockabsorbency and pushing and pulling forces, using standardised test methods, would be
beneficial to better understand the determining characteristics of high-performing floors.
Laing and Robinovitch used a pendulum system as described in the CSA Z235 Standard. Our
testing uses the alternative drop tower impact system (also described in the Standard) [36][31].
This study presents results which will be useful for manufacturers or researches who have this
type of rig available. A future biomechanical study could compare the force attenuation
between the two impact systems (pendulum and drop tower) to see what, if any, variation is
present when biomechanically testing shock-absorbing flooring. Standardisation of test
methods is paramount if we are to progress this field. In a study comparing impact forces and
wheelchair mobility of various floor coverings [24], in which force attenuation was measured
by dropping a manikin on to its knees to simulate a fall, baseline readings far exceeded the
forces measured in the present study, exerting approximately 12132 N. The manikin test
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method [24] resulted in impact force measurements of 10622 N for a 5 mm vinyl, 10326 N for
a 6.3 mm vinyl, and 10553 N for an 8.3 mm vinyl respectively (mean differences exceeding
1500 N). Conversely, the wheel movement testing measurements, captured via wheelchair
propulsion forces, were somewhat lower (baseline forces approximately 25.65 N) than found
using our test rig method, which are likely attributable in part to the larger wheels of a
wheelchair. Other impact force test methods have included using a sling and electromagnet
to raise and drop the hips of young female adults on to floor surfaces of varying stiffnesses
[25], an impact transducer dropped through a plastic tube [28], a drop rig with hip model [30],
an impact pendulum with surrogate pelvis including simulated soft tissue [23], and an inverted
pendulum model with an aluminium hip impactor [29]. This vast range of impact test methods,
and different types or categories of flooring makes objective comparison difficult. For example:
Gardner et al., uses a weight which corresponds to one-sixteenth of an average body mass,
hence the results for peak force are much lower than what we have reported in this study [28].
Gardner, Minns and Maki all test carpet and/or concrete which was not tested in the present
study [28][29][30]. However, the values in our study for two floor types are consistent with the
findings from Laing and Robinovitch, where our vinyl ‘rigid’ layer of 0.7% force attenuation
offers no protection and our novel rubber floor of 25% is consistent with 22.5% at 3m/s [23].
To date, resistance to wheel movement has typically been measured using everyday
equipment, such as wheelchairs [17][44], or a four-wheeled cart [37]. These test methods
require space, large amounts of test materials, and can lack the standardisation that a test rig
affords. Our testing procedure for pulling forces only considered the peak force required to
initiate movement, which is always going to be higher than the sustained forces required to
continue movement. We considered this metric more pertinent since mechanical assistance
and multiple persons are more likely to be involved in moving heavy objects further distances,
in line with health and safety guidelines, whereas anecdotal evidence suggests that staff may
operate in isolation to perform brief movement tasks (such as for cleaning or to pull a bed
away from a wall to fully access a patient in an emergency) [32][33]. However, we
acknowledge that sustained forces also have an important role to play in injury risk prevention,
and exposure to these types of forces can occur over longer durations. Our testing procedures
have scope for further enhancements, for example with consensus building around the load
choice and standardising the pulling task through for example a mechanical arm. We are
advocating for the establishment of recognised testing standards for floor surfaces designed
for fall-related injury prevention to enable future findings to be wholly comparable. Our findings
suggest that our proposed test methods can be reasonably used to characterise and
distinguish between different floor surfaces and offer a standardised technique for impact
testing which aligns with consensus for characterising hip protectors.
In conclusion, this study used two tests to assess the protection a shock-absorbing floor can
offer over conventional vinyl flooring in the event of a fall. We hope that these results can
inform the establishment of standards needed to underpin practice, research, and
development in this field.
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10. Figure Captions
Figure 1: Test set-up showing drop-weight assembly with soft tissue simulant placed directly
over femur form (left) and aluminium proximal femur form attached to base of drop tower
(right).
Figure 2: Wheel movement force test set-up. The single axis force gauge and lanyard are
attached to the test bed and an arrow shows the direction of application of the pulling force.
Figure 3: Percentage reduction in peak force from mechanical impact testing and horizontal
pulling force with error bars (+/- 1SE).
Figure 4: Relationship between impact force attenuation and mean horizontal pulling force
(+/- 1SE).
Figure 5: Examples of force-time graphs for the best and worst performing floors produced in
Matlab (specially designed rubber floor vs standard vinyl). Where raw data is shown in blue
and filtered data is shown in orange using a low-pass fourth-order Butterworth.
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11. Table Captions
Table 1: Floor sample codes with product description and thickness.
Table 2: The mean, range, and difference in means from baseline for both the peak force
attenuation and single wheel movement for the fourteen floor samples tested.

Quick release hinge
Guide bars

Impact

Crosshead assembly and weights

Spring assembly
Carbon fibre impact plate
Floor surface
Silicone soft tissue simulant

GT

Aluminium femur form
Load cell located under greater trochanter (GT)
Base plate (which is bolted to the base of the drop tower)

Roller hinge

Pneumatic ram to unload the
wheel for changing floor surface

Frame and weight to load wheel
with free movement up & down
Steel frame

75kg

Wheel
Floor surface
Carriage

Rails to allow movement of carriage.
Sideways movement prevented

Force gauge used to
pull carriage, measuring
force to move the wheel

Surface Layer
Rigid Layer
Underlay Layer 1
Underlay Layer 2

Floor ID

Product Description

A-vinyl-2.0
B-foam-3.0
C-foam-6.0
D-foam-6.0
E-foam-6.5
F-foam-6.8
G-rubber-7.0
H-foam-7.0
I-foam-7.5
J-foam-7.5
K-foam-9.0
L-foam-9.2
M-foam-9.5
N-rubber-23.0
O-rubber-25.0

Standard vinyl
Foam-back vinyl
Foam-back vinyl
Foam-back vinyl
Foam-back vinyl
Foam-back vinyl
Rubber-backed vinyl
Foam-backed vinyl
Foam-backed vinyl
Foam-backed vinyl
Foam-backed vinyl
Foam-backed vinyl
Foam-backed vinyl
Novelty health floor rubber underlay with no overlay
Novelty health floor rubber underlay with standard vinyl

Surface
layer
2.0
0.7
0.7
1.5
0.4
2.0
1.0
1.5
0.5
0.5
1.5
1.0
2.0
X
2.0

Thickness of each layer (mm)
Rigid
Underlay
Underlay
layer/glue
layer 1
layer 2
X
X
X
0.3
2.0
X
1.3
4.0
X
0.5
4.0
X
0.1
3.0
3.0
0.3
1.5
3.0
1.0
5.0
X
0.5
2.5
2.5
1.0
3.0
3.0
1.0
3.5
2.5
0.5
3.0
4.0
1.5
6.7
X
0.5
4.0
3.0
X
23.0
X
X
23.0
X

Overall
thickness
2.0
3.0
6.0
6.0
6.5
6.8
7.0
7.0
7.5
7.5
9.0
9.2
9.5
23.0
25.0

Impact
Floor ID

Wheel movement

Mean peak force
N (SD)

Range of peak force
(N)

Difference in means Mean peak force
from baseline (N)
N (SD)

Range of peak force
(N)

Difference in means
from baseline (N)

Baseline/Empty Carriage

2235.78 (34.65)

2207.50 - 2293.70

n/a

40.33 (3.11)

37.80 – 43.80

n/a

A-vinyl-2.0

2220.33 (15.60)

2207.80 - 2237.80

-15.45

54.47 (4.88)

49.00 – 58.40

14.14

B-foam-3.0

2089.46 (3.31)

2086.30 - 2094.90

-146.32

56.20 (2.88)

53.80 – 59.40

15.87

C-foam-6.0

2106.87 (8.13)

2097.70 - 2113.20

-128.91

76.00 (2.08)

74.80 – 78.40

35.67

D-foam-6.0

2095.27 (7.45)

2060.30 - 2065.90

-140.51

66.87 (2.53)

64.00 – 68.80

26.54

E-foam-6.5

2120.46 (24.21)

2095.50 - 2149.20

-115.32

75.93 (6.18)

68.80 – 79.60

35.6

F-foam-6.8

2071.68 (4.21)

2066.50 - 2078.20

-164.1

69.80 (1.80)

68.00 – 71.60

29.47

G-rubber-7.0

2141.72 (34.90)

2090.70 - 2167.80

-94.06

44.13 (5.08)

41.00 – 50.00

3.8

H-foam-7.0

2112.60 (15.34)

2095.00 - 2123.10

-123.18

72.60 (1.91)

71.40 – 74.80

32.27

I-foam-7.5

2107.10 (2.98)

2104.40 - 2110.30

-128.68

81.13 (6.38)

75.40 – 88.00

40.8

J-foam-7.5

2152.14 (9.64)

2144.50 - 2163.40

-83.64

78.93 (4.11)

74.40 – 82.40

38.6

K-foam-9.0

2070.22 (14.93)

2058.40 - 2090.90

-165.56

74.47 (1.50)

73.60 – 76.20

34.14

L-foam-9.2

2135.48 (5.17)

2127.70 - 2139.30

-100.3

82.87 (4.31)

78.40 – 87.00

42.54

M-foam-9.5

2066.32 (8.11)

2058.30 - 2076.40

-169.46

77.13 (6.01)

72.80 – 84.00

36.8

N-rubber-23.0

1671.38 (20.28)

1638.00 - 1689.70

-564.4

60.20 (2.69)

57.20 – 62.40

19.87

O-rubber-25.0

Not measured

X

X

85.27 (3.20)

82.00 – 88.40

44.94

